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ABSTRACT

The food industry utilizes heat processing as ohdéhe most common food processing
methods. Heat processing is used alone, or in gmtibn with other hurdle technologies. The
stress response of foodborne pathogens to thesepimzessing hurdles needs careful attention.
Non-thermal food processing technologies suchiamdiation are being intensively studied due to
the increasing interest of consumers in foods Hrat either fresh, or appear to be fresh. My
dissertation research attempted to understandegpmonse ofisteria monocytogene® low-dose
y irradiation and heat exposure. As the first panng work, the applicability of combining low-
dose vy irradiation with Modified Atmosphere Packaging (A of sprouts to eliminate
L. monocytogeneds alfalfa and radish sprouts was studied. Theddtalf of my work was aimed at
understanding the physiological, genomic, and proie responses df. monocytogenesvhen

exposed to heat stress and sub-lethal heat exposure

Two different gas compositions were used in the M@Rditions, (i) 2% @ 4% CQ, 94%
N, and (ii) 3-5% @, 10-15% CQ balanced with Bl These gases were used in combination with
irradiation (1 and 2 kGy) on raw and inoculatecaldéf and radish sprouts. For the inoculation
studies, the survival df. monocytogenesn alfalfa sprouts was examined. Microbiologicadl @as
composition analysis were carried out periodically. order to determine the survival of
L. monocytogenesfter ionizing radiation treatment, Thin Agar Lay€AL) plating was performed
in parallel with selective media plating to promdite recovery of the sub-lethally damage/injured
cells. Experiments were also performed to develdp monocytogenedetection tool using rapid
impedimetric method to screen treated sprouts. cimebination of MAP and 2 kGy irradiation
was able to reduce the natural microflora to lowels, and no further population increases were
detected up to 10 days storage at 5°C. ThevBlue of L. monocytogenedab strain on alfalfa
sprouts was estimated to be 0.46 kGy when packaged, 0.58 kGy when packaged in a gas
mixture containing 2% & 4% CQ, 94% N gas and 0.45 kGy in a gas mixture containing
3-5% O, 10-15% CQ balanced with Blgas. The study also demonstrated that the impedanet
method can be used to detect and enumérat@gnocytogenesvithin 24 hours if they are present
in numbers higher than 1CFU/g.

Previous studies have shown the increased therlamtme of pathogenic bacteria if pre-
exposed to temperatures above their optimal lepels to a particular heat treatment. It was
unclear, however, whether there was a direct orlahip between the synthesis of heat shock
proteins and the induced thermo-tolerance. In nijalrstudies, | examined the effect of the sub-
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lethal temperature (46°C, 48°C and 50°C for 30 &fAdmin) exposure and thermo-tolerance of
Listeria monocytogenester a 60°C heat treatment. For further studi8SC4for 30 min sub-lethal
temperature treatment was chosen. Fluorescencetragmapy, microscopy, genomic, and
proteomic approaches were used to investigate thie-lethal heat stress response in
L. monocytogenes | studied the physiological, genomic, and proteonresponse of
L. monocytogeneshen exposed to 60°C heat treatment with and withaor exposure to the sub-
lethal temperature conditions. Pre-exposure tolsttal temperature of 48°C for 30 min increased
the D-values at 60°C of a virulent strain laf monocytogenefom 3.7 minutes to 4.6 minutes.
There was a significant difference in the viabilggtimates using culture media as compared to
direct viability estimates using the Live/Dead Bagtit™ viability stain. When the cells were
exposed to 61 for 9 minutes, only 1% of the cells were viabéséd on culture counts. However,
when the cells were examined for viability using #acLight™ viability assay, almost 100% of
the cells were found to be still viable. When te#scwere pre-exposed to 48 for 30 minutes prior
to 60°C heat treatment for 9 minutes, slightly more thé&t of the cells were still culturable, and
almost 100% of the cells were still viable per BecLight™ viability assay. The results suggest
thatL. monocytogenesells can enter into a viable but non-culturabBNC) state when exposed

to sub-lethal temperature stress conditions.

Microarray analysis was performed to identify th#edentially expressed genes during heat
stress by comparing the transcriptomé.ofmonocytogenesnder optimal temperature (37), heat
shock (60C for O minute), prolonged heat shock {60for 9 minutes), and thermo-tolerance
inducing (48C for 30 minutes prior to exposure to°@0for 9 minutes) conditions. A majority of
the differentially expressed genes were up-regdlateheat shock as compared to those that were
down-regulated when the cells were exposed to pgald heat exposure, and thermo-tolerance
inducing conditions. Only 10 genes were commonlpregsed across the three different
temperature treatments. Though many of the difteaky expressed genes could be tentatively
classified based on the current functional clasaiibn of genes (COG) per the NCBI database,
many of the gene loci could not been attributed tepecific function due to the current limited

knowledge on the functional genomicsLofmonocytogenes

Two dimensional gel electrophoresis (2DGE) coupleith MALDI-TOF analysis were
performed to study the differential expressionLadteria monocytogene@TCC 43256) soluble
proteins at heat shock (60 °C for 0 minute) cooddi and prolonged heat shock (60 °C for 9
minutes) conditions and thermo-tolerance induc#®8fC for 30 minutes followed by 60°C for 9
minutes) conditions. The proteome was comparedruh@se conditions to the proteome at 37°C.

Eighteen different proteins were differentially eegsed at 6@ for 0 minute (6 up-regulated and

2



12 down-regulated), 21 proteins were differentiadlypressed (12 up-regulated and 9 down-
regulated) when the cells were exposed ttC6for 9 minutes, and 20 proteins were differenyiall
expressed (10 up-regulated and 10 down-regulatbdnwells were initially exposed to 43 for

30 minutes prior to 6@ for 9 minutes. There was one protein (which cowdtibe identified) with
observed MW of 50 kDa which was differentially espsed across the three temperature

treatments.



CHAPTER 1
INTRODUCTION

Thousands of people around the world die each fyear pathogen and toxin contaminated
foods. The pathogenic organisms that are of conwefood safety originate in the environment, in
farm animals, and in humans. The contaminationocaar at all points "from the farm to the fork”.
The pathogens can be transmitted between humaimsalanthe environment, and foods through
air, water, soil, and also via contaminated or operly cleaned equipment. There is an increasing
consumer demand for foods that are fresh, natioradls that “look fresh”, foods that are crisp, and
foods with high nutrient content. The food industmilizes a variety of “hurdles” (hurdle
technology) to prevent or eliminate pathogens fifoods. These techniques include reduction or
increase of temperature (freezing and heat treajmase of ionizing radiation (food irradiation),
reduction of water activity (by drying or by adadii of salt or sugar), reduction of pH (by addition
of acids or by fermentation), removal of oxygenc{wam packaging) or modifying the packaging
atmosphere (Modified Atmosphere Packaging or MAR)tle addition of carbon dioxide, the
addition of bacteriocins (eg., nisin) or organicdanorganic preservatives. A majority of these
preservative techniques are used alone, or in awatibn to preserve foods and ensure their safety
by inhibiting microbial growth. Heat treatment isilisthe most commonly used preservation
techniques and if it is properly applied, heat sancessfully eliminate the biological agents in the
food. Alternative technologies such as food irridig high hydrostatic pressure (HHP), pulsed
electric field technology (PEF) are being develofiedroducing safe food with high quality.

The response of foodborne bacterial pathogensdes&s caused by these hurdle technologies
or “stressors” is a concern. Some of these stesgsonses can result in enhanced survival, enhanced
virulence, and even cross protection against maltgressors. Microorganisms can also become
more heat resistant. Sub-lethal heat stress (Heatk} or prior exposure temperatures above
optimal growth temperatures can render the orgatishecome more resistant to subsequent heat
treatment which, under normal conditions would h&een lethal. This stress response is also
termed induced thermo-tolerance. The practical mapce of thermo-tolerance to the food industry
relates primarily to foods that are exposed to tnaoires below 65°C. Thermo-tolerance can
become a concern for meat products kept on wartnayg before a final heating or reheating step,
or when there is an interruption in the cookingleyduring food processing (due to equipment
failure). The heat shock response and increaseththolerance has been previously reported for

L. monocytogened.. monocytogenes of particular concern to the Ready-—To-Eat (RT&)d
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industry because it has a variety of geneticallgoeled survival mechanisms to withstand
environmental stressors such as heat, cold, saltaaidic conditions. Moreover, this organism is
ubiquitous and can be found in soil, water, andamd processing equipments. More importantly,
this pathogen has a very high case-fatality ratenonocytogenes a growing issue in sprouts.
Contamination of sprouts can occur through seemigaminated equipment, contaminated water, or
poor hygienic handling. Modified Atmosphere PackagiMAP) is commonly utilized for a variety
of fresh produce to extend the shelf-life, and dsomaintain the high quality of minimally
processed fruits and vegetables. Low-dose irragiatiith doses ranging from 0.5 to 2 kGy has

value in eliminating this pathogen from vulneratdeds such as sprouts.

The overall focus of my dissertation research waddtter understand the stress adaptive
response ih.. monocytogenessing sub-lethal temperature as the stress fatsopart of this study
| also investigated the applicability of combinilayv-dose irradiation with modified atmosphere
packaging to contrdl. monocytogenes fresh produce. The underlying hypothesis ofregearch
was thatlisteria monocytogenedlicits unique physiological, genomic and proteom@sponses as
part of its overall stress adaptation in resporsesub-lethal temperature stress. The specific

objectives of my research were,

1. To understand the physiological responses.omonocytogenet sub-lethal temperature

stress conditions.

2. To understand the transcriptomic responsé.omonocytogenet sub-lethal temperature

stress conditions.

3. To understand the proteomic responsé.ainonocytogenet® sub-lethal temperature stress

conditions.

4. To evaluate the applicability of combining low-dgseradiation with Modified Atmosphere

Packaging (MAP) to contrdl. monocytogeneds packaged fresh produce.

| utilized a variety of conventional microbiologsicroscopy, fluorescent spectroscopy, genomic,

and proteomic approaches to address the undenrgsearch questions.



CHAPTER 2
LITERATURE REVIEW

2.1 Background and Occurrence

Listeria spp. are Gram-positive, non spore-forming, norsukgted, facultative anaerobic,
catalase positive, oxidase negative bacteria. Qmeally, catalase negative strains have also been
isolated from clinical specimens (Bubert et al.9719Swartz et al., 1991). The genussteria
currently containssix species namely,. monocytogened.. ivanovij L. innocua L. welshimer,

L. seeligeriandL. grayi. This specification is based on DNA:DNA homologyues, 16S rRNA
and DNA sequencing information, chemotaxonomic prtes, and multilocus enzyme analysis
(Khelef et al., 2006; Rocourt and Buchrieser, 200Wo of the speciesL( monocytogeneand

L. ivanovi)) are pathogend.isteria monocytogends a food-borne human pathogen responsible for
listeriosis, while Listeria ivanovii is an animal pathogen mainly in sheep and cattle.
L. monocytogenesan be harbored within the human gastrointesttredt asymptomatically
(Seeliger and Jonesy, 198@&)steria spp. can also colonize various inert surfaces Gardform
bioflms on food-processing surfaces (Wong, 1998aorffmina and Beuchat, 2002).
L. monocytogendsas an alarmingly high case-fatality rate, esplgdiaimmuno-compromised and
pregnant women (Goulet and Marchetti, 1996; Meaal.e.999). In European Union countries, the
mortality rate in 2006 was reported to be arount IBenny et al., 2007).

L. monocytogenes capable of surviving unfavorable environmertahditions both in the
natural environment such as soils, streams, andinvibod-processing environments i.e. on food
processing equipments (Sauders and Wiedmann, 2D0ionocytogeneis found in a variety of
raw foods, such as uncooked meats, vegetablespamgssed foods that become contaminated
after processing, such as soft cheeses and cadtdeli counters (Fleming et al., 1985; Linnan et
al., 1988; Schwartz et al., 1989; Riedo et al.,41%ula et al., 1995; Salamina et al., 1996; Dalton
et al., 1997; Goulet et al., 1998; Aureli et aDPQ; Ooi and Lorber, 2005). Unpasteurized milk or
foods made from unpasteurized milk may also contlag bacteriumL. monocytogenesan be
eliminated by pasteurization and cooking, but imea@ases Ready-To-Eat (RTE) foods such as hot
dogs and deli meats can get contaminated betweekingpand final packaging (Khelef et al.,
2006). In Europe, the incidenceslofmonocytogenes cheeses from various countries were: Italy
17.4%, Germany 9.2%, Austria 10%, and France 3Rua¢If and Scherer, 2001)isteria spp.

were found most frequently in soft and semi-soktede. Greenwood et al. (1991) report finding



eight samples containing more than 10@nonocytogeneSFU/cnf cheese surface, 2 samples with
counts above TOCFU/cnf cheese surface. Surprisingly, a higher inciderfce. monocytogenes
was observed in cheeses made from pasteurized(&0kb6) than in cheeses manufactured from
raw milk (4.8%). In the U.K. a study of pre-packdgeady-to-eat (RTE) mixed salads containing
meat or seafood ingredients from retail premises wadertaken to determine the frequency and
level of L. monocytogeneéLittle et al., 2007). The overall contaminatioh lasteria spp. and

L. monocytogenes mixed salads was 10.8% and 4.8%, respectivieéyad samples with meat
ingredients were twice likely to be contaminatedhwiisteria spp. and.. monocytogenegl4.7%
and 6.0%, respectively) compared to samples withfosel ingredients (7.4% and 3.8%,
respectively). Pre-packaged mixed salads were oongged with Listeria spp and

L. monocytogenesiore frequently when obtained from sandwich shibps were not packaged on
the premises and stored or displayed above 8°Cvegaand Gilmour (1992) have reported an
overall incidence ofListeria spp. in raw milk samples in Northern Ireland to 220% with

L. monocytogene® be around 15%. The incidence in samples fromegssing centres was found
to be 54.0% withiL.. monocytogene® be around 33%. This occurrence level was mugiheln than
that found in dairy farm samples which had occuweetevels ranging only around 9% with
L. monocytogeneat around 5%. In the European Union, the numbeasés of listeriosis increased
from 1,427 in 2005 to 1,583 in 2006 which follonedimilar increasing trend that was observed in
the preceding years. In 2006steria spp. were most commonly reported above the legfaltys
limit from cheeses, RTE fish products, and otheERFoducts (Denny et al., 2007). Ralovich and
Domjan-Kovacs (1996) in an early study reportedt isteriosis is a rare human disease in
Hungary. However, it can be argued that this cheldlue to poor tracking and reporting. Kiss et al.
(2006), however, in 2004 tested a variety of fo@ngles andL. monocytogenesvas most
commonly detected (72%) in milk and dairy produdds.the different serotypes, 45% of the
serotypes were 1/2a and 27% were 4b. In 2004, ryeyrted that there were only 3 perinatal and
14 nonperinatal human listeriosis cases. A majaritthe cases (53%) were caused by serotype 4b
and 24% by serotype 1/2a. A number of listeriositbeaks have been reported, most human
listeriosis cases likely represent sporadic caaad possibly small outbreaks) caused by a wide
variety ofL. monocytogenestrains (McLauchlin, 1996; Sauders et al., 20085 survey of about
31,700 RTE foods in two U.S. states, Gombas andartiers detected this pathogen in about 1.8%
of the samples tested (Gombas et al., 2003). Reradgt foods were sampled over of a three year
time frame by Holah et al. (2004) to screenlfomonocytogeneamong other organisms. Though
the prevalence was low (0.08-0.35%), the deteaifdhese organisms in foods and food processing

environment suggest that they were capable of twitltsng low temperatures, wide pH ranges,



fluctuating nutrient supplies, varying moisture d&sy and withstanding industrial cleaning and

disinfection practices.

In Europe, the European Union Commission Regulafig®) No 2073/2005 established
microbiological criteria in foods (Carrasco et &007). ForL. monocytogenes the category of
RTE foods able to support its growth, (other thawse intended for infants and for special medical
purposes), two different microbiological criteriave been proposed namely I(i)monocytogenes
levels should be <100 CFU/g throughout the shédf-dif the product, (ii) absence in 25 g of the
product at the stage before the food has left tin@ediate control of the food business operator,
who has produced it. The application of either firs or the second of these criteria depends on
whether or not the manufacturer is able to dematestihat the level of. monocytogenem the
food product will not exceed 100 CFU/g throughdtig shelf-life. This demonstration has to be
based on physico-chemical characteristics of thigetaproduct and consultation of scientific
literature, and, when necessary, on quantitativdatsoand/or challenge tests. According to Article
3 of Regulation (EC) No 2073/2005, it indicatest thaod Business Operators (FBO) shall ensure
that foodstuffs comply with the relevant microbigical criteria and limits set out in the
Regulation. Furthermore, Article 3 refers to theelshfe studies (listed in Annex Il of the
Regulation), that the FBO shall conduct in orderingestigate compliance with the criteria
throughout the shelf-life. In particular, this ajglto RTE foods that are able to support the drowt
of L. monocytogeneand that may posela monocytogenessk for public health. The regulation
has identified some of the limits and growth fast@or L. monocytogenethat are meant to assist
the FBO in identifying the factors controlling tpathogen’s survival and growth in foods (Table
2.1).

In the late 1980's, in the United Statesmonocytogenesmerged as a problem in deli meats
and other processed products. The USDA-FSIS (Fadet\sinspection Service) and the U.S. FDA
worked with food processing plants to improve thpiocedures and emphasized the "zero"
tolerance (no detectable level permitted) for théhpgen in RTE products. Based on the known
characteristics of this microorganism and the diseghe U.S. FDA maintains a policy of "zero-
tolerance" forListeria monocytogendas RTE foods (i.e., products that may be consumikout
any further cooking or reheating). This means thatdetection of anisisteria monocytogenem
either of two 25-gram samples of a food rendersfoloe “adulterated” as defined by the Federal
Food, Drug, and Cosmetic Act, 21 U.S.C. 342(a)ghank et al., 1996). It needs to be emphasized,
however, that there is no epidemiological evidetiz# demonstrates whether a zero or non-zero
tolerance policy leads to a greater rate of liets. Estimates of disease rates between different

countries are difficult to compare due to differsatveillance methods and public health reporting



systems. The overall rates of listeriosis is thaughrange between 0.1 to 11.3 cases per million
persons per year in Europe, 3.4 to 4.4 cases pgieomypeople per year in the United States, and 3

cases per million per year in Australia (Rocourdlet2003).

Table 2.1. Factors identified to have an impact ¢me growth and survival of
L. monocytogengadapted from SANCO, 2008).

Can Survive®

a
Factor Can Grow (No Growth)

Lower Growth Optimum®  Upper Growth Limit

Limit
Temperature(°C) -1.5t0 +3.0 30.0to 37.0 45.0 -18.0
pHd 4.21t04.3 7.0 9.41t09.5 3.3t04.2
Water Activity (a.,) 0.90 to 0.93 0.99 > 0.99 <0.90
Salt Concentration (%) <05 0.7 12-16 >20

Facultative anaerobe (it can grow in the presema@bsence of oxygen,
e.g. in a vacuum or modified atmosphere package)

A temperature/time combination e.g. oP@0and 2 min is required for a
Heat Treatment during  Dg (i.e. 16 or 6 decimal) reduction in numbers lof monocytogenes
Food Processing cells. Other temperature/time combinations may alswide the same
reduction.

Atmosphere

®Based on experimental data and hence provide omgugh estimate’Optimum indicates when the growth of
L. monocytogeneis fastest°Survival period will vary depending on nature obdband other factorg;Inhibition of
L. monocytogends dependent on type of acid pres&Bised on percent sodium chloride, water phase.

There are multiple sources for the occurence..omonocytogenem food products. This
pathogen could enter the food through the ingredisach as raw meat, poultry, and seafood. They
could also be present in produce and in milk antk mroducts.L. monocytogenesould also
contaminate foods via food processing products sascltcompressed air, ice and brine solutions
which used for chilling and refrigeration. This Ipagjen could also contaminate food products
through contact (eg. filling and packaging equipmeticers, dicers, shredders, utensils, gloves)
and also non-contact surfaces (in-floor weighingigeent, conveyor belt rollers, cracked hoses,
equipment bearings, condensate drip pans, vacueamets, on/off switches, etc). Food products
could also get contaminated via the plant enviramtmfoors, walls, drains, wet insulation, and

door seals.

Listeria spp. are capable of growing in a wide range of &mapires (1-45°C) (Chavant et al.,
2002; George et al1988). This endows the organism with a unique capacityuovive food
processing and food storage conditions. Howewgtimal growth of the organism occurs between
30-37°C (Petran and Zottola, 198Rjsteria spp. are motile at low temperatures (20°C), algjiou

some Listeria strains are nonmotile at 37°C because they laeketkpression of the flagellin



proteins at this temperature (Way et al., 20Q43teria spp. are generally inactivated at 60°C,
making pasteurization a suitable food processiogrigue to eliminate this bacterium from dairy
products (Seeliger and Jonesy, 1986). Though thienappH condition for growth is 7.Q,isteria
spp.are capable of growing between pH 4.5 and pH 9t ath media (George et al., 1992; Parish
and Higgins, 1989, Petran and Zottola, 1989). it maultiply in 10% (w/v) NaCl, and can survive at
even higher concentrations (Seeliger and Jones6;1Shahamat et al., 1980). Survival at low pH
and high salt concentration has been reportedpgerakstrongly on temperature (Cole et al., 1990).
The minimum pH that allowed survival at 30°C wasusrd pH 4.7. Low salt concentration (4-6%)
improved survival, however, high salt concentratieduced survival especially at pH ranges that
were restrictive toL. monocytogened.isteria is one of the few foodborne pathogens that can
multiply at low water activity. Studies have shothat this organism can multiply at aelow 0.93
(Farber et al., 1992; Petran and Zottola, 1989).

2.2 Microbial Stressors and Stress Adaptation

Yousef and Courtney (2003) define microbial strassany deleterious physical, chemical, or
biological factor that adversely affects microkgabwth or survival. The biological stressors could
include competition, metabolites produced by otheteria, and microbial antagonism (Abee and
Wouters, 1999). Hence, traditional or novel foodgarvation techniques such as use of brine, high
hydrostatic pressure, ionizing radiation, pulsextiic fields, and UV irradiation can be considered
as microbial stressors. These “hurdles” can intceduarying degrees of “stress” in different
bacteria. These stressors will influence the phggy function, and activity of microorganisms
(benign or pathogenic or spoilage) that are foundoods. Based on the magnitude of the stress
involved, stress can be differentiated as eithab-igthal” or “lethal or severe”. Sub-lethal stress
modifies the metabolic activities of the cells. ciin result in microbial “injury” and can be
manifested as either retarded growth or completggmtion of growth (Donnelly, 2002). Lethal or
severe stress causes irreversible damage to thiehiccells. When microorganisms are exposed
to sub-lethal stress, it is generally thought tiné exposure can induce adaptation to subsequent
lethal levels of the same type of stress. This ohial adaptation is considered as “stress
adaptation” (Lou and Yousef, 1997). Stress adaptatan also be described as the general principle
in which a bacterium that is exposed to a sub-ledtrass can become more resistant to subsequent
applications of the same stress or at times toffareint stress (Hill et al., 2002). During food
processing, microorganisms adapt to the “hurdlesstoessors and can survive under conditions
which would have normally inactivated them (Beal&30)4). The Acid Tolerance Response (ATR)
observed inL. monocytogeness an example of a typical stress response. IRees&d or acid-

adapted cells are much more tolerant to normathyalepH levels. The ATR ih. monocytogenes
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could be induced in acidic foods, when exposed detr juices, or within the macrophage
phagosome (Gahan and Hill, 1999). Marron et al97)%ave shown that the ATR is required by
L. monocytogenesfor successful murine infection. The optimal growtemperature for
L. monocytogenes between 3T and 37C, and any temperature above this optimal range is
expected to exert a stress (Petran and Zottola9)19&hen microbial cells are exposed to
temperatures above optimal growth temperatures deenshort periods of time, unique
physiological responses are triggered within tHes ¢gecluding the synthesis of heat shock proteins
(Lindquist, 1986; Knabel et al., 1990). Pagan et(#997) have reported a 7-fold increase in
thermo-tolerance of. monocytogenewahen the cells were exposed td@5or 180 minutes. The
extent of exposure to temperature above optimati¢evand the matrix in which the cells are
exposed are reported to influence the extent obtserved thermo-tolerance (Linton et al., 1990;
Sergelidis and Abrahim, 2009).

Microbial adaptation to stress also causes extetalethnce to multiple other lethal stressors.
This has been termed “cross-protection” (Beglesl t2002). Microorganisms are thought employ
cross protection as a defense strategy againdetimaity of various food preservation techniques
(Rodriguez-Romo and Yousef, 2005b). In additiora¢al tolerance, ATR has also been shown to
cross-protect against thermal and osmotic stresseser (2000) has reported that the induction of
acid shock proteins protects microbial cells agdetial acid proteins or other stresses suchgts hi
temperature, oxidative damage and high osmolafAfyR is also known to cross-protect against
nisin, ethanol, and crystal violet (O’Driscoll dt,d996). Leyer and Johnson (1993) observed that
SalmonellaTyphimurium became more resistant against heat, salactivated lactoperoxidase
system when this organism was exposed to mild stoess (pH 5.8) previously. Duffy et al. (2000)
showed thatEscherichia coliO157:H7 when stored at pH 4.8 for 96 h under statead meat
fermentation condition (followed by pH 5.6 or 7./bging condition), showed enhanced tolerance
against the subsequent heat treatment at 55°Chdderesistance &. coli 0157:H7,Salmonella
entericaandL. monocytogendacreased significantly after acid adaptation whagposed to single-
strength apple, orange, and white grape juicesstgtjuto pH 3.9 (Mazzotta, 2001). Hsing-Yi and
Chou (2001) found that the survival of acid-adagiedcoli O157:H7 was longer than the non-
adapted bacteria in mango juice and asparaguscextrat not in selected fermented milk products
under refrigeration (7°C) temperatures. Bacon et(2003) examined the stress adaptation of
Salmonellaspp. under gradual exposure to acidic conditidi® @lucose) and showed that it
caused cross protection against lethal heat tredtmef 53C, 57C, 59C, and 61°C.
Koutsoumanis et al. (2003) examined stationary-pthasnonocytogenesells grown in glucose-

free and glucose-containing media when exposedatmws stressors such acid (pH 4.0, 7.0),
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osmotic (10.5-20.5% NaCl) and temperature (-5°GQ@8C) and when further exposed to pH 3.5.
The growth ofL. monocytogenem the presence of glucose resulted in enhancedvaliof the
pathogen at pH 3.5. Sub-lethal stresses other #dloaiic stresses, i.e., osmotic, heat, and low-
temperature stresses, did not appear to affe@digeresistance df. monocytogenegcid-adapted

L. monocytogenefpH 5.5, 2 h) had an increased resistance agaewt shock (52°C), osmotic
shock (25-30% NaCl) and alcohol stress (15%). Addptation thus appeared to provide a general
cross-protection against other stresses. Moredwsat-adapted.isteria (50°C for 45 min) also
displayed an increased resistance to acid shocdn{fPhanh et al., 2000). The cross resistance of
acid adapted cells to other stresses has an inmgerfar the food industry, especially because foods
commonly encounter sub-lethal acidic treatmentanduprocessing (Van Schaik et al., 1999).
Yousef and Courtney (2003) include the productibprotective proteins (eg. for damage repair,
cell maintenance), transformation in the physiol@nd morphology of cells (spore-formation,
viable but non-culturable state), increased restgar tolerance to lethal factors, evasion of host
organism defenses, and adaptive mutation as malrairess responses. Proteins which are
expressed in.. monocytogenespecifically when heat shocked have been prewousported
(Phan-Thanh and Gormon, 1995; Hu et al., 2007aD&)Angelis and Gobbetti (2004) identify two
classes of adaptive response namely, “limited” ‘andltiple” response. In case of the “limited”
response, microbial exposure to sub-lethal dosepifysical, chemical or biological stress protects
the cells against subsequent lethal treatmenteo§#ime stress (Sanders et al., 1999). In case of th
“multiple” response, microorganisms are able topada stressors that they had not previously
encountered (De Angelis and Gobbetti, 2004; Heekeal.,1996; Juneja and Novak, 2003). This
type of cross-protection is generated in responseutrient starvation, exposure to high or low
temperatures, high osmolarity, and low pH (Henggenss, 1999; Pichereau et al., 2000). The
influence of incubation temperature on thermo-tmee before and after a heat shock &C5

L. monocytogenesnd the relationship between cell morphology areinio-tolerance have also
been reported (Rowan and Anderson, 1998; Jgrgesisdn 1996).

Reduced growth rate or induced entry into statipriaase is indicative of general stress
response (Hill et al., 2002). Stress responsenstgally regulated. Activation of the general stre
response results in the expression of stress adapenes. Abee and Wouters (1999) have
mentioned stress adaptive genes doalA\ which play a role in controlling cell morphologgfa
which is involved in cyclopropane fatty acid syrise anduspB which is important in ethanol
resistance as examples of stress adaptive genegeghlation of general stress response has been
studied in several microorganisms; especiall\Eincoli where the stress response mechanism is

quite well understood. The regulation of generedsst response is under the control of alternative
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sigma factors such® in E. coli and other Gram-negative bacteria. The regulatiogeneral stress
response is mediated by th#S gene, which encodes tl@ RNA-polymerase subunit i&. coli,
and also inShigella flexneti and Salmonella entericaerovar Typhimurium (Abee and Wouters,
1999; Hengge-Aronis, 2000; Komitopoulou et al., 200The regulation ofrpoS includes
differential levels of transcription, translatieand post-translational modification depending an th
type of stress that is involved (Abee and Wout#899; Hengge-Aronis, 2000; Venturi, 2003). The
general stress response in Gram-positive bacterth @s Bacillus spp. is regulated by the
alternative sigma factar® (Hengge-Aronis, 1999; Price, 2000).

2.3 Heat Stress

Thermal processing is one of the oldest and mostnoon techniques employed to control
pathogens in food. Microorganisms are exposed &b $ieess in the environment and during food
processing. ldentification of the appropriate Hesdtment is a critical issue that dictates whether
microorganism is inactivated or becomes resistarihé temperature stress. Sub-lethal heat stress
can be defined as a stress when cells are exposalove-optimal (but below lethal) heat stress
(Rodriguez-Romo and Yousef, 2005a,b). When micitaieis are exposed to temperatures above
optimal growth temperatures even for short periofl$ime, unique physiological responses are
triggered within the cells (Lindquist, 1986; Knabet al., 1990). Heat resistance of
L. monocytogenem foods is highly varying (Casadei et al.,, 198&nney and Beuchat, 2004;
Mackey et al., 1990). Doyle at al. (2001) have cmhpnsively reviewed heat resistance in
L. monocytogenem culture media and foods. The data strongly satgthat heat resistance of
L. monocytogeneslepends on the age of the culture, growth condificecovery media, and
characteristics of foods (salt content, acidity, presence of inhibitors). Microorganisars known
to increase their thermo-tolerance when they aposed to a variety of environmental stressors
such as sub-lethal heat shock, osmotic stressasitam, acid exposure, alkaline treatment, ethanol
or hydrogen peroxide (Farber and Brown, 1990; Jmge et al., 1995; Lou and Yousef, 1996,
2007; Mazzotta and Gombas, 2001). The thermo-toberaesponse of bacteria is also strongly
influenced by other factors such as previous gravatihdition (Jgrgensen et al., 1999; Teixeria et
al., 1994) strain variation (Mackey et al., 19906rdgvist, 1994), and the heating menstruum in terms
of its pH and the presence of other compounds (Sarnitt Marmer, 1991; Jgrgensen, 1999; Pagan
et al., 1997). Foods that require long heatingauksriat lower temperature (to retain flavor, texture
etc.) are particularly susceptible to harboring noucganisms that exhibit increased thermo-
tolerance. Sergelidis and Abrahim (2009) summartheddifferent studies which demonstrate that
bacteria increase their thermo-tolerance when #neyexposed to moderately elevated temperatures

(ie., above their optimal growth temperature) befive real heat treatment (Table 2.2).
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Table 2.2. Thermotolerance due to heat shock ia gHsisteria monocytogenemnd other bacteria

Sub-lethal heat

Increase in D-value

Strain stress or Heating to prior heat stress  Reference
: menstruum )
adaptation or adaptation
Salmonella 42-48°C/5-60 , Bunning et al.
Typhimurium min TSYEB 1.1-3.0-fold in [, g (1990)
Escherichia. coli o . . Murano and
0157'H7 42°C/5 min TSB 1.5-fold in E3 Pierson (1992)
.45 or 50°C/30 increased k) and Boutibonnes et
Enterococcus faecalis min BHI broth Des* al. (1993)
Salmonella o . . 2.4-fold in By, Mackey and
Thompson 48°C/30 min minced beef 2.7-fold in Dy Derrick (1987)
Escherichia. coli 46°C/60 min NB 1.33-fold in B ﬁgﬂ;ﬂ?&n&)
Streptococcus 48°C, 50°C, . Auffray et al.
thermophilus 52°C/30 min M17 L broth Increased & (1995)
_ . 1.37-fold in By, -
Escherichia. coli . . Williams and
. 45°C/30 min TSB 1.68-fold in Dy
0157:H7 1.5-fold in Dy Ingham (1997)
3.2 (1.18)fold in
D52
1.67 (1.36)+fold in
. R . i Ds, Xavier and
SalmonelleEnteritidis  42°C/60 min CASO-YE 1.92 (1.28):foldin  Ingham (1997)
D56
1.44 (1.46)+fold in
D58
Lactobacillus Teixeira et al
delbrueckiisubsp 52°C/20 min skim milk increasedsP (1994) '
bulgaricus
Yersinia o . . Shenoy and
enterocolitica 45°C/60 min ground pork 2.4-fold insB Murano (1996)
R . . Fedio and
L. monocytogenes 48°C/60 min TSBYE increased;P Jackson (1989)
42-48°C/5-60 . Bunning et al.
L. monocytogenes min TSYEB 1.1-1.4in ;5 (1990)
L. monocytogenes 48°C/5-60 min TSBYE 1-3-fold in g E(lr;aé%e)l etal.
L. monocytogenes  48°C/10 min TSYE 2.1(2.2)fold in Dss I(‘llgtgg) etal.
o ; . Stephens and
L. monocytogenes  46°C/30 min TPB 2.2-fold in § Jones (1993)
L. monocytogenes  46°C/30 min TPB 2.2-fold in § \(Jfggg;]sen etal.
L. monocytogenes  47.5°C/180 min  TSYE 4-fold in £ Flaégga7r; etal.
o . TSB+8gl/l lactic , Jargensen et al.
L. monocytogenes  46°C/30 min acid 5-7-fold in Do (1999)
L. monocytogenes 46°C/30 min TPB+ 8 g/l lactic 1-8-fold in Dy Jargensen et al.

acid

(1999)
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Sergelidis et al..

L. monocytogenes  40°C/24 h BHI 3-4-fold in [y s (2001)
L. monocytogenes  48°C/60 min milk increaseddef 52323:?1989)
L. monocytogenes  48°C/30 min pork meat 4-fold ingp Quintavalla and

Barbuti (1989)

pork (66%) and

, : . Farber and
o 0, -
L. monocytogenes  48°C/120 min bgef (33%) curing 2.4-fold in D4 Brown (1990)
mixture
o . . Knabel et al.
L. monocytogenes 43°C/18 h milk 6-fold in [ g (1990)
o . sterile whole i . Bunning et al.
L. monocytogenes 48°C/15 min bovine milk 1.5-fold in Dyy 7 (1992)
L. monocytogenes  42°C/60 min ham 1.4-fold in {9 a%rgg)r etal.
o pasteurized whole 2.5-3-fold in B, Dgy  Rowan and
L. monocytogenes  42.8°C/24 h milk and D Anderson (1998)
L. monocytogenes 46°C/30 min minced beef 1-7-fold ing \(Jfggg;]sen etal.
L. monocytogenes  48°C/10 min potato slices 1.4-2.4-fold iRsD gggslh) etal.
L. monocytogenes  46°C/60 min ground beef 2-fold ingp Novak and

Juneja (2003)

CASO-YE: casein-peptone-soymeal peptone broth sopghted with 0.5% yeast extract; NB: nutrient brd?B:
phosphate buffer; TPB: tryptic phosphate broth; ESYrypticase soy yeast extract broth; TSBYE: Tiggde soy
broth-0.6% yeast extract; *exact data has not losatulated; **(..), anaerobic incubation

The heat shock response of bacteria is a univprséctive response against heat stress. This
response results in a temporary induction of hbatls proteins (HSPs) which protect the cells
against heat damage or other stressors. The appearmaf proteins that are expressed in
L. monocytogenesvhen heat shocked has been previously reportedn(Phanh and Gormon,
1995; Hu et al.,, 2007a,b). All organisms examineadpce proteins encoded by the hsp70 and
hsp90 gene families in response to elevated tempesaThese proteins are highly conserved
among prokaryotic and eukaryotic organisms andess® the protection of bacteria against
subsequent stressors (Lindquist, 1986; Lindquist &maig, 1988). Pagan et al. (1997) have
reported a 7-fold increase in thermo-tolerancé.ahonocytogeneshen the cells were exposed to
45°C for 180 minutes. The extent of exposure to teatpee above optimal levels, and the matrix
in which the cells are exposed are reported taémte the extent of the observed thermo-tolerance
(Linton et al., 1990; Sergelidis and Abrahim, 200Bhe influence of incubation temperature on
thermo-tolerance before and after a heat shocl8d@ t L. monocytogenesnd the relationship
between cell morphology and thermo-tolerance hdse bheen reported (Rowan and Anderson,
1998; Jgrgensen et al., 1996) as mentioned ednier988, Lindquist and Craig categorized heat
shock proteins (Hsp) in general in biological systeinto the following groups namely, Hsp110,
Hsp90, Hsp70, GroE-Hsp 58, and small Hsp. Hspla@prs are greater than 100 kDa observed in
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eukaryotes in response to high temperature and geerarily in mammalian cells. The Hsp90
group of proteins is highly conserved, is abun@amormal temperatures, and is induced further by
heat. The Hsp70 proteins are found in high aburelassociated with other proteins, and are
associated with a variety of cellular processe® DhaK, DnaJ, DnaG, DnaB, Ssb (single stranded
binding protein) proteins are known members of Hisp 70 family. They bind with high affinity
with ATP suggesting their involvement in metabolisithe GroE-Hsp 58 proteins made up of
proteins such a&roEL a 65 kDa Mr protein anroESa 15 kDa Mr protein are thought to be
essential for growth (Tilly et al., 1981; Wada dtikawa, 1984; Wada et al., 1987). The small Hsp
are a very diverse group of proteins with varyinglesular weights. Their role in thermo-tolerance
is still debated. Burdon (1986), Katchinski (20@GH)d Schlesinger (1994) have described Hsp
protein families such as Hsp40, Hsp60, Hsp70, H3@I@l small heat shock proteins (sHsp).

Even though heat shock proteins are observed dimeéag) stress, it is still not clear whether
there is a direct cause and effect relationshipvben the synthesis of heat shock proteins and the
induction of higher thermo-tolerance (Lindquist869Parsell and Lindquist, 1993). The heat shock
proteins are thought to play an important roleh@ tepair of heat-injured cells and are involved as
molecular chaperones in the re-folding of denatupedteins. Examples of such heat shock
associated chaperones are DnaK, GroEL, and GroBSe(Rand Ron, 2002). Chaperones are
thought to prevent undesirable interactions betweemplementary surfaces of proteins
(Vorob’eva, 2004). Other heat shock proteins suehCalC and CplP have an ATP-dependent
protease activity, and their induction is thoughttsure stress tolerance and degradation of heat-

damaged proteins (Kriiger et al., 2001).

Some of the Hsp are known to be expressed at legldleeven under non stress conditions in
all prokaryotic and eukaryotic cells. These heaickhproteins are thought to play an essential role
in protein maintenance (Ellis and Van der Vies, 19&eorgopoulos and Welch, 1993). The
alternative sigma factas®?, plays a role in transcription of the majority lnfat shock proteins in
E. coli (Rosen and Ron, 2002). The alternative sigma ffattds involved in the regulation of heat
induced genes in the periplasmic space (Alba am$$32004; Raivio and Silhavy, 2000). The heat
shock response is regulated by several regulobscteria.Bacillus subtilisis generally used as a
model organism for studying heat shock respongaram-positive bacteria (Hill et al., 2002). The
regulatory systems such &8 HrcA-CIRCE, and Clp protease system are knowbet@ssociated
with the heat shock responseBn subtilis Sigma factors such a$ are transcriptional activators
that recognize specific heat shock promoters ugpstref heat shock genes (Kazmierczak et al.,
2003). Two types of signals can elisiigB the gene which encode$. These signals can be

extracellular that result in a drop of ATP levetdtaould be physical signals/stressors such as he
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salt, or acid stress (Maul et al., 1995; Hecker &fwdker, 1998). The non-growing cells of
B. subtilishave an intricate network for adaptation to vasistressors. Stressors such as heat shock,
salt stress, ethanol, starvation for oxygen orients etc. induce the same set of proteins, called
general stress proteins (Hecker et al., 1996). dlgeseral stress proteins are thought to provide
either general or specific protection under theferdnt adverse conditions. In addition to these
non-specific general stress proteins, all extratallsignals induce a set of specific stress pnetei
that may confer specific protection against a paldir stress factor.

Hecker et al. (1996) identified at least three afdht classes of heat-inducible genes in
B. subtilisbased on their common regulatory characterisfir€lass | genes (eg., dnaK and groE
operons which are induced by heat stress, invalves-dependent promoter, an inverted repeat
(called the CIRCE element), and probably a represgeracting with the CIRCE element, (ii)
Class Il genes (the majority of general stress gevigch total over 40 genes) are inducedt
dependent promoters by different growth-inhibiticmnditions. The activation af® by stress or
starvation is the crucial event in the inductiontlois large stress regulon, (iii) Class Ill genes
(which comprise only a few such as lon, clpC, clapi] ftsH) can respond to different stress factors
independently o&® or CIRCE. Stress induction of these genes is thbtm occur at promoters
recognized bys" and involves additional regulatory elements (Heakeal., 1996). Hecker and
Volker (1998) assigned the identified GSPs protdimsfive main groups. The HrcA-CIRCE
(Control Inverted Repeat of Chaperone Expressigsiem is a repression system first described in
Bacillus subtilisby Zuber and Schumann (1994). The system compofeas inverted repeat cis
element and a trans protein-repressor encoded éolgrtiA gene. InBacillus subtilisthe operons
(groE anddnakK) are regulated by this system during heat shockafyand Wong, 1995). The genes
encoding for the Clp protease system are undecdh&ol of CtsR (Rosen and Ron, 2002; Yousef
and Courtney, 2003). Other stressors such as pkplagty, presence of ethanol, antibiotics,
aromatic compounds, heavy metals, etc. are alsotalidicate the synthesis of heat shock proteins
and cross protection as mentioned earlier (Ramas,e2001). Gandhi and Chikindas (2007) have

published a comprehensive review of the effecscal and osmotic stress lin monocytogenes.

2.4 Acid Stress

Acidification of foods is another common food preservation methatlis used worldwide. It
is achieved either via fermentation or the additdspecific food preservatives such as acetic,acid
propionic acid and lactic acids. The weak acid am-dissociated form can diffuse into microbial
cells, and inside the cytoplasm its dissociatethfdecreases the intracellular pH which disrupts the
metabolic activities. The acid tolerance respomS€R|) is an induced protective response in

microorganisms against acid stress (Gahan et @6)1 The microbial response to acid stress is
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thought to include changes in membrane compositiamease in proton efflux, increase in amino
acid catabolism, and induction of DNA repair enzgnii@eales, 2004; Yousef and Courtney, 2003).
Differences in ATR among different bacteria andwastn exponential and stationary phase cells
have been reported (Hartke et al., 1996; Jordaal.et1999). Intracellular or extracellular pH
fluctuations can be a signal for induction of aslibck or stress adaptation proteins. External or
periplasmic proteins may also be sensed by membraned proteins (Foster, 1999). Internal pH
fluctuations may also affect gene expression orufatd a regulatory element that controls gene

expression.

L. monocytogenesesponds to, and survives in low pH environmetiszimg a number of
stress adaptation mechanisms. Exposure to mildcasicess (pH 5.5) induces the acid tolerance
response (ATR) (O'Driscoll et al.,, 1996). Phan-Tihamnd Mahouin (1999) examined
L. monocytogenesxposing cells to a lethal acidic pH (acid stress) an intermediary non-lethal
acidic pH (acid adaptation) and the expression rotgins were studied. The majority of these
induced proteins were common to the two pHs andetiwal acidic pH induced more proteins than
the mildly acidic pH. The presence of groEL, ATHtfase, thioredoxin reductase and diverse
transcriptional regulators and ferric uptake retprlavere notedL. monocytogenes thought to
employ processes such as homeostasis (Shabala22Gf). The active transport of k coupled
with electron transport in respiratory chains. Th#;-ATPase is a multisubunit enzyme, is a
channel for proton translocation across the celinbrane via ATP utilization. The enzyme is
highly conserved, theifportion of it includes five subunits, B3, v, 8, € and k contains three kind
of trans-membrane subunit a, he-€. The K rotation caused by proton gradient and followed by
rotation of theye-subunits of k- lead to ATP synthesi# the reverse reaction, ATP hydrolysis in F
induces the rotation of and, hence, of the,Fotor in the reverse direction. This then is thautp
drive proton pumping (Yoshida et al., 2001). Cotteral. (2000) observed 3 log reduction under
acid stress in the presence of a proton inhibil@@D-N,N’-dicyclohexylcarbodiimide) and they
concluded that §F;-ATPase has a role in ATR Lristeria.

L. monocytogenealso utilizes the glutamate decarboxylase (GADgteay to survive acid
stress. The GAD system is composed of three ggadd gadB andgadC ThegadA andgadB
genes encode two glutamate decarboxylases andg#u genes encode a glutamate-
aminobutyrate (GABA) antiporter (Cotter et al., 2D0A specific transporter takes glutamate up
from the cell then its decarboxylaton happens enditoplasm. In the procegsaminobutyrate is
produced with intracellular proton utilization aitdis exported from the cell via an antiporter
located in the cell membrane. Due to the protos losreased cytoplasmatic pH can be observed

(Small and Waterman, 1998). The role of GAD systerthe acid resistance &f monocytogenes
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during gastric transit has been studied by Cotteal.e(2001) and they found that the addition of
glutamate increased the survival of the wild straigastric fluid. Deletion ofjladA gadBandgadC
genes resulted in an increased sensitivity to I&élv Phese results show the importance of GAD

system in the acid resistance.

Wiedmann et al. (1998) studied the role of gensnass transcription facte® on the acid
resistance ok. monocytogened he acid resistance efgB mutant was weaker in stationary phase
than in the wild type. They concluded that exp@ssif c>—dependent proteins has an important
role in acid resistance and ATR lin monocytogeneKazmierczak et al. (2003) observed that the
alternatives® factor regulates the expression of gzeliBgene and also regulates the virulence gene
expression irL.. monocytogened he acidic pH of foods helps to prevent the ghoat foodborne
pathogens. Several studies show that acid adajpséetria survives better in foods (Gahan et al.,
1996; O’Driscoll et al., 1996). The ATR is notewwrtduring food processing because the exposure
of the pathogen to mild acidic conditions couldutesn better resistance to more severe acidic

conditions.

2.5 Osmotic Stress

In the food industry, salting is a food preservatinethod designed primarily to obtain lower
water activity. Howeverl.. monocytogenes able to survive high concentration of salt athus
not an easy pathogen to control by osmotic stresseaOsmo-adaptation in bacteria can involve
both physiological changes and as well as reguiaidhe gene expression level (Hill et al., 2002).
Duché et al. (2002a) used 2D gel-electrophoresismtterstand the differential protein expression
patterns that occurs in monocytogenesnder salt stres$-orty different proteins out of a total of
400 to 500 proteins were differentially expresseithér repressed or induced at a higher rate)
during salt stress. Twelve proteins showed highudtidn after salt stress. The general stress
proteins (Ctc and DnakK), transporter proteins (Glad mannose-specific phosphotransferase
system enzyme IIAB) and general metabolism proté@tenin dehydrogenase, Ccp, CysK, EF-Tu,
Gap, GuaB, PdhA and PdhD) were differentially egpeel. Gardan et al. (2003) suggested that Ctc
protein of L. monocytogeness involved in osmotic stress tolerance in theeabs of any
osmoprotectant (glycine betaine, carnitin) in thediram. Bayles and Wilkinson (2000) observed
the osmoprotectant function of glycine betaine, lipeo betaine, acetyl carnitine, carnitine,

y-butyrobetaine and 3-dimethylsulphoniopropionatke.imonocytogenes

In L. monocytogeneshe generab® factor has an important role in the utilizationheftaine
and carnitine as osmoprotectants (Becker et 88)1Kazmiercak et al. (2003) identified the genes

regulated by®. Using a combination of bio-informatics and miarag experiments they showed
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that thes®- dependent. monocytogenegenes included both stress response dengsgadB ctc,

and the glutathione reductase génel433 and virulence genes (e.qlA, inIB, andbsh. Overall,

the data demonstrated that in addition to regudatixpression of genes important for survivadler
environmental stress conditions: also contributes teegulation of virulence gene expression in
L. monocytogene&ardan et al. (2003) showed that the expressiartcajene is dependent aff
factor inL. monocytogene&allipolitis and Ingmer (2001) also identified &sponse regulators that
are part of the two-component signal transductigstesn and are involved in the osmotic stress

response linked virulence mechanisni.ilmonocytogenes

2.6 Applications of Genomics and Proteomics in Microbitogy

Understanding the physiology and metabolism of omoganisms at the transcriptome and
proteome levels are becoming increasingly posslbketo significant technological improvements
in laboratory instrumentation and reagents as a®lthe growing amount of scientific databases
that can be used in these analyses. Analysis a# ggpression using microarrays, real-time PCR
assays and analysis of protein expression pattesing 2D gel electrophoresis and MALDI-TOF-
TOF have enabled significant improvements in urtdading of cellular processes, microbial
physiology and function. Fleischmann et al. (199%)blished the first complete genomic
sequencing of a human pathogétaemophilus influenzaePresently, the complete genome
sequences of about a hundred different organism&raswn.Campylobacter jejunivas the first

foodborne pathogen that was completely sequenca@t{fl et al., 2000).

For understanding biological processes, genomarnmétion alone is not enough. It is critical
to link genetic information or genomics with furgstality (ie., functional genomics) to develop a
clear picture of microbial function under differartnditions. The ultimate goal is to link functibna
genomics with metabolomics (systems biology) ineor obtain a system-level understanding of
microbial function. Transcriptome analysis helps understanding microbial gene expression.
Microarrays are now routinely employed to underdtglobal gene expression patterns (Hu et al.,
2007 a,b; Call et al., 2003). Significant improvertsehave taken place in microarray technologies
(Stears et al., 2003; Kuo et al., 2002). Theseyareae produced by the robotic deposition of
polymerase chain reaction (PCR) products, plasrardsligonucleotides or cDNA onto a glass
slide. They can also be created usimgitu synthesis of oligonucleotides using photolithodmap
(Stoughton, 2005). Array-based approaches are lusefa targeted view of cellular response,
especially in situations where one does not hapeaas knowledge of which genes or mechanisms
are important. However, it must be kept in mindt ti&kNA is only one step in the conversion of
the DNA-encoded genetic information to cellularp@sse and function. Proteins and metabolites

are extremely important and one can argue thatghewyld be the center of interest.
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Changes in the temporal expression and accumulp#itierns of proteins and metabolites can
be very useful to understand the phenotypic regsatthe cell. Expression profiles at the protein
level provide information about potential functiother than those at the transcript level. This is
because mMRNA levels do not necessarily correlatie priotein levels (Gygi et al., 1999). Cellular
activities are mediated by complex networks of ratéons in response to physiological signals,
and the cell type and state determines the natfirtheo response. These interactions can be
elucidated by combining information obtained at thenscript level and the proteomic level
(Vaidyanathan and Goodacre, 2005).

The proteome is defined as the entire protein cempht of a cell, tissue or organ (Kahn,
1995; James, 1997). Proteome analysis involvesassessment of the global protein expression
profiles (Soni et al., 2007). The ultimate objeetior goal of proteomics should be to define the
identities, quantities, structure, and functionatif proteins produced in a cell under all different
conditions and states. However, this is rarely eadd. Presently, proteomics is still limited to
single parameters studies (Soni et al.,, 2007). Som#e major analytical tools involved in
proteomics include (i) two-dimensional sodium dodgmlyacrilamyde gel electrophoresis (2D-
SDS PAGE)-based separation followed by mass speetrac (MS) identification of separated
proteins, (ii) (multidimensional) liquid chromataghy (LC) or capillary electrophoresis (CE)-
based separation of proteins/digested peptidedpwiet by MS-based identification, and
(i) analytical microarray technology. 2D-SDS PAGQg& one of most widely used expression
proteomics tool. The first dimension is a chargh-lgased separation using isoelectric focusing
(IEF) and size (Mr)-based separation in the secimeénsion. This analysis is usually carried out in
slab gel, and the technique must be capable ofratapz and resolving the different expressed
proteins ideally with minimal sample preparationadd spectrometry (in particular, matrix assisted
laser desorption ionization (MALDI) and electrospranization (ESI), and improvements in mass
resolution, their sensitivity and accuracy, havensicantly enabled identification and

guantification of proteomic expression (Merchard &vieinberger, 2000).

A majority of the strategies and techniques in egpion proteomics are still dependent on
mass spectrometry. For the analysis and identificadf the excised proteins which were separated
with 2D-PAGE two main approaches can be followednkel et al. (1993) described the “peptide
mass fingerprinting” where the protein spots (bande subjected to in-gel digestion by a
sequence-specific protease, usually trypsin, afestaining, reduction, alkylation and washing
steps. This is followed by analysis of the elutegtmles by MALDI-MS. The set of masses from
the MS analysis is then compared with theoretioayected tryptic peptide masses in a database to

identify the protein. The outcome of the analysiattrequire attention because there are issues
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related to differences in ionization efficienciek different peptides (Zhu et al., 1995) and the

influence of sample preparation conditions (Paddigd Wood, 2004).

The widespread use of 2D-PAGE technology has essult the availability of 2D-PAGE
reference maps for expressed proteomes of sevéredbmes, including pathogens, under different
experimental and physiological conditions. Ramretttal. (2003) presented a partially annotated
proteome reference map disteria monocytogeneby partial fractionation of membrane and
cytosolic proteins, in which 261 spots were detdcémd 33 were identified. Planktonic and biofilm
modes of growth were examined by 2D-PAGE Gampylobacter jejuniDykes et al., 2003),
Pseudomonas aeruginogArevalo-Ferro et al.,, 2003Brucella melitensigEschenbrenner et al.,
2002) andActinobacillus actinomycetemcomita(idetcher et al., 2001) and differences in protein
expression has been observed. In general biofisnesated bacterial cells are more resistant to
stress conditions than their planktonic countegdrhe transcriptional down-regulation of flagellar
genes (using 2D-PAGE analysis) was observed uratetitions of low pH inSalmonellalAdams
et al., 2001). This analysis provided the informatihat a signal transduction system (implicated in
virulence) controls motility of the pathogen at Ipi. These studies showed tlsstimonellacells
may be non-motile in very low pH environments ire thost such as the stomach, perhaps
conserving ATP for survival of the pathogen (Adaghsal., 2001). Hommais et al. (2002) examined
the response to mild acidic pH Wibrio cholerae(again by 2D-PAGE analysis) and decreased
accumulation levels of several proteins known tanvelved in the organization and functioning of
membranes, including lipopolysaccharide, has bémerwed. The result was similar in the case of
E. coli. Mild acidic pH could constitute a signal for thetbreak of the acid tolerance response in
cells, which is known to protect cells at extrenté for several hours. Oxidative stress-related

differential expression of proteins lirelicobacter pylorihas also been reported (Baek et al., 2004).

Several methods have been developed to detect sty stress proteins using 2D-PAGE
analysis (Browne and Dowds, 2001; Cash, 1998; Htmam and Gormon, 1995, 1997; Santos et al.,
2004; Villarreal et al., 2000) and using proteomalgsis to study microbial stress response as is
mentioned above (Duché et al., 2002b; Leverriealget2004; Phan-Thanh and Mahouin, 1999;
Rosen and Ron, 2002; Santos et al., 2004; Vanbog20®3; Van Schaik et al., 2004 ). In addition
to gel-based proteomic analysis, Yates et al. (1888e developed a “shotgun” based approach of
proteomics. In this technique termed MudPIT (Muiftidnsional Protein Identification
Technology), whole cell protein extracts are immaggly cleaved and the peptide mixture is
subjected to separation before mass spectrometrygetoerate the peptide sequence data.
Multidimensional chromatography is an integral pafrthis procedure to enhance fractionation of

the complex peptide mixture of the whole cell pro&xtract.
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2.7 lonizing Irradiation of Fresh Cut and Pre-PackagedChilled Produce

lonizing irradiation is approved for use in over different countries, and has been approved
by Codex Alimentarius. It has been proven effectiveugh over 50 years of research. Yet, it
unfortunately continues to generate controversyhd@gens enter the food supply through fecally-
contaminated irrigation water supplies, aerosa®y inygienic handling during food processing and
via grazing animals. The use of HACCP (Hazard Asialpf Critical Control Points) has proven to
greatly reduce the chance of contamination andptiesalence of pathogens in foods (USDA,
1999). However, improved food processing techne®gisuch as irradiation used as a critical
control point within HACCP programs, can furtherpirove post-harvest food safety. There is an
increasing consumer demand for producing minimalgcessed vegetables and fruits without
preservatives. This type of food is perceived asHy healthy and convenient. Minimal processing
(MP) covers a wide range of technologies that aimreserve food during transport from farm to
fork, with minimal changes to the inherent fredtelattributes (Nicholl et al., 2004). Sales of MP
(minimally processed) ready-to-eat fruits and valgkts have grown rapidly in developed countries

in the last decade.

Minimally processed, chilled vegetables and frugsally carry pseudomonads, enterobacteria,
lactic acid bacteria and yeasts and molds as naticobiota. The high moisture content and
damaged plant tissues surfaces provide excellemdittons for the growth of microorganisms in
these pre-cut/prepared products. There are senagraits of outbreaks of enteric pathogens due to
consumption of fresh fruits and vegetables (Tab&)ZBeuchat, 1996; Buck et al., 2003). The
potential sources of pathogenic bacteria include rdw produce, plant workers, and processing
environment (Odumeru et al., 1997). Sprouted seeelsalso increasingly consumed as a part of
health diets. Sprouts represent a specific issgause the sprouting procedure (conducted under
high humidity at higher/elevated temperatures) x&reenely favorable to growth of bacterial
pathogens. The first reported outbreak of humaresls associated with seed sprouts was in 1973
(Portnoy et al.,, 1976). Vegetable sprouts produgsidg a home sprouting kit contained large
numbers oBacillus cereusRaw alfalfa and clover sprouts have emerged @sgrezed sources of
foodborne iliness in the United States. The Nafiohdvisory Committee on Microbiological
Criteria for Foods (NACMCF, 1999) reviewed the rature of sprout-associated outbreaks and
identified the organisms and production practicegreatest public health concef®almonellaor
Escherichia coliO157:H7 infections are the most common illnesseso@ated with sprout
consumption. Some publications reported, howeMee, presence of.isteria monocytogenes
Staphylococcus aureusBacillus cereus Klebsiella pneumoniaeand Aeromonas hydrophilan
sprouts (Beuchat, 1996).
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Table 2.3. Examples of fresh produce and juice framtch bacterial pathogens have been isolated
(Buck et al., 2003).

Pathogen

Product

Aeromonas

alfalfa sprouts, asparagus, broccoli, caulifloveetery, lettuce, pepper, spinach

Bacillus cereus

alfalfa sprouts, cress sprouts, cucumbers, musfalts, soybean sprouts

Campylobacter
jejuni

green onions, lettuce, mushroom, potato, parskgper, spinach

Clostridium cabbage, mushrooms, pepper

botulinum

E. coliO157:H7 alfalfa sprouts, apple juice, cabbagesrgetilantro, coriander, cress sprouts, lettuce

Listeria bean sprouts, cabbage, chicory, cucumber, eggplettice, mushrooms, potatoes,

monocytogenes radish, salad vegetables, tomato

Salmonella alfalfa sprouts, artichokes, beet leaves, celeappage, cantaloupe, cauliflower, chili,
cilantro, eggplant, endive, fennel, green onioettute, mungbean sprouts, mustard
cress, orange juice, parsley, pepper, salad gresgisach, strawberries, tomato,
watermelon

Shigella celery, cantaloupe, lettuce, parsley, scallions

Staphylococcus alfalfa sprouts, carrot, lettuce, onions sprousgsiey, radish

Vibrio cholera

cabbage, coconut milk, lettuce

Sprout-associated outbreaks have become a worldmoblem (NACMCF, 1999). Although

contamination of the sprouts can occur from seedsstaminated equipment, contaminated water,

or poor hygienic handling, seeds appear to be tbst tikely source of contamination in sprouts

associated outbreaks (NACMCF, 1999). Several chanmethods to decontaminate alfalfa seed

have been investigated. These include rinsing wathium hypochlorite, acidified sodium chlorite,

acidified chlorine dioxide, trisodium phosphate,rgoetic acid and ethanol (Beuchat, 1997

Taormina and Beuchat, 1999a,b). The combinatioa lobt water treatment and a rinse in various

chlorine-containing compound solutions has alsonbewe/estigated (Jaquette et al., 1996).

Nevertheless, until now, no treatment has beendaomnich is capable of completely eliminating

E. coli O157:H7 orSalmonellaspp. from alfalfa seeds that are destined foriwgprg. The surface

of fresh sprouts is difficult to clean. Additiongllithe pathogen can be present not only on outer

surfaces but also in inner tissues and in stomat@deaonstrated when radish sprouts were raised
from E. coliO157:H7-contaminated seeds (Itoh et al., 1998).

lonizing irradiation is more efficient in reductiaof bacterial contamination than sanitizers
(Nguyen-the and Carlin, 2000). Literature revieBsatkett, 1992; Nguyen-the and Carlin, 1994;

Farkas, 2001) show that ionizing irradiation withsds ranging from 0.5 to 2 kGy had no adverse

effect on fresh produce stored a few days undergegftion as minimally processed fresh fruits
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and vegetables. At 2 kGy, number of bacteria wasllysreduced by 3 to 4 log cycles and yeasts
by 1 or 2 log cycles. Limiting factors in irradiati of horticultural products are, however, sensoria
changes, particularly softening of fruit and veg&taissues, and vitamin losses.

Modified Atmosphere Packaging (MAP) is commonly lggp to various fresh products to
extend the shelf-life and maintain high qualitynohimally processed fruits and vegetables. These
conditions reduce deterioration by limiting produespiration and maturation as well as by slowing
down the proliferation of aerobic spoilage orgarsisMAP may be passive, in which packages are
sealed in air, or active, in which a defined migtof gases are used to flush the package, typically
with reduced @ (2-3%) and increased G(5-20%), with the balance composed of. Nor
vegetables packaged under either system, ther® isingle ideal or standard gas mixture; the
mixture of gases within the package changes omer in response to the respiration of the produce
and the gas permeability of the packaging mateaiad, the specific vegetable under consideration
(Al-Ati and Hotchkiss, 2002).

25



CHAPTER 3
IMPROVING THE MICROBIOLOGICAL SAFETY OF FRESH PRE-C UT
AND PRE-PACKAGED CHILLED PRODUCE BY LOW -DOSE GAMMA ()
IRRADIATION AND MAP

3.1 Introduction

There is an increasing global consumer demand fodyzce that is minimally processed.
Sprouted seeds are being increasingly consumegas af health diets. Produce that is minimally
processed is perceived to be fresh and healthyghFaet fruits and vegetables by virtue of its
cultivation, handling, and consumption practices, drowever, prone to pathogen contamination
and therefore become a vehicle for widespread fumwde outbreaks (Odumeru et al., 1997,
Beuchat, 1996; Buck et al., 2003). Even in hightyeloped countries such as the United States,
there continues to be a number of large outbreaksceated with fresh produce. As many as 200
people were affected by the coli O157:H7 outbreak due to contamination of spinaels waced
back to animal feces in the field (California Depsnt of Public Health, 2007). These
contamination events, outbreaks, and recalls ecaatigndevastate the fresh produce industry and
retail food franchises. The reality today is thagsh produce is a food item that is unfortunately
viewed as highly vulnerable to pathogen contamamatiThere is a high risk of contamination
because produce are grown under natural conditpatked, and consumed without extensive post-

harvest treatments or cooking.

Minimally processed fruits and vegetables harbovasiety of microorganisms including
pseudomonads, enterobacteria, lactic acid ba@edayeasts and moulds as natural microbiota. The
high moisture content, bruised plant tissues sagfqrovide excellent environments for microbial
growth in these products. Sprouts represent afisghcommodity because the sprouting procedure
(conducted under high humidity at higher/elevateratures) is favorable to pathogen growth.
Salmonellaor Escherichia coliO157:H7 infections are the most common illnesses@ated with
sprout consumption. Some publications reported giesence ol. monocytogenes, S. aureus,
B. cereus, K. pneumoniaadA. hydrophilain sprouts (Beuchat, 1996). Although contaminabbn
the sprouts could occur from seeds, contaminategpexnt, contaminated water, and/or poor
hygienic handling of seeds appear to be the mé&stylisources of contamination (NACMCF,
1999).
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Modified Atmosphere Packaging (MAP) is used to edtahe shelf-life and quality of
minimally processed fruits and vegetables. Theseditions reduce deterioration by limiting
product respiration and maturation as well as bwslg down the proliferation of aerobic spoilage
organisms. MAP may be passive, in which packagesealed in air, or active, in which a defined
mixture of gases are used to flush the packageaiyp with reduced @(2-3%) and increased GO
(5-20%), with the balance composed aof Ror vegetables packaged under either systeneg ther
no single ideal or standard gas mixture; the meuirgases within the package changes over time
in response to the respiration of the produce hadyas permeability of the packaging material, and
the specific vegetable under consideration (Al-&d Hotchkiss, 2002). Given these challenges,
there is a need for a “pathogen-kill” step in theduction, processing, and packaging of fresh-cut

produce. lonizing irradiation is one such “pathogéli technology.

lonizing radiation is one of the most widely studii®od processing technologies. However,
there is unfortunately significant amount of migmgtions and consumers generally lack a
thorough understanding of the technology. The useradiation can avoid the use of chemical
sanitizers (Nguyen-the and Carlin, 2000). A numbfestudies have shown that irradiation doses
ranging between 0.5 and 2 kGy had no adverse sewsoorganoleptic effect on fresh produce
(Brackett, 1992; Nguyen-the and Carlin, 1994; Far901). lonizing radiation at doses as low as
2 kGy reduced bacterial populations by as much lags8and yeasts by about 2 logs. In the United
States, the U.S. Food and Drug Administration gs@ved the use of 4 kGy of ionizing radiation
for fresh-cut spinach and lettuce. In order todate pathogen-kill steps such as ionizing radiation

the fresh produce industry need robust, easy-tmpamicrobiological analysis.

Impedance microbiology is a rapid method that esslgualitative and quantitative tracing of
microorganisms by measuring the change in the redattconductivity. With direct impedance
technology, the change in the conductivity of auililjculture medium serves as a measuring
parameter, whereas with indirect impedimetry, thenge in the electrical conductivity of a
reaction solution, which occurs through the absompbf gases from the inoculated bacterial
culture, is measured. Most investigations concerrtime applicability of impedimetry in food
microbiology deal with the impedimetric detectiom enumeration ofEnterobacteriaceae,
especially the detection &almonellaFurthermore, a great number of published findiogscern

the impedimetric determination of the total baetecount.

The aim of these studies was to study the effecloaf dose gammay) radiation on
L. monocytogeneshen inoculated onto alfalfa and radish sproutsidedtify those doses that do
not diminish the sensory quality parameters. THeevaf combiningy irradiation with MAP for

alfalfa and radish sprouts was also evaluated. eSinaditional methods to detect pathogenic
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organisms are very labor- and time-consuming, th@i@ation of impedimetric methods for the
detection ofListeria monocytogenesas a secondary objective. This part of my dissert
research was performed as part of an Internatidt@hic Energy Agency (IAEA) funded project
Coordinated Research Project titled, “Use of iméidn to ensure the hygienic quality of fresh, pre-
cut fruits and vegetables and other minimally psseel food of plant origin” (Contract No
11619/RBF).

3.2 Materials and Methods

3.2.1 Bacterial strain

L. monocytogene$ab No. 10, an avirulent strain (originally isothfeom meat) obtained from

Dr. B. Ralovich, Hungarian Meat Research Institués used in these studies.

3.2.2 Seed sprouts and Inoculation of Samples

Fresh alfalfa and radish sprouts were obtained fadotal “Bio” shop in Budapest. The shelf-
life of these products as stated by the suppliesy Wadays at 5°C. The aviruldnt monocytogenes
strain was shake-incubated in BHI broth (Oxoid, D5Mraunschweig, Germany) for 24 hours at
30°C. The culture was diluted with sterile wateryield approximately 10 CFU/mL. Alfalfa
sprouts (150 g) were dipped in 500 mL volume of themonocytogenesell suspension for
1 minute with constant gentle agitation. The solutivas then decanted, and the sprouts placed on

sterile filter paper. After drying, the inoculatsamples were packaged anidradiated.

3.2.3 Modified Atmosphere Packaging

Alfalfa and radish sprouts (5 g) were placed in Gdrherm 80 bags, and flushed with 2
different gas mixtures namely Gas Mixture # 1 armbk Gnixture # 2. The composition of Gas
Mixture # 1 was oxygen-carbon dioxide-nitrogen (2%-94%) while that of Gas Mixture # 2 was
3-5 % oxygen, 10-15% carbon dioxide balanced wittbgen. The bags were sealed using the
MULTIVAC packaging equipment. The head-space gaspmsition was analysed periodically in
triplicate sample bags by CombiCheck 9800-1 appard@BI| Dansensor, Denmark).

3.2.4 Low dose Irradiation

The experimental samples were irradiated at roonpégature to defined target doses (1 kGy
and 2 kGy) using a NORATOM EGbgamma irradiator of the Institute for Radiobiolp@udapest.
(The 1 kGy dose was jointly decided upon for therage study among the IAEA study
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participants). The dose rate duriygirradiation was 6.47 kGy/h. The 0 kGy samples were

considered as control.

3.2.5 Microbiological Analysis

At periodic intervals for up to 10 days, the aldaéind radish sprout samples were analyzed for
specific target microbial groups. Triplicate sangpleere used during each sampling time frame.
The alfalfa and radish sprout samples were dilute@eptone saline and homogenized using a
stomacher. The homogenized samples were analyzetbted aerobic plate counts using Plate
Count Agar (Merck, Darmstadt, Germany) by spreadipy of 0.1 mL aliquots. The plates were
incubated at 30°C for 48 lEnterobacteriaceaavere enumerated using double layers of Violet-
Red-Bile-Dextrose agar (Merck, Darmstadt, Germamg incubation at 37°C for 24 hours. Lactic
acid bacteria were enumerated using media ovedayfe Man-Rogosa-Sharp medium, (Merck,
Darmstadt, Germany) and aerobic incubaton at 30f@ days. Yeast and molds were enumerated
using Rose Bengal Chloramphenicol agar (Merck, Bgadt, Germany) and incubation at 25°C for
3 to 5 days.

3.2.6 Survivors and growth of L. monocytogenes in MAP packaged alfalfa sprouts aftery

irradiation

Survival curves were estimated from radiation dose®, 0.5, 1.0, 1.5, and 2.0 kGy for
L. monocytogenestrain 4ab. The irradiated samples were also dtate5°C for 10 days and
microbiologically analysed periodically. To detemaithe number of ionizing radiation survivors,
the Thin Agar Layer (TAL) method (Kang and Fung99pin addition to plating on Palcam Agar
(Merck, Darmstadt, Germany) containing Palcam kigtselective supplement (Merck, Darmstadt,
Germany) was also performed to estimate the numibsublethally injured cells. The plates were
incubated at 37°C for 24 h. For the TAL method, leuhin layer of Plate Count Agar was poured
on the surface of Listeria Selective Agar, and ALl of the bacterial suspensions were spreaded.
The plates were incubated for 24 h at 30°C. Thevlue was determined by calculating the
reciprocal of the slope provided by the log CFUégsus irradiation dose.

3.2.7 Impedimetric estimation of L. monocytogenes survival and growth

The RABIT impedimetric instrument (Don Whitley Seigic, U.K.) was used in conjunction
with a method developed in our laboratory to estiimia monocytogenegrowth and survival
(Kiské et al., 2004). Aliquots (0.5 mL) of the didd suspensions were placed in 4.5 mL selective
impedance broth (Whitley Impedance Broth + glud@sg/L) + lithium-cloride (15 g/L) + aesculin
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(2 g/L) + Fe(ll)-ammonium-citrate (1 g/L) + FRASERisteria Selective Supplement broth
(Merck, Darmstadt, Germany) in triplicate and inatdal at 30°C in the RABIT equipment for 24 h.

The “indirect measurement” was carried out as sty described (Bolton and Gibson, 1994) and
the TTD-values (Time to Detection) were recorded.

3.3 Results and discussion

3.3.1 Changes in the Head-Space gas compositionyfradiated MAP samples during
refrigerated storage

Changes in head-space gas composition in the Gatuldi# 1 and Gas Mixture # 2 MAP

radish and alfalfa sprout samples during storagg@taftery irradiation are shown in Figures 3.1-

3.3.
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Figure 3.1. Changes in the oxygen and carbon déog@hcentrations in the MAP radish sprouts

during storage at 5°C aftgnrradiation. The MAP contained oxygen-carbon di@xnitrogen (2%-
4%-94%) (Gas Mixture # 1).

@ radish sprouts, £0 kGy; ® radish sprouts, C&D kGy;  radish sprouts, £1 kGy;
A radish sprouts, CAL kGy; O radish sprouts, £2 kGy; ® radish sprouts, C&2 kGy
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Figure 3.2. Changes in the oxygen and carbon deogmhcentrations in the MAP alfalfa sprouts

during storage at 5°C aftgrirradiation The MAP contained oxygen-carbon dioxide-nitroge¥o{2
4%-94%) (Gas Mixture # 1).

 alfalfa sprouts, @0 kGy; @ alfalfa sprouts, C&0 kGy;  alfalfa sprouts, @1 kGy;
A alfalfa sprouts, C@1 kGy; O alfalfa sprouts, @2 kGy; @ alfalfa sprouts, C@2 kGy
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Figure 3.3. Changes in the oxygen and carbon deogmhcentrations in the MAP alfalfa sprouts

during storage at 5°C aftgiirradiation. The MAP contained 3-5 % oxygen, 1@4l&arbon dioxide
balanced with nitrogen (Gas Mixture # 2).

 alfalfa sprouts, @0 kGy; ® alfalfa sprouts, C@0 kGy;  alfalfa sprouts, @1 kGy;
A alfalfa sprouts, C@1 kGy; O alfalfa sprouts, @2 kGy; @ alfalfa sprouts, C&2 kGy

The radish samples respired more than that offalfgrouts in Gas Mixture # 1. The head-
space CQ@ content reached an equilibrium (15 and 10%, rasmdyg) after about 7 days of
refrigerated storage. In Gas Mixture # 2, the,@€6ntent reached an equilibrium (approx. 15%) on
the 6th day when the @oncentration were not detectable.

31



3.3.2 Effect of MAP and

sprouts

y irradiation on the microbiological shelf-life of dfalfa and radish

The effect of MAP using Gas Mixture # 1 apdradiation on the natural microbiota of radish

sprouts is shown in Figure 3.4.
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Figure 3.4. The effect of packaging with Gas Migt¥ 1 (2% Q 4% CQ, 94% N) and
y irradiation on the natural microbiota of radishaps

A TPC (Total Plate Countl Enterobacteriaceae® LAB (Lactic Acid Bacteria)
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The effect of MAP using Gas Mixture # 1 apdradiation on the natural microbiota of alfalfa
sprouts is shown below in Figure 3.5. The numbétbhe LAB were lower in the alfalfa sprouts to

begin with as compared to the radish sprout samples

When these samples were stored for 10 days (withayt exposure tg irradiation), the
numbers held steady except for the LAB which insegaby about 1 log unit. The exposure to
1 kGy did reduce the populations of the target auoganisms by about 2 -3 log units. During
storage of these irradiated samples, the numberained relatively stable for up to 10 days except
for LAB which increased by about 1 log unit afted&ys at 3C. Exposure to 2 kGy further reduced
the bioburden by about 4 log units for the TPCogtuinits of theEnterobacteriaceaand about 2.5

log units of the LAB. These numbers remained stdbhing the 10 days of refrigerated storage.

The studies with MAP with Gas Mixture # 2 apdradiation were performed with only alfalfa
sprouts (Figure 3.6).

In the non-irradiated samples, the TPC, LAB, yeastd molds, andEnterobacteriaceae
remained stable over 10 days of storage. When daseples were irradiated with 1 kGy, there was
about 3-log decline in the TPC and LAB. Theterobacteriacea@and the yeast and molds only
declined by about 1-log unit. These numbers, howeeenained steady over the course of the 10-
day refrigerated storage conditions. When the falfaprout samples were exposed to 2 kGy of
y irradiation, there was a further 1-log declinghe target microbial populations. The numbers of
all the target organisms except LAB remained stabky the 10-day storage conditions. The LAB

appears to have increased by about 1.5 log unéstbe 10-day storage.

It is clear that that gammay)(irradiation of MAP sprouts with 1 and 2 kGy reddcthe
numbers of both the total aerobic bacteria Bnterobacteriaceaby 3 and 4 log-units respectively.
Importantly, however, the results suggest thatrduMAP storage (under both Gas Mixture # 1 and
Gas Mixture # 2) and especially after exposure Gy, LAB has the potential to increase in
numbers by about 1 to 1.5 log units over 10 daysefiigerated storage. The increase in LAB
appears to be related to the levels of,@0Othe head space of the MAP samples (Figures332L,
and 3.3). Zagory (1999) reported in studies usialged Chinese cabbage that an elevated CO
condition extends the lag phase of bacterial graamith slowed bacterial multiplication. Lactic acid
bacteria increased substantially during 3-weekstafage, coinciding with the higher levels of the
CO, packaging conditions. After 3 weeks of storageuth coliform bacteria in the Chinese
cabbage treated with both irradiation and MAP weredetected, the samples stored under aerobic

conditions showed between 2 to 4 log CFU/g of oaotif bacteria. The irradiation effects (which
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reduced aerobic bacterial counts) were maintaimezspective of its packaging condition, for up to

3 weeks at 4°CAerobic bacteria and coliforms were not detectesbimples irradiated at 2 kGy.
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Figure 3.5. The effect of packaging with Gas Migt#¥ 1 (2% Q, 4% CQ, 94% N) and
y irradiation on the natural microbiota of alfalfarsuts

A TPC (Total Plate Counti Enterobacteriaceae® LAB (Lactic Acid Bacteria)
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Figure 3.6. The effect of packaging with Gas Migtdr 2 (3-5% @ 10-15% CQ, balanced with

N>) andy irradiation on the natural microbiota of alfalfarguts

A TPC (total plate count@ Enterobacteriacege® LAB (Lactic Acid Bacteria);® yeasts and moulds
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3.3.3 Survival and growth of pathogenic bacteria on MAP &#alfa after y irradiation

The survival ofL. monocytogeneafter irradiation with 0.5 to 2 kGy is shown in krgs 3.7,

3.8 and 3.9. The estimated@value for the avirulent. monocytogenestrain 4atis 0.58 kGy (R=
0.98) under Gas Mixture # 1, and theyDalue is 0,45 kGy (B0.95) under Gas Mixture # 2
conditions. The test strain on these sprout sangpesars to be more resistant to these irradiation

conditions in the MAP samples (Gas Mixture # 1) paned to air packaged samples£D.46

kGy, R=0.97).

Figure 3.7. Survival oL. monocytogenedab on alfalfa sprouts aftgrirradiation in air packaging

(adapted from IAEA, 2006)
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Figure 3.8. Survival of.. monocytogenedab on alfalfa sprouts aftgrirradiation in packaging

containing Gas Mixturé 1(2% O, 4% CQ, 94% N)

(y=-1.7001 x + 6.8787,R0.99; ® plating onto Palcam agaD, TAL method

36



10.0 D=0.4¢ kGy

log CFU/g

N
o
|

Dose (kGy)

Figure 3.9.y irradiation survival ofL. monocytogeneglab on alfalfa sprouts in packaging
containing Gas Mixture # 2 (3-5%,(10-15% CQ, balanced with B

(y=-2.194 x + 7.248, R0.95);® plating onto Palcam ag&>TAL method

Table 3.1 is a compilation of the;fvalues ofListeria spp. on fresh produce when exposed to
ionizing radiation. These results were obtainednfrihe IAEA sponsored Coordinated Research
Project, “Use of irradiation to ensure the hygiemqu@lity of fresh, pre-cut fruits and vegetabled an
other minimally processed food of plant origin. ABA, 2006). From this compilation, it is evident
that the virulent.. monocytogenestrain (ATCC15318examined by the investigators in Argentina
showed a Bx-value of 0.37 kGy on alfalfa sprouts. The investigs from India (who examined the
same avirulent strain as used in this study ieb, Ma. 10) on different produce items (such as
carrot, cucumber, and seeds and sprouts of gresm, gitew gram, chick pea and garden pea)
observed the B-value to range between 0.31-0.58 kGy. The-\alue of virulent strains used by
the investigators from other countries ranged betw@.1-0.37 kGy. The resistance lasteria
innocuawas examined by the Portugese and U.K. investigalieir results showed;pvalues to
range between 0.16-0.45 kGy.

The investigators from Canada examined the effectadiation both under aerobic condition
and MAP condition (60% & 30% CQ, 10% N). The radiosensitization &f. monocytogenesas
significantly higher (g0.05) under MAP conditions, regardless of the preseor absence of
antimicrobial compounds (Table 3.1). Interestingly, their study, the elevated ,O(60%)
concentration decreased thgeMalue of Listeria monocytogeneslPB 2812from 0.36 kGy to
0.17 kGy (aerobic condition). In my study, howevdhe Dygovalue for the avirulent
L. monocytogenestrain was0.58 kGy (Gas Mixture # 1), and 0.45 kGy (Gas Migte# 2) as

compared to 0.46 kGy under oxygen-rich conditions.
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Table 3.1. Summarized;pPvalues of inoculated.isteria spp. on fresh produce items studied by

different investigators as part of the IAEA studgépted from IAEA, 2006)

Participant Produce studied Pack_qging Dyyvalue Inoculated
country conditions pathogens/Surrogates
Chicory 0.24 kGy
Soy sprouts 0.4 kGy
Alfalfa sprouts 0.37 kGy
. Mix salad (cherr :
Argentina fomatoes, (carroti, Aerobic 0.23 kGy L.monocytogeneATCC15313
lettuce and cabbage)
Organic chicory 0.26 kGy
Organic rugola 0.28 kGy
Aerobic 0.36 kGy
Mini carrot MAP (60%Q, 30%
CO,, 10% N) 0.17 kGy
Mini carrot coated  Aerobic 0.10 kGy
with trans MAP (60% Q,
cinnamaldehyde  30% CG, 10% N) 009 KGY
Mini carrot coated  Aerobic 0.13kGy L. monocytogenadPB 2812
Canada  \jth Spanish MAP (60% O, 010 kg, SErovarlza
oregano essential oil 30% CQ, 10% N) ) y
Mini carrot coated  Aerobic 0.14 kGy
with winter savory  MAP (60% Q,
essential oil 30% CQ, 100% ) 010 KGY
Mini carrot coated  Aerobic 0.12 kGy
with Chinese
; . MAP (60% Q,
gli?namon essential 30% CQ, 10% N) 0.09 kGy
Carrot 0.31 kGy
Cucumber 0.35 kGy
Green gram sprouts 0.58 kGy
Green gram seeds 0.30 kGy
India Bga g:gm :Egzjusts Aerobic %g?é l:((a//L monocytogenetab
Chick pea sprouts 0.54 kGy
Chick pea seeds 0.34 kGy
Garden pea sprouts 0.54 kGy
Garden pea seeds 0.32 kGy
Coriander 0.27 kGy
Lettuce 0.19 kG
Mint 0.29 kGy
Portugal Parsley Aerobic 0.23 kGy L. innocuaATCC 33090
Turnip 0.25 kGy
Watercress 0.16 kGy
Melon 0.26 kGy
U.K. Alfalfa seeds Aerobic 0.45 kGy L. innocua MP 2418
USA Endive (cut leaf) Aerobic 0.21 kGy L. monocytogeneATCC 49594

0.22 kGy L. innocuaATCC 51742
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The results from these studies make it very cliat ltisteria spp. exhibit wide variation in
resistance to ionizing radiation when present esHrproduce. These differences could be due to
the inherent genetic differences in some of thairsdr the produce that the organisms were tested

with as well as the irradiation conditions suchiteesdose rate and other treatment conditions.

In my study, thd.. monocytogenestrain was able to grow after MAP irradiation okGy and
during refrigerated storage (Figures 3.10 and 3.Ik& numbers increased by 2 log units. There
was no difference in numbers obtained using thecsiee plating and the TAL method.

The potential for combining MAP with low-dose irfation has been explored in a variety of
foods including lettuce (Hagenmaier and Baker, 1%@akash et al., 2000). The extension of the
lag phase and reduction of the growth rate arenaftasidered to be a major effect of gBarber,
1991). Bennik et al. (1995) have, however, shovat this effect is evident only at very high £€0
concentrations. Thus, Ge@nriched MAP conditions may not beeaiable approach to control the
fate of L. monocytogenesn vegetable products. Carlin et al. (1996) haeported that
psychrotrophic pathogens suchLagnonocytogeneasnd psychrotrophic strains Bf cereusare not
suppressed under MAP conditions considered optioratespiring produce. The extent to which
headspace gas composition influences the re-grovitiadiatedL. monocytogenesn vegetables
is poorly understood, particularly with regard he tbacteriostatic effects of elevated Q€vels on
spoilage and pathogenic bacteria (Yuan, 2003). Meéemnd co-workers (2005) inoculated cut
pieces of endive with.. monocytogenegpackaged in gas-impermeable bags in air, 5/5/90%
10/10/80% C@, O, and N (“Air-0”, “5/5” and “10/10”, respectively) and irradiated to 0.0
(control), 0.3 or 0.6 kGy. Irradiation significaptteduced initial levels of. monocytogeneand
total microbiota under each of the three atmospheonditions examined (Air-0, 5/5 and 10/10
0O./COy). During storagel.. monocytogeneand total microbiota multiplied on the irradiataat-0
samples. In contrast, the monocytogeneand the total microbial bioburden on the irradiafs
and 10/10 samples remained at or near the ind@lced levels. In each of the three atmospheres,

O, declined and C@increased, irrespective of radiation dose.
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Figure 3.10. Growth df. monocytogenegab ony irradiated alfalfa sprouts in packages with
Gas Mixture#t 1 (2% Q, 4% CQ, 94% N) stored at 5°C
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Figure 3.11. Growth of. monocytogene4ab ony irradiated alfalfa sprouts in packages with Gas
Mixture # 2 (3-5% @, 10-15% CQ, balanced with B stored at 5°C

@ 0 kGy; © 0 kGy-TAL methodm 1 kGy;O 1 kGy-TAL method

3.3.4 Survival and growth of Listeria monocytogenes on alfalfa sprouts under MAP

conditions after irradiation as determined by RABIT impedimetry

A strong correlation (R0.94) was found between the impedimetric TTD drellog CFU/g.
This correlation was very evident between log CFof/§. monocytogenes the range of log 3 to
log 7 CFU/g (Figure 3.12). In samples having lowambers oflListeria, an additional 24 hours
enrichment step was required before impedimetrigestigation. Samples showing positive
electrical response within 20 hours require adddlo steps to verify the presence of
L. monocytogenes
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Figure 3.12. Correlation between log CFU/g and Tt Detection oL.. monocytogenes
y=-4.2197 x + 34.583,%0.9381

3.3.5 Conclusions

The combination of low-dose gamma irradiation WiAP and refrigerated storage improves
the microbiological safety and shelf-life of alfalnd radish sprouts. Combination of MAP with
2 kGy gammay irradiation was able to reduce the natural bidearto relatively low levels.
Though the total plate count (TPC) and Brgerobacteriaceadid not exhibit any further increase
in numbers, the LAB did exhibit the potential tacriease by about 1.5 log units during 10-day
storage at refrigerated °@G) conditions. This increase appears to coincidié Wwead-space GO

concentrations which also reaches equilibrium atldes? days.

The Dyg-values ofL. monocytogenegab strain on alfalfa sprouts was 0.46 kGy wheaskaged
in air, 0.58 kGy when packaged in gas mixture domg 2% Q, 4% CQ and 94% N and
0.45 kGy when packaged in gas mixture containiri§e36, 10-15% CQ balanced with M This
result implies that it is critically important toxderstand the effect of a particular MAP and iamgzi
irradiation on the Rky-value of the target pathogen. This study also destnated that the
impedimetric method can be used to detect and eratele monocytogenewithin 24 hours if
present in numbers higher than 3 log CFU/g. Acecydd the European Commission Regulation
No 2073/2005 for RTE foodd,. monocytogenesannot exceed 100 CFU/g throughout the food
products’ shelf-life. This threshold is currentigwler than the 1000 CFU/g of the impedimetric
method. In such situations, where numbers less thdaog CFU/g Listeria are encountered,
however, further enrichment step and confirmatiom @eeded. Additional research is needed to
optimize the head-space composition in MAP-packageatiuce to prevent the re-growth of

surviving pathogens such bisteria monocytogeneaturing chilled storage.
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CHAPTER 4
EXPOSURE TO SUB-LETHAL TEMPERATURES INDUCES ENHANCE D
HEAT RESISTANCE IN LISTERIA MONOCYTOGENES

4.1 Introduction

Listeria monocytogenes a particular concern for the food industry doeits high case
fatality, widespread distribution, ability to suei a wide variety of food processing conditiong] an
the severity of illness associated with foods comtated with this pathogen (Goulet and Marchetti,
1996; Mead et al.,, 1999). This pathogen can be ldagadimmuno-compromised patients and
pregnant women. It is found in a variety of rawdepsuch as uncooked meats, vegetables, and
processed foods that become contaminated afteegsingy, such as soft cheeses and cold cuts at
deli counters (Fleming et al., 1985; Salamina gt1#196; Aureli et al., 2000). Unpasteurized milk
or foods made from unpasteurized milk may also aianthe bacteriumL. monocytogenesan be
eliminated by pasteurization and cooking, but imea@ases Ready-To-Eat (RTE) foods such as hot
dogs and deli meats can get contaminated betweekingpand final packaging (Khelef et al.,
2006). In Europe, the incidence lof monocytogenes cheeses from various countries were: Italy
17.4%, Germany 9.2%, Austria 10%, and France 3RB&ad¢lf and Scherer, 2001). In Europe, the
European Union Commission Regulation (EC) No 200@#& has established microbiological
criteria in foods (Carrasco et al., 2007). Thisutagon has identified some of the limits and growt
factors forL. monocytogenethat are meant to assist Food Business Operd&B@)(in identifying
the factors controlling the pathogen’s survival agrdwth in foods. Heat treatment during food

processing is one of these factors (SANCO, 2008).

The food industry employs a variety of stressocuiting elevated temperatures, cold, pH, and
osmotic stress as “hurdles” to inactivate or prév@e multiplication ofL. monocytogeneand
other pathogens in foods. The optimal growth temjpee forL. monocytogenes between 30C
and 37C and any temperature above this optimal rangepsaed to exert a temperature stress
(Petran and Zottola, 1989). Heat resistancke. shonocytogenes influenced by many factors such
as strain variation, previous growth condition,oprexposure to heat shock, acid stress or other
stresses (Golden et al., 1988; Mackey et al., 188dqvist, 1994; Jgrgensen et al., 1999; Doyle et
al., 2001). When microbial cells are exposed topemtures above optimal growth temperatures
even for short periods of time, unique physiologicasponses such as thermo-tolerance are
triggered (Lindquist, 1986; Knabel et al., 1990rkea and Brown, 1990; Linton et al., 1990; Pagan
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et al., 1997). The extent of exposure to tempegatimove optimal levels, and the matrix in which
the cells are exposed are reported to influencextent of the observed thermo-tolerance (Linton
et al., 1990; Sergelidis and Abrahim, 2009). Thective of this study was to identify the extent of
enhanced heat resistancelofmonocytogeneat 60C when the cells were pre-exposed to sub-
lethal temperature of 4€, 48C and 50C for 30 min and 60 min.

4.2 Materials and Methods

4.2.1 Bacterial strain

The avirulent strain of. monocytogene@ ab No 10) (a meat isolate) was kindly provitégd
Prof. B. Ralovich of the Hungarian Meat Researdititute in Budapest. The culture was grown on
Brain Heart Infusion (BHI, Merck, Darmstadt, Gerngphbroth (pH 7.4) at 3TC.

4.2.2 Determination of D-value

Overnight cultures (25 mL) were harvested by cemgdtion (4000 rpm for 5 min at 4 °C) and
washed twice with 25 mL of phosphate buffer (pH)&® remove unspent media and possible
metabolic by-products (Koutsoumanis and Sofos, R004e washed cell suspension was
inoculated into Tryptic Soy Broth (TSB, Merck, Datadt, Germany) (pH 7.3) to yield a cell
population of approximately #@CFU/mL. The TSB medium was the test matrix. Posi¢l mL)
of the culture were transferred into 1.5 mL Eppehdigbes (Molecular BioProducts, San Diego,
CA) in triplicates. The samples were placed in eriiostatically controlled circulating water bath
(Haake, Germany). The water level in the bath wijasted above the level of the sample in the
tubes. The tubes were manually agitated undentlateanghout the duration of the experiment. The
samples were exposed to 55°C (for 10, 20, 30, @0and 60 min), 60°C (for 3, 6, 9, 12, 15, and 18
min) and 65°C (for 1, 2, 3, 4, 5, and 6 min). Tleattreatments were performed using temperature
probes that facilitated temperature monitoring witthhe sample in the microfuge tubes.

4.2.3 ldentification of Enhanced Heat Resistance

The time-temperature combinations used for sulaldibat stress was 46°C, 48°C and 50 °C
for 30 and 60 min. Based on the D-value, 60°C hestment was chosen for identifying the
enhanced heat resistance. Portions (1 mL) of thehedaculture were placed in TSB (pH 7.3) and
exposed to the sub-lethal heat stress under condithentioned above. After exposure to the sub-
lethal heat stress, the samples were immediatehgterred to a water bath set appropriately, so tha
the samples were exposed to temperatures 4 ®0r 3, 6, 9, 12, and 15 min. The heat treated

samples were immediately placed in an ice-bathr poicgerial dilution in tubes containing 9 mL of
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peptone-NaCl (0.85 %) buffer. The diluted sampleseaspread plated on Tryptic Soy Agar (TSA,
Merck, Darmstadt, Germany) and on TSA plates suppfged with 5% NacCl. Aliquots were plated

on the TSA+NaCl since it was previously shown #hat-lethally heat injured cells were sensitive
to NaCl (Golden et al., 1988; Smith and Archer, 898 he assumption was that the difference in
counts obtained on TSA and TSA+NaCl would provigieimation on the percentage of cells that

were heat-injured. The plates were incubated fdn 4837C prior to enumeration.

4.2.4 Data Analysis

The D-value (the time required to achieve a 90%uctdn) of theL. monocytogenestrain
(4 ab No 10) at 5%, 60°C and 68C was calculated (linear portion of the curve) esvipusly
described (Farber and Brown, 1990). Linear regoassiwere performed using the linear regression
function of the Excel software (Microsoft Corp. WAe Dy-value of the strain (D-value at 8D)
after the sub-lethal heat exposure of 30 min anthi8lat 46C, 48C and 50C was also calculated
to determine whether the sub-lethal heat exposweeased the D-value. An increase in thg D
value would be indicative of enhanced heat restgtatfter sub-lethal heat exposure. The\alues

are based on the TSA counts.

4.3 Results

The reduction in the populations of the monocytogenestrain at 55C, 60°C and 68C is
shown in Fig. 4.1, and D-values were calculatebetd5.19 min (B=0.93), 3.03 min (R=0.98) and
1.29 min (R=0.947), respectively. Since 8D provided a reasonable number of survivors even
after 15 min of exposure, this temperature was@mndsr determining the enhanced heat resistance.
The bacterial response to°@was used as a control for comparing the respdost® sub-lethal
temperature exposure. The bacterial response &L thinonocytogenestrain to 60°C after prior
exposure to sub-lethal temperatures ofC648C and 50C for 30 min and 60 min is shown in

Figure 4.2 to Figure 4.7.

44



log CFU/m

10.0
9.0
8.0
7.0
6.0 -
5.0 |
4.0 |
3.0
2.0

10+

0.0

Ds55.=15.19 min
Dgp-=3.03 min

D65°C:1-29 min

5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)

Figure 4.1. Inactivation kinetiax L. monocytogengstrain 4 ab No 10) at 86, 60°C, and 658C
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Figure 4.2. Enhanced heat resistancé.ofmonocytogenegstrain 4ab No 10) at 80 when pre-
exposed for 30 minutes at46

@ 60°C heat treatmerill 46°C for 30 min pre-exposure followed by 60°C hesatment and samples plated
onto TSA agara 46°C for 30 min pre-exposure followed by 60°C hieaatment and samples plated onto
TSA+NacCl agar
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Figure 4.3. Enhanced heat resistancé.ofmonocytogenegstrain 4ab No 10) at 80 when pre-

exposed for 60 minutes at46

@ 60°C heat treatmeri 46°C for 60 min pre-exposure followed by 60°C hesatment and samples plated
onto TSA agara 46°C for 60 min pre-exposure followed by 60°C hieaatment and samples plated onto

TSA+NacCl agar
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Figure 4.4. Enhanced heat resistancé..omonocytogenegstrain 4ab No 10) at 8C when pre-

exposed for 30 minutes at43

@ 60°C heat treatmerm 48°C for 30 min pre-exposure followed by 60°C hesatment and samples plated
onto TSA agara 48°C for 30 min pre-exposure followed by 60°C hieaatment and samples plated onto

TSA+NaCl agar
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Figure 4.5. Enhanced heat resistancé..omonocytogenegstrain 4ab No 10) at 8C when pre-
exposed for 60 minutes at43

@ 60°C heat treatmer® 48°C for 60 min pre-exposure followed by 60°C hesétment and samples plated

onto TSA agara 48°C for 60 min pre-exposure followed by 60°C heaatment and samples plated onto
TSA+NaCl agar
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Figure 4.6.: Enhanced heat resistancé&.ofmonocytogenegstrain 4ab No 10) at 8C when pre-
exposed for 30 minutes at D

@ 60°C heat treatmer 50°C for 30 min pre-exposure followed by 60°C hesatment and samples plated
onto TSA agara 50°C for 30 min pre-exposure followed by 60°C hieaatment and samples plated onto
TSA+NacCl agar
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Figure 4.7. Enhanced heat resistancé..omonocytogenegstrain 4ab No 10) at 8C when pre-
exposed for 60 minutes at %D

@ 60°C heat treatmer® 50°C for 60 min pre-exposure followed by 60°C hesétment and samples plated

onto TSA agara 50°C for 60 min pre-exposure followed by 60°C heaatment and samples plated onto
TSA+NacCl agar

Table 4.1. Effect of pre-exposure to sub-lethalgeratures of 4%C, 48C and 50C for 30 minutes
and 60 minutes on thespvalues forListeria monocytogenetab in Tryptic Soy Broth

Dgo-value (minutes)

mild heat time of mild heat treatment without pre-
temperature 30 min 60 min treatment
46 °C 5.24 16.18
48 °C 6.72 14.83 3.03
50 °C 13.88 11.16

The Dso-value of the strain after prior exposure to the¢hsub-lethal temperatures is shown in
Table 4.1. Pre-exposing tHe monocytogenestrain to three sublethal temperatures (i€£C46
48°C, 5C¢C) for 30 minutes and 60 minutes enhanced thealrof this strain at 6@. Compared
to direct exposure to 8G (which resulted in a §gvalue of 3.03 min), the §g-value after 30 min
pre-exposure at 46 was 5.24 min and 16.18 min after pre-exposur&®iminutes at 4%.
Similarly, the Qo-value after 30 min and 60 min pre-exposure 4CA8as 6.72 min and 14.83 min,
respectively. The E-value was 13.88 minutes and 11.16 minutes aftenBQites and 60 minutes
pre-exposure at 50°C, respectively (Table 4.1). Tweased Br-value is direct evidence for
enhanced heat resistance occuring after pre-exptsigub-lethal temperatures. The enhanced heat

resistance is particularly evident when the cells axposed to 30 minutes at temperatures
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increasing from 4®C, to 48C and then 5. The Rgvalue increased from 5.24 min at°@5to
13.88 min at 58C. When the cells were exposed to 60 min &C5Q@he Qvalue decreased as
compared to the 30 min exposure suggesting that ikean upper limit in terms of sub-lethal heat
resistance. It is important to note that theggevalue increases were almost 5-fold when the direct
exposure to 6 is compared to sub-lethal pre-exposure ttC4énd 48C for 60 minutes (Table
4.1).

Exposure to sub-lethal temperature appears to deatanjury in thid.. monocytogenestrain
(Figure 4.2- 4.7). This is based on the TSA and ¥1IS4CI plate counts after 30 min and 60 min of
sub-lethal pre-exposure at°4h 48C and 50C. There were significant differences in the baater
numbers obtained on the TSA plates and TSA+NaGegplarhe counts on the TSA+NaCl plates
were consistently lower than the TSA plates sugggshat heat injury was occuring. Plating onto
TSA supplemented with 5% NaCl was also performeelr afirect 60°C heat treatment. However,
there was no difference between the numbers olstaneTSA as compared to TSA+NaCl plates

(data not shown).

4.4 Discussion

A number of studies in the past have shown ltgteria spp. exhibit varying survival patterns
under different temperature conditions (Bunninglet1988; Smith and Archer, 1988)steria spp.
have also been shown to develop thermotolerancthdf cells are pre-exposed to varying
temperatures (Pagan et al., 1997, Farber and Brb98qQ, Linton et al., 1990). Many of these early
studies were aimed at identifying the safe tempeeatfor milk pasteurization. Farber and Brown
(1990) previously examined the heat resistanceisiEria monocytogenes a sausage mix under
prior heat exposure of 48°C for up to 120 min. Thesults showed an average 2.4-fold increase in
Dgs-value. In their studies, prior heat exposure aCARr 30 or 60 min did not show a significant
increase in heat resistance as compared with wetrezells. In this study with this particular
L. monocytogenestrain, prior heat exposure at’@and 48C for 30 and 60 minutes increased the
Dgo-value (Table 4.1). Fedio and Jackson (1989) studiee effect of prior exposure to
L. monocytogeneScottA serotype 4b to sub-lethal temperature exy@os broth and UHT milk.
Their studies showed that 48°C for 60 minutes pp@esure prior to 60°C heat treatment enhanced
heat resistance. Pagan et al. (1997) investighate@ffect of growing temperature (37°C and 4°C)
of L. monocytogenesn the heat shock response. Cells grown at 4°@esth@ 7-fold increase in
thermo-tolerance as compared to the 4-fold incrédestewas observed in cells grown at 37°C. They
reported [@s=0.65 min after a pre-exposure at 47.5°C for 180.mhis was 4-fold higher than that

for non-heat shocked cells. Lin and Chou (2004Jlistli 3 strains of. monocytogenewhich were
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subjected to heat shock at 45°C for 60 min or 48%CLO min. Heat shocked cells at 45°C for 60
min showed an increased survival after 55°C hesdtinent for 60 min compared to non heat
shocked cells (in two of the strains). However,@&3r 10 min heat shock resulted in no significant
difference, regardless the strain. In the preserlys it is noticed that pre-exposure to’60for 60
minutes caused reduced survival af@Ms compared to pre-exposure atG@or 30 minutes
(Table 4.1). It must be noted that the "shoulderd &tail” portions of the survival curves are also
critically important. My research specifically faad on the linear portion of the curve since the
focus of my research was aimed at understandingméehanism of thermo-tolerance. Similar

studies are needed to understand processes ocatitimg shoulder and tail regions of the curve.

It is well established that the choice of a patcyplating medium influences the microbial
counts (Olsen and Bakken, 1987; Knabel et al., 1998gan et al. (1997) observed a "shoulder” on
heat shocked cells when the survival curves weodtqu. They report that these "shoulders”
disappeared when 3% NaCl was added to the recowedium and increased decimal reduction
was noticed. Similarly, the exogenous addition afatase increased the recovery of heat-injured
L. monocytogenesells in trypticase soy broth-yeast extract mediltmabel et al., 1990). In this
study the heat treated samples were plated on T&Aspand TSA plates amended with 5% NaCl
(Figs. 4.2- 4.7). The assumption was that sub-gthgjured cells were sensitive to NaCl. When
the cells were pre-exposed to different temperatiineas an evident that heat injury occured (Figs.
4.2-4.7), based on the difference in the TSA andAaCl plate counts. Smith and Archer (1988)
have previously reported exposihgmonocytogeneScott A strain) in phosphate buffer (pH 7.2)
at 52C for 1 hour led to injury which was detectablengst% NaCl amended media. In this study
too, pre-exposure df. monocytogenegstrain 4 ab No 10) to 8C for 30 minutes prior to 6C
exposure resulted in as much as 3-log differen¢ed®n heat-injured and non-injured cells (Fig.
4.7). However, Table 4.1 highlights the fact thlaére is an upper limit for the pre-exposure

temperature that results in an enhanced D-valuaksasssed earlier.

In summaryL. monocytogenedab exhibits an enhanced heat resistance (indd2s@lues)
after exposure to sub-lethal temperature conditi@xgosing the strain to increasing durations of
sub-lethal temperatures enhanced the survival ‘@ 60this strain. The data also suggests that heat
injury does occur when this organism is exposedb®@C. Therefore culture media used to
enumeratel.. monocytogenes heat-treated food samples should be carefuligsen to avoid
inadvertent underestimation of the actual numbg&ssioviving cells, since with increasing exposure

to heat stresses there is a greater probabilityeat injury.
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CHAPTER 5
EXPOSURE TO SUB-LETHAL TEMPERATURE INDUCES THE VIAB LE
BUT NON-CULTURABLE (VBNC) STATE IN LISTERIA
MONOCYTOGENES AT 60°C

5.1 Introduction

The viable but non-culturable (VBNC) state is avatal strategy adopted by bacteria when
they are exposed to hostile environmegtaiditions. In this state the bacterial cells sy
remain viable yet cannot be cultured on culture imé@liver, 1995, 2000; Kell et al1998; Barer
and Harwood, 1999). The state is induced by sthesa external factors, such as, incubation
outside the normal temperature range, elevateadityaliosmotic, and oxygen concentrations,
starvation, and processes thought to be bacterigizer, 1995, 2005; Rice et al., 2000; Grey and
Steck, 2001; Kong et al., 2004). This survival estaas been recognized in many animal and plant
pathogens, and in both Gram-negative and Gramipediicteria. Some examples inclugecoli,
Salmonellaspp., H. pylori, R. leguminosarumVibrio spp., L. monocytogenesK. aerogenes
P. putida E. faecalis A. tumefaciensE. amylovoraandR. solanacearunByrd, 1991; Kondo et al,
1994; Alexander, 1999; Lleo et al., 2003; Kong ket 2004, Oliver, 2005; Ordax et al., 2006).
Besnard et al. (2000b) described a direct micrasgocedure involving the use of the antibiotic
ciprofloxacin to detect and count viable but notttaable L. monocytogenesells. Rudi et al.
(2005) have recently reported the detection of VAN@onocytogenesn gouda cheese. Cappelier
et al. (2005) have shown thkt monocytogenedoes convert into a VBNC state when stored in
water at either 2 or £C. However, they report that these cells were migictious when assayed

using the human adenocarcinoma cell line (HT-29)amouse model.

Thermal processing is one of the oldest and mostnoon techniques employed to control
pathogens in food. Sub-lethal heat stress can docbacterial cells when they are exposed to
above-optimal, but below lethal levels (Rodrigueami® and Yousef, 2005a,b). Exposure to sub-
lethal temperatures prior to heating is known trease the D-values In monocytogene-edio
and Jackson, 1989; Stephens and Jones, 1993; dengenal., 1999). My previous experiments
demonstrated that whén monocytogenesells are pre-exposed to sub-lethal heat treasradrdve
48°C prior to exposure to 60°C, the cells are mjurThe underlying hypothesis of this study was
that whenL. monocytogenesells are exposed to sub-lethal heat stress theceddrecovery of the

bacterium on culture media is due to the cellsrerganto a Viable But Non-Culturable (VBNC)
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state. The objective of this study was to examihe twiability of a virulent strain of
L. monocytogene$ATCC 43256) using microscopy and fluorescencectspscopy (using the
Live/Dead BacLight™ fluorescent stain) after thdscevere pre-exposed to sub-lethal temperature

stress.

5.2 Materials and Methods

5.2.1 Bacterial strain

The virulentL. monocytogenestrain (ATCC 43256) was used in this study. It wasained
from the American Type Culture Collection (Manssd8,). A working culture were prepared in
Luria Bertani (LB, Difco) broth (pH 7.0) and incubd at 37°C for 24 h.

5.2.2 Exposure to Sub-lethal Temperature Stress

The sample (25 mL) was harvested by centrifugad@®0 rpm for 5 min at 4°C) and washed
twice with 25 mL of PBS (pH 7.4) to remove metaband products (Koutsoumanis and Sofos,
2004). The washed cells were resuspended in LueaaBi broth (LB; pH 7.0) to vyield
approximately 1& CFU/mL. One milliliter aliquots of the sample weptaced (in triplicate) in
1.5 mL microfuge tubes. The microfuge tubes weertlusr the different heat treatments. The heat
treatments were performed in a calibrated waten-ifBbekel Grant ORS200, PA. USA) using
temperature probes that facilitated temperature itmamg within the sample contained in the
microfuge tubes. The water level in the bath wasisteld so that the contents of the tubes were
completely submerged throughout the heat treatmidmee experimental conditions were chosen
namely, (i) exposure for 8Q for O minute (i.e., the cells were exposed utité temperature
reached 6WC) , and (ii) 60C exposure for 9 minutes, and (iii) 48 for 30 minutes followed by
60 C exposure for 9 minutes. These experimental ciomgitvere based on a previous study which

demonstrated that pre exposure to heat stress eshtre heat resistance of the cells.

5.2.3 Live/Dead Fluorescent Dye Staining

The fluorescent dye, LIVE/DEADBacLight™ (Bacterial Viability Kits, Molecular Preis,
Invitrogen, CA) was used to determine the viabibifythe cells. The protocols suggested by the
manufacturer was used for the staining. Brieflye #tains were SYTO 9 (component A) and
propidium iodide (component B). Viability was quidietd microscopically and using a fluorometer.
For fluorescence spectroscopy, a two-stain solutias prepared. The two stains (6 pL each) were
mixed in a microfuge tube and the entire 12 pL mas added to 2 mL of filter sterilized Bl in a
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borosilicate glass culture tube, and mixed well. the microscopic analysis, the dye mixture were

prepared using equal volumes of component A andooent B in a microfuge tube.

The L. monocytogenesells from the three different heat treatmentsdescribed in Section
5.2.2) were centrifuged (4000 rpm for 5 min at 4°®ashed two times with PBS (pH 7.4) and
resuspended in 1 mL of sterile g Aliquots (100 pL) of the washed bacterial cagension was
pipetted into a 96-well flat-bottom microplate ind replicates. The staining solution (100 pL) was
added to each well and mixed thoroughly. The sasnpkre incubated in the dark for 15 minutes at
room temperature. After incubation, the sampleseweeasured at two wavelengths¢dand As3s)
using the Tecan™ (Tecan US, Durham, NC) fluoreseemicroplate reader. The excitation
wavelength used was 485 nm. The green fluoresdatergsity (535 nm, &) and red fluorescence
intensity (635 nm, &2 were measured, and the green/red fluorescena®e (Rd/r) (Aszs/Asss)

were calculated for each experimental sample basehe following formula:
Rric=Femi/Fem2

For the direct microscopic examination, 3.3 pL loé dye mixture was added for each 1 mL of
sample. The sample was incubated at room temperatuthe dark for 15 minutes. For the
microscopic analysis 5.5 pL of the stained badteigpension were placed on a glass slide and
covered with a cover slip. The stained samples vesralysed using fluorescence microscopy
(Olympus USA, Center Valley, PA) using a dual emaisdilter for simultaneous viewing of SYTO

9 and propidium iodide stains. The samples werediloted to avoid potential errors in detecting
live and dead cells. The images were captured usingpot™ CCD camera (Diagnostic
Instruments, Sterling Heights, MI). The percentafieiable cells in each sample was calculated
using image analysis and MathCad 14.0 (PTC, Needhd#) software. Dead cells were
considered as those red pixels where the red @aomponent was higher than the green color
component. The ratio of red cells were determinedhe number of red pixels divided by the total
number of red and green pixels. We considered thialge pixels where the red + green pixels >100,

thereby avoiding the background (Figure 5.1).

53



300 T
i
=
S 200F & -
= . . .
j=9 - +,' Hrat
E + . +;_: ‘,3:’ :‘
=1 Ao Tew s{“' .
45} SEa R E
- s Tt e
5 A
= e
= 100 wE m
- i
Wt j',
AR
0 |
0 100 200 300

Red Component

Figure 5.1. Pixel intensities used in the discrimion of live (green) and dead (red)
L. monocytogeneATCC 43256 cells

Pixel intensity<100 is the cut-off for background. Red and greaelpiabove pixel intensities of 100 denote
dead and live cells respectively. The digital imagelysis performed using MathCad 14.0 (PTC, Neadha
MA).

5.3 Results

The D-value olL. monocytogeneATCC 43256 strain at 55°C, 60°C and 65°C was 139
(R?=0.95), 3.74 min (R=0.96), 3.15 min (B=0.89) respectively (Fig. 5.2.).

Ds5.=17.39 min
D60°C:3-74 min

Dgs-=3.15 min

log CFU/m

0O 5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)

Figure 5.2. Inactivation kinetics &f monocytogene&TCC 43256 at 58C, 60°C and 68C.
B 55°C heat treatmen® 60°C heat treatmens 65°C heat treatment
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Pre-exposure to sub-lethal temperature of 48°@G@omin increased the D-values at 60°C. The
Dso-value (based only on the linear portion of thevelichanged from 3.74 minutes to 4.55 minutes
(Fig. 5.3.). According to Figure 4.3,. monocytogeneéATCC 43256) when exposed to °&D
results in >2 log (~ 99%) reduction of culturabédl at the end of 9 minutes. When the cells were
pre-exposed to 4& for 30 minutes prior to 6C heat treatment for 9 minutes, there was <2 log
(99%) reduction.

10.0

Déo°c after 48°C 30 mi= 4.55 min
D60°C: 3.74 min

log CFU/ml
o
o
on

0 3 6 9 12 15 18
Time (min)

Figure 5.3. Heat resistance lof monocytogeneATCC 43256 when pre-exposed to°@8for 30
minutes prior to 60C exposure as compared to direct exposure 1@ 60

@ 60°C heat treatmeri® 48°C for 30 min pre-exposure followed by 60°C hesatment

Standard curves were prepared using live cellsherad-killed cells as per the manufacturer’s
recommendations (Fig. 5.4). The percentage of deks after each experimental treatment was
estimated based on this standard curve. Howevegniiese same samples were analyzed for %
viability using the LIVE/DEAD BacLight™, the resalivere significantly different (Table 5.1, Fig.
5.4). Based on the fluorescence microplate readkmre was no change in % viability even after
exposure to 9 minutes at 60°C (Table 5.1). The &bility remained at 100%. Based on the direct

microscopic examination as well, there was onlyimal reduction in viability (Table 5.1, Figure
5.4).
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Table 5.1. Percentage of live (green) and dead (rechonocytogenesells determined using the
LIVE/DEAD BacLight™ dye using fluoroscence spectrogy and direct microscopy

Heat Treatment Viability
LIVE/DEAD BacLight™
Plate Count* Fluorescence Direct Microscopy
Spectroscopy

60°C for 0 minute 100 % 99.93 %
60°C for 9 minutes <1% 100 % 98.97 %
48°C for 30 min pre-

treatment followed by 1% 100 % 99.09 %

60°C for 9 minutes

*Plate count based on data obtained from Fig. 5.3

G/R Fluorescense Ratio

0 T T T T 1
0 20 40 60 80 100

Percent Live Bacteria

Figure 5.4. Relationship betweensA(red)/Asss (green) ratio and % viability using the Live/Dead
BacLight™ fluorescent dye

y=0.0662x + 1.3262, R0.9973

When the cells were exposed to 60°C for 9 minubeset was only approximately 1.03%
reduction in viability based on the LIVE/DEAD Bagt™ viability assay. However, when the
cells were pre-exposed to 48°C for 30 minutes poo80°C exposure for 9 minutes, the viability
was reduced by only 0.91%. Figure 5.5 shows themtyjof cells in the heat treated samples as

green indicating their viability.
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Figure 5.5. Direct microscopic examination (% Vidyi using the LIVE/DEAD BacLight™
staining ofL. monocytogeneATCC 43256 cells

Images in column A represents the unheated costmmiples, images in column B represent the samples
exposed to 60°C for 9 minutes, and images in col@nrepresent samples pre-exposed to 48°C for 30
minutes prior to 60°C exposure

5.4 Discussion

L. monocytogeneATCC 43256 exhibits enhanced heat resistance wherncells are pre-
exposed to sub-lethal temperatures. Pre-exposuseltidethal temperature of 48°C for 30 min
increased the D-values at 60°C. Thg-lalue changed from 3.74 minutes to 4.55 minuteg. (F
5.3). This result is in agreement with a numbeottier studies including my initial study using an
avirulentL. monocytogenestrain (4ab no. 10). Fedio and Jackson (1989)eddutie effect of prior
exposure td.. monocytogeneScottA serotype 4b to sub-lethal temperature axgom broth and
UHT milk. Their studies showed that 48°C for 60 otgs pre-exposure prior to 60°C heat
treatment showed enhanced heat resistance. Lin @nou (2004) studied 3 strains of
L. monocytogeneshich were subjected to heat shock at 45°C fom@®or 48°C for 10 min. Heat
shocked cells at 45°C for 60 min showed an incetasevival after 55°C heat treatment for 60 min

compared with non heat shocked cells (in two ofstin@ins).
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Bacterial cells are known to exist in the viablé ban-culturable (VBNC) state and has been
reported by a number of investigators (Oliver, 192605; Grey and Steck, 2001; Kong et al.,
2004). This state occurs when a cell is not ablgraw on media normally used for growth but
remains viable (Oliver, 1995). Normal environmerstiaéssors such as nutrient depletion, cold, high
temperature are known to induce this condition attérial cells. Rigsbee et al. (2007) have
reported that irE.coli O157:H7, reduced water temperature rather thanityalvas the responsible
factor for inducing the VBNC state. The inducinghdiions can vary from organism to organism,
but all of them appear to be normal environmentadsses. FoWibrio vulnificus as well, low
temperature (<10°C) was capable of inducing the ZBdtiate. Other examples of stresses include
high temperature and nutrient depletion. Leenal.ef2806) have reported that Binorhizobium
arboris, heat stress reduces the culturability of thescélowever, when they probed the cells with
5-(and 6-)sulfofluorescein diacetate, to deternvitiether esterase activity was evident, they found
that a majority of the cells were metabolicallyiaet Trainor et al. (2006) have also reported
possible VBNC state iStreptococcus pyogenédhey reported that the bacterium when exposed to
oxidative and pH stresses induced the formatioviBifIC state when culture counts were compared
against rhodamine 123 (dye to measure membraneat@diestained cells. The LIVE/DEAD®
BacLight™ Bacterial Viability assay employs two feic acid stains—green-fluorescent SYT0
stain and red-fluorescent propidium iodide stanvifrogen, CA). These stains differ in their alyilit
to penetrate healthy bacterial cells. The SPT® stain labels both live and dead bacteria. In
contrast, propidium iodide penetrates only bacteita damaged membranes, reducing SYT®D
fluorescence when both dyes are present. Thusbéeeeria with intact membranes fluoresce green,
while dead bacteria with damaged membranes flueresd. A high green: red ratio indicates a
higher percentage of live cells. In this study Vvastigated the VBNC state using two different
approaches namely direct microscopy and using @&rdBcence microplate reader. The
L. monocytogenestrain was exposed in Luria Broth to three différeemperature treatments,
namely 60°C for 0 min, 60°C exposure for 9 min, d8aC exposure for 30 min prior to 60°C heat
treatment for 9 min. Even though there was >2 kdyction of culturablé. monocytogenesells
after 60°C exposure for 9 minutes (Fig. 5.3), thsults from the live/dead staining assay were
completely different. The direct microscopy showealy a 1.03% decline in viability. The
fluorescence reading from the microplate assayndiddetect any loss of viability (Table 5.1).
These results suggest the importance of using thareone method to detect the presence of viable
cells of L. monocytogenesn foods. This is particularly important for thoseods that have
undergone a variety of mild temperature treatmeairise these sub-lethal temperature regimens

could induce the VBNC state In monocytogene®8esnard et al. (2000a) have previously reported
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on the VBNC state irlL.. monocytogenesHowever, their study focused on this state inewat

samples.

Additional research is urgently needed in food daspo better understand the VBNC state in
L. monocytogeneand determine the prevalence of this state indoédl of the currently approved
L. monocytogenesietection protocols involve enrichment in cultureedia. Even molecular
methods rely on an overnight enrichment for monocytogenes These methods could
underestimate thode monocytogenesells that are in the VBNC state. Therefore, imgportant to
investigate the prevalence of VBNIC monocytogenesn RTE foods using a combination of

molecular methods, and metabolic assays (Keer @t,2003; Leena et al., 2006).
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CHAPTER 6
DIFFERENTIAL EXPRESSION OF GENES IN LISTERIA
MONOCYTOGENES UNDER THERMO-TOLERANCE INDUCING, HEAT
SHOCK, AND PROLONGED HEAT SHOCK CONDITIONS

6.1 Introduction

Listeria monocytogeneas a key foodborne pathogen that is able to gradeu a wide variety
of environmental conditions. Lethal or severe stresuses irreversible damage to the microbial
cells. However L. monocytogenesan withstand a variety of stress conditions aas $hown a
remarkable ability to adapt to stress conditionauffrs and Wiedmann, 2007). Yousef and
Courtney (2003) define microbial stress as anytdetais physical, chemical, or biological factors
that adversely affect microbial growth or survivdlhen microorganisms are exposed to sub-lethal
stress, it is generally thought that this exposae induce adaption to subsequent lethal levels of
the same type of stress. This microbial adaptasooonsidered as “stress adaptation” (Lou and
Yousef, 1997). The microbial responses to stressb&immediate and can result in long-term
adaptations if the stress persists (Seeliger andsyp 1986; Farber et al., 1992; Lou and Yousef,
1997).

The optimal growth temperature far monocytogenes between 3 and 37C and any
temperature above this optimal range is expectexkeot a stress (Petran and Zottola, 1989, Hill et
al. 2002). Pagan et al. (1997) have reported ald/’-facrease in thermo-tolerance of
L. monocytogeneshen the cells were exposed td@5or 180 minutes. The extent of exposure to
temperature above optimal levels, and the matriwlmch the cells are exposed are reported to
influence the extent of the observed thermo-tolega(hinton et al., 1990; Sergelidis and Abrahim,
2009).

The heat shock response bf monocytogenesising DNA microarray analysis has been
reported (Hu et al., 2007a, b; Van der Veen et28lQ7). The enhanced transcription of specific
genes coding for proteins such as PrfA (pleiotrepgulatory factor) (which belongs to the Crp/Fnr
family of prokaryotic transcriptional activatorsps been reported under elevated temperatures
(Sokolovic et al., 1990; Bohne et al., 1994; Leitae®Vachter et al., 1992). Nair et al. (2000)
studied the role of CtsR regulon controlling hdadck genes irListeria monocytogenesnd they
found that CtsR negatively regulates tipC, clpP andclpE genes. Hu et al. (2007a) identified

B

interactions between two stress response systeamsglp o~ which positively regulates the
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transcription of class Il stress response genesCisR which negatively regulates class Ill stress
response genes. They found that the interactiondset the two systems play an important role in
L. monocytogenestress resistance and virulence. In further ssydits et al. (2007b) found that
HrcA (which regulates class | stress response gemegatively) ands® as well as CtsR form a
regulatory network. The impact of on the survival of.. monocytogeneEGDe has been studied
under acid stress, high hydrostatic pressure tieattand during freezing (Wemekamp-Kamphuis et
al., 2004).

The food industry employs a variety of stressocuiting elevated temperatures. cold, pH, and
osmotic stress as “hurdles” to inactivate or prévee multiplication ofL. monocytogeneand
other pathogens in foods. Thus, temperature ibtiee key stressors that are commonly employed
in the food industry as a “hurdle” to prevent migied growth or eliminate microbial populations.
To the best of my knowledge, the complete heatlshegulon ofL. monocytogeneis response to
a temperature increase has been reported only lboydéa Veen al. (2007). In their study, the
transcription levels were measured over a 40 miogeat 48°C and compared to unexposed
cultures at 37°C. The objective of my study, howewas to identify the differentially expressed
genes during heat stress by comparing the tramsorg of L. monocytogenesinder optimal
temperature (3TC), heat shock (6@ for O minute), prolonged heat shock {G60for 9 minutes),
and thermo-tolerance inducing (48 for 30 minutes prior to exposure to°60for 9 minutes)

conditions using microarray analysis.

6.2 Materials and Methods

6.2.1 Bacterial strains and Sample conditions

The bacterial strain used in this study wasnonocytogeneATCC 43256. Overnight cultures
of L. monocytogenesere inoculated in fresh LB broth (Becton, Dickinsand Company, Franklin
Lakes, New Jersey) and the strain was incubat8d &C with agitation at 100 rpm until @ 0.5
(~ 16 CFU/mL)was reached. At this point, aliquots were placed multiple 1.5 mL microfuge
tubes for the different heat treatments. The heatrnents were performed in a calibrated water-
bath (BOEKEL Grant ORS200, PA, USA) using tempeamtorobes that facilitated temperature
monitoring within the sample contained in the miage tubes. Four different experimental
conditions were studied namely: (i) €7 (control), (i) heat shock at 80 (for O minute, as
decribed earlier), (iii) prolonged heat shock at@®@or 9 min, and (iv) thermo-tolerance inducing
treatment at 48 for 30 minutes followed by exposure to°60for 9 min. Total microbial RNA

was extracted from the samples after the applied theatments.
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6.2.2 RNA isolation

Thetotal RNA was isolated from the samples using are&Y™ midi kit (Qiagen, Valencia,
CA) according to the manufacturer's protocol. RN#pct™ bacteria reagent (Qiagen, Valencia,
CA) was added to the cultures to stabilize RNA befihe isolation. The RNase-free DNase set
(Qiagen, Valencia, CA) was used for on-column DNdggestion to remove residual genomic
DNA. The quantity and quality of RNA was examineding the NanoDrop (ND-1000)
spectrophotometer (Thermo Scientific, WilmingtonE)D and the Bioanalyser 2100™ (Agilent

Technologies, Santa Clara, CA), respectively.

6.2.3 cDNA synthesis, Labeling and Slide Hybridization

The standard operating protocols (# M007 and M@@8)he Institute of Genomic Research
(TIGR) were followed with slight modifications f@DNA synthesis, labeling, and hybridization.
Total RNA (10ug) was used to synthesize cDNA using a random prforereverse transcription
(Invitrogen, Carlsbad, CA). Purified cDNAs from theperimental samples were each labeled with
Cy-3 mono-Reactive Dye and Cy-5 mono-Reactive D@& (Health Care Biosciences Corp,
Piscataway, NJ)) and were processed using a dyppsmegadesign. A total of 4 to 5 microarray
slides were used for each treatment condition dioly dye swap. The labeling mixtures were
further purified using a QIAquick™ PCR purificatidat (Qiagen, Valencia, CA). Equal amounts of
labeled cDNA from the treatment and control wereduto hybridizelL. monocytogenegenome
microarrays [version 2. The Institute for GenomiesBarch (TIGR, Rockville, MD)]. Version 2
arrays were cDNA arrays with 2846 open reading &aach, with 4 replicate spots per ORF. The
labeled cDNA was applied to the above arrays. Hiybation was carried out overnight at 42°C in a
water bath using Corning hybridization chamber.eAtiybridization, the slides were washed and
scanned using a GenePix 4100A scanner (MoleculaicBg Sunnyvale, CA) at 532 nm (Cy3
channel) and 635 nm (Cy5 channel), and the images stored for further analysis.

6.2.4 Microarray Data Analysis

The data from four to five individual experimentstp 5 slides per experiment including dye
swap) were initially filtered for spot quality (sigl uniformity. signal to background ratio, threkho
intensity) using Genepix pro 5.0 (Molecular Devi€asrp, Sunnyvale, CA). Visually flagged spots
as well as spots with a median signal value leas the sum of the local background median plus
three standard deviations were omitted from amslyglegde et al., 2000). Array data were
normalized and their statistical significance wasaleated using Acuity 4.0 (Molecular Devices
Corp., Sunnyvale, CA). To identify genes differaltyi expressed between different treatment
groups, a Studenttstest was performed and the FDR (False Discoveitg)R@as calculated using
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the Benjamini-Hochberg method in Acuity. Genes wilDR <0.05 were considered as
differentially expressed between the control sanapld the experimental sample. The microarray
data analysis procedures used in this study wdg MIAME (minimum information about a

microarray experiment) compliant.

6.3 Results

6.3.1 Transcriptome level Gene Expression

The response of thé. monocytogene®A\TCC 43256 transcriptome under three different
temperature treatments were compared to the res@n37C. The three temperature treatments
were 60C for 0 minute (heat-shock), 8D for 9 minutes (prolonged heat shock), an8iCi&r 30
minutes prior to exposure to D for 9 minutes (thermo-tolerance inducing treattheWhen the
cells were exposed to 8D for 0 minute heat shock conditions, 91 out of68énes (~ 1.4%) were
differentially expressed € 0.05) (Table 6.1). When the cells were maintaia¢db0C for 9
minutes (prolonged heat shock), 80 out of 6347%).®%ere differentially expressed<{®.05) as
compared to 3T (Table 6.2). When the cells were pre-exposed8t& 4or 30 minutes prior to
prolonged heat exposure (i.e. thermo-tolerance dimgu conditions), 71 genes (1.1%) were
differentially expressed (Table 6.3). It needs t® Highlighted that some of the differentially

expressed genes are, as expected, involved intimameone functional group classification.
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Table 6.1. Differentially expressed genesLof monocytogeneaTCC 43256 during 6TC for
0 minute heat shock conditions as compared t€37

Gene Fold-change Gene designation Description of product

Amino acid transport and metabolism

Imo2694

-1.56 - hypothetical protein Imo2694

Carbohydrate transport and metabolism

Imo0357 -1.49 - hypothetical protein Imo0357
Imo2668 -1.08 - hypothetical protein Imo2668
Imo2458 1.35 pgk phosphoglycerate kinase

Imo0096 1.71 - hypothetical protein Imo0096

Cell cycle control, mitosis and meiosis

Imo2506 6.59 ftsX hypothetical protein Imo2506
Cell motility
Imo0682 1.61 flgG flagellar basal body rod protein FIgG

Cell wall/membrane biogenesis

Imo2520 -1.43 - hypothetical protein Imo2520

Imo2522 20.24 - hypothetical protein Imo2522

Coenzyme transport and metabolism

Imo2572 -5.97 - hypothetical protein Imo2572
Imo2641 1.47 - hypothetical protein Imo2641

Defense mechanisms

Imo1964 -1.62 - hypothetical protein Imo1964

Energy production and conversion

Imo1634 165 ) bifunctional acetaldehyde-CoA/alcohol

dehydrogenase
Imo1369 -1.56 - hypothetical protein Imo1369
Imo2103 2.94 eutD phosphotransacetylase
Unknown (Function unknown 10, Not in COGs 18)
Imo0720 -99.25 - hypothetical protein Imo0720
Imo0118 -6.50 ImaA antigen A
Imo0189 -3.11 - hypothetical protein Imo0189
Imo2120 -2.68 - hypothetical protein Imo2120
Imo2669 -2.40 - hypothetical protein Imo2669
Imo1501 -1.68 - hypothetical protein Imo1501
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Imol1776 -1.51 - hypothetical protein Imol1776

Imo0099 1.29 - hypothetical protein Imo0099
Imo0077 1.85 - hypothetical protein Imo0077
Imo2522 20.24 - hypothetical protein Imo2522
Imo0954 -13.72 - hypothetical protein Imo0954
Imo0123 -6.52 - hypothetical protein Imo0123
Imo0117 -6.15 ImaB antigen B

Imo0122 -4.29 - hypothetical protein Imo0122
Imo0124 -3.72 - hypothetical protein Imo0124
Imo0726 -1.86 - hypothetical protein Imo0726
Imo0463 -1.66 - hypothetical protein Imo0463
Imo0174 -1.49 - hypothetical protein Imo0174
Imo0585 -1.36 - putative secreted protein
Imo2395 -1.24 - hypothetical protein Imo2395
Imo2778 -1.24 - hypothetical protein Imo2778
Imo0141 -1.11 - hypothetical protein Imo0141
Imo0477 1.34 - putative secreted protein
Imo1495 1.45 - hypothetical protein Imo1495
Imo2204 1.48 - hypothetical protein Imo2204
Imo0684 1.79 - hypothetical protein Imo0684
Imo1024 2.15 - hypothetical protein Imo1024
Imo0731 2.48 - hypothetical protein Imo0731

General function prediction only

Imo2520 -1.43 - hypothetical protein Imo2520
Imo1830 1.13 - short chain dehydrogenase
Imo1399 1.38 - phosphodiesterase

Imo1845 161 - hypothetical protein Imo1845
Imo2815 1.68 fabG 3-ketoacyl-(acyl-carrier-protein) reductase
Imo0272 1.87 - hypothetical protein Imo0272
Imo1230 1.94 - hypothetical protein Imo1230
Imo1796 20.71 - hypothetical protein Imo1796

Inorganic ion transport and metabolism

Imo2104 -1.36 - hypothetical protein Imo2104
Imo0524 1.38 - hypothetical protein Imo0524
Imo2785 2.02 kat catalase




Lipid transport and metabolism

Imo1830 1.13 - short chain dehydrogenase
Imo1356 1.20 - hypothetical protein Imo1356
Imo2815 1.68 fabG 3-ketoacyl-(acyl-carrier-protein) reductase

Nucleotide transport and metabolism

Imo1884 2.80 - hypothetical protein Imo1884
Imo1840 3.75 pyrR pyrimidine regulatory protein PyrR

Posttranslational modification, protein turnover, chaperones

Imol474 -19.78 grpE heat shock protein GrpE
Imo2415 2.10 - hypothetical protein Imo2415

Replication, recombination and repair

Imo1955 -1.40 - hypothetical protein Imo1955
Imo0005 -1.31 reck recombination protein F
Imo0045 1.98 ssh hypothetical protein Imo0045
Imo0866 2.81 - hypothetical protein Imo0866
Imo0001 3.14 dnaA chromosomal replication initiation protein

Secondary metabolites biosynthesis, transport andatabolism

Imo1830 1.13 - short chain dehydrogenase

Imo2815 1.68 fabG 3-ketoacyl-(acyl-carrier-protein) reductase

Signal transduction mechanisms

Imo0357 -1.49 - hypothetical protein Imo0357
Imo2668 -1.08 - hypothetical protein Imo2668
Imo0892 1.46 rsbU hypothetical protein Imo0892

Transcription

Imo1220 -3.47 - hypothetical protein Imo1220
Imo1788 -1.70 - hypothetical protein Imo1788
Imo2827 -1.56 - hypothetical protein Imo2827
Imo1826 -1.43 - hypothetical protein Imo1826
Imo1263 -1.22 - hypothetical protein Imo1263
Imo2668 -1.08 - hypothetical protein Imo2668
Imo2449 1.03 - hypothetical protein Imo2449
Imo2241 1.05 - hypothetical protein Imo2241
Imo0909 1.37 - hypothetical protein Imo0909
Imo0892 1.46 rsbU hypothetical protein Imo0892
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Imo2460 4.58 - hypothetical protein Imo2460
Imo2016 10.95 cspB hypothetical protein Imo2016
Imo1364 40.51 cspL hypothetical protein Imo1364
Translation

Imo2623 1.80 rpsQ 30S ribosomal protein S17
Imo2622 1.98 rpIN 50S ribosomal protein L14
Imo0486 2.53 rpmF 50S ribosomal protein L32
Imol784 2.63 rpml 50S ribosomal protein L35
Imo0866 2.81 - hypothetical protein Imo0866
Imo0250 3.22 rpld 50S ribosomal protein L10
Imol1541 3.83 - hypothetical protein Imo1541
Imo1658 3.97 rpsB 30S ribosomal protein S2
Imo1540 4.07 rpmA 50S ribosomal protein L27
Imo1797 5.36 rpsP 30S ribosomal protein S16
Imo0251 5.48 rplL 50S ribosomal protein L7/L12
Imo1542 8.33 rplu 50S ribosomal protein L21
Imo1787 8.47 rplS 50S ribosomal protein L19
Imo1657 8.77 tsf elongation factor Ts
Imo1785 8.82 infC translation initiation factor IF-3
Imo2047 10.67 rpmF 50S ribosomal protein L32
Imo1816 12.03 romB 50S ribosomal protein L28
Imo1480 16.54 rpsT 30S ribosomal protein S20
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Table 6.2. Differentially expressed gened.omonocytogeneATCC 43256 at 6TC for 9 minutes
(prolonged heat shock) conditions as compared € 37

Gene Fold-change Gene designation Description of product

Amino acid transport and metabolism

Imo2818 -7.64 - hypothetical protein Imo2818
Imo0810 -2.13 - hypothetical protein Imo0810

Carbohydrate transport and metabolism

Imo2665 -20.52 - hypothetical protein Imo2665
Imo2818 -7.65 - hypothetical protein Imo2818
Imo0075 -5.41 - hypothetical protein Imo0075
Imo0345 -4.69 - hypothetical protein Imo0345
Imo2337 -3.93 - hypothetical protein Imo2337
Imo0401 -2.58 - alpha-mannosidase

Imo2259 -2.16 - hypothetical protein Imo2259
Imo0875 -1.50 - hypothetical protein Imo0875
Imo0874 -1.16 - hypothetical protein Imo0874
Imo2373 1.49 - hypothetical protein Imo2373
Imo0298 2.32 - hypothetical protein Imo0298
Imo0184 5.84 - hypothetical protein Imo0184

Cell wall/membrane biogenesis

Imo0197 5.17 - regulatory protein SpoVG

Coenzyme transport and metabolism

Imo2212

-2.36 hemE uroporphyrinogen decarboxylase

Energy production and conversion

Imo1178 -1.26 - hypothetical protein Imo1178
Imo0619 -1.10 - hypothetical protein Imo0619
Imo1159 -1.08 - hypothetical protein Imo1159
Imo2528 6.89 atpC FOF1 ATP synthase subunit epsilon

Unknown (Function unknown 10, Not in COGs 14)

ATP:cob(l)alamin adenosyltransferase protein

Imo1164 -3.05 - PAUO

Imo0189 -2.73 - hypothetical protein Imo0189
Imo1070 -2.26 - hypothetical protein Imo1070
Imo0518 -1.96 - hypothetical protein Imo0518
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Imo1338
Imo1828
Imo1501
Imo0387
Imo2846
Imo2223
Imo0117
Imo2255
Imo0673
Imo0729
Imo0174
Imo2180
Imo1123
Imo0378
Imo1120
Imo2320
Imo1841
Imo1643
Imo0147
Imo0461

-1.80
-1.37
-1.37
-1.12
1.27
2.43
-2.94
-2.20
-2.04
-1.48
-1.45
-1.34
-1.25
-1.20
-1.19
-1.13
-1.11
-1.10
-1.07
-1.06

hypothetical protein Imo1338
hypothetical protein Imo1828
hypothetical protein Imo1501
hypothetical protein Imo0387
hypothetical protein Imo2846
hypothetical protein Imo2223
antigen B
hypothetical protein Imo2255
hypothetical protein Imo0673
hypothetical protein Imo0729
hypothetical protein Imo0174
hypothetical protein Imo2180
hypothetical protein Imo1123
hypothetical protein Imo0378
hypothetical protein Imo1120
hypothetical protein Imo2320
hypothetical protein Imo1841
hypothetical protein Imo1643
hypothetical protein Imo0147
hypothetical protein Imo0461

General function prediction only

Imo2818
Imo1050
Imo0580

Imo1164

Imo0344
Imo1669
Imo1129
Imo1558
Imo1226
Imo2217
Imo0908
Imo1845
Imo2254

-7.65
-3.63
-3.05

-3.05

-2.85
-1.21
-1.14
-1.08
1.43
1.75
2.08
2.20
4.95

hypothetical protein Imo2818
hypothetical protein Imo1050
hypothetical protein Imo0580

PduO

short chain dehydrogenase
hypothetical protein Imo1669
hypothetical protein Imo1129

GTPase EngB

hypothetical protein Imo1226
hypothetical protein Imo2217
hypothetical protein Imo0908
hypothetical protein Imo1845
hypothetical protein Imo2254

ATP:cob(l)alamin adenosyltransferase protein
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Inorganic ion transport and metabolism

Imo2818 -7.65 - hypothetical protein Imo2818

Imo2380 1.08 - putative monovalent cation/H+ anti@osubunit C

Intracellular trafficking and secretion

Imo2214 1.72 - hypothetical protein Imo2214

Lipid transport and metabolism

Imo0344 -2.85 - short chain dehydrogenase

Posttranslational modification, protein turnover, chaperones

Imo1961 -2.34 - hypothetical protein Imo1961
Imo2415 1.20 - hypothetical protein Imo2415

Replication, recombination and repair

Imo0313 -1.85 - hypothetical protein Imo0313
Imo0185 -1.33 - hypothetical protein Imo0185
Imo1669 -1.21 - hypothetical protein Imo1669
Imol574 1.70 dnak hypothetical protein Imo1574

Secondary metabolites biosynthesis, transport andatabolism

Imo0344 -2.85 - short chain dehydrogenase
Imo1178 -1.26 - hypothetical protein Imo1178
Imo1159 -1.08 - hypothetical protein Imo1159

Signal transduction mechanisms

Imo0597 -3.04 - hypothetical protein Imo0597
Imo1580 -1.36 - hypothetical protein Imo1580

Transcription

Imo2337 -3.93 - hypothetical protein Imo2337
Imo2560 -2.66 - DNA-directed RNA polymerase subuleita
Imo1562 -2.50 - transcriptional regulator NrdR
Imo1367 -2.16 - arginine repressor
Imo0797 -2.12 - hypothetical protein Imo0797
Imo1996 -2.03 - hypothetical protein Imo1996
Imo1850 -1.98 - hypothetical protein Imo1850
Imo0492 -1.95 - hypothetical protein Imo0492
Imo1130 -1.19 - hypothetical protein Imo1130
Imo1263 -1.15 - hypothetical protein Imo1263
Imo2329 -1.08 - hypothetical protein Imo2329
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Imo0294 -1.08 - hypothetical protein Imo0294
Translation

Imo1598 -1.49 tyrS tyrosyl-tRNA synthetase
Imo2511 -1.38 - hypothetical protein Imo2511
Imo2631 6.29 rplD 50S ribosomal protein L4
Imo0248 6.36 rplK 50S ribosomal protein L11
Imo1540 8.66 rpmA 50S ribosomal protein L27
Imo2633 11.14 rpsd 30S ribosomal protein S10
Imo1787 45.19 rplS 50S ribosomal protein L19
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Table 6.3. Differentially expressed genesLofmonocytogeneATCC 43256 after 48 for 30
minutes prior to prolonged heat exposure &06fdr 9 minutes condition as compared t6@G7

Gene  Fold-change Gene designation

Description of product

Amino acid transport and metabolism

Imo0978 -9.81 -
Imo0448 -7.16 -
Imo1437 -6.90 -

Imo1591 -3.37 argC
Imo0491 1.42 aroD
Imo1620 2.05 -

Imo1907 7.07 dapB

branched-chain amino acid aminotransferase
hypothetical protein Imo0448
hypothetical protein Imo1437
N-acetyl-gamma-glutamyl-phosphate reductase
3-dehydroquinate dehydratase
dipeptidase PepV

dihydrodipicolinate reductase

Carbohydrate transport and metabolism

Imo0348 -10.82 -
Imo1031 -7.13 -
Imol1244 -5.57 -
Imo2743 -1.96 -
Imo0776 3.18 -

hypothetical protein Imo0348

hypothetical protein Imo1031

hypothetical protein Imo1244
putative translaldolase

hypothetical protein Imo0776

Cell cycle control, mitosis and meiosis

Imo2427 -17.52 -

hypothetical protein Imo2427

Cell motility
Imo0680 -9.06 flnA flagellar biosynthesis protein FIhA
Imo0676 -7.37 fliP flagellar biosynthesis protein FIliP

Cell wall/membrane biogenesis

Imo1998 -8.64 -
Imo0446 -7.27 -
Imo0582 -5.96 iap
Imo0855 -4.33 ddl

hypothetical protein Imo1998
hypothetical protein Imo0446
P60 extracellular protein. invasion associatedgindép

D-alanyl-alanine synthetase A

Coenzyme transport and metabolism

Imo0978 -90.81 -
Imo2710 -7.74 -
Imo0728 -6.06 -
Imo1045 2.24 -

branched-chain amino acid aminotransferase
hypothetical protein Imo2710
hypothetical protein Imo0728
hypothetical protein Imo1045

Defense mechanisms

Imo1651 -8.58 -

hypothetical protein Imo1651
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Imo2215 -4.67 -

hypothetical protein Imo2215

Energy production and conversion

Imo0773 -14.47 -
Imo0383 -11.78 -
Imo1166 -3.97 -

hypothetical protein Imo0773
hypothetical protein Imo0383
hypothetical protein Imo1166

General function prediction only

Imo0454 -31.14 -
Imo0773 -14.47 -
Imo2159 -7.90 -
Imo2565 -7.84 -
Imo0869 -6.23 -
Imo2127 -4.34 -
Imo0420 -4.23 -
Imo2031 -2.92 -
Imo2106 4.96 -

hypothetical protein Imo0454
hypothetical protein Imo0773
hypothetical protein Imo2159
hypothetical protein Imo2565
hypothetical protein Imo0869
hypothetical protein Imo2127
hypothetical protein Imo0420
hypothetical protein Imo2031
hypothetical protein Imo2106

Inorganic ion transport and metabolism

Imo0153 -81.11 -
Imo1778 -7.41 -
Imo2430 -5.51 -
Imo1956 -3.76 fur
Imo2105 -2.26 -

hypothetical protein Imo0153
hypothetical protein Imo1778
hypothetical protein Imo2430
hypothetical protein Imo1956
hypothetical protein Imo2105

Intracellular trafficking and secretion

Imo0680 -9.06 flnA
Imo0676 -7.37 fliP
Imol1274 -2.52 -

flagellar biosynthesis protein FIhA

flagellar biosynthesis protein FliP

hypothetical protein Imo1274

Lipid transport and metabolism

Imo1317 -19.97 -

1-deoxy-D-xylulose 5-phosphate reductos@se

Unknown (Function unknown 4, Not in COGs7)

Imo1943 -7.38 -
Imo1971 -7.00 ulaA
Imo2487 -2.97 -
Imo0099 -2.68 -
Imo2804 -10.06 -
Imo1265 -9.94 -

hypothetical protein Imo1943

ascorbate-specific PTS system enzyme |IC

hypothetical protein Imo2487
hypothetical protein Imo0099
hypothetical protein Imo2804
hypothetical protein Imo1265
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Imo2298
Imo2326
Imo0069
Imo2180
Imo0349

-4.52
-1.53
2.12
2.51
3.77

protein gp4
hypothetical protein Imo2326
hypothetical protein Imo0069
hypothetical protein Imo2180
hypothetical protein Imo0349

Nucleotide transport and metabolism

Imo0456
Imo1885

-11.20
1.90

hypothetical protein Imo0456

xanthine phosphoribosyltransferase

Posttranslational modification, protein turnover. Chaperones

Imo0961
Imo2057
Imo0222
Imo1472

-9.95
-9.62
3.69
8.16

ctaB

dnal

hypothetical protein Imo0961

protoheme IX farnesyltransferase

hypothetical protein Imo0222

heat shock protein DnaJ

Replication, recombination and repair

Imo1582
Imo1887
Imo0588
Imol1274
Imo1934

-28.86
-14.37
-7.09
-2.52
32.28

hup

hypothetical protein Imo1582
hypothetical protein Imo1887
hypothetical protein Imo0588
hypothetical protein Imo1274
hypothetical protein Imo1934

Signal transduction mechanisms

Imo0582 -5.96 iap P60 extracellular protein. invasion associatedgindep
Imo2422 -2.22 - hypothetical protein Imo2422
Transcription

Imo1829 -4.62 - hypothetical protein Imo1829
Imo2422 -2.22 - hypothetical protein Imo2422
Imo1478 1.66 - hypothetical protein Imo1478
Imo0776 3.18 - hypothetical protein Imo0776
Translation

Imo1949 -12.54 - hypothetical protein Imo1949
Imo1905 -6.32 cca tRNA CCA-pyrophosphorylase
Imo2605 12.37 rplQ 50S ribosomal protein L17
Imo2625 18.77 rplP 50S ribosomal protein L16
Imo2548 36.78 rpme2 50S ribosomal protein L31 type B




The maximum level of gene induction was 45.2 fofdg- translation; when the cells were exposed
to 60°C for 9 minutes) while the maximum amount of geepression was 99.3-fold (function
unknown) during heat shock at ‘@D for 0 minute. When the cells were exposed t6C6€or

0 minute, 55 genes were up-regulated and 36 geees down-regulated. When the cells were
maintained at 61 for 9 minutes, 20 genes were up-regulated ange®@s were down-regulated.
When the cells were exposed td@8orior to 60C heat exposure, 17 genes were up-regulated and

54 genes were down-regulated (Figure 6.1).

70

Number of genes

Up-Regulated = Down-Regulated

Figure 6.1. Numbers ofE. monocytogene®ATCC 43256 differentially regulated genes at the
different treatment conditions

M 60 °C for 0 minutefl 60°C for 9 min{ 48°C for 30 min followed by 6@ for 9 min

A majority (60%) of the differentially expressedngs were up-regulated at°@for 0 minute
as compared to being down-regulated when the welte exposed to prolonged heat exposure and
thermo-tolerance inducing conditions (75% and 768épectively) (Figure 6.1). In order to
understand the differential expression of the gérma a functional stand-point, the differentially
expressed genes were grouped into functional glsses based on the NCBI database (Figure
6.2).
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60 -

Number of genes

A B CDETFGHII J KILMNOPOQ
Functional classes of genes

Figure 6.2. Differentially expressed genes (p vat®e05) of L. monocytogenesTCC 43256
grouped by functional classification accordingtie NCBI database (www.ncbi.nlm.nih.gov/COG)

W 60 °C for 0 minutef 60°C for 9 minj{™ 48°C for 30 min followed by 6@ for 9 min

A Function unknown, Not in COGs; B Translation, ®asslational modification; C Transcription; D Egg
production and conversion; E Defense mechanismsnio acid transport and metabolism; G Carbohydnatesport
and metabolism; H Signal transduction mechanisn@ell wall/membrane biogenesis; J General funcpogdiction
only; K Replication, recombination and repair; Lotganic ion transport and metabolism; M Lipid trami¢ and
metabolism; N Secondary metabolites biosynthesiasport and catabolism; O Nucleotide transportraathbolism; P
Cell cycle control, mitosis and meiosis; Q Cell iyt

Those genes which were categorized as “unknowntifunic and those that were not
categorized in the COG database were grouped tgéihnctions could not be attributed to a large
number of the differentially expressed genes. Tiheroclasses containing the highest numbers of
differentially expressed genes were those that asseciated with translation, transcription, amino
acid transport, carbohydrate transport and metsinolgeneral function, replication, recombination
and repair, inorganic ion transport, and metaboliespectively. Only 10 genes were commonly
expressed across the 3 different temperature tegatnTable 6.4).

There was only one gene, namely Imo2180, (codirgafohypothetical protein with an
unknown function) which was commonly expressed betwthe prolonged heat exposure (60°C for
9 min) condition and the thermotolerance inducid§°C 30 min followed by 60°C for 9 min)
condition. However, the expression pattern of gaae under the two conditions was different. All
the other 9 genes had similar expression patteztween the heat shock (60°C for O minute) and
prolonged heat exposure condition. The two gendsicfware involved in translation) were
upregulated, and in case of prolonged heat exppsoeeof them (Imo1787) was up-regulated 45.2-
fold. The genes involved in post-translational nfiedtion and associated with general bacterial

functions were also up-regulated.
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Table 6.4. Commonly differentially expressed gefgsdown regulated) across the 3 treatments
(p value< 0.05).

Fold change
Gene o
Gene  go°C for 60°C for 48°C 30 min followed designation Description of product
0 min 9 min by 60°C 9 min
Unknown (Function unknown; not in COGS)
Imo0189 -3.10 -2.73 - hypothetical protein Imo0189
Imo1501 -1.68 -1.36 - hypothetical protein Imo1501
Imo0174 -1.48 -1.44 - hypothetical protein Imo0174
Imo0117 -6.14 -2.94 ImaB antigen B
Imo2180 -1.34 2.50 - hypothetical protein Imo2180
General function prediction only
Imo1845 1.60 2.19 - hypothetical protein Imo1845

Posttranslational modification, protein turnover, chaperones

Imo2415 2.10 1.19 - hypothetical protein Imo2415

Transcription

Imo1263 -1.21 -1.14 hypothetical protein Imo1263
Translation

Imol1787 8.47 45.18 rplS 50S ribosomal protein L19
Imo1540 4.06 8.66 rpmA 50S ribosomal protein L27

6.4 Discussion

Based on the microarray analysis, it appears tmatekpression of this gene under the two
temperature conditions was completely different.eWlthe cells were maintained at 60°C for 9
minutes, this gene was down-regulated about 1@® tdbwever, when the cells were exposed to
thermo-tolerance inducing conditions (48°C for 3iumes followed prior to 60°C for 9 minutes),
this gene was up-regulated 2.5 fold. Interestinglhen the protein expression patterns in
L. monocytogeneATCC 43256 was studied using a proteomic approtere was no protein that
was commonly differentially expressed in the hewick (60°C for 0 minute) and prolonged heat

exposure conditions.
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There are studies suggesting a network betweesdtational regulators (Hu et al 2007a, b) in
L. monocytogenesAs mentioned earlier, only Van der Veen et a00@ have studied the heat
shock response df. monocytogenessing microarray analysis. However, there areethr&jor
differences between this and their studies. Theonocytogenestrains used were different, and it
must also be pointed out that in their study thegduBrain Heart Infusion Broth as the test matrix.
In this study, Luria Broth was the test matrix.their study, the whole genome expression profiles
of the cells that were grown at 37°C (control) amgbosed to 48°C were examined using DNA
microarrays and the transcription levels were messaver a 40 minutes period after exposure the
culture to 48°C. The only similarity between theported study and the present study is that, ;1 thi
study 48°C for 30 minutes was one of the tempeeattgatments. When comparing the results
between the two studies, two heat shock associgees were found to be similar (Table 6.5). The
two genes were class | heat shock genes (molechkgperones), namely Imo147PnaJ heat
shock protein) and Imo 1474rpE, heat shock protein). Van der Veen et al. (20@tné both
genes to be significantly €0.05) up-regulated. However, in this study thoughaJ was up-
regulated in all cases, the statistical signifieafevel (p value) was acceptable<@Qpd5) only in
case of the thermotolerance inducing conditionse GhhpE gene was 19.8-fold down-regulated
under heat shock (60°C for 0 minute) condition-fbld down-regulated (p=0.76) under thermo-
tolerance inducing condition, and 1.5-fold up-reged (p=0.57) under prolonged heat exposure
conditions. The class Il stress response represageneral stress response mechanism which is
regulated by the alternative sigma factwigB. Two genes namely Imo251Y¥\yD and Imo2572
were similar between this study and that reportgd/én der Veen et al. However, the statistical
significance of the results in terms of p values waceptable only under the heat shock conditions
(Table 6.5). The response of this gene was diftdsetween this study and the previous study. The
ftsX (Imo2506) gene whose gene product are similareib division protein FtsX was down-
regulated in Van der Veen’s study, but in this gtitdwas up-regulated at heat shock condition
(60°C for O minute) and thermo-tolerance inducing cbadi (p=0.46). Among the cell wall
associated genes, there were 3 genes that were @oimetween the two studies namely, Imo0582
iap, Imo01998,and Imo02522. However, only the down-regulationiagd was similar between the
studies.
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Table 6.5. Listing of differentially expressed gerleat are in common between this study and that
of Van der Veen et al. (2007)

60°C for O min 60°C 9 min 48°C - 60°C

Fold change p value Fold change p value Fold change p value

Group | heat shock
Imol1474 -19.77 0.00 1.49 0.57 -1.19 0.76
Imo 1472 1.00 0.74 1.00 0.58 8.15 0.02

Class Il stress genes (SigB regulated)

Imo 2572 -5.96 0.01 -2.79 0.27 1.21 0.86

Imo2511 1.00 0.67 -1.38 0.67 1.38 0.42
Cell division

Imo2506 6.58 0.03 -1.15 0.86 1.29 0.46

Cell wall associated

Imo 2522 20.23 0.03 1.42 0.35 -3.17 0.28

Cell wall synthesis

Imo1998 -1.00 0.67 1.07 0.85 -8.63 0.03
Autolysis
Imo 0582 -1.01 0.47 -1.14 0.86 -5.9 0.02

L. monocytogenegncounters temperature stresses frequently inralaand man-made
environments such as during food processing. kighidy, microarrays were used to investigate the
whole genome expression profiles (i.e., transcn@p of L. monocytogenes response to heat
shock, prolonged heat shock, and thermo-toleramciicing conditions. These temperature
conditions were chosen to best represent some rsgerthat this pathogen may encounter during
food processing especially in the RTE foods. Theselts indicate that the pathogen responds to
different temperature conditions quite distinctgnd that the transcriptome has very distinct
patterns under the three different temperatureitiond. While 55 genes were up-regulated at 60°C
for O minute, only 17 genes were up-regulated wthencells were pre-exposed to 48°C for 30
minutes prior to 68C exposure (Fig. 6.1). Similar differential genepession patterns were
observed among those genes that were down-regulatddr the three different temperature
treatments. Thus, temperature not only influendes durvival of the pathogen but can also
significantly alter the functionality of those siwuwg the temperature stress. Thus, it should mot b
surprising that the surviving population is quitestiehct in its physiology, and ultimately its
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virulence. As mentioned earlier, this study emptbyd3 as the test matrix while the only other
reported study similar to this study was perforrasimhg BHI broth as the test matrix (Van der Veen
et al., 2007). Though the experimental objectivetsvben the two studies were different, the use of
48°C was common between the two studies (the expdsues were, however, different). The
difference in the test matrix could be responsibtethe differences in the results. Previous staidie
have also shown that the food matrix (poultry mesatompared to ground beef meat) in which a

pathogen is present can alter its functionalitydiver et al., 2007; Soni et al., 2008).

The probes used in the microarrays employed in ghisy are grouped or classifed by the
functional classification of genes (COG) per theBli@atabase. Given the lack of knowledge of the
functional genomics of.. monocytogenesnany of the gene loci has not been attributec to
specific function or their function is currently kmown. Further research is needed to better
understand the functional genomics of the orgarserthat the differential expression of the genes

can be attributed to a specific change in functiophenotype.
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CHAPTER 7
DIFFERENTIAL EXPRESSION OF PROTEINS IN LISTERIA
MONOCYTOGENES UNDER THERMO-TOLERANCE INDUCING, HEAT
SHOCK, AND PROLONGED HEAT SHOCK CONDITIONS

7.1 Introduction

Listeria monocytogenes a facultative intracellular bacterial pathogeithwa variety of
genetically encoded survival mechanisms to withstanvironmental stresses such as heat, cold,
salt, and acidic conditions. Given its unique adajity to survive longer in adverse environmental
conditions compared to other non-spore forming dxét this pathogen is a serious concern
especially within the Ready-To-Eat (RTE) food indysL. monocytogeness considered an
adulterant by the U.S. Food and Drug Administrgtiand hence from a regulatory perspective,
there is a zero tolerance for this organism in fodtbwever, this organism is ubiquitous and can be
found in soil, water, food processing equipment] ather environments. In a survey of about
31,700 RTE foods in two U.S. states, Gombas andaiters detected this pathogen in about 1.8%
of the samples tested (Gombas et al., 2003).

The optimal growth temperature far monocytogenes between 3 and 37C and any
temperature above this optimal range is expectedxtt a stress (Petran and Zottola, 1989).
Studies have shown thdat monocytogenesvhen heat shocked can induce thermo-tolerance
(Bunning et al., 1986, 1990; Pagan et al., 199dtaand Brown, 1990, Linton et al., 1990). Pagan
et al. (1997) have reported a 7-fold increase émrtto-tolerance af. monocytogeneshen the cells
were exposed to 48 for 180 minutes. The extent of exposure to teatpee above optimal levels,
and the matrix in which the cells are exposed aepwnted to influence the extent of the observed
thermo-tolerance (Linton et al., 1990; Sergelidigl &dbrahim, 2009). The influence of incubation
temperature on thermo-tolerance before and afteaa shock at 3& in L. monocytogenesnd the
relationship between cell morphology and therme+eice have also been reported (Rowan and
Anderson, 1998; Jgrgensen et al., 1996). The Iheakgesponse df. monocytogenegsing DNA
microarray analysis was recently reported (Hu et 2007a,b; Van der Veen, et al., 2007).
Transcriptome analysis do not directly correlatéhvprotein expression due to a variety of reasons
including, the rapid degradation of abundant mRNWcses and post-translational modifications.
There are reports detailing the changes in globatemp expression under heat shock (49°C for 15
min) conditions using 2D gel electrophoresis analy@Phan-Thanh and Gormon, 1995).
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The induction of 32 proteins was observed in prajpae 2-DE gels. However, no biological
significance of these proteins could be derivedssithese heat stress-induced proteins were not
identified using mass spectrometry. LLn monocytogene2D gel electrophoresis techniques has
been previously used to identify the stress prst@inolved in salt adaptation (Esvan et al., 2000;
Duché et al., 2002a), acid adaptation (Phan-ThamthMahouin, 1999), cold adaptation (Phan-
Thanh and Gormon, 1995; Bayles et al., 1996) akaliak stress adaptation (Giotis et al., 2008).
There are recent proteomic studies of the diffeterthonocytogeneserotypes (Donaldson et al.,
2009; Dumas et al., 2008). Donaldson et al. (2@29¢lied the proteome of serotype 1/2a strain
EGD and the serotype 4b strain F2365 when growB7aE. They report differential expression
patterns of proteins among the two different sqgresy Similarly, Dumas et al. (2008) report that the
extracellular and intracellular protein expressiprofiles were correlated to the genetic and

serological differences amongst themonocytogenestrains.

The underlying hypothesis of this study was tharpexposure to thermo-tolerance inducing
conditions (for example 48 for 30 minutes) will elicit a unique set of priote at 60C as
compared to directly exposing the cells to°’®0 Identifying the proteins that are selectively
expressed under thermo-tolerance and heat shocHlitioms can provide an insight into the
underlying stress adaptation mechanisms, as wellefs to identify potential markers for heat
shocked or thermally adapted cells. In order talgtihe differential expression of proteins under
thermo-tolerance and heat shock conditions, a 2D aectrophoresis-MALDI-TOF-based
proteomic study was performed. There has been eaqus study where differentially expressed
heat shock proteins were identified using MALDI-TOFother mass spectrometric analysis. In this
study the proteins that are differentially expressader heat stress were identified by comparing
the proteome ofL. moncytogenesinder optimal temperature (7), heat shock (6C for
0 minute), prolonged heat shock {60for 9 minutes), and thermo-tolerance inducingG1&r 30

minutes prior to exposure to BD for 9 minutes).

7.2 Materials and Methods

7.2.1 Bacterial strain, Growth conditions, and Temperature Stress conditions

Luria Broth (Becton, Dickinson and Company, FramKlakes, New Jersey) was used as the
culture medium to grovi.. monocytogeneATCC 43256 strain (serotype 4b) in this studyCC
strain was used because the ancestory of the stesrknown. This strain was originally isolated
from aMexican-style cheese. The strain was initially gnoer ODyo0 0.5 (~ 18 CFU/mL) at 37°C.

This strain was not pre-screened for heat resisthecause choosing a heat-resistant strain for this
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study would have biased the results. Aliquots waeed into multiple 1.5 mL microfuge tubes for
the different heat treatments. The heat treatmeeats performed in a calibrated water-bath (Boekel
Grant ORS200, PA. USA) using temperature probesféaditated temperature monitoring within
the sample contained in the microfuge tubes. Pneding trials were performed to understand the
optimal sample volumes and choice of sample coatdamensure uniform heating and temperature
control. The proteome under four different expeniak conditions were studied namely: (i)°&7
(control) , (ii) heat shock at 8G for O minute, (iii) prolonged heat shock af6dor 9 min, and (iv)
thermo-tolerance inducing treatment at@&or 30 minutes followed by exposure to°60for 9
min. For the heat shock (60°C for O minute) cowdisi, the cells were exposed to the temperature
for no more than 2 seconds which was the minimume tiequired to remove the samples from the

water bath.

7.2.2 Protein extraction

The four experimental treatments were performedriplicates. The protein fractions were
extracted from each sample independently using m®Peacterial protein extraction reagent
(Pierce, Rockford, IL) in combination with sonicati (4x2 min on ice, at power setting 20) in an
ultrasonic cell disruptor (Microson, Misonic, Fangilale, NY). The Ready Prép2-D cleanup-kit
(Bio-Rad, Hercules, CA) was used to reduce thecionntaminants in the protein preparation. The
purified proteins were dissolved in 100 pL of retatbn buffer (9.5M urea, 2% w/v, CHAPS,
18mM 1,4-dithio-DL-threitol (DTT), 0.5% ampholytesd one tablet of protease inhibitor (Roche
Diagnostic, Mannheim, Germany), and insoluble pnsteand cell debris were removed by

centrifugation.

7.2.3 Two-dimensional gel electrophoresis

Protein concentrations were measured using thef&dhdgrotein assay kit (Pierce). Two
hundred microliters of Bradford reagents were mixdgth 1.7 pL of the protein samples and
absorbance was measured at 580 nm. Preliminaryestuding immobilized pH gradient (IPG)
strips in the range of pH 4-7 indicated that thgamity of the soluble proteins were detectable in
the pH 5.0-6.0 range. Hence for subsequent analj& strips in the pH 4.7-5.9 range were
employed. Protein loads of 35 in 125 pL of rehydration buffer and 800 pg in 250 of
rehydration buffer were used for 7-cm and 11-cm Kps (pH 4.7-5.9) respectively. The IPG
strips were rehydrated overnight in a rehydratioay t(Bio-Rad). For the first dimensional
electrophoresis, the isoelectric focusing of 7-dA6 Istrips were conducted at a linear voltage
gradient with 24,000 final V-h (500 V in 15 minut&®00 V in 2 hours, 24,000V in 2.5 hours, and
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holding at constant 500 V-h) using Protean IEF @ilb-Rad). For 11-cm IPG strips, the isoelectric
focusing was conducted in linear mode to achiev®5b final V-h (Amersham Bioscience,
Piscataway, NJ). After the required V-h was appliee IPG strips were incubated for 15 minutes
in equilibration buffer | (6M urea, 30% glycerol¥@2sodium dodecyl sulfate (SDS) (w=v), 50mM
Tris- HCI (pH 8.8), 1.5% dithiotheritol, and appnerately 5 mg of bromophenol blue) followed by
15 minutes in equilibration buffer 1l (6M urea, 308kycerol, 2% SDS (w=v), 50mM Tris- HCI
(pH 8.8), 3% iodoacetamide, and bromophenol bluecalsr indicator). Second dimension
electrophoresis was performed at 125 constant volgg 10% SDS—polyacrylamide gel
electrophoresis (PAGE) gel. The protein spots wesealized using Sypro Ruby fluorescence stain
(Molecular Probe, Eugene) for the 7-cm IPG strip. g&elCode™ blue stain reagent (Pierce,
Rockford, IL) was used to stain the 11-cm IPG sty@gh and these gels were subsequently used for

spot excisions.

7.2.4 Data Analysis

The extracted proteins from the three experimaetalicates of each treatment {&7 60°C for

0 minute, 60°C for 9 min, 48°C for 30 min followéy 60°C for 9 min) were run on 7-cm IPG
strips, resulting in three independent gels forhelmeatment. Additionally, two dimensional (2D)
gels were run from the 11-cm IPG strips to assispiot excision. The gels were scanned using Gel
Doc (Bio-Rad, Hercules, CA) and the raw images veemrayzed using PDQuest™ 2-D gel analysis
software version-8 (Bio-Rad, Hercules, CA). To gmalthe proteome under thermo-tolerance and
heat shock conditions, the protein expression patibserved at 3T (i) was compared against the
other treatments namely: (ii) 60°C for 0 minut@) the 60°C for 9 min treatment, and (iv) the 48°C
for 30 min followed by 60°C for 9 min treatment. IQthose spots with spot intensities exhibiting

+1.5-fold change difference were picked for MALDGF identification.

7.2.5 Identification of proteins by Mass Spectrometry (MALDI TOF/TOF)

The protein spots of interest were manually excigggbroximately 1 mm in size) and placed
in a 96-well microtiter plate for in-gel digestioRroteolytic digestion was performed overnight
using trypsin (20 pg/mL) at 37°C. The digested daspvere spotted onto matrix-assisted laser
desorption/ionization (MALDI) targets using a ProMS(Genomic Solutions, Ann Arbor, MI)
robot capable of sample clean-up prior to MS amalyall MALDI-MS experiments were
performed using a model 4700 Proteomics Analyzer BKAtime of flight (TOF)/TOF (Applied
Biosystems, Foster City, CA) instrument. The mascgometry (MS) data for each gel spot was

acquired using the reflection detector and 20 tam&S spectra per spot were acquired. All MS
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and MS/MS data were queried against the Swiss-Protein sequence database using GPS
Explorer software (Applied Biosystems, Foster C®A). The parameters for database searching
were as follows: taxonomyl.isteria monocytogenesdatabase, Swiss Prot, enzyme, trypsin;
maximum missed cleavages, 1; variable modificatiomglation (Met); peptide tolerance, 85 ppm;
and MS/MS fragment tolerance, 0.3 Da. To verify teproducibility of the MALDI-MS data, 10
spots were reanalyzed.

7.3 Results

The reproducibility of the individual 2D gels wasatuated by employing the correlation
coefficient analysis of the PDQuest™ software (AggbBiosystems, Foster City, CA). The average
correlation coefficient among individual gel comipans of different treatment groups was >0.7,
suggesting high similarity in the spotting patte@and et al., 2006). When spots exhibiting
significant changes on intensity (+1.5-fold) wedkentified using MALDI-MS, they resulted in
protein score confidence interval (Cl) between 98861 100% (Choe et al., 2005). Only those
proteins that provided a CI of >95% was assigneddantity. Proteins with a Cl <95% were
deemed “not identified”. Thus, a high stringencyt-afi was used to ensure that the protein
identifications were accurate. Using lower Cl woblave resulted in more protein identifications.
However, the reliability of those identificationsouwld be suspect. The proteins that were
differentially expressed at heat shock°@@dor 0 minute) (Figure 7.1), 8CQ for 9 min (prolonged
heat shock) (Figure 7.2), and °@3for 30 min followed by 6T for 9 min (thermo-tolerance
inducing) (Figure 7.3) conditions as compared ttinogl temperature conditions (32) (Figure
7.4) are shown in Table 7.1. Out of 47 proteing winere differentially expressed under heat shock,
prolonged heat shock and thermo-tolerance inducamglitions, 24 proteins could not be identified

by the techniques employed in this study.
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Figure 7.1. 2D gel electrophoresis of soluble pnstdraction ofL. monocytogeneduring heat
shock i.e., 60°C for O minute heat treatment

The boxes represeptroteins that were chosen for MALDI-TOF based tdexation.

Figure 7.2. 2D gel electrophoresis of soluble prstefraction of L. monocytogenesluring
prolonged heat treatment i.e., 60°C for 9 minutes

The boxes represent proteins that were chosen A TOF based identification
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Figure 7.3. 2D gel electrophoresis of the solubtetgin fraction inL. monocytogenesinder
thermo-tolerance inducing conditions i.e., expostoe 48°C for 30 minutes followed by

60 °C for 9 minutes
The boxes represent proteins that were chosen A TOF based identification

Figure 7.4. 2Dgel electrophoresis of the solubletgin fraction ofL. monocytogeneat 37C
(control temperature)
The boxes represent proteins that were chosen At TOF based identification.
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A total of 47 proteins were differentially expredsé€+ 1.5-fold difference) across the
4 experimental treatments. Eighteen proteins wéferentially expressed (6 proteins up-regulated
and 12 proteins down-regulated) when cells wereosag to 60C for 0 minute as compared to
37°C. Out of the 18 proteins that were differentiadlypressed, 6 proteins were unidentified. One
of the proteins, Chaperonin GroEL was down-regdldtg as much as 4 fold. When the cells were
exposed to 6 for 9 minutes as compared to°@7 21 proteins (12 were up-regulated and 9 were
down-regulated) were differentially expressed. ©hthe unidentified proteins (Spot ID # 24, MW
of 60.9) was up-regulated by as much as 6.8-foltdd thermo-tolerance-inducing conditions, out
of the 20 proteins were differentially expresse@l ptoteins were up-regulated and 10 were down-
regulated as compared to proteins expressed°aL &ne unidentified protein with a (spot ID #44,
MW of 29.2) was up-regulated by as much as 12-foltere was only one protein (spot ID #28,
MW of 50) that was up-regulated across all the dhiemperature treatments. No proteins were
commonly expressed in cells exposed to heat shio8R°&€ for 0 minute as compared to prolonged
heat shock (60°C for 9 min). There was only ondginotagatose 1,6-diphosphate aldolase (Imo
0539) that was up-regulated during both thermorémiee and heat shock. Eight different proteins
(ranging in MW between 19 kDa and 62.5 kDa) wermmmnly expressed at both the thermo-
tolerance inducing, and the prolonged heat stresdittons. However, none of these proteins were

identifiable.

7.4 Discussion

Heat shocking ot.. monocytogeneat 60C for 0 minute results in the down- regulation of
67% (12 out of 18) of the proteins as compared A3 (Table 7.1). Heat shocking at °&D for
9 minutes results in the down-regulation of 43%0(@ of 21) proteins. When the cells were pre-
exposed to 48 for 30 minutes prior to heat shocking at@dor 9 minutes, only 50% (10 out of
20) of the proteins were shown to be down-regulaldek identifiable proteins that were down-
regulated at 6T for 0 minute include PdhB (Pyruvate dehydrogeni43 sub-unit) (Imo 1053),
GroEL, the chaperone heat shock protein (Imo 20&8), ManA (Mannose-B-lactamase family
protein) (Imo 1577). The PAhABCD complex is invalva cellular metabolism and energy stress,
specifically the transformation of pyruvate to gtebenzyme A, a key component providing an
energy source and a metabolite precursor (Folial.et2004; Chaturongakul and Boor, 2006).
Salotra et al. (1995) and Duché et al. (2002a) thapd that DnaK, PdhA, CysK, Gap were over-
expressed after cold and salt stress. The dowratgu of GroEL at 60C for O minute is also

surprising given that this is a heat shock protseociated with the class 1 stress response gene
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regulator, HrcA (Nair et al., 2000; Rosen and R2002; Hu et al., 2007a). Van der Veen et al.
(2007) using microarray analysis reported the upHation of thegroEL gene at 48C over

40 minutes. Hu et al. (2007a) reported >5-fold deegulation ofgroEL gene in arcA deletion
mutant of a serotype 1/2a strain suggesting tregithESLoperon is downregulated by HrcAhe
up-regulated proteins include DnaN (involved in DN#plication) and Pgk (involved in
metabolism). The induction of DnaN as a functiorswéss during the onset of stationary phase in
E. coli has been previously reported (Villarroya et &98). DnaK is a heat shock protein and its
function to stabilize cellular proteins was prestyureported (Hebraud and Guzzo, 2000). Only one
of the unidentified proteins (spot ID # 28, MW ~ BDa) was differentially expressed at°@0for

0 min and 66C for 9 min (as compared to ¥7) (Table 7.1).

It is evident that maintainingisteria monocytogenest 60C for 9 minutes induces a unique
set of 21 proteins as compared td®@7 Importantly, these cells express the lipoprotdicsA,
(which is similar to the CD4+ T cell-stimulating tagen) and Gap (type 1 glyceraldehydes 3-
phosphage dehydrogenase ). Previous studies she# Wwhich mediates T cell activation is
expressed ir.. monocytogenefCabanes et al., 2002; Sanderson et al., 199%.+ T cell
stimulating antigen was up-regulated 3.6-fold under experimental conditions suggesting that
this could serve as a marker for pathogens undegpdeature stressed conditions. Hu et al., (2007a)
suggest that HrcA controls glyceraldehyde 3-phosptahyrdogenase (Gap) since they observed a
1.5-fold down-regulation of this gene in a hrcAetedn mutant. In this study the Gap protein was
differentially expressed over 3-fold only when ttels were maintained at 8D for 9 minutes.
Schaumburg et al. (2004) have suggested that thiface protein may serve as a receptor for
human plasminogen on the bacterial cell surface& @her protein that was expressed 3.3-fold was
Gap. Tasara and Stephan (2007) report that evarglhthis protein is stably expressed across
multiple L. monocytogenestrains it is prone to wide variations under sradaptations implying
the suitability as a marker for stressed cells.d>&nal. (2006) have shown that the 43 kDa protein
reacted positively with polyclonal antibodies fbeetdetection of stresséd monocytogenesells.
AtpA was up-regulated 2.3-fold. Rouquette et aB98) have reported that ATPAse is a general
stress protein that aids in the disruption of taeuolar membrane and the intracellular survival of
Listeriasp. AtpA has been previously reported to be reltdeakid stress ibtreptococcus mutans
(Len et al., 2004).

One of the proteins was up-regulated 6.8-fold umpdelonged heat shock conditions; however,
it was not identifiable. As mentioned previouslylyo@ protein (which was unidentified) was up-
regulated across all three temperature treatme@nmtly. three proteins (ID # 27, ID # 33, ID # 47)

were differentially expressed at thermo-toleramm@ucing conditions but not at the heat shock
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conditions. Unfortunately, none of these proteiresenvidentifiable. These proteins could serve as
valuable markers for screening tho&e monocytogene<ells that have been exposed to
thermotolerant conditions (such as°@8for 30 minutes). Phan-Thanh and Gormon (19957199
examined stress proteins expressioh.iimonocytogenesnder different conditions such as heat,
cold shock, acid, SDS, and ethanol. They reportitidection of about 32 different heat shock
protein with some of them up-regulated by as mul@fold under heat shock. However, there
were no common stress proteins that were expresseal result of the different stressors even
though some of them were induced under two or tetesss conditions. Sokolovic et al. (1990)
examined listeriolysin production ib. monocytogeneserogroupl/2a under 48 for 30 minute
heat shock. They report that at least 5 differezdttshock proteins were differentially coinduced
with listeriolysin production in the strains thdtteyy studied. In comparison with the microarray
study which was performed using the same expermhérgatments (Chapter VI), only 1 protein
(Imo 0539) was common between the heat shock amidnged heat shock conditions. However,
the gene associated with that particular proteiis wat found to be significantly differentially
expressed using the microarray analysis. When congpthe prolonged heat exposure and thermo-
tolerance inducing conditions, eight proteins @llthem are unidentifiable) were differentially

expressed.

7.4.1 Conclusions

This study was aimed at understanding those soluioieins that are differentially expressed
at thermo-tolerance inducing, heat shock, and pged heat shock conditions. The results indicate
that L. monocytogeness capable of uniquely modulating its proteome stavive sub-lethal
temperatures. Thus, during food processing sulaleédmperature exposure could induce the over
expression of unique heat stress-related proteink as TcsA, Gap, and AtpA. These candidate
marker proteins may have value in lateral flow EAISassays for identifying
L. monocytogenesells that have been heat stressed. The use dicfive modeling to link
microarray results with proteomic results can lead systems biology approach of understanding

the ecology of.. monocytogenes
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Table 7. 1. Proteins that were found to be diffeadly expressed ir.. monocytogenesnder thermo-tolerance inducing, heat shock and
prolonged heat shock conditions.

Protein Characteristics _ _ )
Differential Protein

Spot # Isoelectric Point (pl)  Molecular Weight Protein Identity Lmo# Protein Expression at different
Observed/Theoretical (kDa) esignation temperature treatments
Observed/Theoretical
60°C 48°C
" 30 min
0 min 60°C-  ,nd
heat 9 min 60°C for
shock 9 min
Replication, recombination and repair
4 5.01/4.7 46.0/42.4 DNA polymerase Il subunitabet Imo0002 DnaN 29
Translation
21 5.62/5.5 30.5/27.9 Methionine aminopeptidase 18 Map -3.6
Posttranslational modification, protein turnover, chaperones
6 4.99/4.7 70.0/57.4 Chaperonin GroEL Imo206&roEL -4.2
Energy production and conversion
1 5.05/4.8 36.0/35.3 Pyruvate dehydrogenase (EL beta 11953 pgng 2.0
subunit)
20  5.4/53 54.7/55.1 :Igﬁ;ans"ort'”g ATP synthase chain | o531 AtpA 23
Amino acid transport and metabolism
5 4.94/4.7 48.0/45.0 Aminopeptidase Imol711 3.1
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10 5.13/5.0 28.0/24.8 Tetrahydrodipicolinate sugleise Imo1011 2.3
12 5.18/5.0 44.0/39.0 Aminopeptidase P Imo1354 -5.6
19 5.5/5.4 32.0/32.2 Cysteine synthase A Imo0223ysK -4.8
Carbohydrate transport and metabolism
3 5.25/5,1 42.0/36.3 Sé{}@%rrfgggggg,":’ﬂ;ﬂsphate Imo2459  Gap 3.3
9 5.11/4.8 37.0/35.4 :\/'annose'6'ph°3phate isomerase, clagg 5110 Mana -3.2
11 5.18/4.9 42.0/37.7 Tagatose 1,6-diphosphatdaaseo Imo0539 2.8 2.6
13 5.2/4.9 46.0/42.1 Phosphoglycerate kinase Im®248gk 2.2
14 5.26/5.1 86.0/71.8 Transketolase Imo130%kt -5
16 5.37/5.1 64.0/56.1 Phosphoglyceromutase Imo24%gm -2.9
17 5.44/5.3 25.0/23.8 Ribulose-phosphate 3-epireeras  Imo1818 2.1
Coenzyme transport and metabolism
18 5.41/5.3 34.0/31.7 Pyridoxine biosynthesis pnote Imo2101 -2.3
Lipid transport and metabolism
22 566/5.7 31.5/26.7 gyﬁd;};ft'g'nz;g’stzr'to' 4-phosphate | 1,1086  IspD 2.2 2.3
Nucleotide transport and metabolism
23 5.83/5.5 24.6/22.9 Uracil phosphoribosyltraresfer Imo2538  Upp 2.8
General function prediction only
2 5.0/5.0 37.0/38.4/ I(fp%‘;;eff”‘“im“'a“”g antigen, 51388 TcsA 3.6
8 5.07/4.8 31.0/24.6 Metallo-beta-lactamase famittein  Imol1577 2.4
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15 5.33/5.0 25.0/20.6 Acetyltransferase Imo0664 .6 -2 2.2
Function unknown
7 5.1/4.8 25.0/27.3 Phospho-beta-glucosidase ImMb018glA -6.7
Not identified
24 5.06/nd 60.9/ nd not identified 6.8 5.0
25 5.18/ nd 22.0/nd not identified -4.8
26 5.2/ Nd 23.3/ Nd not identified -2.0
27 5.18/ Nd 50.0/ Nd not identified 5.0
28 5.2/ Nd 50.0/ Nd not identified 3.7 2.4 7,1
29 5.23/ Nd 51.5/ Nd not identified 2.6 4.4
30 5.21/ Nd 62.5/ Nd not identified 2.1 2.1
31 5.23/ Nd 71.0/ Nd not identified 2.1
32 5.36/ Nd 19.0/ Nd not identified -2.6 -4.3
33 5.3/ Nd 34.0/ Nd not identified 2.2
34 5.41/ Nd 32.5/ Nd not identified -3.1
35 5.41/ Nd 28.0/ Nd/ not identified 4.6 3.6
36 5.41/ Nd 31.0/ Nd not identified 2.3
37 5.5/ Nd 35.5/ Nd not identified -3.2
38 5.43/ Nd 56.2/ Nd not identified 2.3
39 5.48/ Nd 61.7/ Nd/ not identified -2.5
40 5.78/ Nd 24.1/ Nd not identified -2.0 -2.2
41 5.65/ Nd 54.7/ Nd not identified -2
42 5.6/ Nd 29.0/ Nd/ not identified -3.7
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43 5.66/ Nd 42.7/ Nd not identified -2.7
44 5.78/ Nd 29.2/ Nd not identified 4.3 12.1
45 Nd/5.77 Nd/34.5 not identified -3.1

46 5.76/ Nd 41.0/ Nd not identified -2.3

47 5.9/ Nd 51.5/ Nd not identified 2.8

Nd= not determined since the protein was unidexttii; I3 refers to spots shown in Fig. 7.1,7.2,7.3 and 7gbelectric point (pl) and molecular weight (MW)talmed in

the experiment (practical)The theoretical pl and MW were obtained from theakme Gelbank database bf monocytogeneSGDe (serotype %2a);

(http://gelbank.anl.gov/cgi-bin/proteomes/peptidarsh_MWPI.pl)“Fold difference in the protein expression of thiéedént treatments compared to control
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NEW SCIENTIFIC RESULTS

. Combination of Modified Atmosphere Packaging (MAR)th 2 kGy of {) gamma
irradiation reduces the natural bioburden of frafalfa and radish sprouts to low levels,
and improves microbiological safety and shelf-lifthe Dio-value ofL. monocytogene$ab
strain on alfalfa sprouts was found to be betwedf RGy (when packaged in a gas mixture
containing 3-5% oxygen, 10-15% carbon dioxide aalditiced with nitrogen) and 0.58 kGy
when packaged in an oxygen-carbon dioxide-nitrq@émn4%-94%) gas mixture.

. Enhanced heat resistance was demonstrated inLtwmonocytogenestrains (4ab and
ATCC 43256) when they were exposed to sub-lethal benditions. The heat resistance of
the strains was higher when exposed to 48°C fomBtutes followed by 60°C treatment
conditions as compared to a direct 60°C heat treatmThe D-value increased from
3.03 min to 6.72 min in case df. monocytogenedab, and from 3.74 minutes to
4.55 minutes irL.. monocytogene&TCC 43256.

. This is the first report demonstrating thatmonocytogenedifferentially expresses genes
when exposed to sub-lethal heat conditions as ceedp®@ a direct heat stress. When the
transcriptome oL. monocytogenesnder optimal temperature (37) was used as base-line,
heat shock (6TC for O minute) caused the up-regulation of 55 gefaventy (20) genes
were up-regulated at prolonged heat shocR@6fdr 9 minutes) conditions, and 17 genes
were up-regulated under thermo-tolerance induc®C for 30 minutes prior to exposure
to 60°C for 9 minutes) conditions.

. This study has demonstrated for the first time shdt-lethal temperature (48°C for 30 min)
induces the over expression of unique heat stedated proteins ir.. monocytogenes
ATCC 43256. Eighteen different proteins were differentially esgsed at 6@ for

0 minute, 21 proteins were differentially expresaduen the cells were exposed tdGdor

9 minutes, and 20 proteins were differentially @gsed when cells were initially exposed to
48°C for 30 minutes prior to 8C for 9 minutes.

. My dissertation has demonstrated thamonocytogeneATCC 43256 is capable of entering
into a viable but non-culturable (VBNC) conditiorn@n exposed to sub-lethal temperature
conditions. When the cells were exposed t6Ci8r 30 minutes prior to exposure for
9 minutes at 6TC, only 1% was viable (per culture methods) as @rexh to greater than

99% viability (based on a microscopic viability ags
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UJ TUDOMANYOS EREDMENYEK

. A modositott atmoszférds csomagolds (MAP) és a 2 g&nma Y) sugarzds kombinalt
alkalmazasa csokkenti a friss lucerna és retela dgimeészetes mikrobiotajat, noveli a
mikrobiolégiai  biztonsagot és hosszabb eltarthajdsa eredményez. A Listeria
monocytogenegtab D-értéke lucernacsiran 0.46 kGy 3-5% @0-15% CQ, N—vel
kiegyenlitett Iégtérben, mig 2%,1% CQ, 94% N gazosszetétel mellett 0.58 kGy.

. Megallapitottam, hogy a szubletali§Hatas megntvekedetétezisztenciat okoz a vizsgalt
L. monocytogenesirzsek (4ab és ATCC 43256) esetéeben. A 48°C, 3Bepeenyhe
hostressz megnovekedett rezisztenciat eredmeényezéd°@-os kikezeléssel szemben
L. monocytogenedab ésL. monocytogeneATCC 43256 esetében. A monocytogenes
4ab Dy-értéke 3,03 perét 6,72 percre, a. monocytogeneATCC 43256 [Qg-értéke
3,74 perabl 4,55 percre éit.

. Vizsgalataim alapjan bizonyitast nyert, hogy a $atdlis hostressz a direkt dnatashoz
képestListeria monocytogenbsn eltéé génexpressziot okoz. Az optimali$rhérsékleti
koérilményekhez (3TC) viszonyitva Bsokk hatasara (6C, O perc) aL. monocytogenes
transzkriptomban 55 gén aktivalasa volt megfigy@lhé 60°C-os 9 perces dkezelés
20 gén, a 48 30 perces enyheodstressz alkalmazasa a °@) 9 perces dkezelést
megebzéen 17 gén aktivalasat eredményezte.

. Elséként igazoltam, hogy a szubletali$nhérséklet (48°C, 30 perc) egyedijstresszel
kapcsolatba hozhaté fehérjék tulexpresszidjat iattak.. monocytogeneATCC 43256
torzsben. Tizennyolc fehérje eldén expresszalddott 60°C, 0 perc hataséra; “€-68
9 perces bkezelés 21 fehérje, a 4B 30 perces enyhedstressz alkalmazasa a°@€)
9 perces bkezelést megékoen 20 fehérje eltérexpresszidjat eredmenyezte.

. Megallapitottam, hogy &. monocytogeneATCC 43256 szubletalisdmérsekleti feltételek
mellett képes é| de nem tenyészthiet(VBNC) formava alakulni. A 6TC, 9 perces
hokezelést megéké 48°C 30 perces enyhedstressz hatasara tenyésztéses maodszerrel a
sejtek csupan 1 %-a, mig mikroszk6pos modszerreb,ttmint 99%-a bizonyult

életképesnek.
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OVERALL CONCLUSIONS AND SUGGESTIONS

Overall, my studies show that the combination oiv-tiose y (gamma) irradiation with
Modified Atmosphere Packaging (MAP) and refrigedastorage on alfalfa and radish sprouts can
improve the microbiological safety and shelf-lifetlbese high value commodities. Combination of
MAP with 2 kGyy irradiation was able to reduce the natural miartzbto low levels and no further
population increase was detected for up to 10 daysge at 5°C. The study also demonstrated that
the impedimetric method can be used to detect antheratd.. monocytogenewithin 24 hours if
they are present in numbers higher thadCEU/g. For the presence-absence test, however, an
enrichment step and confirmation is needed. Furitedies are necessary to optimize MAP
conditions packaged produce to prevent the re-dgrowt surviving pathogens such as

L. monocytogenesuring storage.

My studies show thdt. monocytogenesxhibits unique physiological, genomic, and prateo
responses when exposed to sub-lethal temperat8pcifically, my results demonstrate that
Listeria monocytogenes ab (a meat isolate) exhibits enhanced heattaesis (D-values) at 60°C
after exposure to sub-lethal temperature conditidhshe cells were pre-exposed to different
temperatures, heat injury in the cells was obserVais observation was based on the difference in
plate counts obtained using Tryptic Soy Agar angplic Soy Agar amended with NaCl. Based on
the observation that increasing exposure to heaassds can result in bacterial injury, it is
recommended that culture media for enumeratiob. shonocytogenem heat processed foods be

carefully chosen to avoid obtaining misleadingly loounts.

| performed laboratory studies to understand theogec, and proteomic responses using a
virulent strain ofL. monocytogene¢ATCC 43256). These studies were performed durmg
research stay at Texas A&M University in the UnitSthtes. Increased thermo-tolerance was
observed when the cells of this virulent strain waposed to 48°C for 30 minutes followed by
60°C heat treatment in broth media. The D-valugeased from 5.01 minutes to 5.65 minutes.
This increase in the D-value was in agreement wwith previous studies using the (avirulent)
L. monocytogenedlab strain and with a number of other publishadliss. Not only did the
D-value increase after the sub-lethal heat expo#imeesurviving cells converted into what could be
termed as “viable but non-culturable” (VBNC). | ifexd the existence of such cells using a
combination of fluorescent microscopy, digital irragnalysis, and fluorescence spectroscopy.
These experimental approaches verified the existefithe majority (>99%) of the cells being in
the VBNC state. The VBNC state can be problematictifie food industry when culture-based

methods are used to detect and enumerate thesenistnga in heat-processed foods.
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My results suggest that the current culture-plaised detection methods could be significantly
underestimating the actual numbers of vidbteria spp. in heat processed foods. More research is
thus needed to better understand the VBNC statke. ahonocytogenesn foods and develop

appropriate detection tools to detect such cells.

Whole genome microarray studies were performeddamtify the differentially expressed
genes produced during heat stress. The transcrgptaih. monocytogeneATCC 43256 under
optimal temperature (3T) conditions was compared to the transcriptomeueg at heat shock
(60°C for 0 minute) conditions, prolonged heat shod¥@Gfor 9 minutes), and thermo-tolerance
inducing (48C for 30 minutes prior to exposure to°@0for 9 minutes) conditions. When the cells
were exposed to 8C for 0 minute heat shock conditions, 91 out of 684nes were differentially
expressed. When the cells were maintained &€ 60r 9 minutes (prolonged heat shock), 80 out of
6347 were differentially expressed. When the oslise pre-exposed to 48 for 30 minutes prior
to prolonged heat exposure (ie.. thermo-tolerandeading conditions), 71 genes out of 6347 genes
were differentially expressed. The highest numbéuifferentially expressed genes were those that
were associated with translation, transcriptionjnaracid transport, carbohydrate transport and
metabolism, general function, replication, recomabion and repair, inorganic ion transport, and
metabolism respectively. Ten (10) genes were conymerpressed across the 3 treatments.
The results highlights the fact that this pathogesponds to different temperature conditions very
differently. Additional research is needed to hettederstand the functional genomics of the
organism so that the differential expression ofghees during food processing can be attributed to
a specific change in function, virulence or phepety

Two dimensional gel electrophoresis coupled withINDATOF were performed to understand
the proteomic response bf monocytogeneshen exposed to sub-lethal heat shock. Sub-|&tt
exposure was found to induce heat shock proteibsnmonocytogeneATCC 43256. The proteome
of this organism under four different experimertahditions was investigated. The experimental
treatments included 37°C (control), heat shock tamrd (60°C for O minute), prolonged heat
shock conditions (60°C for 9 minutes) and thermermce inducing conditions (48°C for
30 minutes followed by exposure to 60°C for 9 masyitconditions. A total of 47 different proteins
were differentially expressed across the 4 experialereatments. Eighteen (18) proteins were
differentially expressed when cells were expose@QtC for O minute as compared to the control.
Out of these 18 proteins, 6 proteins were unidiahlié. When cells were exposed to 60°C for
9 minutes, 21 proteins were differentially express®ne of these proteins was up-regulated
6.8 times. Under the thermo-tolerance inducing @k, 20 proteins were differentially

expressed. One of them showed a 12-fold up-regulaiihere was no commonly expressed protein
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in the heat shocked cells at 60°C for 0 minute caneqb to the cells that were exposed to prolonged
heat shock conditions. However, 8 different pratewvere commonly expressed at both thermo-
tolerance inducing conditions and prolonged heatlkltonditions. However, none of them were
identifiable. The protein DnaN, a previously idéet stress protein was up-regulated almost 3-fold
at 60°C for 0 minute. Similarly, TcsA, a lipopratefCD4+ T cell stimulating antigen) and Gap
(glyceraldehydes-3-phosphate-dehydrogenase) wedeetisely expressed under prolonged heat
shock conditions suggesting their potential as radickate marker proteins targets for identifying
temperature-stresseld. monocytogenesells. The results indicate that the protein esgign
profiles of the organism are different when thdscate exposed to different temperature conditions.
Overall, the experimental results support my oaginypothesis thadtisteria monocytogenes
elicits unique physiological, genomic and proteonegponses as part of its stress adaptive response

to sub-lethal temperature stress.

99



REFERENCES

Abee, T. and Wouters, J. A. (1999): Microbial stressponse in minimal processimgternational
Journal ofFood Microbiology50, 65-91.

Adams, P, Flower, R., Kinsella, N., Howell, G., i®rM., Coote, P. and O’Connor, C. D. (2001):
Proteomic detection of PhoPQ- and acid-mediatedessmpn ofSalmonellamotility. Proteomics
1(4), 597-607.

Al-Ati, T., Hotchkiss, J. H. (2002): Application glackaging and modified atmosphere to fresh-cut
fruits and vegetables, 305-338. In: Fresh-Cut Eraitd Vegetables, Science, Technology and
Market, O. Lamikanra (Ed.). Boca Raton, FL, CRCsBre

Alba, B. M. and Gross, C. A. (2004): Regulationtioé Escherichia colic®-dependent envelope
stress responsklolecular Microbiology52, 613-619.

Alexander, E., Pham, D., and Steck, T. R. (199%e WViable-but-Nonculturable Condition is
induced by copper irAgrobacterium tumefacienand Rhizobium leguminosarunfApplied and
Environmental Microbiology5, 3754-3756.

Arevalo-Ferro, C., Hentzer, M., Reil, G., Gorg, Kjelleberg, S., Givskov, M., Riedel, K. and
Eberl, L. (2003): Identification of quorum-sensiregulated proteins in the opportunistic pathogen
Pseudomonas aeruginobg proteomicsEnvironmental Microbiology(12), 1350-1369.

Auffray, Y., Lecesne, E., Hartke, A., Boutibonn®s,(1995): Basic features of tistreptococcus
thermophilusheat shock responseurrent Microbiology30, 87-91.

Aureli, P., Fiorucci, G. C., Caroli, D., Marchiar@., Novara, O., Leone, L., and Salmaso, S.
(2000): An outbreak of febrile gastroenteritis asated with corn contaminated hyisteria
monocytogenedNew England Journal of Medicirg22, 1236-1241.

Bacon, R. T., Ransom, J. R., Sofos, J. N., Ken@allA., Belk, K. E. and Smith, G. C. (2003):
Thermal inactivation of susceptible and multiantrabial-resistanSalmonellastrains grown in the
absence or presence of glucoSpplied and Environmental Microbiolo@®, 4123-4128.

Baek, H. Y., Lim, J. W., Kim, H., Kim, J. M., Kim]. S., Jung, H. C. and Kim, K. H. (2004):
Oxidative stress-related proteome changebleticobacter pylorinfected human gastric mucosa.
Biochemical JournaB79, 291-299.

Barer, M. R., and Harwood, C. R. (1999): Bacteriability and culturability, 94-138. In: Advances
in Microbial Physiology, R. K. Poole (Ed.). NY, Adamic Press.

Bayles, D. O., Annous, B. A., Wilkinson, B. J. (BJ9Cold stress proteins induced lirsteria
monocytogeneis response to temperature downshock and growtwatemperaturesApplied and
Environmental Microbiology2, 1116-1119.

Bayles, D. O., Wilkinson, B. J. (2000): Osmoprosets and cryoprotectants fdristeria
monocytogenes etters in Applied Microbiolog$0, 23-27.

100



Beales, N. (2004): Adaptation of microorganismscadd temperatures, weak acid-preservatives,
low pH, and osmotic stress: a revislBomprehensive Reviews in Food Science and FoodySafe
1-20.

Becker, L. A., Cetin, M. S., Hutkins, R. W., Bensoh K. (1998): Identification of the gene
encoding the alternative sigma factor sigmaB fraisteria monocytogenesnd its role in
osmotolerancelournal of Bacteriology80 (17), 4547-4554.

Begley, M., Gahan, C. G. M., and Hill, C.(2002)1eBstress response lnisteria monocytogenes
LO28: Adaptation, cross-protection, and identificatof genetic loci involved in bile resistance.
Applied and Environmental Microbiolo@8, 6005-6012.

Bennik, M. H. J., Smid, E. J., Rombouts, F.,M. a@drris, L. G. M. (1995): Growth of
psychrotrophic foodborne pathogens in solid suri@moelel system under the influence of carbon
dioxide and oxygerf-ood Microbiologyl2, 509-519.

Besnard, V., Federighi, M., Cappelier, J. M. (2000&vidence of VBNC state irListeria
monocytogenelsy DVC and CTC-DAPI double stainingood Microbiologyl7, 697-704.

Besnard, V., Federighi, M., Cappelier, J. M. (2000bevelopment of a direct viable count
procedure for the investigation of VBNC state lirsteria monocytogened etters in Applied
Microbiology 30, 1-6.

Beuchat, L. R. (1996): Pathogenic microorganisns®eiated with fresh producéournal of Food
Protection59, 204-216.

Beuchat, L. R. (1997): Comparison of chemical treatts to kill Salmonellaon alfalfa seeds
destined for sprout productiolmternational Journal of Food Microbiology4, 329-333.

Bland, A. M., D’Eugenio, L. R., Dugan, M. A., Jahe®!. G., Almeida, J. S., Zile, M. R., Arthur, J.
M. (2006): Comparison of variability associated hwgample preparation in two-dimensional gel
electrophoresis of cardiac tissdeurnal ofBiomolecular Techniquek7, 195-199.

Bohne, J., Sokolovic, Z., and Goebel, W. (1994)anBcriptional regulation of prfA and prfA
regulated virulence geneslimsteria monocytogeneMolecular Microbiologyl1, 1141-1150.

Bolton, F. J. and Gibson, D. M. (1994): Automatddctical techniques in microbiological
analysis, 131-170. In: Rapid Analysis TechniqueBand Microbiology, P. D. Patel (Ed.). London,
Blackie Academic & Professional.

Boutibonnes, P., Giard, J. C., Hartke, A., Thammaego B., Auffray, Y. (1993): Characterization
of the heat shock responsebnterococcus faecalis. Antonie van Leeuwenlédeld 7-55.

Brackett, R. E. (1992): Shelf stability and safefyfresh produce as influenced by sanitation and
disinfection.Journal of Food Protectiof5, 808-814

Browne, N. and Dowds, B. C. A. (2001): Heat and stess in the food pathog8acillus cereus.
Journal of Applied Microbiolog®1, 1085-1094.

Bubert, A., Riebe, J., Schnitzler, N., Schonberg,@oebel, W. and Schubert, P. (1997): Isolation

of catalase-negativé.isteria monocytogenestrains from listeriosis patients and their rapid
identification by anti-p60 antibodies and/or PQBurnal of Clinical Microbiology35, 179-183.

101



Buck, J. W., Walcott, R. R. and Beuchat, L. R. @00Recent trends in microbiological safety of
fruits and vegetables. APSnet, Plant Health Pregfésature Story January/February 2003

Bula, C. J., Bille, J., and Glauser, M. P. (1995). epidemic of food-borne listeriosis in western
Switzerland: Description of 57 cases involving asllinical Infectious Disease®0, 66—72.

Bunning, V. K., Crawford, R. G., Bradshaw, J. GeePr, J. T., Tierney, J. T. and Twedt, R. M.
(1986): Thermal resistance of intracellulasteria monocytogenesells suspended in raw bovine
milk. Applied and Environmentalicrobiology 52, 1398-1402.

Bunning, V. K., Crawford, R. G., Tierney, J. T. aReaeler, J. T. (1990): Thermotolerance of
Listeria monocytogeneand Salmonella typhimuriumafter sub-lethal heat shockpplied and
Environmental Microbiology6, 3216-3219.

Bunning, V. K., Crawford, R. G., Tierney, J. T. aRdeler, J. T. (1992): Thermotolerance of heat
shockedListeria monocytogenem milk exposed to high temperature, short timstgarization.
Applied and Environmental Microbiolod®8, 2096-2098.

Bunning, V. K., Crawford, R. G., Tierney, J. T. aRaeler, J. T. (1990): Thermotolerance of
Listeria monocytogeneand Salmonella typhimuriumafter sub-lethal heat shockpplied and
Environmental Microbiolog6, 3216-3219.

Bunning, V. K., Donnelly, C. W., Peeler, J. T., @16, E. H., Bradshaw, J. G., Crawford, R. G.,
Beliveau, C. M., and Tierney, J. T. (1988): Thernmactivation ofListeria monocytogenesithin
bovine milk phagocyte®\pplied and Environmental Microbiolodg4, 364-370.

Burdon, R. H. (1986): Heat shock and the heat sipoateins Biochemical Journa40, 313-324.

Byrd, J. J., Xu, H. S. and Colwell, R. R. (1991)abe but non-culturable bacteria in drinking
water.Applied and Environmental Microbiolody7, 875-878.

Cabanes, D., Dehoux, P., Dussurget, O., FrangeuCassart, P. (2002): Surface proteins and the
pathogenic potential dfisteria monocytogene$rends in Microbiologyl0, 238-245.

California Department of Public Health (2007): Istigation of anE.coli O157:H7 outbreak
associated with Dole pre-packaged spinach. Mar¢i2@Q7, www.cdph.ca.gov, Accessed July 7,
2009.

Call, D. R.,Borucki, M. K.,and BessefT. E. (2003):Mixed-genome microarrays reveal multiple
serotype and lineage-specific differences amongirsrof Listeria monocytogeneslournal of
Clinical Microbiology41, 632-639.

Cappelier, J. M., Besnard, V., Roche, S., Garre¢,Nndel, E., Velge, P., and Federighi, M.
(2005): Avirulence of Viable But Non-Culturablésteria monocytogenasells demonstrated by in
vitro and in vivo modelsVeterinary ResearcB6, 589-599.

Carlier, V., Augustin, J. C. and Rozier, J. (199Bgat resistance ofisteria monocytogenes

(phagovar 2389/2425/3274/47/108/340): D- and zaslm HamJournal of Food Protectio®9,
588-591.

102



Carlin, F., Nguyen-The, C., Abreu-daSilva, A. anacBet, C. (1996): Effects of carbon dioxide on
the fate ofListeria monocytogeneof aerobic bacteria and on the development oflap® in
minimally processed fresh endivaternational Journal of Food Microbiolog$2, 159-172.

Carrasco,E., Valero, A., Pérez-Rodriguek,, Garcia-GimenoR. M. and Zurera, G. (2007):
Management of microbiological safety of ready-tb-eeeat products by mathematical modelling:
Listeria monocytogeness an examplénternational Journal of Food Microbiolog¥14, 221-226.

Casadei, M. A., Esteves de Matos, R., Harrisonl.Sand Gaze, J. E. (1998): Heat resistance of
Listeria monocytogenes dairy products as affected by the growth medidaurnal of Applied
Microbiology 84, 234-239.

Cash, P. (1998): Characterization of bacterial gootes by two-dimensional electrophoresis.
Analytica Chimica Act&72, 121-145.

Chaturongakul, S. and Boor, K. J. (2006%: Activation under environmental and energy stress
conditions inListeria monocytogeneépplied and Environmental Microbiologi2, 5197-5203.

Chavant, P., Martinie, BMeylheuc, T.Bellon-Fontaine, M-N and Hebrauhbl. (2002): Listeria
monocytogenek028: Surface physicochemical properties and tghiiti form biofilms at different
temperatures and growth phas&gplied and Environmental Microbiolo®8, 728-737.

Choe, L. H., Aggarwal, K., Franck, Z., Lee, K. F2005): A comparison of the consistency of
proteome quantitation using two-dimensional elgttayesis and shotgun isobaric tagging in
Escherichia colicells.Electrophoresi®6, 2437-2449.

Cole, M. B., Jones, M. V., and Holyoak, C. (199T)he effect of pH, salt concentration and
temperature on the survival and growth_adteria monocytogenedournal of AppliedBacteriology
69, 63—-72.

Commission Regulation (EC) No 2073/2005 of 15 Nolwen2005 on microbiological criteria for
foodstuffs

Cotter, P. D., Gahan, C. G. M., and Hill, C. (200@nalysis of the role of thd.isteria
monocytogeneByF;-ATPase operon in the acid tolerance respoiméernational Journal of Food
Microbiology 60 (2-3), 137-146.

Cotter, P. D., Gahan, C. G. M., and Hill, @001): A glutamate decarboxylase system protects
Listeria monocytogenas gastric fluid.Molecular Microbiology40, 465—-475.

Dalton, C. B., Austin, C. C., Sobel, J., HayesSR.Bibb, W. F., Graves, L. M., Swaminathan, B.,
Proctor, M. E., and Griffin, P. M. (1997): An oudlakk of gastroenteritis and fever duelisteria
monocytogeneis milk. New England Journal of Medicirg&36, 100-105.

De Angelis, M and Gobbetti, M (2004): Environmergtikess responses liactobacillus a review.
Proteomics4, 106-122.

Denny, J., BoelaerE., Borck,B., HeuerO. E., Ammon, A., Makela, P. (2007): Zoonotic irtfens

in Europe: trends and figures - a summary of thEAECDC annual reporEurosurveillancel 2,
Article 6.

103



Donaldson, J. R., Nanduri B., Burgess, S. C, aneréace, M. L. (2009): Comparative proteomic
analysis of Listeria monocytogenesstrains F2365 and EGDApplied and Environmental
Microbiology 75, 366-375.

Donnelly, C. W. (2002): Detection and isolation loteria monocytogenekom food samples:
implications of sub-lethal injurylournal of AOAC Internationa5, 495-500.

Doyle, M. E., Mazzotta, A. S., Wang, T., Wiseman V. and Scott, V. N. (2001): Heat resistance
of Listeria monocytogenedournal of Food Protectiob4, 410-429.

Duché, O., Trémoulet, F., Glaser, P., Labadie2002a): Salt stress proteins induced.isteria
monocytogeneépplied and Environmental Microbiolo@8 (4), 1491-1498.

Duche, O., Trémoulet, F., Namane, A., The Europgsteria Genome Consortium, and Labadie, J.
(2002b): A proteome analysis of the salt strespamrse ofListeria monocytogeneFEMS
Microbiology Letters215, 183-188.

Duffy, G., Riordan, D. C. R., Sheridan, J. J., CallE., Whiting, R. C., Blair, I. S. and McDowell,
D. A. (2000): Effect of pH on survival, thermota@ce, and verotoxin production BEcherichia
coli O157:H7 during stimulated fermentation and stordgarnal of FoodProtection63, 12-18.

Dumas, E., Meunier, B., Berdagué, J-L., Chambon,B@svaux, M. and Heébraud, M. (2008):
Comparative analysis of extracellular and intradetl proteomes dfisteria monocytogenesrains
reveals a correlation between protein expressiod serovar. Applied and Environmental
Microbiology 74, 7399-7409.

Dykes, G. A., Sampathkumar, B. and Korber, D. RO@: Planktonic or biofilm growth affects
survival, hydrophobicity and protein expressiontgrais of a pathogeni€ampylobacter jejuni
strain.Inernational Journal of Food Microbiolog§9(1), 1-10.

Ellis, R. J. and Van der Vies, S. M. (1991): MoliecichaperonesAnnual Review oBiochemistry
60, 321-347.

Eschenbrenner, M., Wagner, M. A., Horn, T. A, kray J. A., Mujer, C. V., Hagius, S., Elzer, P.
and Delvecchio, V. G. (2002): Comparative prote@nalysis oBrucella melitensiyaccine strain
Rev 1 and a virulent strain, 16Nournal of Bacteriology.84(18), 4962-4970.

Esvan, H, Minet, J, Laclie, C., Cormier, M. (200B)oteins variations ihisteria monocytogenes
exposed to high salinitiekternational Journal of Food Microbiology5, 151-155.

Farber, J. M. (1991): Microbiological aspects ofdiied atmosphere packaging technology — a
review.Journal of Food ProtectioB4, 58-70.

Farber, J. M. and Brown, B. E. (1990): Effect ofoprheat shock on heat resistancel adteria
monocytogenes meat Applied and Environmental Microbiolod6, 1584-1587.

Farber, J. M., Coates, F., and Daley, E. (1992)niMum water activity requirements for the
growth ofListeria monocytogeneketters in Applied Microbiolog{5, 103-105.

Farkas, J. (2001): Irradiation of minimally proceggoods, 273-290. In: Food Irradiation Principles
and Applications, R. Molins (Ed.). New York, Johnl®y & Sons Inc.

104



Fedio, W. M. and Jackson, H. (1989): Effect of tempg on the heat resistance lokteria
monocytogenes etters in Applied Microbiolog9, 157-160.

Fedio, W. M. and Jackson, H. (1989): Effect of tempg on the heat resistance lokteria
monocytogenes etters in Applied Microbiolog9, 157-160.

Fleischmann, R. D., Adams, M. D., White, O., Clayt®. A., Kirkness, E. F., Kerlavage, A. R,,
Bult, C. J., Tomb, J. F., Doughberty, B. A., Mekiid. M., McKenney, K., Sutton, G., FitzHugh,
W., Fields, C., Gocayne, J., Scott, J., Shirley, llR4, L-I, Glodek, A., Kelley, J., Wiedman, J.,
Phillips, C., Spriggs, T., Hedblom, E., Cotton, Mtterback, T., Hanna, M., Nguyen, D., Saudak,
D., Brandon, R., Fine, L., Pritchman, J., FurhmahnGeohagen, N., Gnehm, C., McDonald, L.,
Small, K., Fraser, C., Smith, H.and Venter, J. 1296): Whole-genome random sequencing and
assembly oHaemophilusnfluenza Science269, 496-512.

Fleming, D. W., Cochi, S. L., MacDonald, K. L., Bidum, J., Hayes, P. S., Plikaytis, B. D.,
Holmes, M. B., Audurier, A., Broome C. V., and Rgifd, A. L. (1985): Pasteurized milk as a
vehicle of infection in an outbreak of listerioddew England Journal of Medicirgd2, 404-407.

Fletcher, J. M., Nair, S. P, Ward, J. M., Hendeyd®nand Wilson, M. (2001): Analysis of the
effect of changing environmental conditions on #wpression patterns of exported surface-
associated proteins of the oral pathogAntinobacillus actinomycetemcomitanMicrobial
Pathogenesi80(6), 359-368.

Folio, P, Chavant, P, Chafsey, I, Belkorchia, Chambon, C., Hébraud, M. (2004): Two-
dimensional electrophoresis databasd.isteria monocytogeneEGDe proteome and proteomic
analysis of mid-log and stationary growth phaséscelroteomics4: 3187-3201.

Foster, J. W. (1999): When protons attack: microdti@tegies of acid adaptaticd@urrent Opinion
in Microbiology?2, 270-274.

Foster, J. W. (2000): Microbial stress responsesadml stress, 99-115. In: Bacterial Stress
Responses, G. Storz and R. Hengge-Aronis (Eds.shifgton D. C.: American Society for
Microbiology.

Gadzella, T. A. and Ingham, S. C. (1994). Heat khamaerobic jar incubation and fluid
thioglycollate medium have contrasting effects owdlues ofEscherichia coli Journal of Food
Protection57, 671-673.

Gahan, C. G. M. and Hill, C. (1999)he relationship between acid stress responsesiandnce
in Salmonella typhimuriumand Listeria monocytogenes. International Journal of oBo
Microbiology,50,93-100Q

Gahan, C. G. M., O’Driscoll B., and Hill, C. (199&)cid adaptation oListeria monocytogenesan
enhance survival in acidic foods and during milknfentation. Applied and Environmental
Microbiology 62, 3128-3132.

Gandhi, M, Chikindas, M. L. (2007)isteriac A foodborne pathogen that knows how to survive.
International Journal of Food Microbiolog¥13, 1-15.

Gardan, R., Duché, O., Leroy-Sétrin, S., The Eunapgsteria Genome Consortium and Labadie,

J. (2003): Role of ctc frorhisteria monocytogenes osmotoleranceApplied and Environmental
Microbiology 69, 154-161.

105



Geng, T., Hahm, B. K., Bhunia, A. K. (2006): Seieetenrichment media affect the antibody-based
detection of stress-exposedsteria monocytogenedue to differential expression of antibody-
reactive antigens identified by protein sequenciogirnal of FoodProtection69, 1879-1886.

George, SM. , Lund, B. M., Brocklehurst, T. F. (1988): Th&eet of pH and temperature on
initiation of growth ofListeria monocytogenes. Letters in Applied Micrédgy 6, 153-156.

George, S. M., and Lund, B. M. (1992): The effectalture medium and aeration on growth of
Listeria monocytogenest pH 4.5 Letters in Applied Microbiolog{5, 49-52.

Georgopoulos, C. and Welch, W. J. (1993): Rolehef major heat shock proteins as molecular
chaperonesAnnual Review of Cell Biolody, 601-634.

Giotis, E. S., Muthaiyan, A., Blair, I. S., Wilkias, B. J.and McDowell, D. A(2008): Genomic
and proteomic analysis of the Alkali-Tolerance Rese (AITR) in Listeria monocytogenes
10403SBMC Microbiology8, 102.

Golden, D. A., Beuchat, L. R. and Brackett, R. E988): Inactivation and injury oListeria
monocytogeneas affected by heating and freezikRgod Microbiology5s, 17-23.

Gombas, D. E., Chen, Y., Clavero, R. S., ScotiNV(2003): Survey oListeria monocytogends
Ready-to-Eat Foodsournal of Food ProtectioB6, 559-569.

Goulet, V. and Marchetti, P. (1996): Listeriosis 2485 non-pregnant patients in 1992: Clinical
aspects and outcome in relation to predisposingliions. Scandinavian Journal of Infectious
Disease®8, 367-374.

Goulet, V., Rocourt, J., Rebiere, 1., JacquetMhyse, C., Dehaumont, P., Salvat, G., and Veit, P.
(1998): Listeriosis outbreak associated with thesconption of rillettes in France in 199Rurnal
of Infectious Diseasek/7, 155-160.

Greenwood, M. H., Roberts, D., Burden, P. (1991 6ccurrencef Listeria species in milk and
dairy products: a national survey in England andle#/alnternational Journal of Food
Microbiology 12, 197-206.

Grey, B., Steck, T. R. (2001): Concentrations op@& Thought To Be Toxic tBscherichia coli
Can Induce the Viable but Nonculturable Conditiapplied and Environmental Microbiology7,
5325-5327.

Gygi, S., Rist, B., Gerber, S. A., Turecek, F.,léll. H. and Aebersold, R. (1999): Quantitative
analysis of complex protein mixtures using isotopded affinity tags.Nature Biotechnology
17(10), 994-999.

Hagenmaier, R. D., Baker, R. A. (1997): Low-dogadration of cut iceberg lettuce in modified
atmosphere packagindgournal of Agricultural and Food Chemistéb, 2864—2868.

Hartke, A., Bouché, S., Giard, J-G., BenachourBbutibonnes, P., Auffray, Y. (1996): The Lactic
Acid Stress Response bactococcus lactisubsplactis. Current Microbiologyd3, 194-199.

Harvey, J., Gilmour, A. (1992): Occurrence lasteria species in raw milk and dairy products
produced in Northern Irelandournal of Applied Microbiology2, 119-125.

106



Hebraud, M. and Guzzo, J. (2000): The main colaklpwotein ofListeria monocytogenelselongs
to the family of ferritin-like proteind=EMS Microbiology Letterd90, 29-34.

Hecker, M, Schumann, W. and Vdlker, U. (1996): Hehock and general stress response in
Bacillus subtilis Molecular Microbiologyl9, 417-428.

Hecker, M., Volker, U. (1998): Non-specific, gederand multiple stress resistance of growth
restrictedBacillus subtiliscells by the expression of the sigmaB reguldolecular Microbiology
29, 1129-1136.

Hegde, P., Qi, R., Abernathy, K., Gay, C., DhapGaspard, R., Hughes, J. E., Snesrud, E., Lee,
N. and Quackenbush, (R000): A concise guide to cDNA microarray analy8stechnique9,
548-550, 552-554, 556 passim

Hengge-Aronis, R. (1999): Interplay of global regjols and cell physiology in the general stress
response oEscherichia coliCurrent Opinion in Microbiology, 148-152.

Hengge-Aronis, R. (2000): The general stress respamEscherichia coli 161-178. In: Bacterial
Stress Responses, G. Storz and R. Hengge-Aronss)(Bdashington, D. C.: American Society for
Microbiology.

Henzel, W. J., Billeci, T. M., Stults, J. T., Won§, C., Grimley, C. and Watanabe, C. (1993):
Identifying proteins from 2-dimensional gels by emillar mass searching of peptide-fragments in
protein-sequence databasBsoceedings of the National Academy of Sciehé®4 90(11), 5011-
5015.

Hill, C., Cotter, P. D., Sleator, R. D., Gahan, G. M. (2002): Bacterial stress ihisteria
monocytogenegumping the hurdles imposed by minimal processintgernational Dairy Journal
12, 273-283.

Holah, J. T., Bird, J and Hall, K. E. (2004): Theacrabial ecology of high risk, chilled food
factories; evidence for persistehisteria spp. andEscherichia colistrains.Journal of Applied
Microbiology 97, 68-77.

Hommais, F., Laurent-Winter, C., Labas, V., Krin, Eendeng, C., Soutourina, O., Danchin, A.
and Bertin, P. (2002): Effect of mild acid pH oretfunctioning of bacterial membranes\Vibrio
cholera Proteomic2(5), 571-579.

Hsing-Yi, C. and Chou, C-C. (2001): Acid adaptataond temperature effect on the survivaEof
coli O157:H7 in acidic fruit juice and lactic fermenteulk product.International Journal ofood
Microbiology 70, 189-195.

Hu, Y., Oliver, H. F., Raengpradub, S., Palmer,BM.Orsi, R. H., Wiedmann, M., and Boor, K. J.
(2007a): Transcriptomic and Phenotypic Analysesg8afja Network between the Transcriptional
Regulators HrcA and® in Listeria monocytogenes. Applied and EnvironmeNtiirobiology 73,
7981-7991.

Hu, Y., Raengpradub, S., Schwab, U., Loss, C.,,RsiH., Wiedmann, M., and Boor, K. J.
(2007b): Phenotypic and Transcriptomic Analyses Dmsirate Interactions between the
Transcriptional Regulators CtsR and Sigma B listeria monocytogenes. Applied and
Environmental Microbiology' 3, 7967-7980.

107



IAEA (2006): Use of irradiation to ensure the hygeequality of fresh, pre-cut fruits and vegetables
and other minimally processed food of plant orighkEA TECDOC Series No. 153&BN 92-0-
114006

Itoh, Y., Sugita-Konishi, Y., Kasuga, F., lwaki, MHara-Kudo, Y., Saito, N., Noguchi, Y.,
Konuma, H. and Kumagai, S. (1998): Enterohemorihigroli O157:H7 present in radish sprouts.
Applied and Environmental Microbiolog#4, 1532-1535.

James, P (1997): Protein identification in the mEsiome era: the rapid rise of proteomics.
QuarterlyReviews of Biophysi&)(4), 279-331.

Jaquette, C. B., Beuchat, L. R., Mahon, B. E. ()J9&#ficiacy of chlorine and heat treatment in
killing Salmonella stanleynoculated onto alfalfa seeds and growth and sahi¥ the pathogen
during sprouting and storag&pplied and Environmental Microbiolo@2, 2212-2215.

Jordan, K. N., Oxford, L., and O'Byrn€, P. (1999): Survival of Low-pH Stress Bgcherichia
coli O157:H7: Correlation between alterations in thk eevelope and increased acid tolerance.
Applied and Environmental Microbiologp, 3048-3055.

Jargensen, F., Hansen, T. B. and Kngchel, S. (1998t shock-induced thermotolerance in
Listeria monocytogened.3-249 is dependent on growth phase, pH, andclaatid. Food
Microbiology 16, 185-194.

Jargensen, F., Panaretou, B., Stephens, P. J. aadhil, S. (1996): Effect of pre- and post-
incubation temperature on thermotolerance and blkatk proteins irListeria monocytogenes
Journal of Applied Bacteriolog§0, 216-224.

Jargensen, F., Stephens, P. J. and Kngchel, $)(IB% effect of osmotic shock and subsequent
adaptation on the thermotolerance and cell morghyolof Listeria monocytogeneslournal of
Applied Bacteriology’9, 274-281.

Juneja, V. K. and Novak, J. S. (2003): Adaptatibfoodborne pathogens to stress from exposure
to physical intervention strategies, 31-53. In: Mhbal Stress Adaptation and Food Safety,
A. E. Yousef and V. K.Juneja (Eds.). Boca Raton, ERC Press.

Kahn, P. (1995): From genome to proteome: looking eell’s proteinsScience270 (5235), 369-
370.

Kallipolitis, B. H., Ingmer, H. (2001)Listeria monocytogenegesponse regulators important for
stress tolerance and pathogenesis. FBAt3obiology Letter204, 111-115.

Kang, D. and Fung, D. Y. C. (1999): Thin agar lagezthod for recovery of heat-injurédgsteria
monocytogenegournal of Food Protectio62, 1346-1349.

Katchinski, D. M. (2004): On heat and cells andt@ires. News in Physiological Sciencés, 11-
15.

Kazmierczak, M. J., Mithoe, S. C., Boor, K. J., dAgann, M. (2003)Listeria monocytogenes

sigmaB regulates stress response and virulencgiduscJournal of Bacteriologyl85 (19), 5722-
5734.

108



Keer, J. T., and Birch, L. (2003): Molecular methodr the assessment of bacterial viability.
Journal of Microbiological MethodS3, 175-183.

Kell, D. B., Kaprelyants, A. S., Weichart, D. H.ahivood, C. R. and Barer, M. R. (1998): Viability
and activity in readily culturable bacteria: a mwiand discussion of the practical issu@stonie
van LeeuwenhoeK3, 169-187.

Kenney, S. J. and Beuchat, L. R. (2004): Survigmgwth and thermal resistance bisteria
monocytogenem products containing peanut and chocoldteirnal of Food Protectio®7, 2205-
2211.

Khelef, N., Lecuit, M., Buchrieser, C., Cabanes, Dussurget, O., Cossart, P.(2008)steria
monocytogeneand the genukisteria. Prokaryotes. Chapter 1.2.11., 4, 404-476.

Kiskd, G., Mohacsi-Farkas, Cs., Taczmann-Briickmer, Rohonczy, K. (2004): Impedimetric
detection ofListeria monocytogenesom vegetable and fruit products. FoodMicro 2004e 19th
International ICFMH Symposium, New Tools for Impnoy Microbial Food Safety and Quality,
12-16 September 2204, Portoroz, Slovenia, Booklstracts, p. 334.

Kiss, R., Tirczka, T., Szita,G., BernathS. and Csikd, Gy. (2006)isteria monocytogenet®od
monitoring data and incidence of human listeriasislungary, 2004lnternational Journal of Food
Microbiology 112, 71-74.

Knabel, S. J., Walker, H. W., Hartman, P. A. andniftanca, A. F. (1990): Effect of growth
temperature and strictly anaerobic recovery on gtevival of Listeria monocytogeneduring
pasteurizationApplied and Environmental Microbiolod6, 370-376.

Komitopoulou, E., Bainton, N. J. and Adams, M. BR0@4): Oxidation-reduction potential regulates
RpoS levels irsalmonella Typhimuriundournal of Applied Microbiolog®6, 271-278.

Kondo, K., Takade, A., and Amako, K. (1994): Morjdgy of the viable but nonculturablébrio
choleraeas determined bt the freeze fixation technidtiEgMS Microbiology Letter§23, 179-184.

Kong, I-S., Bates, T. C., Hilsmann, A., Hassan,S3tijth, B. E., and Oliver, J. D. (2004): Role of
catalase and oxyR in the viable but nonculturabdéesofVibrio vulnificus FEMS Microbiology
Ecology50, 133-142.

Koutsoumanis, K. P. and Sofos, J. N. (2004): Comipar acid stress response bisteria
monocytogengsEscherichia coliO157:H7 andSalmonella Typhimurium after habituation at
different pH conditionsLetters in Applied Microbiolog®8, 321-326.

Koutsoumanis, K. P., Kendall, P. A. and Sofos, J.(2003): Effect of food processing-related
stresses on acid toleranceladteria monocytogeneépplied and Environmental Microbiologg,
7514-7516.

Koutsoumanis, K.P., Sofos, J. N. (2004): Compaeatiacid stress response dfisteria
monocytogengsEscherichia coliO157:H7 andSalmonella Typhimurium after habituation at
different pH conditionsLetters in Applied Microbiolog®8, 321-326.

Kruger, E., Zuhlke, D., Witt, E., Ludwig, H. and ¢éker, M. (2001): Clp-mediated proteolysis in

gram-positive bacteria is autoregulated by theildabf a repressorThe EMBO Journal20, 852-
863.

109



Kuo, W. P., Jenssen, TsKButte, A. J., Ohno-Machado, L., and Kohane, 1(Z802): Analysis of
matched mRNA measurements from two diffemantroarraytechnologiesBioinformatics18, 405-
412.

Leena, A., Rasanen, A., Elvang, M., Jansson, dddtrom, K. (2006): Effect of heat stress on cell
activity and cell morphology of the tropical rhizoin, Sinorhizobium arborisFEMS Microbiology
Ecology34, 267-278.

Leimeister-Wachter, M.. Domann, E. and Chakraboity,(1992): The expression of virulence
genes irListeria monocytogeneas thermoregulatedlournal of Bacteriology.74 (3), 947-952.

Len, A. C. L., Harty, D. W. S., Jacques, N. A. (2D05tress-responsive proteins are upregulated in
Streptococcus mutamkiring acid tolerancéicrobiology 150, 1339-1351.

Leverrier, P., Vissers, J. P. C., Rouault, A., B@laP. and Jan, G. (2004): Mass spectrometry
proteomic analysis of stress adaptation reveall botnmon and distinct response pathways in
Propionibacterium freudenreichiArchives of Microbiologyl81, 215-230.

Leyer, G. J. and Johnson, E. A. (1993): Acid adaptainduces cross-protection against
environmental stresses Balmonella typhimurium. Applied and Environmentatrigbiology 59,
1842-1847.

Lin, Y. D. and Chou, C.-C. (2004): Effect of heAbsk on thermal tolerance and susceptibility of
Listeria monocytogends other environmental stressesod Microbiology21, 605-610.

Lindquist, S. (1986): The heat shock respoAsmual Review of Biochemistsp, 1151-1191.

Lindquist, S. and Craig, E. A. (1988): The heatcthproteins Annual Review of Geneti@2, 631-
677.

Linnan, M. J., Mascola, L., Lou, X. D., Goulet, Wlay, S., Salminen, C., Hird, D. W., Yonekura,
M. L., Hayes, P., and Weaver, R. (1988): Epidemstetiosis associated with Mexican-style cheese.
New England Journal of Medicirgd9, 823—-828.

Linton, R. H., Pierson, M. D., Bishop, J. R. (199M)crease in heat resistance lokteria
monocytogeneScott A by sub-lethal heat shodaurnal of Food Protectiob3, 924-927.

Linton, R. H., Webster, J. B., Pierson, M. D., RiphJ. R. and Hackney, C. R. (1992): The effect of
sub-lethal heat shock and growth atmosphere orh#la resistance dfisteria monocytogenes
ScottA.Journal of Food Protectiob5, 84-87.

Little, C. L., Taylor, F. C., Sagoo, S. K., Gillegspl. A., Grant, K. and McLauchlin, J. (2007):
Prevalence and level dfisteria monocytogeneand otherlisteria species in retail pre-packaged
mixed vegetable salads in the UKoodMicrobiology 24, 711-717.

Lleo, M del M., Bonato, B., Signoretto, C., and €pari, P. (2003): Vancomycin resistance is
maintained in Enterococci in the Viable but Nonartdble State and after division is resumed.
Antimicrobial Agents and Chemotheragy, 1154-1156.

Lou, Y. and Yousef, A. E. (1996): Resistancd.isteria monocytogenes heat after adaptation to
environmental stresdournal of Food Protectiob9, 465-471.

110



Lou, Y. and Yousef, A. E. (1997): Adaptation to dathal environmental stresses protddtteria
monocytogeneagainst lethal preservation factoipplied and Environmental Microbiolog§3,
1252-1255.

Lou, Y. and Yousef, A. E. (2007): CharacteristidsListeria monocytogenesnportant to food
processors, 157-214. |histeria, Listeriosisand Food Safety, E. T. Ryser and E. H. Marths (Eds.

Mackey, B. M. and Derrick, C. M. (1987): The effettprior heat shock on the thermoresistance of
Salmonella thompsan foods.Letters in Applied Microbiolog$, 115-118.

Mackey, B. M., Pritchet, C., Norris, A. and Mead, G (1990): Heat resistance lofteria: strain
differences and effects of meat type and curingg dagtters in Applied Microbiologg0, 251-255.

Marron, L., Emerson, N., Gahan, C. G. and Hill,(£997): A mutant oListeria monocytogenes
LO28 unable to induce an acid tolerance resporsg@ayis diminished virulence in a murine model.
Applied and Environmental Microbiolo@8, 4945-4947.

Maul, B., Volker, U., Riethdorf, S., Engelmann, $ecker, M. (1995): Sigma B-dependent
regulation ofgsiB in response to multiple stimuli iBacillus subtilis Molecular and General
Genetic248, 114-120.

Mazzota, A. S. and Gombas, D. E. (2001): Heat teast® of an outbreak strain afsteria
monocytogeneis hot dog batterJournal of Food Protectiob4, 321-324.

Mazzotta, A. S. (2001): Thermal inactivation oft&taary-phase and acid adaptescherichia coli
0157:H7,Salmonella andListeria monocytogenas fruit juices.Journal of Food Protectior4,
315-320.

McLauchlin, J. (1996): The relationship betwesasteria and listeriosisFood Control7, 187-193.
Mead, P. S., Slutsker, L., Dietz, V., McCaig, L, Bresee, J. S., Shapiro, C., Griffin, P. M., and
Tauxe, R. V. (1999): Food-Related illness and deatthe United StatesEmerging Infectious
Disease$(5), 607-25.

Merchant, M., Weinberger, S. R. (2000Recent advancements in surface-enhanced laser
desorption/ionization-time of flight-mass spectrameElectrophoresi®1, 1164-1177.

Murano, E. A. and Pierson, M. D. (1992) Effect eahshock and growth atmosphere on the heat
resistance oEscherichia coli0157:H7.Journal of Food Protectiob5, 171-175.

Nair, S, Derre, I, Msadek, T, Galillot, O., BercRe,(2000): CtsR controls class Il heat shock gene
expression in the human pathodasteria monocytogeneMolecular Microbiology35, 800-811.

National Advisory Committee on Microbiological Garta for Foods (1999): Microbiological safety
evaluations and recommendations on sprouted skddsnational Journal of Food Microbiology
52, 123-153.

Nguyen-the, C., Carlin, F. (1994): The microbiologl processed fresh fruits and vegetables.
Critical Reviews in Food Science and Nutritigdh, 371-401.

111



Nguyen-the, C., Carlin, F. (2000): Fresh and preeds vegetables, 620-684. In: The
Microbiological Safety and Quality of Foodpl. I., B. M. Lund, T. C. Baird-Parker, G.W. Gould
(Eds.). Gaithersburg, Maryland, Aspen Publishers, |

Nicholl, P., Mcinerey, S. and Prendergast, M. (90@rowth dynamics of indogeous microbial
populations on vegetables after decontaminationdamthg refrigerated storagé@ournal of Food
Processing and Preservati@8, 442-459.

Niemira, B. A., Fan, X., Sokorai, K. J. B. (2005)yadiation and modified atmosphere packaging of
endive influences survival and regrowthlateria monocytogeneasnd product sensory qualities.
Radiation Physics and Chemisg, 41-48.

Novak, J. S. and Juneja, V. K. (2003): Effects effigeration or freezing on survival aisteria
monocytogeneScott A in undercooked ground beledod Control14, 25-35.

O’Driscoll, B., Gahan, C. G., Hill, C. (1996): Adage acid tolerance response lristeria
monocytogenesisolation of an acid tolerant mutant which dentoates increased virulence.
Applied and Environmental Microbiolog?2, 1693-1698.

Odumeru, J. A., Mitchell, S. J., Alves, D. M., Lyndl. A., Yee, A. J., Wang, S. L., Styliadis, Sdan
Farber, J. M. (1997): Assessment of the microbickigquality of ready-to-use vegetables for
health-care food service¥ournal of Food ProtectioB0, 954-960.

Oliver, J. D. (2000): The public health significanaf viable but nonculturable bacteria, 277-300.
In: Nonculturable Microorganisms in the EnvironmeRt R. Colwell and D. J.Grimes (Eds.).
Washington, D. C., ASM Press.

Oliver, J. D. (2005): The viable but non culturabtate in bacterialournal of Microbiology43, 93-
100.

Oliver, J. D., and Bockian, R. (1995): In vivo resiiation, and virulence towards mice, of viable
but nonculturable cells d¥ibrio vulnificus Applied and Environmental Microbiologyl, 2620-
2623.

Olsen, R. A. and Bakken, L. R. (1987): Viability sbil bacteria: optimization of plate counting
technique and comparison between total counts date gounts within different size groups.
Microbial Ecologyl13, 59-74.

Ooi, S. T., Lorber, B. (2005): Gastroenteritis doeListeria monocytogene<£linical Infectious
Disease#10(9),1327-32.

Ordax, M., Marco-Noales, E., Lépez, M. M., and B@asE. G. (2006): Survival strategyBifwinia
amylovora against copper: induction of the Viable-but-Nomgrdble State.Applied and
Environmental Microbiology' 2, 3482-3488.

Padliya, N. D. and Wood, T. D.(2004): A strategyirtgprove peptide mass fingerprinting matches
through the optimization of matrix-assisted lasesatption/ionization matrix selection and
formulation.Proteomics4(2), 466-73.

Pagan, R., Condon, S. and Sala, F. J. (1997): t&fféfcseveral factors on the heat shock-induced

thermotolerance oListeria monocytogene#\pplied and EnvironmentdWlicrobiology 63, 3225-
3232.

112



Parish, M. E., and Higgins, D. P. (1989): SurvigélListeria monocytogeneis low pH model
broth systemslournal of Food Protectiob2, 144-147.

Parkhill, J., Wren, B. W., Mungall, K., Ketley, M., Churcher, C., Basham, D., Chillingworth, T.,
Davies, R. M., Feltwell, T., Holroyd, S., Jagels, Karlyshev, A. V., Moule, S., Pallen, M. J.,
Penn, C. W., Quail, M. A., Rajandream, M. A., Rutbed, K. M., Van Vliet, A. H., Whitehead, S.
and Barrell, B. G. (2000): The genome sequencéefdod-borne pathogegbamplyobacter jejuni
reveals hypervariable sequenddature403 (6770), 665-668.

Parsell, D. A. and Lindquist, S. (1993): The fuantiof heat shock proteins in stress tolerance:
Degradation and reactivation of damaged protéinsual Review of Geneti@s, 437-496.

Petran, R. L., and Zottola, E. A. (1989): A studyaxtors affecting growth and recoverylaéteria
monocytogeneScott A.Journal of Food Science4, 458-460.

Phan-Thanh, L. and Gormon, T. (1995): Analysis eathand cold shock proteins liisteria by
two-dimensional electrophoresElectrophoresisl6, 444-450.

Phan-Thanh, L. and Gormon, T. (1997): Stress prstigiListeria monocytogeneglectrophoresis
18, 1464-1471.

Phan-Thanh, L. and Mahouin, F. (1999). A proteomer@ach to study the acid response in
Listeria monocytogenes. Electrophore2iy 2214-2224.

Phan-Thanh, L., Mahouin, F., Alige, S. (2000): Adiesponses irListeria monocytogenes
International Journal of Food Microbiology5(1-3), 121-126.

Pichereau, V., Hartke, A. and Auffray, Y. (2000)tayation and osmotic stress induced
multiresistances, influence of extracellular exéthdar compoundsinternational Journal of Food
Microbiology 55, 19-25.

Portnoy, B. L., Goepfert, J. M. and Harmon, S. 9716): An outbreak oBacilus cereudood
poisoning resulting from contaminated vegetabl@sis: American Journal of Epidemiologh03,
589-594.

Prakash, A., Guner, A. R., Caporaso, F., Foley,MD, (2000): Effects of low-dose gamma
irradiation on the shelf life and quality charawdtcs of cut Romaine lettuce packaged under
modified atmospherdournal of Food Sciendg5 (3), 549-553.

Price, C. W. (2000): Protective function and regata of the general stress responseéBacillus
subtilis and related gram-positive bacteria, 179-197. lactBrial Stress Responses, G. Storz and
R. Hengge-Aronis (Eds.), Washington, DC: Americaci&ty for Microbiology.

Quintavalla, S. and Barbuti, S. (1989): Heat rasiseé of Listeria innocua and Listeria
monocytogeneisolated from porkindustria Conservé3, 8-12.

Raivio, T. L. and Silhavy, T. J. (2000): Sensingl aesponding to envelope stress, 19-32. In:

Bacterial Stress Responses, G. Storz and R. Hefigges (Eds.), Washington D. C., American
Society for Microbiology.

113



Ralovich, B, DomjanKovéacs, H.(1996): Occurrence oListeria andlisteriosisin Hungary Acta
Veterinaria Hungaricad4, 277-285.

Ramnath, M., Rechinger, K. B., Jansch, L., HastidgsV., Knochel, S. and Gravesen, A. (2003):
Development ofListeria monocytogeneEGDe partial proteome reference map and comparison
with the protein profiles of food isolate&pplied and Environmental Microbiolog§9(6), 3368-
3376.

Ramos, J. L., Gallegos, M-T, Marqués, S., Ramosz@lea, M-I., Espinosa-Urgel, M. and Segura,
A. (2001): Responses of Gram-negative bacteria éxdaimn environmental stressor€urrent
Opinion inMicrobiology 4, 166-171.

Rice, S. A., McDougald D., and Kjelleberg S. (2Q0@prio vulnificus a physiological and genetic
approach to the viable but nonculturable respodmernal of Infection and Chemotherafy 115-
120.

Riedo, F. X., Pinner, R. W., Tosca, M. L., Carttdr,L., Graves, L. M., Reeves, M. W., Weaver, R.
E., Plikaytis, B. D., and Broome, C. V. (1994): Aim-source foodborne listeriosis outbreak:
Documented incubation period and possible milcegkJournal of Infectious Diseasds0, 693—
696.

Rigsbee, W., Simpson, L. M., and Oliver, J. D. (APDetection of the viable but nonculturable
state inEscherichia collO157:H7.Journal of Food Safet¥6, 255-262.

Rocourt, J. and Buchrieser, C. (2007): The gehisteria and Listeria monocytogenes
Phylogenetic position, taxonomy and Identificati@r?0. In:Listeria, Listeriosisand Food Safety
E. T. Ryser and E. H. Marth (Eds.), CRC Press.

Rocourt, J., BenEmbarek, P., Toyofuku, H., Schluddt(2003): Quantitative risk assessment of
Listeria monocytogenes ready-to-eat foods: the FAO/WHO approaéfeMS Immunology &
Medical Microbiology35, 263-267.

Rodriguez-Romo, L. A., and Yousef, A. E. (2005a)icidbial stress adaptation and safety of
produce. In: Microbiology of fruits and vegetabl&s,M. Sapers, J. R. Gorny, A. E. Yousef (Eds.).
CRC Taylor and Francis.

Rodriguez-Romo, L. and Yousef, A. (2005b): Crosstgxtive effects of bacterial stress, 128-151.
In: Understanding Pathogen behavior, Virulencesstiresponse and resistance, M. Griffiths (Ed.).
CRC Press.

Rosen, R. and Ron, E. Z.(2002): Proteome analygise study of the bacterial heat shock response.
Mass Spectrometry Revieds, 244-265.

Rouquette, C., de Chastellier, C., Nair, S., BerdPe (1998): The CIpC ATPase disteria
monocytogeness a general stress protein required for viruleaod promoting early bacterial
escape from the phagosomeof macrophagesecular Microbiology27, 1235-1245.

Rowan, N. J. and Anderson, J. G. (1998): Effectalmive-optimum growth temperature and cell

morphology on thermotolerance lokteria monocytogenesells suspended in bovine milkpplied
and Environmental Microbiolog§4, 2065-2071.

114



Rudi, K, Naterstad, K., Dramtorp, S. M., and Hdtb,(2005): Detection of viable and deladteria
monocytogenesn gouda-like cheeses by real-time PCRiters in Applied Microbiology0, 301-
306.

Rudolf, M.; Scherer, S. (2001): High incidenceLadteria monocytogenes Europearred smear
cheeselnternational Journal of Food Microbiolog§3, 91-98.

Salamina, G., Dalle Donne, E., Niccolini, A., Po@a, Cesaroni, D., Bucci, M., Fini, R., Maldini,
M., Schuchat, A., Swaminathan, B., Bibb, W., Rotodr, Binkin, N., and Salmaso, S. (1996): A
foodborne outbreak of gastroenteritis involvingsteria monocytogenesEpidemiology and
Infection117, 429-436.

Salotra, P., Singh, D. K., Seal, K. P., Krishna, Mffe, H., Bhatnagar, R. (1995): Expression of
DnaK and GroEL homologs ineuconostoc mesenteroid@sresponse to heat shock, cold shock or
chemical stress=EMS Microbiology Letter4d31, 57-62.

SANCO/1628/2008 ver. 9.3 (26112008): Guidance dastronListeria monocytogeneshelf-life
studies for ready-to-eat foods, under Regulatio@)(Bo 2073/2005 of 15 November 2005 on
microbiological criteria for foodstuffs

Sanders, J. W., Venema, G. and Kok, J. (1999): rBniiental stress responsesLiactococcus
lactis. FEMS Microbiology Review3, 483-501.

Sanderson, S., Campbell, D. J., Shastri, N. (19B@ntification of a CD4+ T Cell-stimulating
antigen of pathogenic bacteria by expression ctpriiaurnal of Experimental Medicink82, 1751-
175.

Santos, P. M., Benndorf, D. and S&-Correia, |. £20Mhsights intoPseudomonas putid&T2440
response to phenol-induced stress by quantitatiie@micsProteomics4, 2640-2652.

Sauders, B. D., Fortes, E. D., Morse, D. L., Dunias Kiehlbauch, J. A., Schukken, Y., Hibbs, J.
R.,and Wiedmann, M. (2003): Molecular subtypingdadect human listeriosis clusteEamerging
Infectious Disease8, 672—680.

Sauders, B. D.,Wiedmann, M. (2007): EcologylLddteria species andlisteria monocytogenes
the natural environment, 21-53. Ihisteria, Listeriosisand Food SafetyE. T. Ryser and
E. H.Marth (Eds.). CRC Press.

Schaumburg, J, Diekmann, O, Hagendorff, P, Bergm&in Rohde, M., Hammerschmidt, S.,
Jansch, L., Wehland, J., Karst, U. (2004): The aalll subproteome okisteria monocytogenes
Proteomic#4, 2991-3006.

Schlesinger, M. J. (1994): How the cell copes wiitess and the function of heat shock proteins.
Pediatric ResearcB86, 1-6.

Schwartz, B., Hexter, D., Broome, C. V., Hightow&r W., Hirschhorn, R. B., Porter, J. D., Hayes,
P. S., Bibb, W. F., Lorber, B., and Faris, D. (893): Investigation of an outbreak of listeriosis:
New hypotheses for the etiology of epidentitsteria monocytogenesfections. Journal of
Infectious Disease$59, 680—685.

Seeliger, H. P. R., and Jonesy, D. (1986): Gensteria pirie 1940. In Bergey’'s manual of
systematic bacteriology, vol. 2, P. H. A. SneathyS. Mair, N. E. Sharpe, and J. G. Holt (Eds.)

115



Sergelidis, D., Abrahim, A. (2009): Adaptive resperofListeria monocytogenet® heat and its
impact on food safetyzood Control20, 1-10.

Sergelidis, D., Stefanopoulou, A. M. and Genigesir@. (2001): Effect of incubation temperature
on the thermal resistance lboisteria monocytogenesnd Salmonellatyphimurium Proceedings of
the 2nd Balkan Conference of Microbiolo@g7.

Shabala, L., Budde, B, Ross, T, Siegumfeldt, H.Mdekin, T. (2002): Responses bisteria
monocytogene® acid stress and glucose availability monitdogdmeasurements of intracellular
pH and viable count$nternational Journal of Food Microbiology5 (1-2), 89-97.

Shahamat, M., Seaman, A., and Woodbine, M. (1980pvival ofListeria monocytogends high
salt concentration&Zentralblatt fir Bakteriologie und Hygiene |. Abteig Originale A246, 506—
511.

Shank, F. R., Elliot, E. L., WachsmuthK. and Losikoff, M. E. (1996): US position drsteria
monocytogeneis foods.Food Control7, 229-234.

Shenoy, K. and Murano, E. A. (1996): Effect of age conditions on growth of heat-stressed
Yersinia enterocolitican ground porkJournal of Food ProtectioB9, 365-369.

Small, P. L. C., Waterman, S. R. (1998): Acid streanaerobiosis and gadCB lessons from
Lactococcus lactisndEscherichia coliTrends in Microbiologys, 214-216.

Smith, J. L. and Marmer, B. S. (1991): Temperaghit effects on injury and death lrsteria
monocytogeneScottA.Journal of Food Safet¥1, 73-80.

Smith, J. L., and Archer, D. L. (1988): Heat-inddasjury in Listeria monocytogenedournal of
Industrial Microbiology and Biotechnolody; 105-110.

Sokolovic, Z., Fusch, A., Goebel, W. (1990): Sysikeof species-specific stress proteins by
virulent strains of.isteria monocytogenemfection and Immunit$8, 3582-3587.

Soni K. A., Jesudhasan, P, Cepeda, M. Widmer, aplakasha, G. K., Patil, B. S., Hume, M. E.
and Pillai, S. D (2008). Identification of groundd§-derived fatty acid inhibitors of autoinducer-2-
based cell signalinglournal of Food Protectiofil, 134-138.

Soni, K., Jesudhasan, P. R., Cepeda, M. L., Willial, Hume, M., Russell, W. K. Jayaraman, A.,
and Pillai, S. D. (2007): Proteomic analysis toniifg the role of LuxS/Al-2 mediated protein
expression ifescherichia coli0157:H7.Foodborne Pathogens and Diseakel63-471.

Sorqvist, S. (1994): Heat resistance of differemtogars ofListeria monocytogenesournal of
Applied Bacteriology’6, 383-388.

Stears, R. L., Martinsky T. and Schena M. (2003gnds in microarray analysiSature Medicine
9, 140-145.

Stephens, P. J. and Jones, M. V. (1993): Redudmexbamal thermal denaturation lnsteria
monocytogene®llowing osmotic and heat shocksEMS Microbiology Letter406, 177-182.

116



Stephens, P. J. and Jones, M. V. (1993): Redudmxbamal thermal denaturation lnsteria
monocytogene®llowing osmotic and heat shocksEMS Microbiology Letter406, 177-182.

Stoughton, R. B. (2005): Applications of DNA microays in biology. Annual Review of
Biochemistry74, 53-82.

Swartz, M. A.; Welch, D. F.,Narayanan, R. P.;Greddf R. A. (1991)Catalase-negativeisteria
monocytogenesausing meningitis in an adult. Clinical and ladiory featuresAmerican Journal
of Clinical Pathology96(1), 130-133.

Taormina, P. J. and Beuchat, L. R. (1999a): Corspariof chemical treatments to eliminate
enterohaemorrhagie. coliO157:H7 on alfalfa seed¥ournal of Food Protectio62, 318-324.

Taormina, P. J. and Beuchat, L. R. (1999b): Behragfoenterohaemmorhagi€scherichia coli
0157:H7 on alfalfa sprouts during the sproutingcpss as influenced by treatment with various
chamicalsJournal of Food Protectio62, 850-856.

Taormina, P.J.; Beuchat, L.R. (200&urvival of Listeria monocytogenem commercial food-
processing equipment cleaning solutions and sules¢@ensitivity to sanitizers and heddurnal
of Applied Microbiology92, 71-80.

Tasara, T, Stephan, R. (2007): Evaluation of hiesping genes ih. monocytogeneas potential
internal control references for normalizing mMRNApsssion levels in stress adaptation models
using realtime PCREEMS Microbiology Letter269, 265-272.

Teixeira, P., Castro, H. and Kirby, R. (1994): Iodile thermotolerance irLactobacillus
bulgaricus Letters in Applied Microbiolog$8, 218-221.

Tilly, K., Murialdo, H., Georgopoulos,C. P. (1981lfentification of a seconé&scherichia coli
groE gene whose product is necessary for bacteriophagghogenesisProceedings ofthe
National Academy of Sciences, UBA 1629-1633.

Trainor, V. C., Udy, R. K., Bremer, P. J., Cook, k. (2006): Survival of Streptococcus pyogenes
under stress and starvatiéiEMS Microbiology Letterd 76 (2), 421-428.

USDA (1999): Food Safety and Inspection ServicehefUnited States Department of Agriculture.
Guidebook for the preparation of HACCP plans.

Vaidyanathan, S. and Goodacre, R. (2005): Undeatstgnthe behavior of pathogenic cells:
proteome and metabolome analyses, 3-52. In: Uradelstg pathogen behavior, Virulence, stress
response and resistance, M. Griffiths (Ed.). Wagtoim D. C., CRC Press.

Van der Veen, S., Hain, T., Wouters, J. A., Hossdinde Vos, W. M., Abee, T., Chakraborty, T.,
Wells-Bennik, M. H. (2007): The heat shock respoofkisteria monocytogenesomprises genes
involved in heat shock, cell division, cell wallrgliesis, and the SOS respongérobiology 153,
3593-607.

Van Schaik, W., Gahan, C. G., Hill, C. (1999): AadaptedListeria monocytogenedisplays

enhanced tolerance against lantibiotics nisin actldin 3147 Journal of Food Protectio62 (5),
536-539.

117



Van Schaik, W., Zwietering, M. H., De Vos, W. M.cakbee, T. (2004): Identification af®-
dependent genes iBacillus cereusby proteome andh vitro transcription analysisJournal of
Bacteriology186, 4100-4109.

VanBogelen, R. A. (2003): Probing the molecular $pblpgy of the microbial organism,
Escherichia colusing proteomicsAdvances in Biochemical Engineering/Biotechnol8gy27-55.

Venturi, V. (2003): Control ofpoS transcription inEscherichia coliand Pseudomonaswhy so
different?Molecular Microbiology49, 1-9.

Villarreal, L., Heredia, N. L. and Garcia, S. (200Changes in similar protein synthesis and acid
tolerance inClostridium perfringengype A in response to acid shoditernational Microbiology
3, 113-116.

Villarroya, M., Perez-Roger, I., Macian, F., Armedg M. E. (1998): Stationary phase induction of
dnaN and recF, two genes BEcherichia coliinvolved in DNA replication and repalEMBO
Journal,1829-1837.

Vorob’eva, L. I. (2004): Stressors, stress reastiaand survival of bacteria: a reviedwpplied
Biochemistry and Microbiolog#0, 261-269.

Wada, M., Fujita, H., Itikawa, H. (1987). Genetigppression of a temperature sensitjreES
mutation by an altered subunit of RNA polymerase Esicherichia coliK-12. Journal of
Bacteriologyl169, 1102-1106.

Wada, M., Itikawa, H. (1984): Participation Bfeherichia coliK-12 groE gene products in the
synthesis of cellular DNA and RNAournal of Bacteriology57, 694-696.

Walsh, D., Sheridan, J. J., Duffy, G., Blair, I, $1cDowell, D. A. and Harrington, D. (2001):
Thermal resistance of wild type and antibiotic semntListeria monocytogenes meat and potato
substratesJournal of Applied Microbiolog®0, 555-560.

Way, S. S., Thompson, L. J., Lopes, J. E., HajjarM., Kollmann, T. R., Freitag, N. E., and
Wilson, C. B. (2004): Characterization of flagelliexpression and its role irListeria
monocytogeneisifection and immunityCellular Microbiology6, 235-242.

Wemekamp-Kamphuis, H., Wouters, J. A., de LeeuwR.PL. A., Hain, T., Chakraborty, T. and
Abee, T. (2004): Identification of Sigma FactSkcontrolled genes and their impact on acid stress.
high hydrostatic pressure and freeze survivalListeria monocytogene&GDe. Applied and
Environmental Microbiology 0 (6), 3457-3466.

Widmer, K. W., Soni, K., Hume, M., Beier, R. C.,sddhasan, P., and Pillai, S. D. 2007.
Identification of poultry meat-derived fatty acifisictioning as quorum sensing signal inhibitors to
autoinducer-2 (Al-2)Journal of Food Sciencg2, 363-368.

Wiedmann, M., Arvik, T. J., Hurley, R. J., Boor, K. (1998): General stress transcription factor
sigmaB and its role in acid tolerance and virulerueListeria monocytogeneslournal of
Bacteriology180 (14), 3650-3656.

Williams, N. C. and Ingham, S. C. (1997): Changebkeat resistance &scherichia coliO157:H7
following heat shockJournal of Food Protectio60, 1128-1131.

118



Wong, A. C. L. (1998): Biofilms in food processiegvironmentsJournal of Dairy Sciencél,
2765-2770.

Xavier, I. J. and Ingham, S. C. (1997): Increasedaldes forSalmonella enteritidiollowing heat
shock.Journal of Food Protectio60, 181-184.

Yates, J. R., Speicher, S., Griffin, P. R., Hunkapi T. (1993): Peptide Mass Maps: A Highly
Informative Approach to Protein Identificatiofinalytical Biochemistr214, 397-408.

Yoshida, M., Muneyuki, E., Hisabori, T. (2001): ABynthase- a marvellous rotary engine of the
cell. Nature Reviews Molecular Cell Biolo@y(9), 669-677.

Yousef, A. E. and Courtney, P. D. (2003): Basicsstnéss adaptation and implications in new-
generation foods, 1-310. In: Microbial stress adaph and food safety, A. E. Yousef and V. K.
Juneja (Eds.). Boca Raton, FL, CRC Press

Yuan, G, Wong, S.-L. (1995): Regulation@DE expression iBacillus subtilis The involvement
of the sigma A-like promoter and the roles of theerted repeat sequence (CIRCE)urnal of
Bacteriologyl77, 5427-5433.

Yuan, J. T. C. (2003): Modified atmosphere packgdor shelflife extension, 205-219. In: The
Microbial Safety of Minimally Processed Foods, JN®vak, G. M. Sapers, V. K. Juneja (Eds.).
Boca Raton, FL, CRC Press.

Zagory, D. (1999). Effects of post-processing hemgdbnd packaging on microbial populations.
Postharvest Biology and Technolotfy, 313-321.

Zhu, Y. F., Lee, K. L., Tang, K., Allman, S. L., feaenko, N. I. and Chen, C. H. (1995): Reuvisit of
MALDI for small proteinsRapid Communications in Mass Spectromé(3), 1315-1320.

Zuber, U., Schumann, W. (1994): CIRCE, a novel Beatk element involved in regulation of heat
shock operominaK of Bacillus subtilis Journal of Bacteriologyl 76, 1359-1363.

www.ncbi.nim.nih.gov/COG

http://gelbank.anl.gov/cgi-bin/proteomes/peptidarsk MWPI.pl

119



APPENDIX A

RNA ISOLATION FROM LISTERIA SPECIES FOR MICROARRAY
ANALYSIS

Cell Collection and RNeasy kit total RNA isolatiom Listeria Species for Microarray

*Modeled after Mark Kazmierczak’s original RNA Prefth RNeasy Midi Kit Instructions under

Microarray Protocols

**All spectrophotometer readings will be made witte Beckman spectrophotometer.
The minimum volume for disposable cuvettes is ~00but use 80@QL to account for bubbles.
Cell Collection

1.  After cells have reached desired growth phaseter akposure to stress, harvest cells by
adding 2 volumes of RNAprotect to 1 volume of ctdtWortex and incubate at RT for 5

minutes.
2. Pellet each treatment Beckman centrifuge at 5000 rpm for 5 minutes.

3. Remove supernatant by dumping, then with vacuumppBtore pellets at -80°C.

RNA Isolation

4. Prepare:
= 50 mg/mL lysozyme in TE Buffer. Keep on ice.
= 70% EtOH with DEPC-bD, aliquotted into 15 mL conical tubes. 4 mL per 1X
= Buffer RLT +p-mercaptoethanoBME). Per 1X, 4 mL RLT + 4@L BME

5. Thaw pellets at RTRoom Temperature)Resuspend each pellet w/ 200 of lysozyme-TE.
Pipet to mix.

6. Vortex tubes for 10s intervals, every 2 minutes I0rminutes total at RT to keep cells in

suspension. Put tubes on.ice
7. In chemical hood, add 3.9 mif RLT-BME to each tube. Vortex ~10 sec, then ice tube.

8.  Sonication treatment on ice. Program-4three 30-second sonication intervals (output 18-24

watts).
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10.
11.

After sonication, spin 5000 rpm, 5 min in Beckmanitifuge to pellet any cell debris.
Dump supernatants into tubes containing 4ohlZ0% EtOH. Vortex to mix.

In hood, transfer cell lysate to RNeasy Midi colu@mL/column capacity).

Spin for 3 min in Sorvall. (3200 rpm, 25°C). Disgdlow-through.

Repeat with remaining volume, spinning 5 minutes time. Discard flow-through.

Go to QIAGEN RNAprotect® Bacteria Reagent Handbpage 34, and follow the procedure from

point 2. to 6. and then come back to point 18. god can do the further steps based on this

protocol.

12.

13.

14.

15.
16.
17.
18.
19.

Pipet 2.0 mL of Buffer RW1 into the RNeasy colurhat stand for 5 minutes at RT.
Spin for 5 min in Sorvall (3200 rpm, 25°C) to washiscard flow-through.

Pipet 2.5 mL of RPE into each column. Spin 3 miawe3200 rpm. Discard flow-through.
Pipet 2.5 mL of RPE into each column. Spin 5 misa#e3200 rpm. Discard flow-through.

Place columns into a NEW collection tubes.

Pipet 200uL RNase-free KO onto membrane. Let stand 1 min. Spin 3200 rpm,r8 mi
Repeat step 21. Transfer RNA into chilled 1.5 mcnmeentrifuge tubes.

Quantify each RNA eluate separately w/ NanodropKENA on ICE. (5 pL)

Precipitate RNA from the final aqueous state (RMAwater) using 1/10 volume 3M Sodium
Acetate and 2.5 volumes of ice-cold EtOH (100%)r&hat -80°C.

DNase treatment and phenol:chloroform extractions

20.
21.
22.

23.

24.

Pellet RNA for 30 minutes at 12,000 rpm in cengéat 4°C. Decant supernatant.
Wash pellet w/ 80@L of 70% cold EtOH. Vortex briefly. Centrifuge 10 rpm, 20 min.
Decant supernatant. Quick spin, then further renk&t@H by pipetting (long pipet tips).
spin it again, then further remove EtOH by pipejtin
keep the tubes open to dry the pellet
add 100 puL RNase-free-B, resuspend the pellet take samples to NanoDrop
keep the tubes on ice
(Resuspend®ipellet in 175uL RNase-free K. Use that volume to resuspend any other tubes
of the same RNA.)

Add:  10uL RNasin (add immediately after resuspending i@H
25uL 10X DNase buffer
40pL RQ1 DNase
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25.
26.
27.

28.
29.
30.
31.
32.
33.

After adding each reagent, pipet briefly theokiliTAP to mix. DO NOT VORTEX!

Incubate at 1 hour at 37°C.

Transfer to screw-cap tube.

Mix w/ 0.5 volume phenol and 0.5 volume chlorofovortex 30 seconds.

*If using phase-lock gel tubes for subsequent stegpdy need to centrifuge for 5 min

Remember to centrifuge phase-lock gel tubes brgilyr to use.

Centrifuge for 20 minutes at 12,000 rpm.

Remove aqueous layer to new screw-cap tube.

Repeat steps 32-34 on aqueous layer.

Mix aqueous layer with equal volume of chlorofovartex 30 seconds.

Centrifuge 20 minutes at 12,000 rpm.

Precipitate aqueous layer with 1/10 volume 3M Swodicetate and 2.5 volumes of ice-cold
EtOH (100%). Store at -80°C.

Prior to microarray experiment, RNA integrity mum& checked via gel electrophoresis and purity

assessed by A260 and A280 readings with the Napodro
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APPENDIX B

PROTEIN ANALYSIS USING TWO DIMENSIONAL GEL
ELECTROPHORESIS

Extraction of soluble protein fraction from Listeria monocytogenes cells

- Take 1.5 mL of logarithmic phase grown culturd_.omonocytogenesells in micro centrifuge
tube.

- Centrifuge the tube at maximum rpm for 3 min.

- Discard the supernatant carefully

- Again add 1.5 mL of logarithmic phase grown cultofd.isteria monocytogenesells in the
same centrifuge tubes

- Centrifuge the tube at maximum rpm for 3 min.

- Discard the supernatant carefully.

- To ensure that supernatant is completely removed;entrifuge the pellet for 1 min and
remove leftover supernatant

- Total volume of culture centrifuges for one tubdl ¢ 3.0 mL
Cell lysis using B-per cell lysis buffer.

- Add 300 microliter of B-per cell lysis buffer inghmicro-centrifuge tube containing cell pellet.

- Vortex the content vigorously for 5 min.

- Centrifuge the tube at maximum rpm for 3 min

- Collect the supernatant and place into new micrdgridage tube. This content represents
soluble protein fraction.

- Discard the pellet

Protein clean-up using ReadyPrep 2-D cleanup kit

The purpose of using commercially available ReadyP2-D cleanup kit was to enhance the
suitability of prepared protein samples for 2DGErbglucing the ionic contamination. Moreover,
this procedure also results in concentration aftdd samples thereby allowing higher protein loads

during gel electrophoresis. The detailed procedsezl in the sample clean-up is as follow.

- Three hundred microliter of prepared soluble protektracts were mixed with 300L

precipitating agent 1 in eppendorf tube followedrgubation on ice for 15 min.
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At the end of incubation period, 3QQ. precipitating agent 2 was added to the mixture of
protein and precipitating agent 1 followed by propexing using vortexer and centrifugation
of the eppendorf tubes at maximum speed for 5 niime supernatants were removed
immediately and tubes were placed again for 1 m@ntrdugation. At the end of second
centrifugation any remaining supernatants were v&to

At this time point 40uL of wash reagent 1 on top of the pellet and tubere centrifuge at
maximum speed (>12,000 x g) for 5 min followed hgcdrding supernatant. After removing
supernatant, 2L of ultrapure water was added on the top of thdep@nd tubes were
vortexed for 30 sec (prepared protein pellet dagglissolve in water).

Protein pellets were further treated by adding 1ahprechilled (20°C) wash reagent 2ub

of wash 2 additive, and tubes were vortexed forid. mhe tubes were finally incubated at -
20°C for 30 min with intermediate vortexing at evef0 min. After the incubation period,
tubes were centrifuged at maximum speed for 5 mish supernatant was discarded. Tubes
were placed again for 1 min centrifugation to didcany remaining supernatants and formed

protein pellets were air dried for 5 min.

Resuspending protein pellet in sample/rehydration bffer.

The protein pellets achieved after step 3 were us#ds step.

Take 100 microliter of sample/ rehydration buffadae-suspend protein pellet into it.
Vortex very very vigorously for complete solubatina.

Centrifuge the content at maximum speed for 1 min.

Take out the supernatant portion in fresh tubedaschrd the tube containing cell debris.

The supernatant portion is ready to use for Bratbooassay

Bradford Bioassay.

Bradford bioassay for the protein quantificatiorsvpeerformed in a 96-well microtiter plate.

The Bradford assay is a colorimetric assay in whacidic solution of Bradford dye reagent

(Coomassie) shifts from 465 nm to 595 nm when Inigavith protein occurs. Increased absorbance

at 595 nm is proportional to the amount of bound dgd thereby to the amount of protein present

in the sample. The detailed procedure of the Bradfmoassay for the protein quantification is

described below.

In order to determine the protein concentratiommfnown samples, standard protein curve

was prepared using known protein concentrationtelRragtandards to prepare a standard curve were

prepared from known concentration of bovine serdburain (BSA). Protein standards were

prepared by dissolving different concentration88fA (0 to 2000 pg/mL) in deionized water. Five
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microliter of this prepared protein standards waiged with 200 uL of the Bradford dye reagent
and absorbance reading (580 nm) were reportedir@btabsorbance reading were plotted against
concentration of the protein standards using egpetad sheet and equation of line was derived.
To measure the concentration of unknown proteinpéasn known volume of protein sample was
mixed with 200 uL of the Bradford dye reagent abdagbances reading were obtained. Later the
protein concentrations from the unknown protein [gas were determined by solving the line

equation using A580 nm of the unknown protein sas\pl
Rehydration of the strips.

- Take 35 pg of protein load (based on Bradford assaigentration determination) and male
the total volume of 125 pL using rehydration buffieote, above mentioned concentration of
35 pg protein is for 7 cm IPG strips. When biggelsgare run for spot excision purpose the
protein load should be ~800 pg).

- Carefully overlay prepared 125 pL content in relayidn tray and put the IPG strips carefully
on this content. Overlay 1 mL of mineral oil to peat drying out of strips.

Focusing on IPG strips in first dimension.

- Remove the rehydrated strips from rehydration tag remove mineral oil by vertically
tapping on soft paper.

- Place small pieces of filter paper on focusing tetgctrodes to avoid burning of IPG strips
during ' dimension voltage application.

- Place strips on focusing tray, add 1 mL of mineialon strip and perform®idimensional
separation for desired voltage (S1: 500 V-h in 18,182: 4000 V-h in 2 h, S3: 24,000 V-h for
2.5 h, and holding at 500 V-h).

- Take out the IPG strips and try to remove minetidbyvertically tapping on tissue paper).
Equilibration of IPG strips.

- Add 150 mg of DTT in the *1 equilibration buffer tube (10 mL content) and diss it
completely

- Place the IPG strips in tube and shake it for 15 om shaker.

- Add 300 mg of iodoacetamide in thdZquilibration buffer tube (10 mL content) and
dissolve it completely

- Take the IPG strips fronttube and place it on'%tube. Shake it for another 15 minutes.
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SDS-PAGE for 2" dimensional separation.

- Use 10% SDS-PAGE gel to cast in 1 mm spacer gksanably (should not have comb). Add
methanol on the top of gel layer (immediately afieuring). Addition of methanol helps to
get straight top layer of gel.

- Insert the IPG strip carefully (should touch petiieto the top layer of SDS-PAGE gel) and
run for the second dimension on SDS- PAGE

- Condition for the SDS-PAGE: at 125 volts for 1 h.

Staining.

- After running the SDS-PAGE, take out the gels i@adl tray and wash it with water for 3
times (5 minutes each).

- Replace the water with fixing solution and fix e for 15 min.

- Add staining reagent (Sypro Ruby) and keep on stfak@vernight.

- Remove the staining reagent with washing solutiwhkeep on shaker for 15 min.

- Gels are ready for imaging.
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Recipes

Sample/rehydration buffer.

9.5M urea 579

2% CHAPS 200 mg
18mM DTT 0.05¢

0.5% ampholytes 50 microliter

1 tablet of protease inhibitor
Few grains of bromophenol blue

Make volume up to 10 mL and dissolve completely

Equilibration buffer.

50mM Tris- HCL, pH 8.8 6.7 mL of 1.5M
6M urea 729
2% SDS 49

Few grains of bromophenol blue

Make volume up to 200 mL and dissolve completely

Running buffer.

25mM Tris-base 39
192mM glycines 144¢g
0.1% SDS 1lg

Make volume up to 1 L and dissolve completely
Fixing solution.

50% methanol 500 mL
7% glacial acetic acid 70 mL

Make volume up to 1 L using DI water.
Washing solution.

10% methanol 100 mL
7% glacial acetic acid 70 mL

Make volume up to 1 L using DI water.
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