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INTRODUCTION

Thousands of people around the world die each fyear pathogen and toxin contaminated
foods. Pathogen contamination can occur at alltpdrom the proverbial “farm to the fork”.

Pathogens can be transmitted between humans, anithha@lenvironment, and foods through
air, water, soil, and also via contaminated or ioperly cleaned equipment. The food
industry is utilizing and exploring a variety ofUtdles” to prevent or eliminate pathogens
from foods and extend the shelf-life of foods. Téesclude reduction or elevation of
temperature, modifying the gas composition witheckages, use of ionizing radiation,
reduction of water activity, pH reduction, oxygesmoval, and use of bacteriocins and
preservatives. A majority of these techniques aedualone, or in combination to inhibit
pathogens and preserve foods to ensure their ifieeli-he response of food-borne bacterial
pathogens to stresses caused by these hurdle tegi@soor “stressors” is a concern. Some
stress responses can result in enhanced survimhlkineed virulence, and even cross

protection against multiple stressors.

Heat treatment is still one of the most commonlgdusood preservation techniques. Sub-
lethal heat stress (heat shock) or prior exposargéemperatures above optimal growth

temperatures can make the organism to become resistant to subsequent heat treatment
which, under normal conditions would have beendkethis stress response is termed
induced thermo-tolerance. The practical importasfaddermo-tolerance to food processors is
for food products that are heated to temperatue&scb65C. Thermo-tolerance can become

a concern for meat products kept on warming traferke a final heating or reheating step, or
when there is an interruption in the cooking cydleing food processing (due to equipment

failure).

Listeria monocytogends ubiquitous and can be found in soil, water, andood processing
equipments. The heat shock response and increlasedd-tolerance ih. monocytogenes

of particular concern to the Ready-To-Eat (RTE)dfaadustry because this pathogen has a
variety of genetically encoded survival mechanigimswithstand environmental stressors
such as heat, cold, salt, and acidic conditionsteMmportantly, this pathogen has a very

high case-fatality rate.



AIMS

The overall focus of my dissertation research veagdtter understand the stress adaptive
response irk.. monocytogeneduring sub-lethal temperature exposure. As pathisfstudy,

| also included an investigation of the applicabilbf combining low-dose irradiation with
modified atmosphere packaging to contrdl. monocytogenesin fresh produce.
The underlying hypothesis of my research was Lhstieria monocytogeneslicits unique
physiological, genomic, and proteomic responsepaas of its overall stress adaptation in
response to sub-lethal temperature stress. Thdispsgectives of my research were,

1. To evaluate the applicability of combining low-dogerradiation with Modified
Atmosphere Packaging (MAP) to contral monocytogenesn packaged fresh

produce

2. To understand the physiological responses Lof monocytogenedo sub-lethal

temperature stress conditions

3. To understand the transcriptomic response Lof monocytogeneso sub-lethal

temperature stress conditions

4. To understand the proteomic responsé&.ainonocytogene® sub-lethal temperature

stress conditions.

MATERIALS AND METHODS

Microorganisms Two strains ofListeria monocytogenesvere employed in the studies.

ThelL. monocytogenesab strain (No. 10), an avirulent strain (origigaiolated from meat)
was used in the first part of my work. Specificalilyis strain was used in therradiation
studies and the temperature tolerance studies. [Thenonocytogenesirulent strain,
ATCC 43256, was used in the studies performed aag&&M University in the United
States. Specifically, this strain was used in usid@ding the transcriptomic, proteomic, and
physiological responses of the pathogen when expbtse60°C heat treatment with and
without prior exposure to sub-lethal temperaturaditons. This virulent strain was also
used in determining the Viable But Non-CulturablBNC) state of the pathogen during

such temperature treatments.



Fresh-cut Produce and Modified Atmosphere Packa@it?P) Conditions Fresh alfalfa and

radish sprouts were obtained from a “Bio” shop udBpest. Alfalfa and radish sprouts (5 g)

were placed in CombiTherm80 bags, and flushed WRitHifferent gas mixtures namely
Gas Mixture #1 and Gas Mixture #2. The compositbGas Mixture #1 was oxygen-carbon
dioxide-nitrogen (2%-4%-94%) while that of Gas Mire #2 was 3-5 % oxygen and 10-15%

carbon dioxide balanced with nitrogen.

Irradiation Conditions Irradiation experiments were performed at roormgerature to

defined target doses (1 kGy and 2 kGy) using a ND8M Co® gamma irradiator at the
Institute for Radiobiology, Budapest. The dose datang they irradiation was 6.47 kGy/h.

After irradiation, the samples were stored refraged at 5 °C.

D-value DeterminationOvernight cultures were harvested by centrifugatand washed

twice with phosphate buffer. The washed cell susipenwas inoculated into Tryptic Soy

Broth (TSB). The TSB medium was used as the tedtibmdortions of the culture were

transferred into Eppendorf tubes. The samples wkreed in a thermostatically controlled
circulating water bath and exposed to 55°C (for2®, 30, 40, 50, and 60 min), 60°C (for 3,
6, 9, 12, 15, and 18 min) and 65°C (for 1, 2, 35,4and 6 min). The D-value of the strain at
55°C, 60°C, and 65°C was calculated.

Identification of Enhanced Heat Resistandée time-temperature combinations used for
sub-lethal heat stress was 46°C (for 30 and 60,mi®)C (for 30 and 60 min), and 50°C
(for 30 and 60 min). Based on the D-value, 60°Ct treamtment was chosen for identifying

the enhanced heat resistance. Portions of the Washtire were placed in TSB and exposed
to the sub-lethal heat stress conditions menti@tee. After exposure to the sub-lethal heat
stress, the samples were immediately transferred@6C water bath and exposed to°60
for 3, 6, 9, 12, and 15 minutes. The heat tread@dpses were immediately placed in an ice-
bath prior and serially diluted in a peptone-NaBb %) buffer. The diluted samples were
spread plated on Tryptic Soy Agar (TSA) and on Ti@&tes supplemented with 5% NaCl.
The aliquots were plated on the TSA+NaCl since ipress studies have shown that sub-
lethally heat injured cells were sensitive to Nallie difference in counts obtained on TSA

and TSA+NacCl provided information on the percentaeells that were heat-injured.



Viable but Non-Culturable State (VBNC) ofisteria monocytogenesThe virulent

L. monocytogenestrain (ATCC 43256) was used in this study. Thikuce was washed and
prepared as described earlier. The washed celle veesuspended in Luria Bertani broth
(LB). Portions of the washed culture were placeanicrofuge tubes for the different heat
treatments. The heat treatments were performed imalibrated water-bath. Three
experimental heat treatments were employed. Thelsamvere centrifuged, washed and re-
suspended in sterile water. Viability was quantifraicroscopically and using a fluorometer.
Portions of the washed bacterial cell suspensiom fthe test samples were placed in a 96-
well microplate. The commercially available fluoreace-based LIVE/DEAD BacLight™
dye was used to determine viability. For fluoresgespectroscopy, the two-stain solution
was freshly prepared. The staining solution waseddd 96-well plates containing the heat-
treated samples, and the samples incubated inatthefak 15 minutes. After incubation, the
samples were measured at two wavelengthss(And Asss) using a microplate-based
fluorometer.

The green/red fluorescence ratiossMHR (Asss/Asss) were calculated for each experimental
sample. For the direct microscopic examination,damples were mixed with the two-stain
dye mixture and incubated. The samples were amlymsing fluorescence microscopy.
The images were captured using a high resolutio® €&8mera. The percentage of viable
cells in each sample was calculated using imaglysieaThe ratio of green cells (live) and
red cells (dead) were determined on the numberesmgpixels and red pixels. Green and red

pixels above pixel intensities of 100 denoted avel dead cells respectively.

Microarray Analysis The virulentL. monocytogenestrain (ATCC 43256) was used in these

studies. Microarray analysis was performed to iderthe differentially expressed genes
during heat stress by comparing the transcriptoré..omonocytogenesinder varying
experimental temperature conditions. The four d#fifé experimental conditions namely:
(i) 37°C (control), (ii) heat shock at 60 (for 0 minute), (iii) prolonged heat shock at60
for 9 min, and (iv) thermo-tolerance inducing treant at 48C for 30 minutes followed by
exposure to 61 for 9 min were performed in a calibrated watethba

RNA Extraction, cDNA Synthesis, Hybridization anatedDAnalysis Total microbial RNA
was extracted from the samples after the applied tieatments using a commercial RNA
extraction kit. The standard operating protocolSlo¢ Institute of Genomic Research (TIGR,
USA) were followed with slight modifications for &DA synthesis, labeling, and
hybridization. Total RNA was used to synthesize éDbsing a random primer for reverse



transcription. Purified cDNAs from the experimensaimples were each labeled with Cy-3
mono-Reactive Dye and Cy-5 mono-Reactive Dye. Hibeled cDNA from the treatment
and control samples were used to hybridizenonocytogenegenome microarrays (CDNA
arrays with 2846 open reading frames each, witbpliaate spots per ORF). Hybridization
was performed overnight at 42°C and the slides wershed and scanned at 532 nm (Cy3
channel) and 635 nm (Cy5 channel). The data framtimfive individual experiments (4 to 5
slides per experiment including dye swap) wereialtyt filtered for spot quality (signal
uniformity, signal to background ratio, threshofdeinsity). The array data were normalized
and their statistical significance was evaluated.identify genes differentially expressed
between different treatment groups, a Studdriest was performed and the FDR (False
Discovery Rate) was calculated. Genes with FDR<@@Be considered as differentially

expressed between the experimental sample andtheksample.

Proteomic AnalysisThe virulentL. monocytogenestrain (ATCC 43256) was used in these

studies. The four heat treatments were performedkeasribed earlier. The protein fractions
were extracted from each sample using a comméktial combination with sonication and
an ultrasonic cell disruptor. The proteins werenthmurified and concentrations were
quantified. For the °1 dimensional electrophoresis, the isoelectric fomuf 7-cm and
11-cm IPG strips was conducted at a linear voltggadient with 24,000 final V-h and
56,000 final VV-h, respectively. Th@limensional electrophoresis was performed usifg 10
SDS—polyacrylamide gel electrophoresis (PAGE) Jéle protein spots were visualized
using commercial staining kits and the gels weeglder spot excisions.

Data Analysis The gels were scanned using commercially avalabiftware and the raw
images were analyzed using the commercial softwéce.analyze the proteome under
thermo-tolerance and heat shock conditions, theefr@xpression pattern observed at@7
was compared against the other treatments namge§O{C for O minute, (ii) the 60°C for
9 min treatment, and (iii) the 48°C for 30 min @nlled by 60°C for 9 min treatment.
Only those spots with spot intensities exhibitiriga=fold change difference were picked for
MALDI-TOF identification.

MALDI-TOF Identification The protein spots of interest were manually esctiand digested
with trypsin. The digested samples were spotted o onmhatrix-assisted laser
desorption/ionization (MALDI) targets. The mass @pametry (MS) data for each gel spot
was acquired using the reflection detector andadém MS spectra per spot were acquired.

All MS and MS/MS data were queried against the Swisot protein sequence database



using commercial software. To verify the reprodiitibof the MALDI-MS data, 10 protein

spots were re-analyzed.

RESULTS

Effect of MAP andy Irradiation on Shelf-life and Survival and GrowthL. monocytogenes

The total aerobic plate count (TPC) of MAP radisl alfalfa sprouts (in Gas Mixture #hd
Gas Mixture #2) was high starting at aboul ©FU/g at the beginning of the study. Majority
of the bacteria belonged to tEaterobacteriaceaéamily. The numbers of LAB was two log
cycles higher on radish sprouts in Gas MixtureBilring 10 days of storage at 5°C, (due to
elevated CQ content within the packages) the LAB were abléntoease by one log unit,
while number ofEnterobacteriaceagemained steady. The Gas Mixture #1 appeared to be
more effective at reducing the numbers of microoigas. The composition of the Gas
Mixture #2 did not appear to reduce the initialdeof microorganisms. Neither were there
increases in the population numbers. Gammair(adiation of MAP sprouts with 1 and
2 kGy reduced the numbers of both the total aerbbteria andEnterobacteriaceaeThe
Dig-value for the avirulent. monocytogenestrain 4alwas 0.58 kGy under Gas Mixture #1,
and the Qg-value was 0.45 kGy under Gas Mixture #2 conditidmadiation appeared to be
less effective on the test strain in case of MAR@as (Gas Mixture #1) as compared to air
packaged sprout samples;(£0.46 kGy). Thd.. monocytogenestrain multiplied after MAP

irradiation with 1 kGy and during refrigerated stge. The numbers increased by 2 log units.

Enhanced Heat Resistandéde D-values of.. monocytogenedab at 55°C, 60°C, and 65°C
were calculated to be 15.19 min®#R.93), 3.03 min (R=0.98) and 1.29 min (0.947),
respectively. Exposing the strain to two differdntations (30 min and 60 min) of sub-lethal

temperatures enhanced the survival of this strai&C. The DQgvalue after 30 min
exposure at £& was 5.24 min as compared to 16.18 min after axpa® 60 min at 4%.
Similarly, the Qgvalue after 30 min and 60 min exposure atGl&vas 6.72 min and
14.83 min. However, the dpvalue was 13.88 min and 11.16 min after 30 min @ddnin
exposure at 50°C, respectively. The enhanced bemtance of thik. monocytogenestrain
was particularly evident when the cells were exddse30 min at 48C, 48C and 50C. The
Dgo-value increased from 5.24 minutes to 13.88 minuEgposure to 60 minutes at the sub-
lethal temperature overall appeared to retard hatsurvival. As compared to the;gvalue

when the cells were pre-exposed for 60 min at 48€,Dx0-value decreased to 11.16 min



after pre-exposure to 50°C for 60 minutes. Exposorsub-lethal temperatures caused heat
injury in this L. monocytogenestrain (based on the TSA and TSA+NaCl plate coafter

30 min and 60 min of sub-lethal pre-exposure atC4648C and 50C). There were
significant differences in the bacterial numbersaoted on the TSA plates and TSA plates
that were amended with NaCl, suggesting heat injalgting onto TSA supplemented with
5% NaCl was also performed after direct 60°C heasatinent. However, there was no
difference between the numbers obtained on TSAamspared to TSA+NaCl plates in

samples from this treatment.

VBNC State During Heat Stress in monocytogenesThe D-value ofL. monocytogenes
ATCC 43256 strain at 55°C, 60°C and 65°C was 17n@9 (R*=0.95), 3.74 min (B=0.96),
3.15 min (R=0.89), respectively. Pre-exposure to sub-lethaptrature of 48°C for 30 min

increased the D-values at 60°C. Thg-izalue (based only on the linear portion of thevelr
changed from 3.74 minutes to 4.55 minutesnonocytogene@TCC 43256) when exposed
to 60°C resulted in >2 log (~ 99%) reduction of cultuealgells at the end of 9 minutes.
When the cells were pre-exposed td@8or 30 minutes prior to 8C heat treatment for

9 minutes, there was <2 log (99%) reduction. Howewhen these same samples were
analyzed for % viability using the commercially dable LIVE/DEAD BacLight™ staining
reagents, the results were significantly differ@&dsed on the fluorescence microplate read-
out, there was no change in % viability even aftaposure to 9 minutes at 60°C.
The % viability remained at 100%. Based on theatfliraicroscopic examination as well,
there was only minimal reduction in viability. Wheine cells were exposed to 60°C for
9 minutes there was approximately only 1% reducimowability based on the LIVE/DEAD
BacLight™ viability assay. When the cells were prposed to 48°C for 30 minutes prior to
60°C exposure for 9 minutes, the viability was i@etiiby only 0.9%.

Differential Expression of Genes During Heat Striesk. monocytogenesWhen the cells

were exposed to: (i) 8@ heat shock conditions, 91 out of 6347 genes @)L.Were
differentially expressed, 55 genes were up-regdlaed 36 genes were down-regulated,
(i) 60°C for 9 minutes (prolonged heat shock), 80 out 347 (1.2%) were differentially
expressed 0.05) as compared to 32, 20 genes were up-regulated and 60 genes were
down-regulated, (iii) thermo-tolerance inducing dibions (48°C for 30 minutes prior to
60°C for 9 minutes), 71 genes (1.1%) were diffaedigt expressed, 17 genes were up-
regulated and 54 genes were down-regulated. A maj¢80%) of the differentially

expressed genes were up-regulated &C6fbr 0 minute as compared to being down-
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regulated when the cells were exposed to prolorgEat exposure and thermo-tolerance
inducing conditions (75% and 76%, respectively)lyQ® genes were commonly expressed
across the 3 different temperature treatments. €lleas only one gene, (coding for a
hypothetical protein with an unknown function) whiwvas commonly expressed between the
prolonged heat exposure (60°C for 9 min) condiiod the thermo-tolerance inducing (48°C
30 min followed by 60°C for 9 min) condition. Howay this gene was up-regulated when
exposed to sub-lethal temperature prior to heabsxe as compared to a down regulation
when exposed to 8Q for 9 minutes directly. All the other 9 genes lsathilar expression

patterns between the heat shock (60°C for O mirartd)prolonged heat exposure condition.

Differential Expression of Protein During Heat $S8e in L. monocytogenes

A high stringency cut-off was used to ensure that protein identifications were accurate.
Only those proteins that provided a Cl (Confidemcterval) of >95% was assigned an
identity. Proteins with a CI<95% were deemed “m@ntified”. Out of 47 proteins that were
differentially expressed (>+1.5-fold difference)den heat shock, prolonged heat shock and
thermo-tolerance inducing conditions, 24 proteiagld not be identified by the techniques
employed in this study. Eighteen proteins wereedéhtially expressed (6 proteins up-
regulated and 12 proteins down-regulated) whers eedire exposed to B0 for 0 minute as
compared to 3. Out of the 18 proteins that were differentiakpressed, 6 proteins were
unidentified. One of the proteins, Chaperonin GrofaLheat shock protein) was down-
regulated by as much as 4-fold. When the cells vesq@osed to 6@ for 9 minutes as
compared to 3T, 21 proteins (12 were up-regulated and 9 werend@gulated) were
differentially expressed. One of the unidentifiedtpins (MW of 60.9) was up-regulated by
as much as 6.8-fold. Under thermo-tolerance-inducomditions, out of the 20 proteins were
differentially expressed, 10 proteins were up-ratgd and 10 were down-regulated as
compared to proteins expressed at@70ne unidentified protein (MW 29.2) was up-
regulated by as much as 12-fold. There was only mma¢ein (MW of 50) that was up-
regulated across all the three temperature treasmilio proteins were commonly expressed
in cells exposed to heat shock at 60°C for 0 mimgecompared to prolonged heat shock
(60°C for 9 min). There was only one protein, tagatl,6-diphosphate aldolase (involved in
carbohydrate transport and metabolism) that wasegplated during both thermo-tolerance
and heat shock. Eight different proteins (rangmyIW between 19 kDa and 62.5 kDa) were
commonly expressed at both the thermo-tolerancacind, and the prolonged heat stress
conditions. However, none of these proteins weeatiflable.



NEW SCIENTIFIC RESULTS

1. Combination of Modified Atmosphere Packaging (MARith 2 kGy of ) gamma
irradiation reduces the natural bioburden of frahlfa and radish sprouts to low levels,
and improves microbiological safety and shelf-lifeThe Dgvalue of
L. monocytogenedab strain on alfalfa sprouts was found to be betw0.46 kGy (when
packaged in a gas mixture containing 3-5% oxygénl3% carbon dioxide and balanced
with nitrogen) and 0.58 kGy when packaged in angexiycarbon dioxide-nitrogen (2%-
4%-94%) gas mixture.

2. Enhanced heat resistance was demonstrated irLtwoonocytogenestrains (4ab and
ATCC 43256) when they were exposed to sub-lethal benditions. The heat resistance
of the strains was higher when exposed to 48°C3forminutes followed by 60°C
treatment conditions as compared to a direct 6@%& treatment. The D-value increased
from 3.03 min to 6.72 min in case bf monocytogened4ab, and from 3.74 minutes to
4.55 minutes irL.. monocytogene&TCC 43256.

3. This is the first report demonstrating thatmonocytogenedifferentially expresses genes
when exposed to sub-lethal heat conditions as codpa a direct heat stress. When the
transcriptome of.. monocytogenesnder optimal temperature (37) was used as base-
line, heat shock (6@ for 0 minute) caused the up-regulation of 55 gefi@venty (20)
genes were up-regulated at prolonged heat shodlC(6fr 9 minutes) conditions, and
17 genes were up-regulated under thermo-tolerartiecing (48C for 30 minutes prior

to exposure to 6@ for 9 minutes) conditions.

4. This study has demonstrated for the first time thalb-lethal temperature (48°C for
30 min) induces the over expression of unique hstaess-related proteins in
L. monocytogeneATCC 43256 Eighteen different proteins were differentially esgsed
at 60C for 0 minute, 21 proteins were differentially esgsed when the cells were
exposed to 61C for 9 minutes, and 20 proteins were differenfiakpressed when cells

were initially exposed to 4& for 30 minutes prior to 8C for 9 minutes.

5. My dissertation has demonstrated thatmonocytogene&TCC 43256 is capable of
entering into a viable but non-culturable (VBNChddion when exposed to sub-lethal

temperature conditions. When the cells were exposetBC for 30 minutes prior to



exposure for 9 minutes at 8D, only 1% was viable (per culture methods) as amexgbto

greater than 99% viability (based on a microscobility assay).

SUGGESTIONS

. Further studies are necessary to optimize MAP ¢mmdi packaged fresh produce to
prevent the potential growth of surviving pathogensh asL.. monocytogeneduring

storage.

. It is recommended that culture media for enumemnatd L. monocytogenes heat
processed foods be carefully chosen to avoid abgimisleadingly low counts arising

from VBNC state microorganisms.

. My results suggest that the current culture-plaéseld detection methods could be
significantly underestimating the actual numbersiable Listeria spp. in heat processed
foods. More research needed to better understand WBNC state of
L. monocytogenem foods and develop appropriate detection toomldédtect cells in the
VBNC state.

. Additional research is needed to better understdma functional genomics and
proteomics ofL. monocytogeneso that different food processing techniques can b
attributed to specific changes in pathogen fungtionrulence, or phenotype.

A better understanding can help in designing eiffedturdle technologies.

. Predictive modeling to link microarray and proteorsiudies should be pursued. Such as
a systems biology based approach will greatly helprove our understanding of the
ecology ofL. monocytogeneasuring food processing.
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