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INTRODUCTION
Thousands of people around the world die each year from pathogen and toxin contaminated
foods. Pathogen contamination can occur at all points from the proverbial “farm to the fork”.
Pathogens can be transmitted between humans, animals, the environment, and foods through
air, water, soil, and also via contaminated or improperly cleaned equipment. The food
industry is utilizing and exploring a variety of “hurdles” to prevent or eliminate pathogens
from foods and extend the shelf-life of foods. These include reduction or elevation of
temperature, modifying the gas composition within packages, use of ionizing radiation,
reduction of water activity, pH reduction, oxygen removal, and use of bacteriocins and
preservatives. A majority of these techniques are used alone, or in combination to inhibit
pathogens and preserve foods to ensure their shelf-life. The response of food-borne bacterial
pathogens to stresses caused by these hurdle technologies or “stressors” is a concern. Some
stress responses can result in enhanced survival, enhanced virulence, and even cross
protection against multiple stressors.
Heat treatment is still one of the most commonly used food preservation techniques. Sublethal heat stress (heat shock) or prior exposure to temperatures above optimal growth
temperatures can make the organism to become more resistant to subsequent heat treatment
which, under normal conditions would have been lethal. This stress response is termed
induced thermo-tolerance. The practical importance of thermo-tolerance to food processors is
for food products that are heated to temperatures below 65°C. Thermo-tolerance can become
a concern for meat products kept on warming trays before a final heating or reheating step, or
when there is an interruption in the cooking cycle during food processing (due to equipment
failure).
Listeria monocytogenes is ubiquitous and can be found in soil, water, and on food processing
equipments. The heat shock response and increased thermo-tolerance in L. monocytogenes is
of particular concern to the Ready–To-Eat (RTE) food industry because this pathogen has a
variety of genetically encoded survival mechanisms to withstand environmental stressors
such as heat, cold, salt, and acidic conditions. More importantly, this pathogen has a very
high case-fatality rate.
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AIMS
The overall focus of my dissertation research was to better understand the stress adaptive
response in L. monocytogenes during sub-lethal temperature exposure. As part of this study,
I also included an investigation of the applicability of combining low-dose irradiation with
modified atmosphere packaging to control L. monocytogenes in fresh produce.
The underlying hypothesis of my research was that Listeria monocytogenes elicits unique
physiological, genomic, and proteomic responses as part of its overall stress adaptation in
response to sub-lethal temperature stress. The specific objectives of my research were,
1. To evaluate the applicability of combining low-dose γ irradiation with Modified
Atmosphere Packaging (MAP) to control L. monocytogenes in packaged fresh
produce
2. To understand the physiological responses of L. monocytogenes to sub-lethal
temperature stress conditions
3. To understand the transcriptomic response of L. monocytogenes to sub-lethal
temperature stress conditions
4. To understand the proteomic response of L. monocytogenes to sub-lethal temperature
stress conditions.

MATERIALS AND METHODS
Microorganisms: Two strains of Listeria monocytogenes were employed in the studies.
The L. monocytogenes 4ab strain (No. 10), an avirulent strain (originally isolated from meat)
was used in the first part of my work. Specifically, this strain was used in the γ irradiation
studies and the temperature tolerance studies. The L. monocytogenes virulent strain,
ATCC 43256, was used in the studies performed at Texas A&M University in the United
States. Specifically, this strain was used in understanding the transcriptomic, proteomic, and
physiological responses of the pathogen when exposed to 60°C heat treatment with and
without prior exposure to sub-lethal temperature conditions. This virulent strain was also
used in determining the Viable But Non-Culturable (VBNC) state of the pathogen during
such temperature treatments.
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Fresh-cut Produce and Modified Atmosphere Packaging (MAP) Conditions: Fresh alfalfa and
radish sprouts were obtained from a “Bio” shop in Budapest. Alfalfa and radish sprouts (5 g)
were placed in CombiTherm80 bags, and flushed with 2 different gas mixtures namely
Gas Mixture #1 and Gas Mixture #2. The composition of Gas Mixture #1 was oxygen-carbon
dioxide-nitrogen (2%-4%-94%) while that of Gas Mixture #2 was 3-5 % oxygen and 10-15%
carbon dioxide balanced with nitrogen.
Irradiation Conditions: Irradiation experiments were performed at room temperature to
defined target doses (1 kGy and 2 kGy) using a NORATOM Co60 gamma irradiator at the
Institute for Radiobiology, Budapest. The dose rate during the γ irradiation was 6.47 kGy/h.
After irradiation, the samples were stored refrigerated at 5 °C.
D-value Determination: Overnight cultures were harvested by centrifugation and washed
twice with phosphate buffer. The washed cell suspension was inoculated into Tryptic Soy
Broth (TSB). The TSB medium was used as the test matrix. Portions of the culture were
transferred into Eppendorf tubes. The samples were placed in a thermostatically controlled
circulating water bath and exposed to 55°C (for 10, 20, 30, 40, 50, and 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). The D-value of the strain at
55°C, 60°C, and 65°C was calculated.
Identification of Enhanced Heat Resistance: The time-temperature combinations used for
sub-lethal heat stress was 46°C (for 30 and 60 min), 48°C (for 30 and 60 min), and 50°C
(for 30 and 60 min). Based on the D-value, 60°C heat treatment was chosen for identifying
the enhanced heat resistance. Portions of the washed culture were placed in TSB and exposed
to the sub-lethal heat stress conditions mentioned above. After exposure to the sub-lethal heat
stress, the samples were immediately transferred to a 60°C water bath and exposed to 60°C
for 3, 6, 9, 12, and 15 minutes. The heat treated samples were immediately placed in an icebath prior and serially diluted in a peptone-NaCl (0.85 %) buffer. The diluted samples were
spread plated on Tryptic Soy Agar (TSA) and on TSA plates supplemented with 5% NaCl.
The aliquots were plated on the TSA+NaCl since previous studies have shown that sublethally heat injured cells were sensitive to NaCl. The difference in counts obtained on TSA
and TSA+NaCl provided information on the percentage of cells that were heat-injured.
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Viable but Non-Culturable State (VBNC) of Listeria monocytogenes: The virulent
L. monocytogenes strain (ATCC 43256) was used in this study. The culture was washed and
prepared as described earlier. The washed cells were re-suspended in Luria Bertani broth
(LB). Portions of the washed culture were placed in microfuge tubes for the different heat
treatments. The heat treatments were performed in a calibrated water-bath. Three
experimental heat treatments were employed. The samples were centrifuged, washed and resuspended in sterile water. Viability was quantified microscopically and using a fluorometer.
Portions of the washed bacterial cell suspension from the test samples were placed in a 96well microplate. The commercially available fluorescence-based LIVE/DEAD BacLight™
dye was used to determine viability. For fluorescence spectroscopy, the two-stain solution
was freshly prepared. The staining solution was added to 96-well plates containing the heattreated samples, and the samples incubated in the dark for 15 minutes. After incubation, the
samples were measured at two wavelengths (A535 and A635) using a microplate-based
fluorometer.
The green/red fluorescence ratios (RG/R) (A535/A635) were calculated for each experimental
sample. For the direct microscopic examination, the samples were mixed with the two-stain
dye mixture and incubated. The samples were analyzed using fluorescence microscopy.
The images were captured using a high resolution CCD camera. The percentage of viable
cells in each sample was calculated using image analysis. The ratio of green cells (live) and
red cells (dead) were determined on the number of green pixels and red pixels. Green and red
pixels above pixel intensities of 100 denoted live and dead cells respectively.
Microarray Analysis: The virulent L. monocytogenes strain (ATCC 43256) was used in these
studies. Microarray analysis was performed to identify the differentially expressed genes
during heat stress by comparing the transcriptome of L. monocytogenes under varying
experimental temperature conditions. The four different experimental conditions namely:
(i) 37°C (control), (ii) heat shock at 60°C (for 0 minute), (iii) prolonged heat shock at 60°C
for 9 min, and (iv) thermo-tolerance inducing treatment at 48°C for 30 minutes followed by
exposure to 60°C for 9 min were performed in a calibrated water-bath.
RNA Extraction, cDNA Synthesis, Hybridization and Data Analysis: Total microbial RNA
was extracted from the samples after the applied heat treatments using a commercial RNA
extraction kit. The standard operating protocols of The Institute of Genomic Research (TIGR,
USA) were followed with slight modifications for cDNA synthesis, labeling, and
hybridization. Total RNA was used to synthesize cDNA using a random primer for reverse
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transcription. Purified cDNAs from the experimental samples were each labeled with Cy-3
mono-Reactive Dye and Cy-5 mono-Reactive Dye. The labeled cDNA from the treatment
and control samples were used to hybridize L. monocytogenes genome microarrays (cDNA
arrays with 2846 open reading frames each, with 4 replicate spots per ORF). Hybridization
was performed overnight at 42°C and the slides were washed and scanned at 532 nm (Cy3
channel) and 635 nm (Cy5 channel). The data from four to five individual experiments (4 to 5
slides per experiment including dye swap) were initially filtered for spot quality (signal
uniformity, signal to background ratio, threshold intensity). The array data were normalized
and their statistical significance was evaluated. To identify genes differentially expressed
between different treatment groups, a Student's t-test was performed and the FDR (False
Discovery Rate) was calculated. Genes with FDR<0.05 were considered as differentially
expressed between the experimental sample and the control sample.
Proteomic Analysis: The virulent L. monocytogenes strain (ATCC 43256) was used in these
studies. The four heat treatments were performed as described earlier. The protein fractions
were extracted from each sample using a commercial kit in combination with sonication and
an ultrasonic cell disruptor. The proteins were then purified and concentrations were
quantified. For the 1st dimensional electrophoresis, the isoelectric focusing of 7-cm and
11-cm IPG strips was conducted at a linear voltage gradient with 24,000 final V-h and
56,000 final V-h, respectively. The 2nd dimensional electrophoresis was performed using 10%
SDS–polyacrylamide gel electrophoresis (PAGE) gel. The protein spots were visualized
using commercial staining kits and the gels were used for spot excisions.
Data Analysis: The gels were scanned using commercially available software and the raw
images were analyzed using the commercial software. To analyze the proteome under
thermo-tolerance and heat shock conditions, the protein expression pattern observed at 37°C
was compared against the other treatments namely: (i) 60°C for 0 minute, (ii) the 60°C for
9 min treatment, and (iii) the 48°C for 30 min followed by 60°C for 9 min treatment.
Only those spots with spot intensities exhibiting ±1.5-fold change difference were picked for
MALDI-TOF identification.
MALDI-TOF Identification: The protein spots of interest were manually excised and digested
with

trypsin.

The

digested

samples

were

spotted

onto

matrix-assisted

laser

desorption/ionization (MALDI) targets. The mass spectrometry (MS) data for each gel spot
was acquired using the reflection detector and 20 tandem MS spectra per spot were acquired.
All MS and MS/MS data were queried against the Swiss-Prot protein sequence database
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using commercial software. To verify the reproducibility of the MALDI-MS data, 10 protein
spots were re-analyzed.

RESULTS
Effect of MAP and γ Irradiation on Shelf-life and Survival and Growth of L. monocytogenes:
The total aerobic plate count (TPC) of MAP radish and alfalfa sprouts (in Gas Mixture #1 and
Gas Mixture #2) was high starting at about 109 CFU/g at the beginning of the study. Majority
of the bacteria belonged to the Enterobacteriaceae family. The numbers of LAB was two log
cycles higher on radish sprouts in Gas Mixture #1. During 10 days of storage at 5°C, (due to
elevated CO2 content within the packages) the LAB were able to increase by one log unit,
while number of Enterobacteriaceae remained steady. The Gas Mixture #1 appeared to be
more effective at reducing the numbers of microorganisms. The composition of the Gas
Mixture #2 did not appear to reduce the initial level of microorganisms. Neither were there
increases in the population numbers. Gamma (γ) irradiation of MAP sprouts with 1 and
2 kGy reduced the numbers of both the total aerobic bacteria and Enterobacteriaceae. The
D10-value for the avirulent L. monocytogenes strain 4ab was 0.58 kGy under Gas Mixture #1,
and the D10-value was 0.45 kGy under Gas Mixture #2 conditions. Irradiation appeared to be
less effective on the test strain in case of MAP samples (Gas Mixture #1) as compared to air
packaged sprout samples (D10=0.46 kGy). The L. monocytogenes strain multiplied after MAP
irradiation with 1 kGy and during refrigerated storage. The numbers increased by 2 log units.
Enhanced Heat Resistance: The D-values of L. monocytogenes 4ab at 55°C, 60°C, and 65°C
were calculated to be 15.19 min (R2=0.93), 3.03 min (R2=0.98) and 1.29 min (R2=0.947),
respectively. Exposing the strain to two different durations (30 min and 60 min) of sub-lethal
temperatures enhanced the survival of this strain at 60°C. The D60-value after 30 min
exposure at 46°C was 5.24 min as compared to 16.18 min after exposure to 60 min at 46°C.
Similarly, the D60-value after 30 min and 60 min exposure at 48°C was 6.72 min and
14.83 min. However, the D60-value was 13.88 min and 11.16 min after 30 min and 60 min
exposure at 50°C, respectively. The enhanced heat resistance of this L. monocytogenes strain
was particularly evident when the cells were exposed to 30 min at 46°C, 48°C and 50°C. The
D60-value increased from 5.24 minutes to 13.88 minutes. Exposure to 60 minutes at the sublethal temperature overall appeared to retard bacterial survival. As compared to the D60-value
when the cells were pre-exposed for 60 min at 46°C, the D60-value decreased to 11.16 min
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after pre-exposure to 50°C for 60 minutes. Exposure to sub-lethal temperatures caused heat
injury in this L. monocytogenes strain (based on the TSA and TSA+NaCl plate counts after
30 min and 60 min of sub-lethal pre-exposure at 46°C, 48°C and 50°C). There were
significant differences in the bacterial numbers obtained on the TSA plates and TSA plates
that were amended with NaCl, suggesting heat injury. Plating onto TSA supplemented with
5% NaCl was also performed after direct 60°C heat treatment. However, there was no
difference between the numbers obtained on TSA as compared to TSA+NaCl plates in
samples from this treatment.
VBNC State During Heat Stress in L. monocytogenes: The D-value of L. monocytogenes
ATCC 43256 strain at 55°C, 60°C and 65°C was 17.39 min (R2=0.95), 3.74 min (R2=0.96),
3.15 min (R2=0.89), respectively. Pre-exposure to sub-lethal temperature of 48°C for 30 min
increased the D-values at 60°C. The D60-value (based only on the linear portion of the curve)
changed from 3.74 minutes to 4.55 minutes. L. monocytogenes (ATCC 43256) when exposed
to 60°C resulted in >2 log (~ 99%) reduction of culturable cells at the end of 9 minutes.
When the cells were pre-exposed to 48°C for 30 minutes prior to 60°C heat treatment for
9 minutes, there was <2 log (99%) reduction. However, when these same samples were
analyzed for % viability using the commercially available LIVE/DEAD BacLight™ staining
reagents, the results were significantly different. Based on the fluorescence microplate readout, there was no change in % viability even after exposure to 9 minutes at 60°C.
The % viability remained at 100%. Based on the direct microscopic examination as well,
there was only minimal reduction in viability. When the cells were exposed to 60°C for
9 minutes there was approximately only 1% reduction in viability based on the LIVE/DEAD
BacLight™ viability assay. When the cells were pre-exposed to 48°C for 30 minutes prior to
60°C exposure for 9 minutes, the viability was reduced by only 0.9%.
Differential Expression of Genes During Heat Stress in L. monocytogenes: When the cells
were exposed to: (i) 60°C heat shock conditions, 91 out of 6347 genes (~1.4%) were
differentially expressed, 55 genes were up-regulated and 36 genes were down-regulated,
(ii) 60°C for 9 minutes (prolonged heat shock), 80 out of 6347 (1.2%) were differentially
expressed (p≤0.05) as compared to 37°C, 20 genes were up-regulated and 60 genes were
down-regulated, (iii) thermo-tolerance inducing conditions (48°C for 30 minutes prior to
60°C for 9 minutes), 71 genes (1.1%) were differentially expressed, 17 genes were upregulated and 54 genes were down-regulated. A majority (60%) of the differentially
expressed genes were up-regulated at 60°C for 0 minute as compared to being down7

regulated when the cells were exposed to prolonged heat exposure and thermo-tolerance
inducing conditions (75% and 76%, respectively). Only 10 genes were commonly expressed
across the 3 different temperature treatments. There was only one gene, (coding for a
hypothetical protein with an unknown function) which was commonly expressed between the
prolonged heat exposure (60°C for 9 min) condition and the thermo-tolerance inducing (48°C
30 min followed by 60°C for 9 min) condition. However, this gene was up-regulated when
exposed to sub-lethal temperature prior to heat exposure as compared to a down regulation
when exposed to 60°C for 9 minutes directly. All the other 9 genes had similar expression
patterns between the heat shock (60°C for 0 minute) and prolonged heat exposure condition.
Differential

Expression

of

Protein

During

Heat

Stress

in

L.

monocytogenes:

A high stringency cut-off was used to ensure that the protein identifications were accurate.
Only those proteins that provided a CI (Confidence Interval) of >95% was assigned an
identity. Proteins with a CI<95% were deemed “not identified”. Out of 47 proteins that were
differentially expressed (>±1.5-fold difference) under heat shock, prolonged heat shock and
thermo-tolerance inducing conditions, 24 proteins could not be identified by the techniques
employed in this study. Eighteen proteins were differentially expressed (6 proteins upregulated and 12 proteins down-regulated) when cells were exposed to 60°C for 0 minute as
compared to 37°C. Out of the 18 proteins that were differentially expressed, 6 proteins were
unidentified. One of the proteins, Chaperonin GroEL (a heat shock protein) was downregulated by as much as 4-fold. When the cells were exposed to 60°C for 9 minutes as
compared to 37°C, 21 proteins (12 were up-regulated and 9 were down-regulated) were
differentially expressed. One of the unidentified proteins (MW of 60.9) was up-regulated by
as much as 6.8-fold. Under thermo-tolerance-inducing conditions, out of the 20 proteins were
differentially expressed, 10 proteins were up-regulated and 10 were down-regulated as
compared to proteins expressed at 37°C. One unidentified protein (MW 29.2) was upregulated by as much as 12-fold. There was only one protein (MW of 50) that was upregulated across all the three temperature treatments. No proteins were commonly expressed
in cells exposed to heat shock at 60°C for 0 minute as compared to prolonged heat shock
(60°C for 9 min). There was only one protein, tagatose 1,6-diphosphate aldolase (involved in
carbohydrate transport and metabolism) that was up-regulated during both thermo-tolerance
and heat shock. Eight different proteins (ranging in MW between 19 kDa and 62.5 kDa) were
commonly expressed at both the thermo-tolerance inducing, and the prolonged heat stress
conditions. However, none of these proteins were identifiable.
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NEW SCIENTIFIC RESULTS
1. Combination of Modified Atmosphere Packaging (MAP) with 2 kGy of (γ) gamma
irradiation reduces the natural bioburden of fresh alfalfa and radish sprouts to low levels,
and

improves

microbiological

safety

and

shelf-life.

The

D10-value

of

L. monocytogenes 4ab strain on alfalfa sprouts was found to be between 0.46 kGy (when
packaged in a gas mixture containing 3-5% oxygen, 10-15% carbon dioxide and balanced
with nitrogen) and 0.58 kGy when packaged in an oxygen-carbon dioxide-nitrogen (2%4%-94%) gas mixture.
2. Enhanced heat resistance was demonstrated in two L. monocytogenes strains (4ab and
ATCC 43256) when they were exposed to sub-lethal heat conditions. The heat resistance
of the strains was higher when exposed to 48°C for 30 minutes followed by 60°C
treatment conditions as compared to a direct 60°C heat treatment. The D-value increased
from 3.03 min to 6.72 min in case of L. monocytogenes 4ab, and from 3.74 minutes to
4.55 minutes in L. monocytogenes ATCC 43256.
3. This is the first report demonstrating that L. monocytogenes differentially expresses genes
when exposed to sub-lethal heat conditions as compared to a direct heat stress. When the
transcriptome of L. monocytogenes under optimal temperature (37°C) was used as baseline, heat shock (60°C for 0 minute) caused the up-regulation of 55 genes. Twenty (20)
genes were up-regulated at prolonged heat shock (60°C for 9 minutes) conditions, and
17 genes were up-regulated under thermo-tolerance inducing (48°C for 30 minutes prior
to exposure to 60°C for 9 minutes) conditions.
4. This study has demonstrated for the first time that sub-lethal temperature (48°C for
30 min) induces the over expression of unique heat stress-related proteins in
L. monocytogenes ATCC 43256. Eighteen different proteins were differentially expressed
at 60°C for 0 minute, 21 proteins were differentially expressed when the cells were
exposed to 60°C for 9 minutes, and 20 proteins were differentially expressed when cells
were initially exposed to 48°C for 30 minutes prior to 60°C for 9 minutes.
5. My dissertation has demonstrated that L. monocytogenes ATCC 43256 is capable of
entering into a viable but non-culturable (VBNC) condition when exposed to sub-lethal
temperature conditions. When the cells were exposed to 48°C for 30 minutes prior to
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exposure for 9 minutes at 60°C, only 1% was viable (per culture methods) as compared to
greater than 99% viability (based on a microscopic viability assay).

SUGGESTIONS
1. Further studies are necessary to optimize MAP conditions packaged fresh produce to
prevent the potential growth of surviving pathogens such as L. monocytogenes during
storage.
2. It is recommended that culture media for enumeration of L. monocytogenes in heat
processed foods be carefully chosen to avoid obtaining misleadingly low counts arising
from VBNC state microorganisms.
3. My results suggest that the current culture-plate based detection methods could be
significantly underestimating the actual numbers of viable Listeria spp. in heat processed
foods.

More

research

needed

to

better

understand

the

VBNC

state

of

L. monocytogenes in foods and develop appropriate detection tools to detect cells in the
VBNC state.
4. Additional research is needed to better understand the functional genomics and
proteomics of L. monocytogenes so that different food processing techniques can be
attributed to specific changes in pathogen function, virulence, or phenotype.
A better understanding can help in designing effective hurdle technologies.
5. Predictive modeling to link microarray and proteomic studies should be pursued. Such as
a systems biology based approach will greatly help improve our understanding of the
ecology of L. monocytogenes during food processing.
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