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Abstract

The effects of environmental stresses on microorganisms have been well-studied,
and cellular responses to stresses such as heat, cold, acids, and salts have been
extensively discussed. Some previous works studied the membrane, protein system,
and DNA as susceptible structures in bacteria to external stress. Although high
pressure processing (HPP) is an emerging technology as a preservation method in
the food industry, the dynamics of the response of bacteria and particularly Listeria
monocytogenes as a foodborne pathogen to high pressure processing (HPP) has not
been well-explored yet. L. monocytogenes is known to survive extreme conditions,
including high pressure, and therefore gaining knowledge of its reaction to the stress
produced by high pressure may help the food industry to increase the efficiency of
HPP.

In this Ph.D. thesis, we employed synergy between various experimental tech-
niques (such as flow cytometry, fluorescence microscopy, electron microscopy, and
RNA sequencing) and modelling strategies to explore the cellular response of L.
monocytogenes to HPP.

First, we found that high pressure stress could create membrane pores in L.
monocytogenes after HPP at 400 MPa, 8 min. Using a common staining technique
with propidium iodide (PI) combined with high-frequency fluorescence microscopy,
we monitored the diffusion rate of PI molecules into hundreds of bacterial cells
through these pores during four days after HPP. We found that the diffusion rate
of PI into the cells decreased over the four consecutive days after exposure to HPP,
indicating the existence of a repair mechanism for the pressure-created membrane
pores. In addition, we developed a mathematical model based on mass transfer
and passive diffusion laws, calibrated using our microscopy data, to evaluate the
rate of repair of the membrane following HPP. The model predicted a temporal
change in the size of pores until closure. To the best of our knowledge, this is the
first time that pressure-created membrane pores have been quantitatively described
and shown to diminish with time. In addition, we found that the membrane repair
rate in response to HPP was linear (at pore sizes < 20 nm), and growth was
temporarily arrested at the population level during the repair period.

Second, we used time-series RNA-seq transcriptome data of L. monocytogenes
(strain ScottA) treated at 400 MPa for 8 min and combined it with current infor-
mation in the literature to create a transcriptional regulation database, depicting
the relationship between transcription factors (TFs) and their target genes (TGs) in
L. monocytogenes. We then applied network component analysis (NCA), a matrix
decomposition method, to reconstruct the activities of TFs over time. According
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Abstract

to our findings, L. monocytogenes responded to the stress applied during HPP by
three significantly different gene regulation modes: a survival mode during the first
10 min post-treatment, a repair mode during one hour post-treatment, and a re-
growth mode beyond six hours after HPP. We identified the TFs and their TGs that
were responsible for each of the modes. We developed a plausible model that could
explain the regulatory mechanism that L. monocytogenes activated through the
well-studied CIRCE (controlling inverted repeat of chaperone expression) operon
via the regulator HrcA during the survival mode.

Third, since the SOS response and the chaperonin systems were shown to be
essential regulatory networks that counteract environmental stresses, we developed
a mathematical model to get a deeper insight into the behavior and dynamics of
these two networks as parts of an initial recovery process in response to HPP. The
model was described by a system of ordinary differential equations (ODEs) and
calibrated using a time-series RNA-seq data to estimate critical parameters. Our
model outputs indicated the existence of a range of parameters that yielded damped
oscillatory behavior in the time response of the SOS response-associated variables.
This is in contrast to the chaperonin system-related variables that showed a single
pulse response to HPP. We found that perturbing the parameters associated with
HU, a histone-like protein involved in activation of RecA (a regulator of the SOS
response), and consequently induction of the SOS response, had significant impacts
on the characteristics of the response. Moreover, our results suggested a correlation
between the frequency of oscillations of the SOS response and the resistibility of
RO15 and ScottA (two strains of L. monocytogenes) to HPP. Additionally, our
further analysis led us to formulate a hypothesis about the relationship between
HPP parameters (pressure value and holding time) and the characteristics of oscil-
lations in the SOS response. The results suggested that increasing pressure values
and holding time affected the response by increasing the number of peaks (prolong-
ing the damped oscillation) and the amplitude of the first peak, respectively. We
believe that these results may guide the industry to adjust different parameters of
HPP to achieve a more efficient preservation technology via pressurization.

This Ph.D. thesis presents a collection of journal and conference papers.
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Chapter 1

Introduction

Bacteria in nature can grow in various habitats such as soil, water, animals’ in-
testines, radioactive waste, and even arctic ice and glaciers. In this wide range of
environments, bacteria may be exposed to different types of stresses such as high
or low temperatures, radiation, osmotic pressure, and antimicrobial compounds.
Bacteria possess a well-developed adaptability system to overcome such adversi-
ties, that allows them to modify themselves to fluctuating environmental condi-
tions [33]. This modification is mainly facilitated through changes in the pattern
of gene expression, which leads to the production of required proteins to combat
stresses [22, 33].

High pressure processing (HPP) is becoming more popular as a preservation
technique in the food industry to inactivate pathogenic bacteria such as Liste-
ria monocytogenes, Salmonella, and Escherichia coli as an alternative for more
traditional treatments like heating, adding salt, and changing pH [50]. However,
although the bacterial response to stresses such as heat/cold shock, oxidative stress,
nutrient depletion, acid, and antibiotics have been studied extensively [11, 18, 28,
57], the mechanisms that are activated in response to high pressure are still largely
unknown despite the proven effectiveness of HPP in the food preservation industry
and its increasing use (Figure 1.1) [15, 34, 47].

1.1 High pressure processing (HPP)

HPP, which is considered as an alternative to thermal treatments to prolong shelf
life and preserve the quality of the food, is becoming more popular in the food
industry (Figure 1.1). This method can be used alone or in combination with other
techniques to produce high quality and minimally processed safe foods [37].

In this pasteurization technique, food is exposed to a high level of hydrostatic
pressure (300-800MPa) lasting for a time range of a few min to an hour [48]. The
processing cycle consists of filling the process vessel with the product, pumping
water as the pressure transmission fluid into the vessel, pressurizing the product
for a specific pressure value and holding time and in a desired temperature, and
finally taking out the product from the vessel after decompression (Figure 1.2).
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1. Introduction

Figure 1.1: World growth of the food industry use of HPP technology [4].

The product is then kept in a low temperature to eliminate bacterial growth during
storage.

Since hydrostatic pressure acts instantaneously and uniformly throughout the
sample, it provides a gentle food treatment with minimum side effects on the flavor
and texture of foods [50, 65]. As HPP is normally performed during final packag-
ing, the risk of re-contamination from any step of the production chain becomes
minimum [50]. The ability of sub-lethally injured cells to recover after treatment
is a major concern in the food preservation industry which demands more efficient
and promising approaches to eliminate pathogenic bacteria in food [13, 36, 38].

Figure 1.2: HPP cycle in the food industry [3].

1.2 L. monocytogenes

L. monocytogenes is a Gram-positive, non-spore-forming, rod-shaped, pathogenic
bacterium that causes the infection listeriosis, a disease with increased health and
economic issues in Europe. The U.S. Food and Drug Administration (FDA) claims
that although listeriosis is rare, it has a high mortality rate of 20-30% and hos-
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1.3. Bacterial response to stress

pitalization rate of 90%. Elderly, newborns, and pregnant women are at a higher
risk due to their weaker immune systems. According to the latest annual epidemi-
ological report published by European Centre for Disease Prevention and Control
(ECDC) in 2020 [2], more than 2500 confirmed cases of Listeria and 220 deaths
were reported in Europe in 2017. The report stated that the number of cases shows
a statistically significant increasing trend from 2013 to 2017. Listeria is commonly
found in soil, water, and particularly decaying plant material, but it can also con-
taminate food products such as raw vegetables and meat. L. monocytogenes is
known to have tolerance for different extreme environmental conditions such as
refrigeration temperatures [5].

1.3 Bacterial response to stress

Bacteria, like other living organisms, have the capability of sensing and responding
to conditions that stress their homeostatic mechanisms. These mechanisms help
bacteria to prevent death and survive different inhospitable environments. One
of the main bacterial strategies to respond to stress is to re-model their protein
complexes and produce required proteins critical for withstanding the stress [22,
33]. It was shown that modulating the pattern of gene expression through, for
instance, two-component signal transduction systems (TCS) or by activating sigma
factors [43] is an important way to express and maintain these essential proteins.
In this work, and especially for the modelling procedure, we focused on these two
elements, described in more detail below.

1.3.1 Two-component signal transduction system (TCS)

A TCS system consists of a histidine kinase which is typically a membrane-associated
protein and a response regulator, which conveys a change in cell physiology by
regulation of gene expression. The histidine kinase monitors the environmental
conditions and when it receives an external input, autophosphorylates a histidine
residue. The phosphoryl group is then transferred to an aspartic residue of the re-
sponse regulator which is alternatively called transcription factor and is capable of
binding to DNA and regulates gene expression [35, 64, 72]. AgrAC, VirRS, ResDE,
LisRK, and CesRK are some examples of reported TCSs in L. monocytogenes [24].
In addition to regulators, sigma factors (explained below) also contribute to the
regulation of gene expression by determining which sets of genes should be tran-
scribed.

1.3.2 Sigma factors

Transcription of DNA is carried out by the enzyme RNA polymerase, which cat-
alyzes the synthesis of RNA using DNA as a template. Bacterial cells have a single
kind of RNA polymerase that synthesizes all three major classes of RNA; mRNA,
tRNA, and rRNA. The enzymes from different bacteria are quite similar, and the
RNA polymerase from E. coli has been especially well characterized. It is a large
protein consisting of two α subunits, two β subunits that differ enough to be iden-
tified as β and β

′
, and a dissociable subunit called the sigma (σ) factor. Although

3



1. Introduction

the core enzyme lacking the sigma subunit is competent to carry out RNA synthe-
sis, the holoenzyme (complete enzyme containing all of its subunits) is required to
ensure initiation at the proper sites within a DNA molecule. The sigma subunit
plays a critical role in this process by promoting the binding of RNA polymerase to
specific DNA sequences, called promoter, found at the beginning of genes. Bacteria
contain a variety of different sigma factors that selectively initiate the transcription
of specific categories of genes [33].

1.4 Bacterial structures susceptible to pressure-induced
damages

Although bacteria have the capability of activating a highly advanced defense mech-
anism in response to inhospitable conditions, they cannot withstand all kinds of
stresses. Treatments with pressures higher than 400 MPa may lead to a reversible
or irreversible cleavage of intermolecular and intramolecular bonds and therefore
result in lethal damages such as structural changes in the membrane or inactivation
of vital enzymes [34, 39].

An intact bacterial membrane is a robust permeability barrier that prevents
both the leakage of essential intracellular molecules outside the cell and the uptake
of many particles from outside the cell. However, exposure to undesired conditions
may cause the membrane to become permeable to molecules such as fluorescent
ones (which are widely used for staining techniques) that otherwise could not pass
through the intact membrane. Heat treatment, adding agents, and pulsed electric
field are among membrane-acting stressors that may cause loss of membrane in-
tegrity. In [40, 63] the authors observed damage to the cytoplasmic membrane in
bacteria after heating. Cortezzo et al. [17] showed that treatment with oxidizing
agents can damage the inner membrane of spores of Bacillus subtilis. Some authors
reported damage to the cell membrane as one of the critical events leading to cell
inactivation by pulsed electric field [8, 27].

By considering this unique feature of the bacterial membrane and using different
tools such as fluorescence microscopy techniques, several authors investigated the
impact of the HPP on the cell envelope and particularly the membrane as one of the
most susceptible structures in bacteria to stress [26, 42, 61]. For example, in [61] the
authors demonstrated increased uptake of exogenous fluorescent molecules propid-
ium iodide (PI) in Lactobacillus plantarum exposed to high pressure, indicating a
damaged membrane. In [26] changes in the kinetics of outer and cytoplasmic mem-
brane permeability in E. coli after exposure to high pressure (300, 500, 600 MPa)
was shown by staining of treated cells with PI and 1-N-phenylnaphthylamine. Fur-
thermore, a few studies have detected cellular proteins or adenosine triphosphate
(ATP) molecules outside the cell after pressurization [42, 61]. One such example is a
study that reported the detection of intracellular proteins outside pressure-treated
E. coli cells (200 MPa, 8 min), indicating a membrane leakage [42].

Proteins are macromolecules that play major roles in the metabolic activity of
all living cells. The protein structure is normally described in terms of four differ-
ent aspects of covalent bonds and folding patterns known as primary, secondary,
tertiary, and quaternary structures. The primary structure, which is the simplest

4



1.5. Pressure-mediated damage in bacteria can be repairable

level of protein structure, is the sequence of amino acids in a polypeptide chain.
The next level, the protein secondary structure, is the three-dimensional form of
local segments of proteins. The overall three-dimensional structure of a polypeptide
is called its tertiary structure. The tertiary structure is primarily due to interac-
tions between the R groups of the amino acids that make up the protein. The last
level, i.e., the quaternary structure of a protein is the association of several sub-
units into a packed arrangement where each of the subunits has its own primary,
secondary, and tertiary structure [51]. In order to be biologically functional, a pro-
tein chain is translated to a native three-dimensional structure through a physical
process, typically a "folded" conformation. Protein folding and particularly the
tertiary and quaternary structure of proteins are extremely susceptible to different
types of stress [34]. Protein denaturation and enzyme inactivation make structural
and functional proteins a prime target for heat treatment [58]. Oxidative stress
can damage the protein structure as well by inducing covalent modifications that
destabilize and therefore inactivate proteins [21]. High pressure may change pro-
tein folding as well although HPP-induced protein denaturation can be reversible
depending on treatment conditions such as temperature, time, and pressure [16].
Chaperones and heat-shock proteins are specific macromolecules that protect the
cell against stress-inducible denaturation by correcting the folding of proteins [33].
The induction of heat-shock and chaperone proteins after pressure treatment has
been reported by several authors [6, 20, 69], suggesting a role for these groups of the
proteins in the protection of the protein system against pressure-induced damages.
For example it has been shown that the genes dnaK and clpP (from chaperonin
group) differentially expressed in E. coli after exposure to sublethal pressures 75
and 150 MPa for 15 min [6]. An up-regulation of chaperone and peptidases genes
such as clpE, clpP, groEL, groES, hrcA, dnaK, and dnaJ in L. monocytogenes at
early time points after HPP at 400 MPa, 8 min was observed as well [20].

Undesired stressful conditions can lead to DNA damage as well. This dam-
age mostly appears as double-strand breaks in DNA and the formation of ssDNA
(single-stranded DNA). For example, UV radiation may induce DNA damages that
if are not repaired, cause death [10]. Exposure to oxidative stress and antibiotics
are other types of stress that can lead to lethal or sublethal damage in bacteria [10].
The authors of [6] could detect DNA damages in E. coli after pressure treatment
(up to 300 MPa) using a differential fluorescence induction screening. Perturbed
cell division and nucleoid structure were reported after high pressure exposure as
well [1, 69], which again suggests the presence of DNA damage due to treatment.

1.5 Pressure-mediated damage in bacteria can be
repairable

Several previous works investigated the existence of a repair process in bacteria
after pressure treatment by growth evaluation and observed that some treated
bacteria could start to proliferate again, potentially after an accomplished repair
process during storage [13, 36, 38]. For instance, although no colony formation in
different bacteria (including L. monocytogenes) was detected in selective or non-
selective agar immediately after HPP at 550 MPa, growth evaluation after six days
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1. Introduction

storage at 4 ◦C and one day storage at 22 and 30 ◦C indicated some growing
bacteria in both selective and non-selective agar [13]. This observation suggested a
transient inactivation phase in bacteria right after treatment, followed by an effort
to recover damages and maintain the homeostasis phase. According to another
work [36], even a pressure treatment of 900 MPa could not stop growth in some L.
monocytogenes cells during storage at 30 ◦C. Another examination [38] indicated
that the leaky membrane of a pressure-resistant strain of E. coli was able to reseal
after getting damaged under high pressure (up to 700 MPa) as PI uptake occurred
only during treatment but not after pressure release.

As mentioned earlier, heat-shock proteins and chaperone systems assist for
correct protein folding. The up-regulation of genes encoding for chaperones after
pressure treatment (in comparison with untreated cells) was observed by several
groups [6, 20, 69], suggesting the activation of a protein repair process after pressure
exposure. Two operons (dnaKJ and groESL) encoding for molecular chaperones
were identified in the previous decades as the CIRCE (controlling inverted repeat
of chaperone expression) operon [14, 59]. hrcA (heat-shock regulation at CIRCE)
is the gene encoding for the repressor protein binding to the CIRCE element. The
GroE chaperonin system is responsible for creating an equilibrium between active
and inactive forms of the repressor HrcA, where the inactive form is unable to bind
to its operator [59]. The activity of the repressor HrcA is modulated after stress by
the GroE chaperonin system. In the absence of stress, HrcA is maintained in an ac-
tive conformation able to bind to CIRCE through the GroE system. Under stress,
since unfolded proteins titrate the GroE chaperonin system, it is no longer available
to activate HrcA, leading to an increase in the amount of inactive repressor HrcA
and transcription of the groE and dnaK operons [55, 59].

SOS response is a broad regulatory network in bacteria that can be induced
in response to external stimuli to manage DNA damage and survive. The activa-
tion of the SOS response leads to the expression of genes with different functions,
including excision repair, homologous recombination, translesion DNA replication,
and cell division arrest. Therefore the induction of the SOS response can be inter-
preted as an effort to accomplish DNA repair before restarting the growth [7, 44].
The regulation of the SOS response in bacteria is mainly achieved by interactions
between two regulators (TFs), LexA and RecA [44, 52]. LexA protein is a repres-
sor and normally regulates transcription of SOS response-associated genes (among
them its own gene, lexA, and recA) negatively by binding to the promoter and
thereby blocking RNA polymerase. However, if DNA is damaged and ssDNA is
accumulated under stress conditions (such as high pressure or UV irradiation), the
positive regulator RecA is activated and makes a filament with ssDNA. The in-
teraction between LexA and RecA/ssDNA leads to autocleavage of LexA, thereby
facilitating the transcription of the SOS response operon [7, 60, 67]. Figure 1.3
shows the principle of the SOS response induction schematically.

6



1.6. Use of ordinary differential equations (ODEs) to model time-dependent
processes

Figure 1.3: The induction of the SOS response is regulated by two regulators, LexA
as a repressor and RecA as an activator. Under normal conditions, LexA inhibits
the transcription of the SOS operon by binding to the promoter and blocking
RNA polymerase. The accumulation of ssDNA originated from DNA damage un-
der stressful conditions results in the activation of RecA, which then makes a
filament with ssDNA. The interaction between this filament and LexA leads to au-
toclevage of LexA and facilitates the transcription of the SOS response operon. †:
UV irradiation, chemicals or oxidative compounds, acids, organic mutagens, some
antibiotics, high pressure, etc.; ‡: the transcription of SOS genes is hindered by
blocking RNA-polymerase activity. Figure from [53].

1.6 Use of ordinary differential equations (ODEs) to model
time-dependent processes

ODEs are a very useful tool to express mathematically the dynamical consequences
of a molecular interaction network [62]. To get from a wiring diagram to a set of
ODEs, it is possible to think about a network as a dynamical system whose state
is changing from one moment of time to the next. A single state variable X(t) =
the concentration of species X, is then assigned to each species in the diagram.
The collection of values of all these variables {X1(t), X2(t), X3(t), ...} at any point
in time constitutes the state of the system. Then, for each molecular species, a
differential equation is written which describes how its concentration changes over
time due to its interactions with the other species in the network. In this paradigm,
the dynamical consequences of a reaction network are determined by a system of
nonlinear ODEs,

Ẋi = Fi{X1, X2, ..., Xn, p1, p2, ...pm}, i = 1, 2, ..., n (1.1)

where {p1, p2, ...pm} is the set of all rate constants needed to describe the reactions
in a molecular interaction network, or simply parameters. It is possible to estimate
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1. Introduction

parameters by fitting the simulated data (solution of ODEs) to the experimental
points. A major challenge with such models is that they often possess a large
number of parameters (usually more than measured experimental points) whose
values can significantly affect model behavior. In fact, there is a trade-off between
the level of detail included in the model and the amount of data available for
parameter estimation. This issue is usually addressed by performing sensitivity
analysis to determine the most critical parameters of the model.

1.7 Research questions, and the outline of the thesis

In this Ph.D. work, we combined the knowledge of modelling with data analysis
and experimental methods to answer three research questions. The thesis chapters
were organized according to these three questions and the answers we suggested to
address these questions. The outline of the thesis is summarized in Figure 1.4:

Membrane 
resposne

to HPP
Research Q1  

Regulation of 
gene 

expression
after HPP

Research Q2

SOS and 
chaperonIn system 

response
to HPP

Research Q3

Activation of the regulators 
related to the membrane 

recovery during the 
mid phase
 after HPP

Activation of the regulators 
related to the SOS and

 chaperonin system response 
during the early phase

 after HPP

Chapter 5, Discussions: A 
comprehensive 

understanding of 
bacterial response to 

HPP

Growth evaluation
 data

Fluorescence microscopy
 data

Flow  cytometry 
data

RNA seq data 
(fold changes)

TF-TG
 database RNA seq data 

(absolute values)

Growth evaluation
 data

Chapter 4: Dynamics of the 
early response (SOS and 

chaperonin system response) 
to HPP 

Chapter 3: Indication of three 
distinct regulatory response 

modes (phases) after HPP

Chapter 2: Dynamics of 
membrane recovery after 

HPP

Figure 1.4: Outline of the thesis. The thesis was organized into six chapters, chap-
ter 1: introduction, chapters 2-4: answering three research questions, chapter 5:
Discussion, and chapter 6: Conclusion and future work. A summary of the research
questions and the chapters that address them is shown in the figure.
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1.7. Research questions, and the outline of the thesis

1.7.1 Research question 1

The previous knowledge presented in sections 1.5 and 1.4 indicating that high pres-
sure can affect the structure of the membrane has led us to the following research
question:
Research question 1: What is the impact of HPP on the bacterial membrane and
how does the bacterium respond to any potential pressure-induced damage?

Chapter 2. To answer this question, we employed three independent techniques
to: 1) observe and gather information about the cellular structure and particularly
the permeability of the membrane in pressure-treated bacteria, 2) to quantify the
scale of potential damages, and 3) to model the strategy of bacteria to withstand
this stress (by activating a repair process). These three techniques that form the
topic of this chapter are summarized here:

1. Electron microscopy (transmission electron microscopy: TEM and
scanning electron microscopy: SEM): As the first step to answer this
research question, we looked at the morphology of the pressure-treated L.
monocytogenes (400 MPa, 15 min) and compared it with untreated cells using
electron microscopy, TEM and SEM (Figure 1.5). The HPP treatment was
done at the Norwegian Institute of Food, Fisheries and Aquaculture Research
(also known as NOFIMA), in Stavanger, Norway in attendance of the Ph.D.
candidate. The candidate was trained at Cellular and Molecular Imaging Core
Facility (CMIC), Norwegian University of Science and Technology (NTNU) to
collect images with an electron microscope. After comparing the morphology
of treated with untreated bacteria, we could detect some sites of leakage
on the membrane of some pressurized cells (Figure 1.5 as representatives).
While this observation provided us a qualitative overview of pressure-induced
damages in the membrane, the next two analyses gave us a detailed and
quantitative measure of the response of the membrane to HPP.

500nm

1µm 1µm

1µm 1µm0.5µm

0.5µm0.5µm

0.5µm

Transmission electron microscopy (TEM)
A B

C D Scanning electron microscopy (SEM)
E F

G H

Figure 1.5: ABCD. TEM images of A. untreated (control) and B, C, D. pressure-
treated (HPP: 400 MPa, 15 min) L. monocytogenes cells. The black arrows show the
sites of damages on the membrane. EFGH. SEM images of E. untreated (control)
and F, G, H. pressure-treated (HPP: 400 MPa, 15 min) L. monocytogenes cells.
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2. Flow cytometry: We used the high throughput data obtained from this
laser-based technology to analyze the characteristics of the bacterial mem-
brane. The principle of this method is briefly explained in Figure 1.6. Sample
preparation, pressure treatments (at 400 MPa, 8 and 20 min, 8 ◦C), and
flow cytometry experiments were performed at the Autonomous University
of Barcelona (UAB), Spain, as one of the project collaborators, in the pres-
ence and with the assistance of the Ph.D. candidate. We developed a model
calibrated by data collected from a flow cytometer to quantify membrane
damages and estimate the pathogen’s recovery time following HPP.

3. Fluorescence microscopy: As a further analysis to achieve a more accurate
estimation of pressure-created damages, we increased the level of monitoring
to each individual pressure-treated cell by using a high frequency fluorescence
microscopy technique. HPP was performed in a discontinuous isostatic press
(Alstom ACB, Nantes, France) at the Autonomous University of Barcelona
(UAB) at 400 MPa, 8 min, 8 ◦C. Pressurized samples were kept in ice be-
fore being further processed for fluorescence microscopy analysis. We used a
common staining technique involving propidium iodide (PI) combined with
high-frequency fluorescence microscopy and monitored the diffusion rate of
PI molecules into hundreds of bacterial cells through permeable membrane of
pressurized cells. PI molecules that can only penetrate cells with a damaged
membrane, bind to DNA and emit fluorescence intensity, making damaged
cells detectable within a population. The experimental setup is shown in
Figure 1.7A schematically. To add PI molecules to the sample during a live
microscopy process, a delivery system consisted of a syringe coupled to a plas-
tic tube (shown in Figure 1.7B) was used that was in turn attached to a holed
plate lid on top of the plate containing the sample. The rate of PI diffusion
into a cell depends on the scale of membrane damage that we considered as a
pore area. Therefore, it is possible to estimate the pore size by measuring the
difference in fluorescence intensity resulting from the increased number of PI
molecules bound to DNA. The microscopy experiments were performed over
four days after treatment (days 0, 1, 2, 3, and 4) to measure the PI diffusion
rate through the pores and thereby to investigate the existence of a recovery
process in the membrane (i.e., resealing pores). The principle of the work
is shown in Figure 1.8. The microscopy experiments were performed at the
Autonomous University of Barcelona (UAB) by the Ph.D. candidate. All ob-
tained images are available on Dryad Digital repository A.1. We developed a
dynamic model capable of quantifying membrane damages (specifically mem-
brane pores) created by high pressure. The combination of our diffusion model
and microscopy experiments revealed that some pressure-treated L. monocy-
togenes cells repaired their damaged membrane approximately linearly on a
time scale of days.

1.7.2 Research question 2

Once we established the existence of damage on the cellular membrane, and the
existence of recovery mechanisms of the membrane, the question that naturally
arises is how the regulatory network enables this recovery. More specifically:

10
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Flow cytometry

technique

HPP vessel

Tl

Emitted 

fluorescence

Laser source

A

Figure 1.6: Flow cytometry is a technology that is used to analyze the physical
and chemical characteristics of particles in a fluid as it passes through at least one
laser. Cell components are fluorescently labelled and then excited by the laser to
emit light at varying wavelengths. Up to thousands of particles per second can be
analyzed as they pass through the liquid stream. After HPP treatment (part A),
pressurized bacteria were processed for further analysis in a flow cytometer (part
B). The flow cytometry device we used could measure the fluorescent intensity
for each cell at a high frequency (over 40000 cells in approximately 20 seconds).
Two different fluorescent molecules, propidium iodide (PI) and FluxOR II-thallium
(FluxOR II-Tl) that have different molecular sizes, were used to estimate the size of
the membrane pores in damaged cells (PI radius: 0.6 nm and Tl radius: 0.2 nm [12]).
Both molecules can only penetrate the cells with damaged membranes. Molecules
of PI emit red (630 nm) fluorescence, and molecules of FluxOR II-Tl emit green
(525 nm) fluorescence after binding to DNA. C. The expected fluorescence pattern
as the output of the flow cytometer. The x and y axes represent the intensity
of green and red fluorescence (emitted from FluxOR II-Tl and PI, respectively),
respectively. Depending on the emitted intensity from each individual cell in a
population, cells are categorized into four groups: Q1, Q2, Q3, and Q4. Q1, Q3,
and Q4 correspond to highly damaged, less damaged, and intact cells (Q2 was less
important in our work). The percentage of total cells detected in each population
is shown in the plot as well.

Research question 2: What is the impact of HPP on gene regulatory network
and regulators’ activities in L. monocytogenes?

Chapter 3. As mentioned earlier in section 1.3, modulation of gene expres-
sion pattern is one of the main bacterial approaches to withstand stress condi-
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Figure 1.7: A. The experimental setup included a fluorescence microscope con-
nected to a computer for time-lapse image acquisition of diffusion of fluorescent
molecules PI into damaged bacteria. The average intensity for each cell in every
single frame of the image stacks was then calculated (shown as blue and red curves
for two representative cells) after image processing. B. The delivery system for PI
molecules consisted of a syringe coupled to a plastic tube that was in turn attached
to a holed plate lid on top of the sample.

tions. The gene expression pattern can be studied by several advanced methods
such as RNA-seq, microarray, and quantitative polymerase chain reaction (qPCR).
RNA-seq is a technique that can examine the quantity and sequences of RNA
in a sample by analyzing the transcriptome of gene expression patterns encoded
within RNA. For the first time, a time-series RNA-seq of L. monocytogenes, strains
ScottA and RO15 (untreated and pressure-treated) was performed at the University
of Helsinki, Finland as a collaborator of the project. The mRNA counts for 2953
genes of the ScottA strain and 3021 genes of the RO15 strain were obtained from
the RNA-seq data (at least three replicates for each untreated/treated sample). The
data is available in the European Nucleotide Archive (ENA) under accession code
PRJEB34771 (A.3). Pairwise differential expression analysis between the treated
samples and corresponding controls at all time points was conducted to determine
significantly differentially expressed genes (pvalue ≤ 0.05, | log2 fold change| > 0.6,
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Figure 1.8: A. Fluorescent molecules (PI), shown as red circles, can only penetrate
the cells with damaged membrane, bind to DNA, and emit red fluorescence in-
tensity. We assumed that the penetration rate for a cell with a bigger pore (case
2) is higher than for a cell with a smaller pore (case 1). Therefore, by passing a
specific time ∆t after adding PI molecules to a sample of pressure-treated bac-
teria, a cell with a bigger pore emits a higher fluorescence intensity than a cell
with a smaller pore. The plot shows that intensity increases until it reaches satu-
ration which happens when the concentration of PI molecules inside and outside
the cell (Cin and Cout, respectively) becomes equal. B. We repeated fluorescence
microscopy experiments at days 0, 1, 2, 3, and 4 following HPP with a specific
pressure value P1 = 400 MPa and for a holding time of Th = 8 min. We interpreted
the observed reduction in the PI penetration rate over the four consecutive days
as a recovery process in the membrane after HPP.

where fold change = log2(countstr/countsutr), tr: treated, utr: untreated) after
HPP. A detailed explanation about the RNA-seq data analysis is provided by [20].
As explained earlier in section 1.3, TFs/response regulators are one of the main
building blocks of the gene regulatory network in bacteria reacting to stress. There-
fore, studying the behavior of TFs is a prerequisite for the achievement of a deep
understanding of bacterial response to stress. We employed Network Component
Analysis (NCA) [25, 41, 66] to predict the activities of TFs/response regulators in
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L. monocytogenes following HPP. Traditional statistical methods such as principal
component analysis (PCA) and independent component analysis (ICA) ignore the
underlying network structures and provide decompositions based purely on a priori
statistical constraints on the computed component signals. The resulting decom-
position thus provides a phenomenological model for the observed data and does
not necessarily contain physically or biologically meaningful signals. However, in
NCA a topology matrix A is used as an input to the algorithm which represents
and matches the real biological system [41].

We used RNA-seq transcriptome data of L. monocytogenes (ScottA) treated
at 400 MPa, 8 min, 8◦C (performed at the University of Galati, Romania, as
one of the project partners) together with a transcriptional regulation database
as inputs of the NCA to obtain reconstructed activity of TFs as an output. The
transcriptional regulation database that we built depicts the relationship between
TFs and their TGs in L. monocytogenes (A.2). Our results indicated that the
regulatory network in L. monocytogenes strain ScottA responded to high pressure
stress in three distinct phases:

• Survival phase lasting 0-10 min after HPP, and based on our database,
regulating genes responsible for immediate survival and structural integrity
(mostly the SOS response-associated and chaperones-regulation genes).

• Repair phase, in which gene expressing enzymes and proteins related to the
membrane repair were regulated during 30-60 min after HPP.

• Pre-growth phase, in which genes that are responsible for energy metabolism
and re-growth were regulated during 6-48 h after HPP.

1.7.3 Research question 3

Once we mapped and understood the gene regulatory network, and found the
three distinctive phases, we focused on constructing a model including main genes,
proteins, and interactions among them that enable rescuing the cell from the high
pressure stress at the early-phase.

Research question 3: How can we employ a system modelling approach to
develop a comprehensive multi-scale model that describes the initial response of L.
monocytogenes to HPP?

Chapter 4. As mentioned in section 1.5, a few authors discussed about a po-
tential repair process in bacteria in response to HPP. However, explanatory and
predictive models that can provide a comprehensive overview of the response of bac-
teria to pressure treatment are still missing. As explained in chapter 3, the results
of gene regulation analysis indicated a timely-structured response in L. monocyto-
genes to high pressure stress via a highly-ordered activation of TFs. We realized
that the TFs involved in the regulation of the SOS response and chaperonin system
were among the ones which regulated the early response of L. monocytogenes to
HPP. Moreover, we showed that the expression of both SOS response- and chap-
eronin system- associated genes were enriched during the early phase using gene
set enrichment analysis (GSEA). We developed a multi-scale model to describe the
dynamics of the SOS response and chaperonin system regulation in L. mnocyto-

14



1.7. Research questions, and the outline of the thesis

gens exposed to HPP at 200 and 400 MPa, 8 min, 8◦C and at nine time points
post-treatment (0, 5, 10, 30, 45, 60 min, and 6, 24, and 48 h). The model was
calibrated using RNA-seq data (absolute mRNA counts) through a parameter es-
timation task. According to the model’s outputs, we found an oscillatory behavior
for the expression of the genes that encode for the main SOS response regulators,
i.e., LexA and RecA. Moreover, our results suggested that the characteristics of os-
cillations are affected by HPP parameters (pressure value and holding time) as well
as types of strain (ScottA or RO15). Additionally, our simulation results indicated
a single-pulse response for the model variables related to the chaperonin system
(mRNA counts for hrcA and groEL genes) following the experimental points. We
used a set ODEs to describe the model:

ẋ̇ẋx(t) = f(uuu(t),xxx(t),PPP ) (1.2)
yyy(t) = g(xxx(t),mmm) + εεε(t)

with model states xxx(t), model input uuu(t), parameter set PPP , a function g as a
mapping of the states to the observable variables yyy(t) involving parametersmmm, and
the measurement noise εεε(t). The function f defines the relationship between the
model input uuu(t) and parameters (PPP = p1, p2, ..pq) with the model output.

In general the ODE that formulates gene expression as output Z of a genetic
module under control of signal (regulator) S (Figure 1.9) is given by [62]:

Ṁ = a± ktr · Sn
Kn + Sn

·Mµ − dM ·M (1.3)

Ż = ktl ·M − dZ · Z

where M is the mRNA concentration, a is the rate constant associated with
signal-independent (basal) gene transcription, and ktr is the rate constant associ-
ated with transcription. The ’+’ and ’−’ operators are used to distinguish between
the case of activation or repression by signal S, respectively. To avoid obtaining
negative values for M in case of repression by S, we defined the constant µ which
is equal to 1 for repression and equal to zero for activation by S. The constants
K and n are the Hill constant and Hill coefficient, respectively. The Hill constant
gives the value of the input signal that yields 50% response, and the Hill coeffi-
cient gives the slope of the signal-response curve at this input signal. Z represents
the concentration of protein, ktl is the rate constant associated with translation
and dM and dZ are the mRNA and protein decay constants, respectively. As the
protein Z may have two active and inactive modes, we considered this as a linear
enzymatic reaction in Figure 1.9 as well.

RNA-seq analysis provides the mRNA counts and not concentration, therefore
we reformulated Eq. 1.4 to obtain mRNA counts instead of mRNA concentration
by introducing a dimensionless concentration m = M/X and z = Z/X (similar
to [62]), where m represents the mRNA counts, z is a dimensionless concentration
of protein, and X is the maximum value of each variable in our work.
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Figure 1.9: The architecture of a gene expression regulatory module. M , Z, and S
are the mRNA, protein, and the regulator concentration, respectively. The regula-
tor S can act as an activator or a repressor that binds to the operator site in the
prompter region of the gene and facilitate or inhibit the transcription. The protein
Z may have two active and inactive conformations (ZA and AI , respectively) that
can be converted to each other through a reversible reaction. R1 and R2 are two
regulators (e.g. enzyme proteins) that facilitate these reversible conversions.

ṁ = a′ ± k′tr · sn
K ′n + sn

·mµ − d′M ·m (1.4)

ż = k′tl ·m− d′Z · z

with a′ = a/X, k′tr = ktr/X
1−µ, s = S/X, K ′ = K/X, d′M = dM , K ′tl = Ktl,

and d′Z = dZ .

The obtained results, which provide a fundamental understanding of the bacte-
rial response to high pressure, may guide the industry to increase the efficiency of
HPP by targeting the critical players belonging to the bacterial protection system
against high pressure.

Chapters 5 and 6 present the Discussion and Conclusion, respectively, where
we discuss the outcomes of the three previous chapters, summarize the main find-
ings, and provide some suggestions for future works.

1.8 Thesis contributions

In general, the results of the work give a detailed, novel understanding of the
dynamics of the bacterial response to HPP. The findings of this work, which have
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been obtained from a synergy between modelling and pre-designed experiments,
not only revealed the main sites of pressure-induced damages in bacteria but also
could explore a well-structured repair mechanism activated as the bacterial effort
to survive stress. In specific, the contributions of this work are the following:

• We compared the morphology of pressure-treated and untreated L. mono-
cytogenes cells by using TEM and SEM techniques to detect any potential
pressure-induced membrane damages (Figure 1.5).

• We quantified the scale of membrane damages in pressure-treated bacteria by
developing a model based on a systems biology approach which was calibrated
using experimental data obtained from the flow cytometry technique.

• We could detect pressure-induced membrane pores and monitor the dynamics
of pore-closing as part of a recovery process in pressure-treated bacteria by
designing a set of high-frequency fluorescence microscopy experiments.

• We developed a diffusion model to quantify membrane damage and mem-
brane repair process in L. monocytogenes exposed to high pressure based on
fluorescence microscopy data.

• We built a database that can explain the regulatory network between TFs
and TGs in L. monocytogenes. This database is available in A.2.

• We conducted an analysis to explore the temporal gene regulation of pres-
surized L. monocytogenes based on time-series transcriptome data which re-
vealed distinct regulatory response modes in bacteria after exposure to HPP.

• We proposed an integrative model to explain the early response of L. monocy-
togenes to HPP, including the regulation of the SOS response and chaperonin
system as bacterial reactions to pressure-induced DNA damages and protein
denaturation.
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Abstract: High pressure processing (HPP) in the food industry is considered as an alternative
to conventional thermal treatments for inactivation of pathogenic bacteria. However, a major
concern in this field is the ability of some pathogens such as Listeria monocytogenes to recover
pressure-induced damages after HPP even during cold temperature storage. Based on our
observation using electron microscopy and flow cytometry techniques, membrane of Listeria
monocytogenes is one of the main structures in this microorganism which is damaged by
pressurization. We quantify this damage by estimating the radius of holes created on the
membrane after pressure exposure of 400 [MPa] lasting for 8 and 20 [min]. The flow cytometry
result with two fluorescent molecules at different time points after pressurization supports the
existence of a recovery process. We propose a novel model consisting of six ordinary differential
equations, wired by a feedback regulatory network to investigate the dynamics of hole recovery
after HPP. The model is developed based on a hypothesized repair mechanism, similar to the
well-established pathways that bacteria activate in response to general types of stress. Simulation
results show a nonlinear behaviour of the hole recovery and fitted to the experimental points
very well. The maximum estimated hole radius is approximately 0.9 [nm] and 0.7 [nm] for 400
[MPa], 8 [min] and 400 [MPa], 20 [min], respectively. The model provides a valuable tool to
estimate the membrane damage and recovery in live bacteria following HPP.

Keywords: High pressure processing, Dynamic model, Feedback, Pathogenic bacteria,
Membrane recovery

1. INTRODUCTION

High Pressure Processing (HPP) as a food preservation
method is becoming more popular. It not only prolongs
the shelf-life of food, but also causes minimum sensory
and nutritional side-effects compared to conventional food
preservation methods like heating (Farkas and Hoover
(2000), Torres and Velazquez (2005), Oey et al. (2008)).
To guarantee the elimination of pathogens in ready-to-
eat food, the food processing industry exposes the food to
pressure values over 600 [MPa]. Applying this amount of
pressure is not always profitable due to the operation costs
and is only suitable for limited food types. HPP affects
different structures in bacteria, such as the cell wall, mem-
brane, intra-cellular protein synthesis and DNA copy and
repair pathways. However, the exact mechanisms which
affect these structures are not well understood. We are
missing quantitative descriptions of the underlying mech-
anisms triggered by HPP, including repair of structural
deformations, models that can help to reduce the effective
pressure levels, and inactivate bacteria at pressures as low
as 300 [MPa].

Several studies reported that membrane, the barrier which
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In general, when bacteria sense adverse conditions, they
activate mechanisms to adapt to the changes in the en-
vironment. Through the adaptation, the bacteria employ
complex feedback regulation systems to alter their gene
expression pattern and to encode genes involved in de-
fense mechanism (Wright and Lewis (2007)). Since the
cells’ ability to increase their resistance against stress is
limited, it takes time for the cells to activate the protective
system and synthesize elements that can repair damages
(Corradini and Pelegt (2009)).

The present knowledge on membrane repair following
high pressure stress is scarce and purely qualitative. We
wish to quantify the response of bacteria to pressure
damage in order to obtain a better understanding of the
microbial stress recovery systems, their timely response
to high pressure, and the genes that are involved in
the recovery mechanisms. However, considering all the
mechanisms involved in stress response in one single model
is challenging due to the system’s complexity and lack of
experimental data.

We therefore developed a dynamic model which describes
the response of Listeria monocytogenes to the membrane
damage induced by HPP. To the best of our knowledge,
this is the first computational model describing the effect
of high pressure stress on the bacterial membrane. We
employed flow cytometry techniques to measure the scale
of damage and then used this data to estimate several pa-
rameters of the model by nonlinear optimization. The re-
maining parameters were set based on our knowledge. We
demonstrated quantitatively the manner the membrane
was repaired and estimated the pathogen’s recovery time
following HPP. This knowledge has practical relevance in
the development of antimicrobial treatments in the food
preservation industry.

2. MODEL DEVELOPMENT

2.1 Main assumptions

According to our observation using transmission elec-
tron microscopy (TEM), we assumed that high pressure
creates membrane holes, which cause a defect in mem-
brane integrity by destruction of main membrane compo-
nents, phospholipids and transmembrane proteins. Figure
1, shows cells in control and pressure-treated samples,
observed under TEM.

Being both environmental stresses affecting the cellular
membrane, we considered the response of bacteria to high
pressure similar to their response to high temperature
(Kurata et al. (2001), El-Samad et al. (2003)).

The state space model we present here consists of six states
wired by a feedback regulatory network that responds to
reseal pressure-induced holes on the membrane of Listeria
monocytogenes. Our model framework includes a set of
nonlinear equations in the following form:

ẋ = f(x, u, t) (1)

where x ∈ Rn and n = 6. The model we developed relies
on protein concentrations and mass balance equations,
but since the signaling and enzymatic pathways that
activate the repair process are complex and still largely

Fig. 1. Transmission electron microscopy (TEM). A, B)
Pressure-treated sample, 400 [MPa], 15 [min]. C)
Control sample. The arrow shows the location of the
hole on the membrane.

unknown, we simplified these mechanisms and assumed a
representative for each group of proteins and regulators.

We defined an index between zero and one as membrane
integrity state for intact and damaged membrane, shown
in Figure 2 by Membd and Membin, respectively, such
that:

• Membd + Membin = 1.
• For a membrane with full integrity:
Membin = 1, Membd = 0.

• For a membrane that has lost its integrity completely:
Membin = 0, Membd = 1.

• For a damaged membrane (intermediate damage):
0 < Membin < 1, 0 < Membd < 1.

Based on the proposed mechanisms in literature for re-
sponse of bacteria to different types of stress and particu-
larly to high temperature (Kurata et al. (2001), El-Samad
et al. (2003), Schaik and Abee (2005)), we hypothesized
that by sensing high pressure via a signal transduction sys-
tem, bacteria activate a feedback response to increase the
activity of required regulators, change the gene expression
pattern, and finally produce proteins which are needed for
the repair. A proposed block diagram for this regulatory
system is shown in Figure 3.

We considered a feedback loop through two main pathways
(Figure 2):

(1) By sensing the stress (the membrane damage induced
by HPP), the status of one or a group of proteins changes
from an inactive form (RsbVi) to an active form (RsbVa).
Although Several proteins may be activated in response to
the membrane damage, we chose RsbV as a representative
of this group. Sigma factor (SigB) which is a regulator
molecule, under non-stress condition is bound (and thus
inactive) to an anti-sigma factor. When RsbV is activated
due to the stress, it can bind to the anti-sigma factor.
This leads to the release of SigB from its complex with
the anti-sigma factor. The freed SigB then binds to the
promoter region on DNA and initiates encoding of a group
of proteins called chaperones, which are involved in the
repair process by refolding denatured proteins (Wright
and Lewis (2007), Impens et al. (2017)). The refolded
proteins play different roles inside the cell and among them
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Fig. 2. A schematic of our proposed regulatory pathway
for the response of Listeria monocytogenes to the
membrane damage caused by HPP.

Fig. 3. The proposed Block diagram for the internal reg-
ulatory system embedded in bacterial cell to respond
to HPP.

is synthesis of membrane components like phospholipids
and transmembrane proteins. We considered DnaK as the
representative for the chaperones group.

(2) By sensing the membrane damage, a signal is sent to
the promoter region on DNA to increase the expression of
the gene which produces the regulator molecule (SigBt).

2.2 Model equations

Our model consists of six differential equations describing
the response of the bacterial membrane to damage follow-
ing HPP. We assumed that an intact membrane loses its
integrity under HPP and is changed to a damaged mem-
brane (the intact membrane index, Membin, decreases and
the damaged membrane index, Membd, increases). When
the pressure is released and returned to its atmospheric
value, the damaged membrane is gradually repaired until
it regains its full integrity (Membin increases and Membd
decreases), therefore:

d[Membd]

dt
= γ1(P )·Membin−γ2(P, Th)·Membd ·[DnaK]

(2)
, where we assumed that the degree of damage, γ1(P ),
is a linear function of the pressure strength P , such that
γ1(P ) = α · P . The second parameter, γ2(P, Th), defines
the effect of pressure strength and holding time (Th, which

is the period for pressure exposure) on the membrane

recovery rate and was formulated as γ2(P, Th) = β
Th·P . We

assumed that the recovery process is inversely proportional
to P and Th. The concentration of chaperons ([DnaK])
works as a positive signal for the recovery mechanism.

We modeled the gene expression and the activation-
inactivation of the proteins by the Hill and Michaelis-
Menten kinetics, respectively (Szallasi et al. (2010)).

It was assumed that by sensing the pressure-induced
damage on the membrane, the status of RsbV protein
changes from inactive to active form, formulated as the
Michaelis-Menten kinetics:
d[RsbVa]

dt
=

k1 ·Membd · [RsbVi]

Km1 + [RsbVi]
− k2 · [RsbVa] · [SigBi]

Km2 + [RsbVa]
(3)

where [RsbVa] and [RsbVi] are the concentration in active
and inactive forms, respectively. k1 and k2 are activation
and inactivation rates. The damaged membrane (Membd)
signals the activation of RsbV. Km1 and Km2 are the
Michaelis-Menten constants.

The activated RsbV molecules then alter the status of the
regulator (sigma factor) from inactive (SigBi) to active
(SigBa) manner by binding to the anti-sigma factor (as
explained in 2.1). RsbVocc and RsbVf represent the active
RsbV molecules which have already been occupied with
the anti-sigma factor molecules, and the free active RsbV
molecules, respectively:

d[RsbVocc]

dt
= k3 · [SigBi] · [RsbVf ] (4)

We assumed that SigB is produced with a constant rate
k5 and degraded with a constant rate k6, proportional to
[SigBt]. Here [SigBt] represents the total concentration of
regulator, which is the sum of active regulator concentra-
tion and inactive regulator concentration. k4 is the rate
of increase in SigB production resulted from the change
in the gene expression pattern under HPP. Signal from
the damaged membrane (Membd) plays the role of an
activator for this reaction, which is formulated as the Hill
function:

d[SigBt]

dt
=

k4 · (Membd
Km4

)m

1 + (Membd
Km4

)m
+ k5 − k6 · [SigBt] (5)

where Km4 is the Hill parameter, representing the strength
of the signal Membd when [SigBt] is at its half maximum.
m is the Hill coefficient, affecting the shape of the Hill
curve for production of SigBt.

According to (4), the inactive regulator molecules become
active by binding to the free RsbV molecules:

d[SigBi]

dt
= −k3.[SigBi] · [RsbVf ] + k5 − k6 · [SigBi] (6)

We formulated DnaK dynamics similar to SigBt. We
assumed that DnaK is produced with a constant rate
k8 and degraded with a constant rate k9, proportional to
[DnaK]. k7 is the rate of increase in DnaK production
resulted from the change in the gene expression pattern
under HPP. The active regulator molecules (SigBa) work
as activator signals for this reaction, which is modeled as
the Hill function:
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Fig. 2. A schematic of our proposed regulatory pathway
for the response of Listeria monocytogenes to the
membrane damage caused by HPP.

Fig. 3. The proposed Block diagram for the internal reg-
ulatory system embedded in bacterial cell to respond
to HPP.

is synthesis of membrane components like phospholipids
and transmembrane proteins. We considered DnaK as the
representative for the chaperones group.

(2) By sensing the membrane damage, a signal is sent to
the promoter region on DNA to increase the expression of
the gene which produces the regulator molecule (SigBt).

2.2 Model equations

Our model consists of six differential equations describing
the response of the bacterial membrane to damage follow-
ing HPP. We assumed that an intact membrane loses its
integrity under HPP and is changed to a damaged mem-
brane (the intact membrane index, Membin, decreases and
the damaged membrane index, Membd, increases). When
the pressure is released and returned to its atmospheric
value, the damaged membrane is gradually repaired until
it regains its full integrity (Membin increases and Membd
decreases), therefore:

d[Membd]

dt
= γ1(P )·Membin−γ2(P, Th)·Membd ·[DnaK]

(2)
, where we assumed that the degree of damage, γ1(P ),
is a linear function of the pressure strength P , such that
γ1(P ) = α · P . The second parameter, γ2(P, Th), defines
the effect of pressure strength and holding time (Th, which

is the period for pressure exposure) on the membrane

recovery rate and was formulated as γ2(P, Th) = β
Th·P . We

assumed that the recovery process is inversely proportional
to P and Th. The concentration of chaperons ([DnaK])
works as a positive signal for the recovery mechanism.

We modeled the gene expression and the activation-
inactivation of the proteins by the Hill and Michaelis-
Menten kinetics, respectively (Szallasi et al. (2010)).

It was assumed that by sensing the pressure-induced
damage on the membrane, the status of RsbV protein
changes from inactive to active form, formulated as the
Michaelis-Menten kinetics:
d[RsbVa]

dt
=

k1 ·Membd · [RsbVi]

Km1 + [RsbVi]
− k2 · [RsbVa] · [SigBi]

Km2 + [RsbVa]
(3)

where [RsbVa] and [RsbVi] are the concentration in active
and inactive forms, respectively. k1 and k2 are activation
and inactivation rates. The damaged membrane (Membd)
signals the activation of RsbV. Km1 and Km2 are the
Michaelis-Menten constants.

The activated RsbV molecules then alter the status of the
regulator (sigma factor) from inactive (SigBi) to active
(SigBa) manner by binding to the anti-sigma factor (as
explained in 2.1). RsbVocc and RsbVf represent the active
RsbV molecules which have already been occupied with
the anti-sigma factor molecules, and the free active RsbV
molecules, respectively:

d[RsbVocc]

dt
= k3 · [SigBi] · [RsbVf ] (4)

We assumed that SigB is produced with a constant rate
k5 and degraded with a constant rate k6, proportional to
[SigBt]. Here [SigBt] represents the total concentration of
regulator, which is the sum of active regulator concentra-
tion and inactive regulator concentration. k4 is the rate
of increase in SigB production resulted from the change
in the gene expression pattern under HPP. Signal from
the damaged membrane (Membd) plays the role of an
activator for this reaction, which is formulated as the Hill
function:

d[SigBt]

dt
=

k4 · (Membd
Km4

)m

1 + (Membd
Km4

)m
+ k5 − k6 · [SigBt] (5)

where Km4 is the Hill parameter, representing the strength
of the signal Membd when [SigBt] is at its half maximum.
m is the Hill coefficient, affecting the shape of the Hill
curve for production of SigBt.

According to (4), the inactive regulator molecules become
active by binding to the free RsbV molecules:

d[SigBi]

dt
= −k3.[SigBi] · [RsbVf ] + k5 − k6 · [SigBi] (6)

We formulated DnaK dynamics similar to SigBt. We
assumed that DnaK is produced with a constant rate
k8 and degraded with a constant rate k9, proportional to
[DnaK]. k7 is the rate of increase in DnaK production
resulted from the change in the gene expression pattern
under HPP. The active regulator molecules (SigBa) work
as activator signals for this reaction, which is modeled as
the Hill function:
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d[DnaK]

dt
=

k7 · ( [SigBa]
Km7

)m

1 + ( [SigBa]
Km7

)m
+ k8 − k9 · [DnaK] (7)

where Km7 is the Hill parameter and m is the Hill
coefficient.

Mass-balance equations are listed in (8) to (10) and relate
the total quantity of a species in the system to its active,
inactive, free, and occupied concentration.

[RsbVa] + [RsbVi] = 1 (8)

[RsbVocc] + [RsbVf ] = [RsbVa] (9)

[SigBa] + [SigBi] = [SigBt] (10)

The variables and the parameters of the model and their
descriptions are listed in Tables 1 and 2, respectively.

We hypothesized that there is a linear correlation between
the rate of hole recovery (i.e. the change in the hole radius
R) and the membrane integrity index, such that when the
membrane is fully intact (Membin = 1 and Membd = 0),
the hole radius is zero; when the membrane loses its
integrity completely (Membin = 0 and Membd = 1), the
hole radius is maximum, therefore:

R = κ ·Membd (11)

The slope (κ) was calculated by considering two points
of the line: (Membd = 0, R = 0) and (Membd = 1, R =
max).

Table 1. Variables and their descriptions.

Variable Description

Membd Damaged membrane (index between zero and one)
Membin Intact membrane (index between zero and one)
[RsbVa] Concentration of active RsbV molecules
[RsbVi] Concentration of inactive RsbV molecules
[RsbVocc] Concentration of occupied RsbV molecules
[RsbVf ] Concentration of free RsbV molecules
[SigBt] Total concentration of regulator
[SigBa] Concentration of regulator in active form
[SigBi] Concentration of regulator in inactive form

R Hole radius
P Pressure value
Th Holding time

3. ANALYSIS

3.1 Hole size estimation

The purpose of this section is to explain briefly the method
we used to provide experimental data to calibrate the
model. The experimental procedure is explained in the
Appendix with more details.

The developed model consists of 16 parameters (except
for κ) that need to be evaluated. We used nonlinear least
square algorithm (Matlab) to estimate four parameters α,
β, k7, and k9, that we chose based on sensitivity analysis
(explained in 3.2). The parameter estimation task was
done by fitting the simulation results to the experimental
data. To provide the experimental data, we pressurized
Listeria monocytogenes, strain ScottA (CIP103575) in a
high hydrostatic pressure machine (ACB) at 400 [MPa]

for 8 or 20 [min] (Th = 8 or 20 [min]) at 8◦C. In order to
quantify the scale of the membrane damage we employed
flow cytometry technique in which the exclusion of fluores-
cent molecules by cells with intact membrane is employed
as a reliable test for membrane integrity (Bowman et al.
(2010), Subires et al. (2014)). We hypothesized that the
pressure-induced damage appeared as holes with circular
areas on the membrane. Using flow cytometry technique,
we categorized the cells in a sample into three different
populations based on the degree of damage. This led us
to a distinctive hole size range (R1, R2, R3) for the cells
in each population (more information is provided in the
Appendix). Figure 4A shows the percentage of total cells
detected in each population immediately (0), 1, 2, 3, 4, and
48 [h] after HPP at 400 [MPa], 8 [min]. Figure 4B provides
the percentage of total cells observed in each population
immediately, 1, 2, and 24 [h] after pressure treatment at
400 [MPa], 20 [min].

Table 3 summarizes the range of the expected hole size for
the cells detected in each population.

As it is shown in Figure 4A, the number of cells in the
population 2 (hole size=R2) decreased gradually during
the first four hours after HPP. This could be interpreted
as progressing recovery of less damaged cells. However,
since the percentage of cells in the population 1 remained
approximately constant during the first four hours, we
concluded that larger holes needed more time to reseal.
Through 24-48 hours recovery, the number of cells in this
population decreased drastically. Accordingly, we believe
that during 24-48 hours, cells with large holes (the popu-
lation 1) had enough time to recover the membrane holes
relatively, such that the cells in this population transferred
to the population 2 (less damaged cells). The increase in
the number of cells in the population 2 after 24-48 hours
enforced this hypothesis.

Table 2. Parameters, constants, and their de-
scriptions.

Parameter Description

α Rate that HPP induced damage on the membrane
β Rate of memb. recovery
k1 Rate of RsbV activation

Km1 Michaelis-Menten constant
k2 Rate of RsbV inactivation

Km2 Michaelis-Menten constant
k3 Rate of activation for SigB molecules
k4 Rate of gene exp. for SigBt

Km4 Hill parameter
K5 Constant production of SigBt

K6 Rate of constant degradation of SigBt

k7 Rate of gene exp. for DnaK
Km7 Hill parameter
k8 Constant production of DnaK
k9 Rate of constant degradation of DnaK
m Hill coefficient
κ Correlation factor between integrity index and R

Table 3. The range of the hole size (R) for each
of the three populations.

Population Hole size range

1 0.6 nm ≤ R1 < 1.2 nm
2 0.2 nm ≤ R2 < 0.6 nm
3 0 nm ≤ R3 < 0.2 nm
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Fig. 4. By investigating the flow cytometry results, we
could classify the cells in a sample into three pop-
ulations based on the hole size range. The figures
show the percentage of the total cells detected in
each population: A) After HPP at P = 400 [MPa],
Th = 8 [min], different recovery times. B) After HPP
at P = 400 [MPa], Th = 20 [min], different recovery
times.

Using the information in Table 3, we estimated the average
hole size in a pressurized sample at a specific recovery
time (Table 4). The estimation method is described in the
Appendix (A.2) in details.

Table 4. The estimated radius for the pressure-
induced membrane holes at different recovery

times.

Recovery time Estimated radius Estimated radius
(400 [MPa], 8 [min]) (400 [MPa], 20 [min])

1 [h] 0.69 [nm] 0.88 [nm]
2 [h] 0.65 [nm] 0.87 [nm]
3 [h] 0.62 [nm] -
4 [h] 0.61 [nm] -
24 [h] - 0.65 [nm]
48 [h] 0.39 [nm] -

3.2 Parameter estimation

We calculated the membrane integrity index (Membd)
by substituting the resulted value for the hole size in
(11) as the experimental data. As stated earlier, we used
nonlinear least square algorithm in Matlab to estimate four
parameters α, β, k7, and k9, chosen by sensitivity analysis
explaiend in the following.

Equation (12) was used to determine the sensitivity of the
model variable x to perturbations in each parameter (pi):

|Si| = |g(pi) − g(pi+pi·∆pi)

pi · ∆pi
| (12)

g = ‖xsim − xexp‖
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Fig. 5. The integrity index for damaged membrane
(Membd) was highly sensitive to parameter α, the
rate of the membrane damage creation resulted from
pressure exposure. In the Figure we present the four
other parameters that Memb was the most sensitive
to. Sensitivity to the other parameters was negligible
(|Si| < 0.005).

where |Si| is the sensitivity coefficient, xsim − xexp is
the deviation between simulated (xsim) and experimental
(xexp) values for the variable, and ‖.‖ is the Euclidean
norm. Figure 5 shows the sensitivity of x = Membd (the
membrane integrity index) to one percent perturbation
(∆pi = 0.01) in each parameter. As the sensitivity of this
variable to α, β, k7, and k9 was higher than its sensitivity
to the rest of the parameters, these four parameters were
selected to be estimated using nonlinear algorithm in
Matlab.

We estimated the remaining parameters based on Monte
Carlo simulations, and chose the set which yielded mini-
mum deviation between simulations and experimental re-
sults. Despite the scarce experimental data, the estimated
parameter values were comparable with values reported
for other types of foodborne pathogens. For example, we
estimated the degradation rates k6 = 0.01 [min−1] and
k9 = 0.2 [min−1], which are in the ranges that Kurata
et al. (2001) and El-Samad et al. (2003) reported as degra-
dation rates for proteins in bacteria E. coli exposed to
heat. The parameter values are listed in Table 5.

3.3 Simulation results

The solid line in Figure 6A and 6B shows the simulated
result for the membrane integrity index (Membd) at P =
400 [MPa], Th = 8 [min] and P = 400 [MPa], Th = 20
[min], respectively. The experimental points are marked
for different recovery times (immediately, 1, 2, 3, 4, 24,
and 48 hours after HPP) by circles.

According to the figure, the dynamics during recovery time
was non-linear. Despite of non-linearity, the model could
reproduce the experimental data quite well.

Figure 7 presents the simulated dynamics for some other
variables of the model.
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Fig. 4. By investigating the flow cytometry results, we
could classify the cells in a sample into three pop-
ulations based on the hole size range. The figures
show the percentage of the total cells detected in
each population: A) After HPP at P = 400 [MPa],
Th = 8 [min], different recovery times. B) After HPP
at P = 400 [MPa], Th = 20 [min], different recovery
times.

Using the information in Table 3, we estimated the average
hole size in a pressurized sample at a specific recovery
time (Table 4). The estimation method is described in the
Appendix (A.2) in details.

Table 4. The estimated radius for the pressure-
induced membrane holes at different recovery

times.

Recovery time Estimated radius Estimated radius
(400 [MPa], 8 [min]) (400 [MPa], 20 [min])

1 [h] 0.69 [nm] 0.88 [nm]
2 [h] 0.65 [nm] 0.87 [nm]
3 [h] 0.62 [nm] -
4 [h] 0.61 [nm] -
24 [h] - 0.65 [nm]
48 [h] 0.39 [nm] -

3.2 Parameter estimation

We calculated the membrane integrity index (Membd)
by substituting the resulted value for the hole size in
(11) as the experimental data. As stated earlier, we used
nonlinear least square algorithm in Matlab to estimate four
parameters α, β, k7, and k9, chosen by sensitivity analysis
explaiend in the following.

Equation (12) was used to determine the sensitivity of the
model variable x to perturbations in each parameter (pi):

|Si| = |g(pi) − g(pi+pi·∆pi)

pi · ∆pi
| (12)

g = ‖xsim − xexp‖
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Fig. 5. The integrity index for damaged membrane
(Membd) was highly sensitive to parameter α, the
rate of the membrane damage creation resulted from
pressure exposure. In the Figure we present the four
other parameters that Memb was the most sensitive
to. Sensitivity to the other parameters was negligible
(|Si| < 0.005).

where |Si| is the sensitivity coefficient, xsim − xexp is
the deviation between simulated (xsim) and experimental
(xexp) values for the variable, and ‖.‖ is the Euclidean
norm. Figure 5 shows the sensitivity of x = Membd (the
membrane integrity index) to one percent perturbation
(∆pi = 0.01) in each parameter. As the sensitivity of this
variable to α, β, k7, and k9 was higher than its sensitivity
to the rest of the parameters, these four parameters were
selected to be estimated using nonlinear algorithm in
Matlab.

We estimated the remaining parameters based on Monte
Carlo simulations, and chose the set which yielded mini-
mum deviation between simulations and experimental re-
sults. Despite the scarce experimental data, the estimated
parameter values were comparable with values reported
for other types of foodborne pathogens. For example, we
estimated the degradation rates k6 = 0.01 [min−1] and
k9 = 0.2 [min−1], which are in the ranges that Kurata
et al. (2001) and El-Samad et al. (2003) reported as degra-
dation rates for proteins in bacteria E. coli exposed to
heat. The parameter values are listed in Table 5.

3.3 Simulation results

The solid line in Figure 6A and 6B shows the simulated
result for the membrane integrity index (Membd) at P =
400 [MPa], Th = 8 [min] and P = 400 [MPa], Th = 20
[min], respectively. The experimental points are marked
for different recovery times (immediately, 1, 2, 3, 4, 24,
and 48 hours after HPP) by circles.

According to the figure, the dynamics during recovery time
was non-linear. Despite of non-linearity, the model could
reproduce the experimental data quite well.

Figure 7 presents the simulated dynamics for some other
variables of the model.
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Fig. 6. The simulated dynamics (solid line) for Membd at
A) P = 400 [MPa], Th = 8 [min] and B) P = 400
[MPa], Th = 20 [min]. Experimental data is marked
with (’◦’). The time axis is shown in the logarithmic
scale.
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In order to analyze the role of the feedback loop parame-
ters in the recovery response, we cut the loop by inserting
one single parameter (β or k4 or k7) equal to zero each
time, while the others were kept at their estimated values
(Figure 8). In the case of β = 0, the membrane remained
at its damaged status and the recovery process was not
started at all. when k4 = 0, since there was no signal from
the membrane to the promoter to increase the production
of the regulator molecule SigBt, the recovery was not ful-
filled completely, although it was started through the path
with k1-k3-k7-β (Figure 2). Inserting k7 = 0, inhibited the
recovery procedure to be started after HPP as well. The
critical role of the parameter β and k7 in compare to k4
is also obvious from Figure 2: By inserting either β = 0
or k7 = 0, the main feedback loop was open while in the
case of k4 = 0, although the path including k4 was open,
the main feedback loop still remained closed through the
other path including k1 and k3.

Table 5. Parameters and constants values.

Parameter/Constant Value

α (2.58∗, 1.69∗∗)10−4 [min−1 ·MPa−1]
β 1∗, 1.8∗∗ [MPa · nM−1]
k1 0.07 [nM ·min−1]

Km1 5 [nM ]
k2 0.001 [min−1]

Km2 3 [nM ]
k3 2 [nM−1 ·min−1]
k4 0.01 [nM ·min−1]

Km4 0.05
K5 0.01 [nM ·min−1]
K6 0.01 [min−1]
k7 0.18 [nM ·min−1]

Km7 0.05 [nM ]
k8 0.001 [nM ·min−1]
k9 0.2 [min−1]
m 2
κ 1.2 [nm]

* 400 [MPa], 8 [min]
** 400 [MPa], 20 [min]
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Fig. 9. The simulated result for Membd dynamics in A)
different P values, Th = 8 [min] and B) different Th

values, P = 400 [MPa]. The time axis is shown in the
logarithmic scale.

To investigate the effect of the pressure and holding time
values on the maximum damage and rate of membrane
recovery, we simulated incremental changes of these two
factors (Figure 9). The results suggested that both pres-
sure and time values had impact on the maximum value of
Membd, and consequently on the maximum estimated hole
radius. The rate of recovery was slower for longer holding
times as seen in Figure 9B.

4. DISCUSSION

The main objective of this study was to develop a quantita-
tive model for the response of foodborne pathogens to the
membrane damage induced by HPP. Unlike other types of
stressful conditions (e.g. high temperature), we still lack
knowledge about the response of bacteria to high pressure,
its impact on the cellular membrane, and the mechanisms
that regulate the repair process.

The model consisted of a set of ODEs with six states and
17 parameters which determined the dynamics of the hole
recovery after HPP. We estimated several critical param-
eters of the model by fitting the simulated data to the
result from experiments we designed. Due to the limited
measurement data and nonlinear dynamics, the parameter
estimation task was challenging. At this moment we had a
few experimental points only for one of our model variables
(Membd). Therefore, we chose to estimate with optimal
least square method only the most important parameters
(α, β, k7, and k9, described in Figure 2 and Table 2) based
on sensitivity analysis. The remaining parameters were
fixed by values based on literature and our knowledge.

As it is stated in the literature, in the case of HPP, the de-
gree of bacterial inactivation depends on the pressure level
(P ) and holding time (Th). We considered both factors
as variables in our model. We estimated the parameters
of the model for two pressure treatments both taken at
P = 400 [MPa] but for different holding times Th = 8
min and Th = 20 min. Except for the two parameters α
(The rate that HPP induced damage on the membrane)
and β (rate of membrane recovery), the obtained values

for the remaining parameters were independent of the
holding time Th. The dependency of α and β to Th led
us to conclude that the impact of holding time, which has
usually been underestimated by the industry in compare
to the effect of the pressure strength (P ), is determining
in efficiency of high pressure treatment. Our simple model
requires an extension with the two functions γ1 and γ2 in
(2) to include the effect of Th in greater details.

Regarding our results, the average hole size was approxi-
mately 0.7 [nm] and 0.9 [nm] immediately after HPP at
P = 400 [MPa], Th = 8 [min] and P = 400 [MPa],
Th = 20 [min], respectively. The hole radius decreased
with a characteristic half-life of 37 hours and 52 hours after
HPP at P = 400 [MPa], Th = 8 [min] and P = 400 [MPa],
Th = 20 [min], respectively. Importantly, the calculated
recovery time was comparable with the period Bozoglu
et al. (2004) mentioned as the time that bacteria needed
to restart growth after pressurization, indicating that the
model had a good prediction ability despite the low num-
ber of measurements.

Simulation results showed a non-linear behaviour for the
hole recovery dynamics and was fitted to the experimental
points well (Figure 6). The proposed simplified model for
the membrane repair showed that the regulation response
is achieved by a network of interactions among diverse
types of molecules such as proteins, regulators, and DNA
through a feedback loop. In our model, the feedback
closed loop response resulted in a full recovery process.
In order to compare the significance of the parameters in
the feedback loop for the membrane recovery, we analyzed
the model under zero kinetics (loop rate constants were
set to zero). The simulated results (Figure 8) suggested
that the parameters β and k7 play key roles in the
feedback loop. This information may guide the industry
to find target components inside the cell to be attacked by
using additives in conjunction with HPP to increase the
efficiency of the pressure treatment.
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different P values, Th = 8 [min] and B) different Th

values, P = 400 [MPa]. The time axis is shown in the
logarithmic scale.

To investigate the effect of the pressure and holding time
values on the maximum damage and rate of membrane
recovery, we simulated incremental changes of these two
factors (Figure 9). The results suggested that both pres-
sure and time values had impact on the maximum value of
Membd, and consequently on the maximum estimated hole
radius. The rate of recovery was slower for longer holding
times as seen in Figure 9B.

4. DISCUSSION

The main objective of this study was to develop a quantita-
tive model for the response of foodborne pathogens to the
membrane damage induced by HPP. Unlike other types of
stressful conditions (e.g. high temperature), we still lack
knowledge about the response of bacteria to high pressure,
its impact on the cellular membrane, and the mechanisms
that regulate the repair process.

The model consisted of a set of ODEs with six states and
17 parameters which determined the dynamics of the hole
recovery after HPP. We estimated several critical param-
eters of the model by fitting the simulated data to the
result from experiments we designed. Due to the limited
measurement data and nonlinear dynamics, the parameter
estimation task was challenging. At this moment we had a
few experimental points only for one of our model variables
(Membd). Therefore, we chose to estimate with optimal
least square method only the most important parameters
(α, β, k7, and k9, described in Figure 2 and Table 2) based
on sensitivity analysis. The remaining parameters were
fixed by values based on literature and our knowledge.

As it is stated in the literature, in the case of HPP, the de-
gree of bacterial inactivation depends on the pressure level
(P ) and holding time (Th). We considered both factors
as variables in our model. We estimated the parameters
of the model for two pressure treatments both taken at
P = 400 [MPa] but for different holding times Th = 8
min and Th = 20 min. Except for the two parameters α
(The rate that HPP induced damage on the membrane)
and β (rate of membrane recovery), the obtained values

for the remaining parameters were independent of the
holding time Th. The dependency of α and β to Th led
us to conclude that the impact of holding time, which has
usually been underestimated by the industry in compare
to the effect of the pressure strength (P ), is determining
in efficiency of high pressure treatment. Our simple model
requires an extension with the two functions γ1 and γ2 in
(2) to include the effect of Th in greater details.

Regarding our results, the average hole size was approxi-
mately 0.7 [nm] and 0.9 [nm] immediately after HPP at
P = 400 [MPa], Th = 8 [min] and P = 400 [MPa],
Th = 20 [min], respectively. The hole radius decreased
with a characteristic half-life of 37 hours and 52 hours after
HPP at P = 400 [MPa], Th = 8 [min] and P = 400 [MPa],
Th = 20 [min], respectively. Importantly, the calculated
recovery time was comparable with the period Bozoglu
et al. (2004) mentioned as the time that bacteria needed
to restart growth after pressurization, indicating that the
model had a good prediction ability despite the low num-
ber of measurements.

Simulation results showed a non-linear behaviour for the
hole recovery dynamics and was fitted to the experimental
points well (Figure 6). The proposed simplified model for
the membrane repair showed that the regulation response
is achieved by a network of interactions among diverse
types of molecules such as proteins, regulators, and DNA
through a feedback loop. In our model, the feedback
closed loop response resulted in a full recovery process.
In order to compare the significance of the parameters in
the feedback loop for the membrane recovery, we analyzed
the model under zero kinetics (loop rate constants were
set to zero). The simulated results (Figure 8) suggested
that the parameters β and k7 play key roles in the
feedback loop. This information may guide the industry
to find target components inside the cell to be attacked by
using additives in conjunction with HPP to increase the
efficiency of the pressure treatment.
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Appendix A. APPENDIX

A.1 Details of Experimental Method

Flow cytometry technique: We measured the intensity of
fluorescent dye cell by cell in a sample and used the inten-
sity value to determine the scale of the membrane defect.
The flow cytometry device we used could measure the
fluorescent intensity for each cell at a high frequency (over
40000 cells in approximately 20 seconds). Two different
fluorescent molecules, propidium iodide (PI) and FluxOR
II-thallium (FluxOR II-Tl) that have different molecular
sizes, were used to estimate the size of the holes in dam-
aged cells (PI radius ≈ 0.6 nm and Tl radius ≈ 0.2 nm,
Bowman et al. (2010)). Both molecules can only penetrate
the cells with damaged membrane. The dye molecules of
PI emit red (630 nm) fluorescence and the molecules of
FluxOR II-Tl emit green (525 nm) fluorescence. Based on
the detected color for each cell, we could categorize the
cells in a sample into highly damaged (red), less damaged
(green), and intact cells (unstained). The fraction of cells
belonged to each population calculated as a percentage
value and shown in Figure 4.

We hypothesized that the largest hole size in a sample was
twice the size of the PI molecule (1.2 [nm]). Accordingly,
cells emitting red fluorescence (Population 1) might have
hole sizes in the range RPI ≤ R < 2RPI (RPI : radius of
PI). Table A.1 summarizes the range of the expected hole
size for the cells detected in each population.

Table A.1. Population information

Population fluorescence color Hole size

1 Red cells RPI ≤ R < 2RPI

2 Green cells RTl ≤ R < RPI

3 Unstained cells 0 ≤ R < RTl

A.2 Hole size estimation

To estimate the average hole size at each recovery time,
we assigned a random number with a normal distribution
as the hole radius R to each cell. This random number for
the cells in each population followed the range mentioned
in the third column of Table A.1. Normal distribution was
chosen since the histogram of intensity for both red and
green fluorescence in each quadrant showed approximately
a normal distribution (data not shown). By calculating
the mean value of assigned numbers for all cells in a
sample (three populations), we got a number which was
interpreted as the average value for R at a specific recovery
time (Table 4).
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The effects of environmental stresses on microorganisms have been well-studied, and

cellular responses to stresses such as heat, cold, acids, and salts have been extensively

discussed. Although high pressure processing (HPP) is becoming more popular as a

preservation method in the food industry, the characteristics of the cellular damage

caused by high pressure are unclear, and the microbial response to this stress has

not yet been well-explored. We exposed the pathogen Listeria monocytogenes to HPP

(400 MPa, 8 min, 8◦C) and found that the high pressure created plasma membrane

pores. Using a common staining technique involving propidium iodide (PI) combined

with high-frequency fluorescence microscopy, we monitored the rate of diffusion of PI

molecules into hundreds of bacterial cells through these pores on days 0, 1, 2, 3, and 4

after pressurization. We also developed a mathematical dynamic model based on mass

transfer and passive diffusion laws, calibrated using our microscopy experiments, to

evaluate the response of bacteria to HPP. We found that the rate of diffusion of PI into the

cells decreased over the 4 consecutive days after exposure to HPP, indicating repair of

the pressure-created membrane pores. The model suggested a temporal change in the

size of pores until closure. To the best of our knowledge, this is the first time that pressure-

created membrane pores have been quantitatively described and shown to diminish with

time. In addition, we found that the membrane repair rate in response to HPP was linear,

and growth was temporarily arrested at the population level during the repair period.

These results support the existence of a progressive repair process in some of the cells

that take up PI, which can therefore be considered as being sub-lethally injured rather

than dead. Hence, we showed that a subgroup of bacteria survived HPP and actively

repaired their membrane pores.

Keywords: high pressure processing, Listeriamonocytogenes, mathematical modeling,membrane damage, repair

process, fluorescence microscopy
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1. INTRODUCTION

Bacteria in nature are exposed to various environmental stresses,
including changes in temperature or pH, radiation, antimicrobial
compounds, and osmotic pressure. Pressurization of bacteria
that normally grow in atmospheric conditions may trigger
response mechanisms that enable them to adapt to the new
pressure condition and survive. Although the cell envelope
and particularly the membrane structure have been reported to
be susceptible to high pressure processing (HPP) (Pagán and
Mackey, 2000; Winter and Jeworrek, 2009; Gänzle and Liu,
2015), the mechanisms that bacteria activate as a response to this
stress are still largely unknown. Moreover, the potential existence
of a membrane repair machinery in bacteria that responds to
pressure-induced damage has not been well-investigated. This
phenomenon is of particular importance in the food industry,
where exposure to HPP is used as a preservation method to
inactivate foodborne bacteria.

Release of low-molecular-weight metabolites, including
nucleotides, amino acids, and inorganic ions, from bacterial
cells exposed to different types of stress such as antibiotics or
bacteriocins has been proposed as an indicator of membrane
damage (Lambert and Hammond, 1973; Gilbert et al., 1977;
Broxton et al., 1983; Zhen et al., 2013; Singh et al., 2016). Two
decades ago, high pressure stress had already been shown to cause
deformation of the cell membrane and create surface pores (Ritz
et al., 2001). Several authors demonstrated increased uptake
of exogenous fluorescent molecules by pressurized cells. For
example, membrane damage in Lactobacillus plantarum exposed
to high pressure was shown by staining cells with the fluorescent
dye propidium iodide (PI) (Smelt et al., 1994). In the same work,
leakage of ATP from these cells was observed, indicating a leaky
membrane (Smelt et al., 1994). Gänzle and Vogel (2001) showed
changes in the kinetics of outer and cytoplasmic membrane
permeability in Escherichia (E.) coli after exposure to high
pressure (300, 500, 600 MPa) by staining of treated cells with
PI and 1-N-phenylnaphthylamine. Furthermore, a few studies
have detected cellular proteins outside the cell after exposure
to high pressure (Smelt et al., 1994; Gänzle and Vogel, 2001;
Mañas and Mackey, 2004). One such example is the study of
Mañas and Mackey (2004), which detected intracellular proteins
outside pressure-treated E. coli cells (200 MPa, 8 min), indicating
membrane leakage.

Several previous experiments showed that pressure-mediated
damage in bacteria could be repairable such that the cells
could potentially grow after repair of the site of injury during
storage (Bozoglu et al., 2004; Jofré et al., 2010; Klotz et al., 2010).
Bozoglu et al. (2004) observed no colony formation in selective
or non-selective agar immediately after pressure treatment at 550
MPa, suggesting that all cells were inactivated. However, they
detected growth in both selective and non-selective agar after 6
days at 4◦C, and after 1 day at 22 and 30◦C, probably due to a
recovery process. Jofré et al. (2010) reported that even after a high

Abbreviations: E. coli, Escherichia coli; FI, Fluorescence intensity; HPP, High
pressure processing; L. monocytogenes, Listeria monocytogenes; LOD, Limit of
detection; LOQ, Limit of quantification; PI, Propidium iodide.

pressure treatment of 900 MPa, some Listeria (L.) monocytogenes
cells remained viable and were able to recover at 14◦C. Klotz et al.
(2010) examined the susceptibility of cell membranes in E. coli
to pressure-induced damage (500, 600, and 700 MPa) and found
that in a pressure-resistant strain, uptake of PI occurred only
during exposure but not after pressure release, indicating that
the cells were able to reseal their leaky membranes. This again
supports the hypothesis of the presence of a recovery process
in sub-lethally injured cells, and adds to the evidence in the
literature that, in contrast to what has been traditionally assumed,
cells that take up PI are not always dead (Shi et al., 2007; Davey
and Hexley, 2011; Subires et al., 2013; Yang et al., 2015).

Several authors have proposed simple models to
describe inactivation of pressure-treated bacteria and their
growth behaviors (Koseki et al., 2007; Bover-Cid et al.,
2010; Hereu et al., 2014; Valdramidis et al., 2015; Rubio
et al., 2018). However, although a few of these studies
reported the existence of a repair process, they did not
identify the underlying mechanisms that allow bacteria
to recover.

Here, we focused on foodborne pathogenic bacteria L.
monocytogenes and the effects of HPP (400 MPa, 8 min, 8◦C)
on its membrane. We developed a dynamic model that could
estimate pressure-induced membrane damage over time.

Our predictions and findings suggest that sub-lethally injured
pressurized cells were able to repair their membranes by
resealing the surface pores after decompression. To the best
of our knowledge, this is the first time that the repair
of membrane pores following HPP has been shown in
bacteria.The estimated time required for resealing the pore
area could be useful for the food industry to adjust the high
pressure strategy applied (particularly by adjusting the pressure
strength and holding time) to design a more effective food
preservation process.

2. MATERIALS AND METHODS

2.1. Experiments
2.1.1. Bacterial Strain and Culture Conditions
The L. monocytogenes Scott A strain used in this study was
provided by the Collection of Institut Pasteur (CIP 103575;
Paris, France) and selected based on its increased high pressure
resistance and widespread use as a reference strain in food
preservation technology testing (Alpas et al., 1999; Briers et al.,
2011; Duru et al., 2020). Stock cultures grown in tryptone
soya broth supplemented with 0.6% w/v yeast extract (TSBYE;
Oxoid/ThermoFisher Scientific, Hampshire, UK) were stored at
−80◦C in glycerol (33% v/v). A loopful of the glycerol stock was
inoculated into 20 mL TSBYE and incubated at 37◦C overnight
in a shaking (80 rpm) water bath. To prepare working cultures
in the early stationary phase, the overnight culture was diluted
to 1:100 in 20 mL of fresh TSBYE and incubated under the
same conditions for 18 h. The time to reach this growth phase
was established by monitoring the optical density at 600 nm
(Bioscreen C; Oy Growth Curves AB, Helsinki, Finland) in a
separate experiment.
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2.1.2. High Pressure Processing (HPP)
Early stationary phase cultures were transferred to 30-mL HDPE
bottles with screw caps (BNH0030PN, SciLabware Limited,
Stoke-on-Trent, UK), avoiding the presence of air bubbles.
Bottles had previously been sterilized with a 70% v/v ethanol
solution overnight, rinsed three times with sterile distilled water,
and dried at 60◦C in an incubator. The possible presence of
ethanol residues after this procedure was ruled out, as growth of
untreated samples was not reduced (data not shown). To prevent
hazardous culture spills, caps were sealed with laboratory film,
and bottles were vacuum packed in sterile plastic bags. Samples
were then cooled to 8◦C in ice before HPP (approximately 30
min).

HPP was performed in a discontinuous isostatic press (Alstom
ACB, Nantes, France) fitted with a 2-L pressure chamber
containing water. The temperature of the pressure chamber and
transmission fluid was adjusted to the treatment temperature
(8◦C) using an external continuous cooling system. The samples
were then placed inside the chamber, allowed to re-equilibrate
to 8◦C for 5 min, and pressurized at 400 MPa for 8 min.
The temperature was selected according to the common HPP
conducted in the industry (Muntean et al., 2016). The come-up
time and the decompression time were both 2 min. Pressurized
samples were kept in ice before being further processed for
fluorescence microscopy analysis, and then stored at 8◦C for
the subsequent days of analysis. The storage temperature was
selected to simulate the temperature deviations that occur in
the cold chain/storage of refrigerated food products, i.e., abuse
temperature (Alvarez-Ordóñez et al., 2015).

2.1.3. Cell Preparation and Fluorescence Microscopy

Analysis
Pressure-treated cells were pelleted (13,000 g, 1 min) and
resuspended in Dulbecco’s phosphate-buffered saline (DPBS, pH
7.4) immediately before microscopy analysis at 1 h (day 0), and
on days 1, 2, 3, and 4 post-treatment. Sixty microliters of this
cell suspension was pipetted into the center of a glass-bottomed
microwell plate (35 mm petri dish, 14 mm microwell, coverglass
No. 1.5; MatTek Corporation, Ashland, USA). To immobilize
cells and provide a stationary frame for real-time imaging, 200
µL of a 2% w/v low-gelling-temperature agarose (Sigma-Aldrich,
Saint Louis, USA) solution was carefully dispensed over the
cell suspension drop, first surrounding and then covering it.
Approximately 2 mL of a staining solution containing 1.25 µM
PI (final concentration; 20 mM stock solution in DMSO, Life
Technologies/ThermoFisher Scientific, Darmstadt, Germany) in
DPBS was carefully dispensed over the cell suspension and
agarose mixture during real-time imaging. The delivery system
consisted of a syringe coupled to a plastic tube that was in
turn attached to a holed plate lid. Untreated and heat-treated
(80◦C for 40 min) cell suspensions were prepared as described
above and used as a negative and a positive control for PI
staining, respectively.

Time-lapse image acquisition was performed with a Leica
TCS SP5 (Leica Microsystems, Wetzlar, Germany) confocal
microscope using a 63x oil objective (NA 1.4), filters for PI
detection (excitation at 575–625 nm; emission at 660–710 nm),

and a hybrid detector. For each sample and field, images were
captured for 30 min at 1 frame per second (fps). The maximum
achievable fluorescence intensity (FI) was obtained from the
heat-treated sample, which was used every day as the reference
to set the microscope gain parameter.

2.1.4. Culture-Based Cell Counting
The number of viable L. monocytogenes cells was determined
by the spread plate count method before exposure to HPP
(untreated) and on days 0, 1, 2, 3, and 7 after the treatment (400
MPa, 8 min, 8 ◦C). Samples were serially diluted at the designated
time points in peptone saline solution (1 g/L neutralized
bacteriological peptone [Oxoid/ThermoFisher Scientific] and 8.5
g/L NaCl in water). Appropriate dilutions were spiral-plated
(Eddy Jet; IUL, Barcelona, Spain) on the non-selective medium
tryptone soya agar supplemented with 0.6% (w/v) yeast extract
(Oxoid/ThermoFisher Scientific). Plates were then incubated at
37◦C for 48 h before colony counting. The limit of detection
(LOD) and the limit of quantification (LOQ) (i.e., the lower limit
of acceptably accurate cell counts) of this method were 1.00 and
2.40 log CFU/mL, respectively.

2.2. Post-processing of Microscopy Data
We used Fiji software, RRID:_SCR_002285 (an image-processing
package based on ImageJ), RRID:_SCR_003070, and MATLAB,
RRID:_SCR_001622 to derive the mean red FI value for each cell
in every single frame of the image stacks (images were captured
for 30 min at 1 fps as described above). On each consecutive day,
we monitored several fields of view (FOV) such that the total
numbers of PI-positive cells (n) studied on days 0–4 were 118, 49,
21, 44, and 27, respectively. We analyzed a total of 318 bacteria in
30 FOV during the 4 days. The lowest and the average number of
bacteria analyzed per day were 20 and 45 cells, respectively. We
monitored on average 3 FOV per day and 10 bacteria per FOV.

One reason that the cell number was different on different
days was that cells at the edges or those with improper orientation
for image processing were ignored. Another reason could have
been a reduction in the number of red cells (cells with PI
molecules inside) over the 4 days.

The FI curves for each day were grouped into separate clusters
based on the rate of PI diffusion into the cell, as the treated sample
was not homogeneous in terms of pressure-induced damage.
This was because cells might react differently to high pressure;
therefore, differences in the degree of damage and ability to repair
would lead to differences in the rate of change of FI and in the rate
of PI diffusion through pores. We used the k-means algorithm
to cluster the FI curves, where the optimal number of clusters
(k) was determined using the elbow method (Kassambara, 2017).
The procedure was as the following: First, we considered the
last point of each intensity curve (i.e., FI value at t = 30
min) to create a database for each day. Then we used MATLAB,
RRID:_SCR_001622 to run the k-means algorithm for different
numbers of clusters of the database for each day: k = 1, , 2, ..., 10.
For each k, we calculated the sum of the squared distance (SSE)
between the centroid of a cluster and eachmember of that cluster.
We looked at the SSE as a function of the number of clusters and
chose a number of clusters so that adding another cluster did not
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improve much better the SSE. The mean and standard deviation
of the FI for each cluster of cells were calculated separately for
each time point.

To normalize the FI values and therefore make them
comparable over the 4 days, on each consecutive day we divided
the values obtained from the pressure-treated sample by the
maximum intensity value achieved from the positive control
sample on that day. This normalized FI value was then used to
estimate the pore size.

2.3. Statistical Analysis
We used MATLAB, RRID:_SCR_001622 to run analysis of
variance (one-way ANOVA) and multi-comparison tests to
investigate whether the estimated radius for the pore size on
each day significantly differed from the values estimated for the
other days. In the multi-comparison analysis, two clusters with
specific mean values were considered to be significantly different
if their intervals were disjoint, and not significantly different if
their intervals overlapped. We used the Bonferroni method to
calculate the intervals.

Additionally, We ran the Bartlett test of the null hypothesis
that the estimated radius over the 4 days comes from normal
distributions with the same variance.

We fitted a weighted least square model (regression model)
to the estimated pore values on each day where weights were
determined according to the number of cells monitored each day.
We usedMATLAB, RRID:_SCR_001622 command “fitnlm” to fit
our linear regression model (y = ax + b, where a and b are the
fitting parameters) to the estimated values.

2.4. A Computational Model to Describe
Membrane Recovery
We developed a modified version of the model that Zarnitsyn
et al. (2008) proposed for the transmembrane diffusion of
small molecules through membrane wounds in human cells
after sonication. Our proposed model was constructed based on
several assumptions.

First, as stated in the literature (Pagán and Mackey, 2000;
Winter and Jeworrek, 2009; Gänzle and Liu, 2015) and evidenced
by our previous work using flow cytometry (Nikparvar et al.,
2019), the bacterial membrane is one of the main structures in
the cell that is damaged by HPP.We investigated the morphology
of the bacterial membrane after exposure to high pressure using
transmission electron microscopy (TEM) and found that the
membrane was damaged and became perforated under pressure
(Figures 1A–D). We assumed that the main damage occurred
in a single pore area. This assumption is valid for our model,
because the estimated pore area in our work could be interpreted
as an effective area (or total area) regardless of the number of
pores. It is mathematically possible to estimate the number of
large pores by dividing the effective pore area by the size of the
reference molecule (PI), which led us again to one large pore
area (for all 4 consecutive days). A schematic geometry for the
described membrane pore is shown in Figure 1E.

Second, the membrane, which is otherwise impermeable
to fluorescent molecules such as PI, allows the diffusion of
these molecules within the pressure-induced membrane pore,

FIGURE 1 | Morphology of pressure-treated cells. (A–D) TEM images showed

that HPP could create membrane pores (Nikparvar et al., 2019). (A) Untreated

sample, (B–D) Pressure-treated sample, 400 MPa, 15 min. The black arrows

show the location of the pore area on the membrane. (E) A schematic model

showing the morphology of a created membrane pore area under high

pressure. The geometry of the bacterium and its plasma membrane with

thickness h is simplified as a rod shape. cin and cout are the concentration of

fluorescent molecules inside and outside the cell, respectively, and Din, Dout,

and Dpore are the diffusion coefficient of the fluorescent molecules inside,

outside, and within the pore area, respectively. Symbols are defined in

Table 1.

provided the size of the pore area is greater than the size of
the molecules. We assumed that the mechanism responsible for
the movement of PI molecules was diffusion caused by random
molecular motion. The rate of PI diffusion into the cell depends
on the size of the pore area; therefore, it is possible to estimate
the pore size by measuring the difference in FI resulting from the
increased number of PI molecules bound to DNA. Based on the
mass balance of PI molecules, we can write:

Vcell
dcin

dt
= Aporek(cout(t)− cin(t)), (1)

where Vcell is the cell volume (m3); cin and cout are the
intracellular and extracellular concentration of PI molecules
(mol/m3), respectively; t is time (s); Apore is the pore area (m2);
and k is the mass transfer coefficient (1/s), which is independent
of the pore area and the cell volume but varies with the diffusion
coefficient, D (m2/s), of PI molecules. The expressions on the
left and right sides of the equation above (with the unit mol/s)
represent the accumulation of PI molecules inside the cell and
the rate of the transport into the cell through the pore, J (mol/s),
respectively. If we assume that PI molecules were added to the
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sample at t = 0, cin(t = 0) = 0, and cout(t = 0) changes from 0
to coutss , solving Equation (1) gives:

cin(t) = coutss (1− exp(−Kt)), (2)

where K = Ak
Vcell

. Here, we assume that Apore, k, and Vcell are

constant during the integrating time, i.e., the period between
adding PI molecules to the sample and the time when the
FI is saturated (saturation occurred when the intracellular
concentration of PI molecules reached the concentration level
outside, i.e., cin = coutss ).

According to Equation (2) and by measuring cin
experimentally at time t, the quantity K can be calculated:

K =
1

t
ln (

1

1− I(t)
Imax

), (3)

where assuming that the relationship between the concentration
of fluorescent molecules and the FI is linear (Kim et al., 2020), we
have cin(t)

coutss
=

I(t)
Imax

(I(t) and Imax are the intensity at time t and

maximum intensity, respectively).
Third, as discussed previously by Zarnitsyn et al. (2008), we

considered a three-part process for the diffusion of PI molecules
into a cell: diffusion from the extracellular point to the pore;
diffusion across the cell membrane within the pore; and diffusion
away from the pore in the cytosol. The flow J (mol/s) is given by:

J =
cout − cin

h
DporeApore

+ 1
4DoutR

+ 1
4DinR

, (4)

where h is the membrane thickness; R represents the pore radius;
and Dpore, Dout , and Din are the diffusion coefficients of PI
molecules inside the pore, outside the cell, and inside the cell,
respectively. Symbols are defined in Table 1.

By substituting Apore = πR2 (where R is the pore radius), K
can be expressed as a function of D and R:

K =
1

Vcell(
h

DporeπR2
+ 1

4DoutR
+ 1

4DinR
)
. (5)

As mentioned earlier, we immobilized the cells in agarose gel;
therefore, the extracellular diffusion coefficient (Dout) was the
rate of the diffusion for PImolecules in agarose gel (Dg) and equal
to σDw, where Dw is the diffusion coefficient in aqueous solution
(Table 2). σ was taken from the literature (Pluen et al., 1999):

σ = 1− 2.1444(Ra/Rg)+ 2.08877(Ra/Rg)
3 − 0.94813(Ra/Rg)

5

−1.372(Ra/Rg)
6 + 3.87(Ra/Rg)

8 − 4.19(Ra/Rg)
9,

(6)

where Ra and Rg are the radii of the PI molecule and gel pore
respectively, with the values given in Table 2.

TABLE 1 | Definition of symbols.

Symbol Definition

Vcell (m
3) Cell volume

Dout (m
2/s) Extracellular diff. coeff. of PI

Din (m2/s) Intracellular diff. coeff. of PI

Dpore (m
2/s) Diff. coeff. of PI inside the pore

Apore (m
2) Pore area

Dg (m2/s) Diff. coeff. of PI in agarose gel

Dw (m2/s) Diff. coeff. of PI in aqueous solution

cout (mol/m
3 ) Extracellular concentration of PI

cin (mol/m3 ) Intracellular concentration of PI

h (m) Membrane thickness

R (m) Pore radius

Ra (m) Radius of PI molecule

Rg (m) Radius of gel pores

kB (J/K) Boltzmann constant

T (K) Temperature

η (N.s/m2) Viscosity of plasma membrane

TABLE 2 | Constant values.

Constant Value Reference

Vcell 0.7 ∗ 10−18 (m3) For E. coli (Yu et al., 2014)

Dw 4 ∗ 10−10 (m2/s) Stokes-Einstein relationa

h 4 ∗ 10−9 (m) For E. coli (Briegel et al., 2009)

Ra 6 ∗ 10−10 (m) (Bowman et al., 2010)

Rg 8 ∗ 10−7 (m) (Pluen et al., 1999)

kB 1.38 ∗ 10−23 (J/K) -

T 296 (K) -

η 5 ∗ 10−9 (N.s/m2) (Daniels and Turner, 2007)

aDw = kBT/(6πηwRa ), where ηw is the viscosity of water.

We used the expression that Verkman (2002) introduced to
estimate the diffusion coefficient of small molecules (with size
and mass approximately equal to those of the PI molecule)
in cytoplasm: Din ≈ 0.25Dw. This approximation agrees with
the intracellular diffusion coefficient that Zarnitsyn et al. (2008)
used to estimate the wound radius in human cell membranes
after sonication.

As shown in Figure 1E, the diffusion of fluorescent molecules
within the pore can be modeled as diffusion of molecules in
a tube of length h and radius R. We used the expression that
Daniels and Turner (2007) proposed for calculating the diffusion
coefficient of proteins along long thin membrane tube to
express Dpore:

Dpore =
kBT

4πη
[ln(

R

Ra
)+ O(1)+ O(

Ra

R
)+ ...], (7)

where kB is the Boltzmann constant, T is the temperature in
Kelvin, η is the viscosity of the membrane, and Ra is the particle
(PI) radius (all values in Table 2). O(.) elements are neglected
terms from the Taylor series representation. We obtained the
measured value for K by inserting I(t) and Imax (Equation 3) and
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tried to fit our simulated value forK (Equation 5) to themeasured
value for K (Equation 3). By doing so, and by substituting other
parameters from the literature and physics of the cells (Table 2),
we estimated the parameter R in Equation (5) which gave us the
pore radiusR. The time dependent valueKmade the link between
our model and experimental data and since we calculated it from
the measured data, it specifically affected the final estimation
of the pore size, thereby calibrating the model for a specific
experimental condition.

Fourth, as we followed an identical protocol for microscopy,
it was assumed that the impact of photobleaching (if it occurred)
did not interfere with the results.

3. RESULTS

3.1. Monitoring the Diffusion of PI
Molecules Into Damaged Bacterial Cells
Through Membrane Pores
Tomeasure the diffusion rate of PI molecules through a damaged
membrane, we measured red FI for each bacterial cell (L.
monocytogenes) after adding PI molecules for 30 min at a rate
of 1 fps (Figure 2). All obtained images and videos can be found
in the Dryad Digital Repository (Nikparvar et al., 2020). Owing
to variability in cell resistance, cells showed different degrees of
pressure-induced damage. We used the k-means algorithm to
cluster the intensity curves using a certain number of clusters
(determined by the elbow method) for days 0, 1, 2, 3, and 4
after pressure exposure based on the rate of PI diffusion through
membrane pores (see section 2.2). The mean intensity curve for
each cluster on each evaluation day is shown in Figures 3A–E. In
the negative control sample (untreated cells), the cells remained
uncolored during the observation period, indicating that PI
molecules did not diffuse into the cells (Figure 3F). By contrast,
in the positive control sample (heat-treated cells), the intensity
reached its maximum value after 30 min, indicating substantial
membrane damage. The numbers of untreated, heat-treated, and
pressure-treated cells in each cluster for days 0–4 are reported in
Table 3.

First, we found that for all evaluation days, the FI started to
increase after a delay of about 8 min, probably owing to the
time taken for the PI molecules to diffuse from the extracellular
medium to the cells through the agarose gel.

Second, Equation (2) implies that the higher the slope of
the intensity curve, the faster PI molecules diffuse inside the
cell. According to Equations (2) and (5), the diffusion rate of
PI molecules (slope of the curves in Figure 3) was positively
correlated with the membrane pore size. This suggests that
the curves belonging to the cluster with the lowest slope of
the intensity curve correspond to the cells with the smallest
pore sizes. The intensity curve for the group with the lowest
slope displayed an upward trend toward saturation as the time
approached 30 min (Figure 3). Conversely, the clusters with the
highest slope of the intensity curve correspond to the cells with
the largest pore sizes.

Most importantly, we detected a general decrease in the rate
of PI diffusion into the cells on consecutive days. This was

FIGURE 2 | Fluorescence microscopy images for pressure-treated (400 MPa,

8 min, 8◦C) and control samples. To measure the diffusion rate of PI molecules

through a damaged membrane, we measured red FI for each bacterial cell (L.

monocytogenes) after adding PI molecules for 30 min at a rate of 1 fps. All

images and videos are available from the Dryad Digital Repository (Nikparvar

et al., 2020).

consistent for the cluster of cells with the lowest rate of diffusion,
in which the final FI value (shown with a dashed line in Figure 3)
changed from 0.14 on day 0 to a final value of 0.02 on day 4, i.e., a
seven-fold decrease. This is a strong indication that the pore size
decreased over the 4 days after the pressure treatment.

3.2. Estimation of the Pore Area
As discussed earlier, we assumed that the cluster corresponding
to the curves with the lowest slope of the intensity curve was
associated with the least-damaged bacteria. As we could detect
a decay in the rate of PI uptake for this group of cells from day 0
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FIGURE 3 | Intensity plots. The normalized mean and standard deviation of the red fluorescence intensity, FI, emitted from: (A–E) each pressure-treated cell on days

0–4 following HPP, and (F) two control samples. The FI values were extracted from images captured by the fluorescence microscopy technique for 30 min after PI

addition. We used the k-means algorithm to cluster the intensity curves through a certain number of clusters (determined by the elbow method) for days 0, 1, 2, 3,

and 4 after pressure exposure based on the rate of PI diffusion through membrane pores (see 2.2). The y-axis is in log scale. The intensity value after 30 min for the

group of cells with the lowest slope (shown in blue) decreased with the days from 0.14 to 0.02, represented by the dashed lines. Intensity values for each cell (raw

data) are available in Supplementary File 1.

TABLE 3 | Number of studied untreated (Untr), heat-treated (H-T), and

pressure-treated (PI-positive) cells in each cluster on days 0–4 (D0-D4).

Cluster D0 D1 D2 D3 D4 Untr H-T

Lowest slope 98 12 11 10 7 –

Mild slopea 5 28 3 30 12 –

Highest slope 15 9 7 4 8 –

Total 118 49 21 44 27 20 39

aThe number of cells in the mild-slope cluster equals to the number of cells belonging to

the clusters other than the lowest- and the highest-slope clusters.

to day 4, we used this group to calibrate the model that estimates
the pore size.

By substituting the FI value corresponding to this cluster for
each evaluation day into Equations (3–7), the mean value for
pore size was estimated. First, the results of the model calibration
showed that the mean radius of the pore decreased from 1.3 to
0.8 nm over the 4 days (Figure 4A).

Second, we ran one-way ANOVA and multi-comparison tests
using the Bonferroni method (see section 2.3) and found that the
mean value of the estimated pore radius on day 0 (mean= 1.338,

SD = 0.0014) was significantly (p < 10−6) higher than on the
other days (Figure 4A). The mean values of the pore radius for
day 1 (mean = 1.191, SD = 0.0039) and day 2 (mean = 1.221,
SD = 0.0041) were significantly different (p < 10−6) from those
on days 3 (mean = 0.964, SD = 0.0043) and 4 (mean = 0.809,
SD = 0.0051). Although we observed a general reduction in the
PI uptake during the 4 days (Figure 4B), we did not observe a
reduction from day 1 to day 2 probably owing to high variability
in the results or due to other reasons such as a lag time before
starting the recovery process. Furthermore, because of the small
sample size on day 4 (due to a low number of PI-positive cells
detected on day 4 which most likely resulted from the partial
recovery of the membrane), we could not show a significant
reduction from day 3 to day 4. Estimated pore size values for the
cluster with the lowest slope are presented in Table 4. The decay
in the pore size suggests the presence of an embedded membrane
repair mechanism in bacteria, which was activated in response
to HPP (see section 4). The Bartlett test reported insufficient
evidence to say the variances are different with a P-value higher
than 0.05.

Once the model was calibrated, we fitted a weighted least
squares model to the estimated pore size values on each day
for the cluster with the lowest slope (Figure 5A). Based on the
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FIGURE 4 | Pore size estimation. (A) Estimated pore radius of the cells belonging to the cluster with the lowest slope. The mean value of pore radius for day 0 was

significantly (p < 10−6) different than the rest of the days. The mean value of the pore radius for days 1–2 was significantly different than days 3–4 (stars represent

statistically different groups). Error bars show the confidence intervals, calculated using the Bonferroni method for multi-comparison (see 2.3). (B) The last frame (t =

30 min monitoring) of the fluorescence microscopy image stacks obtained in each evaluation day. Here only one cell as a representative for each day is shown.

TABLE 4 | Estimated pore radius for the cluster with the lowest slope (Figure 4).

Day post-pressure R (nm) Confidence intervala (nm)

D0 1.338 (1.296–1.380)

D1 1.191 (1.113–1.269)

D2 1.221 (1.139–1.303)

D3 0.964 (0.878–1.051)

D4 0.809 (0.702–0.915)

aThe Bonferroni method.

assumption that cells with different pore sizes in the range <5
nm are repaired at the same rate (Zarnitsyn et al., 2008), we used
the same weighted least squares model to fit the remaining cell
groups (Figure 5B). Given an initial FI value on day 0, this model
could predict the pore radius as a function of time. It was then
possible to estimate the time that the bacterial cell needed to
regain its membrane integrity. In our case, this occurred when
the pore radius became smaller than the radius of the PI molecule
(dashed horizontal line, Figure 5B). Although extrapolation
outside the region of experimental measurements may risk
entering different dynamics/regions, where the assumptions do
not apply anymore, we believe that such error will not matter in
our work because this is when the pores are too small to have
consequences on the cell (death).

This information could be useful for food industry to design
more efficient pressure treatments by adjusting HPP strategy (the
pressure strength and holding time).

Figure 6 gives a better understanding of pore size in terms
of allowing for the leakage of solutes with different molecule
sizes through the pore. A literature search revealed that small

solutes, such as ions, amino acids, ATP, etc. (size <700 Da) could
pass through 1-nm pores. Larger molecules such as ribosomes
and DNA were found to pass through pores larger than 2 nm
(Figure 6). Although estimation of cell life expectancy requires
extensive statistical experiments, it can be safely assumed that
large pore sizes can cause leakage of larger essential compounds,
e.g., DNA, from the cell through pores (Figure 6). In other
words, the cell is more likely to die when the pore sizes
are large.

To investigate how sensitive the model prediction R was to
different parameters (e.g., Vcell, σ , η, h, and Din), we perturbed
each parameter by 1p = ±10%, while the input cin was 50% of
its maximum value, 1 (local sensitivity analysis). We found that
the model was sensitive to Vcell, η, and h. The relative sensitivity

coefficient (S = |
R(p)−R(p+1p)

1p ·
p
R |) is listed in Table 5, where p is

the parameter and 1p is its perturbation.
To evaluate how sensitive our linear regression model was to

variations in the cell volume (i.e., the most sensitive parameter
in our model; Table 5), we perturbed the parameter Vcell (1p =

±10% and ±50%) and checked the deviation in the predicted
value R each day. Importantly, for both 1p = ±10% and
1p = ±50%, the local sensitivity of the regression model to
the perturbation decreased over time (Figure 7), such that the
estimated time for regaining the membrane integrity did not
alter significantly. We also examined the other two sensitive
parameters, i.e., membrane thickness h and viscosity of the
plasma membrane η, and found similar results. These results
together with the fact that the size of L. monocytogenes is in
the range defined by 10 and 50% perturbation from the size
of E. coli (Jamshidi and Zeinali, 2019) indicate that the model
predictions of temporal recovery were robust to the uncertainty

Frontiers in Microbiology | www.frontiersin.org 8 May 2021 | Volume 12 | Article 598739



Nikparvar et al. Response of Listeria monocytogenes to High Pressure

FIGURE 5 | Regression model for the pore size. (A) A weighted regression model showed that the estimated values of the pore size for the cluster with the lowest

slope in the intensity curve decayed linearly over the four days. (B) The linear model was fitted to the data of the remaining clusters. Error bars in both (A,B) show the

standard deviation for the estimated pore radius. The solid blue line shows the fitted linear model to the data for the least damaged cells (the cluster with the lowest

slope in the intensity curve) and the solid gray lines show the predicted linear approach for resealing pores over evaluation days for the rest of the clusters. With this

linear model, we could predict the time interval needed for each group to recover the membrane.

FIGURE 6 | Leak of solutes through small pores. Literature research in filter membranes shows that solutes such as glucose, some ions, and ATP are small enough to

pass through pores up to 1 nm size. Bigger pores may allow pass of bigger molecules such as DNA and dextrans1.

of parameters such as Vcell (which was substituted from values
specified for E. coli, Table 2).

3.3. Population Growth Behavior of
Pressure-Treated L. monocytogenes
Absence of growth at the population level during the recovery
period was confirmed by measurement of viable plate counts.

1London Health Science Centre (2020). https://www.lhsc.on.ca/critical-care-
trauma-centre/principles-of-crrt/ (accessed July 24, 2020).

Exposure of L. monocytogenes to 400 MPa, 8 min, 8◦C
led to a 7.79 ± 0.82 log CFU/mL decrease in viable cell
counts, corresponding to a cell concentration below the
LOQ of the method (Figure 8). Viable cell counts in the
pressure-treated sample remained constant and below the LOQ
during the subsequent 4 days, whereas the growth of the
total population was only observed 7 days after HPP. This
trend is compatible with the existence of a lag phase of
at least 4 days, followed by the onset of the exponential
growth phase.
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4. DISCUSSION

We exposed L. monocytogenes cells to HPP of 400 MPa, 8
min, 8◦C. Our results showed that some of the cells in the
sample that were exposed to HPP became permeable to PI
molecules, which otherwise could not pass through the intact
membrane, suggesting the formation of pores in the cellular
envelope under high pressure. Although the exact mechanism
of pressure-induced membrane permeabilization is not known,
it has been linked to the denaturation of membrane proteins,
as well as to the phase transition of membrane phospholipids
from the physiological liquid-crystalline phase to the gel phase,
which results from lateral compression and increased packing
of the acyl chains (Pagán and Mackey, 2000; Casadei et al.,
2002; Winter and Jeworrek, 2009; Patterson, 2014). To evaluate
the degree of membrane damage, we measured the rate of
FI change inside each cell after adding PI molecules to the
extracellular medium. First, we detected large variations in the
degree of membrane damage among single cells, which were
clustered into groups (Figure 3) using the k-means algorithm
(see section 2.2). This was consistent with a study by Ritz
et al. (2001), in which HPP followed by PI staining and
flow cytometry analysis of L. monocytogenes revealed a broad

TABLE 5 | Relative sensitivity coefficient for 10% perturbation in each parameter.

Parameter Relative sensitivity |S|

Vcell 0.3799

η 0.3798

h 0.3798

σ 9.758 ∗ 10−6

Din 3.188 ∗ 10−5

distribution of red FIs for cells taking up PI, probably arising
from different structural strengths of the cellular envelope. Entry
of a bacterial population into the stationary phase, as analyzed
in this study, is related to an increased resilient cell envelope
and the synthesis of stress response proteins (Casadei et al.,
2002; Huang et al., 2014). However, this phenotype is subject
to various possible drivers of intrapopulation heterogeneity,
including stochasticity in gene expression, the effects of which

FIGURE 8 | L. monocytogenes viable cell counts (log CFU/mL). Assessment

was done by plating on non-selective medium before (untreated) and after

HPP (day 0) and during storage at 8◦C (day 1–7). LOD, limit of detection; LOQ,

limit of quantification. Error bars show standard deviation of three biologically

independent replicates. Raw data is available in Supplementary File 2.

FIGURE 7 | Parametric uncertainty of the linear prediction for the cell volume (Table 5) diminished with pore size. (A) 10% perturbation and (B) 50% perturbation in

p = Vcell = 0.7 ∗ 10−18 (m3). Shaded bounds show the deviation of the predicted R values from its nominal values (black solid line) due to parameter (Vcell ) uncertainty.

For both perturbations of 10 and 50% of the nominal parameter value, the uncertainty region diminished as pores were resealed.
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are amplified for low-abundance molecules such as mRNAs and
regulatory proteins; cell cycle and aging stage; and epigenetic
regulation (Avery, 2006; Veening et al., 2008). Moreover,
phenotypic heterogeneity is an inherent feature of bacterial
populations and, most importantly, is considered to be a
component of their adaptation and survival strategy (Booth,
2002).

Second, the synergy of our mass transfer mechanistic model
(Equations 1–7) with specially tailored experiments to test
the membrane recovery hypothesis allowed us to estimate the
total size of the pressure-created pores at any time point after
treatment at 400 MPa, 8 min, 8◦C. Our observations indicated
that the rate of diffusion of PI, particularly in the cluster with
the lowest slope (corresponding to the least-damaged cells),
was reduced during the 4 days after exposure (Figure 4). The
existence of a recovery process in the bacterial membrane
investigated in this work is consistent with the results of our
previous works (Duru et al., 2021; Nikparvar et al., 2021), where
by using a time-series RNA sequencing data and conducting a
network component analysis we proved the presence of a repair
process in the membrane after HPP.

Most importantly, we found that the estimated pore size
decayed (most likely) linearly as a function of time (Figure 5).
If the trend is not linear, then the rate of repair (decay of size)
must be increased (e.g., log decay) or decreased (e.g., exponential
decay). We see no reason for an accelerated repair because cells
will likely mobilize most of their resources to repair damage when
it is at its maximum level. There is no reason to assume that the
cells will increase their repair resources (and thus the rate) as
the pore size decreases. An exponential decay (decelerating rate
of repair) is otherwise more likely, but as pores are becoming
smaller, the repair process will likely proceed faster. However,
at that stage the cells likely divert resources to other essential
damaged sites than themembrane, and therefore the rate remains
nearly linear. The linear repair rate is consistent with a previous
study of membrane recovery in human cells (Zarnitsyn et al.,
2008), in which the authors measured membrane wound closure
using several fluorescent molecules. They found an exponential
decay for wound sizes on the scale of hundreds of nanometers
over time, followed by an approximately linear decay for wound
sizes less than 20 nm.

The model suggested in this work for quantifying the
membrane damage is based on several assumptions (see 2.4). The
assumption that the main pressure-induced membrane damage
occurred in a single effective pore area (total area of membrane
pores) may affect the prediction of the size of individual pores.
To date, pores smaller than fluorescent molecules (such as PI)
are difficult to measure by direct methods. Thus, the model
predictions may appear biased when the number of small pores
(smaller than PI size) is large. Importantly, the total diffusion of
molecules through the cell membrane is only dependent on the
total surface of the pores (Zarnitsyn et al., 2008), so cell fate,
which is strongly affected by the total diffusion via the loss of
cytosol material, will not be affected by the wrong estimation
of the number of pores. Additionally, there is no evidence
supporting that high pressure causes multiple small pores: once
high pressure damages the membrane structure in a certain

area, additional pressure buildup will most likely concentrate
around the same area which is structurally weaker than the
remaining parts of the membrane. Finally, finer resolution
of pore sizes can be estimated by using several fluorescent
molecules as in a previous work (Zarnitsyn et al., 2008) the
authors compensated for this assumption (single pore area) by
using a series of fluorescent molecules with different sizes. The
linear relationship between the concentration of PI molecules
and the FI is another fundamental assumption in our model
development. This assumption may limit the accuracy of the
result if saturation occurs i.e., when the increase in the PI
concentration does not affect the intensity anymore. However,
because we used heat-treated bacteria as positive control cells
(see 2.1.3), in which the membrane damaged was highest, we
guaranteed that for each day the intensity in pressure-treated
bacteria was not saturated.

The intensity curves for the cluster with the lowest slope
(Figure 3) displayed an increasing trend until reaching a near-
saturation level. However, as the intensity approaches saturation,
the sensitivity of the signal decreases. An inaccurate saturation
value may cause to underestimate the pore size through
Equation (5), particularly for days 0–2. For days 3 and 4, the
intensity curve for the lowest-slope cluster stayed at a steady
state after 30 min and therefore the estimation of the pore size
for these 2 days is more accurate. However, the underestimation
of the pore size on days 0–2 does not affect our conclusion of
the existence of a recovery process, because even if the actual
pore sizes for days 0–2 were larger than the estimated values, the
damage was still recovered over days 3 and 4.

Leakage of intracellular components due to membrane
damage following various treatments with antibiotics,
bacteriocins, or high pressure was demonstrated for both
Gram-positive and Gram-negative bacteria. In an early study,
leakage of low-molecular-weight solutes upon treatment of
E. coli with different concentrations of 2-phenoxyethanol
was proposed as an indicator of the disorganization of the
cytoplasmic membrane (Gilbert et al., 1977). In line with this,
membrane damage induced by poly-hexamethylene biguanides
resulted in leakage of potassium ions and inorganic phosphates
in E. coli (Broxton et al., 1983). Lambert and Hammond (1973)
showed leakage of potassium to be a primary indicator of
membrane damage. Depending on the extent of membrane
damage, larger solutes such as ATP or DNA (500–700 Da) are
also released from the cell (Zhen et al., 2013; Singh et al., 2016).
Although bacteria possess membrane repair mechanisms, the
duration and the extent of membrane damage (i.e., pore size)
may lead to bacterial cell death (Wortman and Bissonnette, 1988;
Vigouroux et al., 2020). As the model developed in this work
predicts the timely repair of pores, it could be integrated with
future work to estimate the cumulative probability of survival
and life expectancy.

We did not observe a marked increase in the number of cells
able to form colonies in the culture medium during the 4 days of
the experiments, i.e., cell counts remained stable and below the
LOQ. However, as we could observe a decay in the membrane
pore radius by time, we inferred that the growth process (mass
accumulation and division) of these individual cells was arrested,
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yet they were not dead. Although a population growth curve does
not provide information about the physiological state of cells
giving rise to the exponential growth phase, single-cell studies
have revealed that the presence of a non-growing fraction of cells
is the main cause of the extended apparent population lag when
stress conditions at the growth limit are applied (Koutsoumanis,
2008; Aguirre and Koutsoumanis, 2016), as in the present study.
Moreover, several studies have shown an increased length of
the lag phase, both at the population and single-cell levels, after
exposure of L. monocytogenes to stress conditions, including high
pressure (Robinson et al., 1998; Francois et al., 2006; Muñoz-
Cuevas et al., 2013). The increased time required to start division
can be attributed to the metabolic processes needed for repair
of damaged cell components and is therefore indicative of the
presence of sub-lethally injured cells (Guillier et al., 2005; Métris
et al., 2008). In our experiments, cell counts exceeded the LOQ
only after 7 days. Thus, it is likely that the cells that resealed
their membrane pores started to proliferate and, along with a
small fraction of non-injured cells (Aguirre and Koutsoumanis,
2016), contributed to the observed growth at the population
level. Our observation of growth arrest at the first days after
pressure treatment led us to hypothesize that for each day the
cells in the group with the lowest slope came either from the cells
belonging to the lowest-slope group in previous days or injured
cells from other groups such as mild-slope group that transferred
to the lowest-slope group as they managed to recover partially.
Therefore, we knew that the less number of PI-positive cells
obtained over the 4 days could not be due to proliferation of new
cells but likely due to an increasing number of recovered cells.

We note that it is impossible to infer the rate of membrane
damage repair from the microscopy observations alone, because
of the large biological variations and the number of cell clusters
(Figure 3). It was the synergy of our dynamic model, trained by
our experimental data and tested on a subset of experiments,
that enabled us to calculate the repair rate of any pore size on
this scale (<20 nm) until the cellular envelope was repaired.
This could help to predict the duration time of growth arrest
after exposure to HPP until the cells restart the growth process.
It should be noted that the results obtained in this work were
specifically related to the pressure treatment of L. monocytogenes
in 400 MPa, 8 min, 8◦C, thereby generalizing the result to
other HPP conditions and other microorganisms may not be
valid. However, what we presented in this study may pave the
road for future works such that the method suggested here can
be applied for other HPP conditions or other microorganisms
and fluorescent molecules. Repeating similar experiments with
different pressure values and holding times can increase the
fidelity of the model.

5. CONCLUSION

The recovery process in bacteria after exposure to high pressure
has not been investigated well. Here, we focused on foodborne
pathogenic bacteria L. monocytogenes and the effects of high
pressure (400 MPa, 8 min, 8◦C) on its membrane. We added

PI molecules to the pressure-treated bacteria at time point
0 (immediately after treatment) and on days 1, 2, 3, and
4 after HPP, and measured the FI emitted by DNA-bound
PI molecules using a fluorescence microscopy technique. We
developed a dynamic model to quantify the degree of damage
in pressure-treated bacteria. The synergy between our diffusion
model and microscopy experiments revealed that some L.
monocytogenes cells exposed to HPP repaired their damaged
membrane approximately linearly on a time scale of days. This
is the first time that membrane pores created by HPP have been
quantitatively described and shown to diminish.
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Abstract

Background: The pathogen Listeria (L.) monocytogenes is known to survive heat, cold, high pressure, and other
extreme conditions. Although the response of this pathogen to pH, osmotic, temperature, and oxidative stress has
been studied extensively, its reaction to the stress produced by high pressure processing HPP (which is a preservation
method in the food industry), and the activated gene regulatory network (GRN) in response to this stress is still largely
unknown.

Results: We used RNA sequencing transcriptome data of L. monocytogenes (ScottA) treated at 400 MPa and 8◦C, for 8
min and combined it with current information in the literature to create a transcriptional regulation database,
depicting the relationship between transcription factors (TFs) and their target genes (TGs) in L. monocytogenes. We
then applied network component analysis (NCA), a matrix decomposition method, to reconstruct the activities of the
TFs over time. According to our findings, L. monocytogenes responded to the stress applied during HPP by three
statistically different gene regulation modes: survival mode during the first 10 min post-treatment, repair mode during
1 h post-treatment, and re-growth mode beyond 6 h after HPP. We identified the TFs and their TGs that were
responsible for each of the modes. We developed a plausible model that could explain the regulatory mechanism that
L. monocytogenes activated through the well-studied CIRCE operon via the regulator HrcA during the survival mode.

Conclusions: Our findings suggest that the timely activation of TFs associated with an immediate stress response,
followed by the expression of genes for repair purposes, and then re-growth and metabolism, could be a strategy of L.
monocytogenes to survive and recover extreme HPP conditions. We believe that our results give a better
understanding of L. monocytogenes behavior after exposure to high pressure that may lead to the design of a specific
knock-out process to target the genes or mechanisms. The results can help the food industry select appropriate HPP
conditions to prevent L. monocytogenes recovery during food storage.
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Introduction
Extensive studies revealed how bacteria respond to var-
ious environmental stresses such as heat/cold shock,
hyperosmotic and oxidative stress, nutrient depletion,
acid, and antibiotics [1–4]. These studies discovered some
of the gene regulatory mechanisms that allow bacte-
ria to survive intense stresses, including those necessary
for repairing damages or restoring cellular homeostasis.
However, bacterial response to high pressure stress has
not been studied in-depth, despite its critical role in food
preservation [5–7]. High pressure processing (HPP) is
considered as an alternative to thermal treatment to pre-
serve a wide variety of ready-to-eat food products such
as dry fermented meat [8]. Pathogenic L. monocytogenes
is one of the target organisms in HPP of food due to its
ability to tolerate adverse conditions such as refrigeration
temperatures [9, 10]. However, some authors showed that
specific strains of L. monocytogenes could survive high
pressure levels of up to 400 MPa [11–13], although the
mechanisms that allow them to survive are unknown.
Although many studies indicated bacterial growth inhi-

bition after HPP [14, 15], we lack temporal transcriptome
data to explain the activated dynamics and mechanisms
in response to this stress. Unlike other stress types, very
few studies focused on changes in gene expression fol-
lowing high pressure stress. Exposure of Escherichia (E.)
coli to relatively low hydrostatic pressures (30 and 50
MPa) revealed regulations by several DNA-binding pro-
teins [16]. Bowman et al. [17] performed a microarray
analysis to examine the effect of HPP (400 and 600 MPa)
on gene expression in L. monocytogenes. However, as they
only performed a single measurement of gene expres-
sion after exposure to high pressure, knowledge about
the temporal gene regulatory response of bacteria is still
missing.
As a bacterial response to many types of stress involves

similar mechanisms [18], current information about gen-
eral stress response in bacteria may give a better under-
standing of the response to HPP. The heat shock response
of E. coli has been studied extensively [19–22], including
temporal gene expression revealing the regulatory mecha-
nism by sigma 32. Later, it was shown in L. monocytogenes
and some other organisms that the transcription fac-
tors (TFs) CtsR, HrcA, and CcpA regulate several genes,
including those encode for chaperones (responsible for
refolding denatured proteins like GroESL, DnaKJ, GrpE or
degrading unfolded proteins such as protease ClpC) and
heat shock proteins such as DnaKJ and GroESL [23–27].
Some authors have studied bacteria’s response, includ-
ing Bacillus subtilis or L. monocytogenes, to acid and
antibiotics [28–34]. These studies focused on critical gene
regulatory networks (GRNs) such as the two-component
signal transduction system (TCS) consisting of a sensor
histidine kinase and a response regulator. LisRK, LiaRS,

CesRK, and AgrCA are some of the TCSs in L. mono-
cytogenes that were shown to be involved in the stress
response.
Here, we focused on L. monocytogenes, ScottA and stud-

ied how GRN in this type of bacteria responded to HPP
with time.We exposed the bacteria to the high pressure of
400 MPa at 8◦C for 8 min. We performed RNA sequenc-
ing analysis at nine time points following HPP to extract
differentially expressed genes, which we have described
in detail in a separate work [35]. We then created a gene
regulatory database and applied statistical analysis and
optimization techniques to reveal hidden GRN during 48
h after HPP. We used the network component analysis
(NCA) algorithm to derive the activity profile of regu-
lators (TFs or response regulators) in L. monocytogenes
over time after HPP, and then clustered the regulators into
three different temporal groups.
We found that the transcriptome of L. monocytogenes

operated in three distinct time phases in response to
high pressure: an early-phase (0-10 min), a mid-phase
(30-60 min), and a late-time phase (6-48 h) after HPP.
Most importantly, we found that the regulatory func-
tion of the first phase might be related to survival by
regulating genes encoding for chaperones, cell wall struc-
ture, DNA repair, and SOS response (a global response
to DNA damage to arrest the cell cycle while repair-
ing DNA). The second time phase involved GRN with a
central role in synthesizing membrane components such
as transmembrane proteins. The third phase appeared
to regulate functions related to energy metabolism and
re-growth. Furthermore, from our analysis, we derived
a model of the regulation of chaperones production by
HrcA as a TF at the first minutes after pressure treat-
ment. This model, similar to the heat shock model [36,
37], showed that the negative regulation of the chaper-
onin system GroESL and DnaKJ by HrcA was suppressed
after pressure treatment to enable the immediate (0-10
min) expression of chaperone genes, which are critical
for the survivability of bacteria under stress condition
[38, 39].
This temporal GRN division indicated a well-structured

and timely response to stress, suggesting that bacteria
could be evolved to switch the functionality mode with
a strong priority to survive stress, repair, and re-initiate
growth.

Results
Predicted connectivity network
A database that includes the network information
between TFs and their TGs in L. monocytogenes is miss-
ing. We created a connectivity network between 37 TFs
and 1113 TGs in L. monocytogenes (Table S1). To identify
the specific GRN which is involved in bacterial response
to high pressure stress, we further analyzed and reduced
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the network: first we created a sub-network of this curated
database with 26 TFs and 678 TGs, connected by 991
edges, that satisfies the three NCA criteria (stated in
“Network component analysis” section), and defines the
topology matrix A of the NCA. Second, our results of the
matrix decomposition indicated that 5% (54/991) of the
connections between the TFs and TGs in our initial net-
work were not relevant in response to high pressure stress
(TGs with connectivity strength (CS) values less than 0.1
in A). Removing connections with CS< 0.1 resulted in
a network between 26 TFs and 533 TGs (Fig. 1). The
Content of the matrix A is given by Table S2. According
to the current information in the literature that we col-
lected as the TF-TG database and matrix A, these genes
are associated withmembrane components (129/533), cell

wall (22/533), synthesis of chaperones and heat shock
proteins and SOS response (32/533), virulence activity
(14/533), ribosomal proteins (39/533), regulation of DNA
replication and cell division (18/533), production of other
transcription factors (15/533), and energy metabolism
(95/533).

Temporal response of regulators following HPP
Next, we studied the temporal activities of the 26 TFs of
the reduced network (Fig. 1) during the first 48 h after
HPP. By running 100 simulations (No. of iterations = 100),
we found that the coefficient of variation CV (ratio of the
standard deviation to the mean value) for 85% of the TFs
was less than 10% at most of the time points, indicating a
good model consistency (Figure S1).
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Fig. 1 Cytoscape visualization of our curated TF-TG connectivity network for the response of L. monocytogenes (strain ScottA) to high pressure stress.
The blue squares and green circles represent TFs and TGs, respectively, clustered into nine functional groups. Each gene is marked with its locus-tag
in EGD-e strain
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Fig. 2 TFs operate in three distinctive phases. aWe set a threshold that defines whether a TF activity was regulated due to the exposure to high
pressure at a time point to 0.8 (80% of maximum), the lowest stable value (see “Data analysis” section). Here only time point 0 (blue) and time point
48 h (red) are shown. b 73% of the TFs (19/26) were regulated in activity only during a single phase: either during the first 10 min (early), between
30-60 min (mid), or after 6 h (late) following HPP. 23% of the TFs (6/26) were activity-regulated during two phases, and only one TF activity was
regulated for the whole duration of the experiment. c-e The mean values for activity during the first time points (0, 5, 10 min) were significantly
different (ANOVA, F(8, 90) = 7.15, p = 2.7 × 10−7) from the remaining time points for the early-phase group. The mean values for TF activity during
the last time points (24 and 48 h) were significantly different (ANOVA F(8, 126) = 5.81, p = 2.61 × 10−6) from the remaining time points for the
late-phase group. For the TFs that were exclusively activity-regulated in the mid-phase, the mean value for TF activity was significantly different
(ANOVA, F(8, 2691) = 331.89, p = 0) from the other time points. In parts c, d, and e, the y-axis represents the absolute value of the mean value for
TF activity. f 46% of the TFs (12/26) were activity-regulated within the first 10 min after pressure stress, 31% (8/26) during the second phase, and 54%
(14/26) in the last phase. g The TFs which belonged to the three separate phases are depicted in the temporal activity map (blue for repression and
red for activation): early (0, 5, and 10 min), mid (30, 45, and 60 min), and late (6, 24, and 48 h) after HPP

We identified a list of differentially expressed genes in
pressure-treated samples compared to control samples by
RNA sequencing analysis [35]. As changes in gene expres-
sion levels result from changes in GRN, we concluded
that TFs that regulate transcription levels of differen-
tially expressed genes were themselves activity-regulated
in response to HPP.
To investigate if a TF activity was influenced and

regulated (irrespective of whether it was increased or
decreased) in response to HPP compared to control, we
set a threshold value found by simulations, Fig. 2a (see
“Data analysis” section).We identified the TFs which were
activity-regulated above that threshold (80%) for each
time point compared to control. The results of the anal-
ysis were interesting: first, we found that the activities of

19/26 TFs were regulated either within the first 10 min, or
30-60 min, or 6-48 h after HPP, but not during more than
one of these time groups. In contrast, the activities of 7/26
TFs were regulated in at least two time groups (Fig. 2b).
Second, we ran the analysis of variance (one-way

ANOVA) and found that for the TFs that were activity-
regulated during the first time points (0, 5, 10 min), the
mean value (over 100 simulations) of activity was signif-
icantly different at p < 0.05 level (ANOVA, F(8, 90) =
7.15, p = 2.7 × 10−7) from the remaining time points
(Fig. 2c). We ran the same analysis for the second (30,
45, 60 min) and third temporal groups (6, 24, 48 h). For
the third group, we found a similar result (Fig. 2d), i.e.,
the mean value of activity for each TF that belonged to
this group at t = 24 h and t = 48 h was significantly
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different at p < 0.05 level (ANOVA, F(8, 126) = 5.81,
p = 2.61 × 10−6) from the other time points. The second
group contained several TFs that belonged to the first or
third groups as well. By taking the TFs that were activity-
regulated only during the second period, we found that the
second group was also significantly different at p < 0.05
level (ANOVA, F(8, 2691) = 331.89, p = 0) from the first
and third groups (Fig. 2e).
Taken together, these results suggest three clusters of

TFs, grouped according to their activity profiles: TFs
belonged to early-phase (0-10 min), mid-phase (30-60
min), and late-phase (6-48 h) after HPP. We found that
the activities of 12/26 TFs were regulated during the early-
phase, i.e., the first 10 min post-treatment (Fig. 2f ). These
TFs depicted the first response of bacteria to HPP and
regulated the transcriptome response accordingly. 8/26
TFs were activity-regulated through the second phase or
mid-phase (30-60 min), and the activities of 14/26 TFs
were regulated during the late-phase, i.e., 6-48 h (note
the overlap of seven TFs which were activity-regulated
through more than one group). The three clusters are
well-illustrated in the temporal activity map (Fig. 2g).
Next, we investigated the functionality of the TFs in

each of the three phases.

The functionality of the TFs belonged to the early-phase
The map of temporal activity ratios of the TFs that were
clustered in the early-phase is shown in Fig. 3a. Most
of the TFs activities were negatively regulated immedi-
ately after high pressure (shown in blue). Among the TFs
that belonged to the early-phase (NagR, SigL, SigH, CtsR,
HrcA, YtrA, LisRK, ResD, LexA, LiaR, Rex, and YcjW),

we excluded SigL, SigH, ResD, LiaR, and Rex as SigH
and SigL regulate a large number of genes (based on
our database and matrix A given by Tables S1 and S2,
177 and 73 genes, respectively) within different functional
groups, ResD and Rex activity displayed a large coefficient
of variation (CV) over 100 simulations (Figure S1); and
LiaR was mostly involved during the late-phase (Fig. 2g).
In the resulting sub-network (Fig. 3b), we revealed that
13/20 TGs are associated with the initial stress response
in bacteria, including the production of heat/cold shock
proteins and chaperones; biosynthesis of the cell wall,
i.e., the envelope layer in Gram-positive bacteria (Fir-
micute); or involved in DNA repair and SOS response
(Table S2). Fisher’s exact test rejected the null hypothe-
sis of non-association between having a gene related to
the stress response or cell wall group and having the gene
differentially expressed through the early-mode at a 5%
significance level. The results may suggest that this clus-
ter of TFs regulated TGs, which are critical for survival
immediately after high pressure stress, as the regulation
of chaperones and components related to the cell wall are
the first line of defense in stress response [38, 39]. We
collected the functional annotation of the full list of TFs
and TGs that belonged to each phase and their functional
groups in Table S2.

The functionality of the TFs belonged to the mid-phase
We studied the second phase of the bacterial response to
HPP and found that the activities of the majority (6/8) of
the TFs in this phase were regulated positively (Fig. 4a).
We also examined the function of the genes that are reg-
ulated by these TFs. According to our curated TF-TG

Fig. 3 According to our database and the matrix A (Table S2), TFs in the early-phase mostly regulated genes that encode for chaperone molecules,
cell wall components, and SOS response. a List of TFs in the early-phase and their temporal activities. b The Cytoscape network shows that 65%
(13/20) of the regulated genes by the TFs that belonged to the early-phase are associated with cell wall biosynthesis, chaperones production, or
DNA repair and SOS response (Table S2)
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Fig. 4 According to our database and the matrix A (Table S2), TFs in the mid-phase mostly regulated genes that encode for membrane
components. a Temporal activities of the TFs that belonged to the mid-phase (30-60 min after HPP). b 53% (9/17) of the regulated genes by the TFs
NrdR, Fur, and Zur, which were exclusively clustered in the mid-phase, are associated with membrane components production such as
transmembrane proteins and transporters (Table S2)

database and specifically the matrix A (Table S2), We
found that 9/17 genes which are regulated by the TFs that
exclusively belonged to this group (Fur, NrdR, and Zur)
encode for themembrane components such as transmem-
brane proteins, Fig. 4b. Fisher’s exact test showed that
there is an association at a 5% significance level between
being differentially expressed during the mid-phase and

being related to the membrane. This can be interpreted
as the presence of a recovery process in the membrane as
the membrane is one of the most susceptible cell sites to
pressure-induced damages [40, 41].

The functionality of the TFs belonged to the late-phase
More than half of the TFs (14/26) were involved in

Fig. 5 According to our database and thematrixA (Table S2), TFs in the late-phase mostly regulated genes which are involved in energy metabolism.
a Temporal activities of the TFs presented in the late-phase (6-48 h after HPP). b The Cytoscape network shows the regulatory network that acted
exclusively during the late-phase. 38% (50/133) of the regulated genes in this group are involved in energy metabolism pathways (Table S2)
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the late-phase, (Fig. 5a). Among this group (CesR, SigB,
HisR, PrfA, CcpA, MdxR, MntR, PdxR, DegU, HrcA,
Rex, LiaR, VirR, and UriR), we excluded SigB which is a
well-known stress-response regulator in bacteria and reg-
ulate many genes (218 genes, Table S1); HrcA that was
mostly involved in the early-phase; and Rex that displayed
a large coefficient of variation (CV) over 100 simulations
(Figure S1). In this phase, the remaining TFs regulate 133
genes from which 50 are involved in energy metabolism
(Fig. 5b), for example by encoding for phosphotransferase
(PTS) systems or different sub-components in the glycol-
ysis pathway (Table S2). Fisher’s exact test rejected the
null hypothesis of non-association between having a gene
related to the energy metabolism group and having the
gene differentially expressed within the late-phase at a
5% significance level. This may suggest that by employing
the GRN in this phase, bacteria started consuming more
energy and preparing for growth and cell division again
after the potential recovery process. As the time transi-
tion from the second phase (mid-phase) to the third phase
(late-phase) was not abrupt (no significant statistical dif-
ference between hour 6 and mid-points, Fig. 2d), the TFs
that belonged to the late-phase still regulate many genes
related to the membrane components as well (Table S2).

Discussion
Our results, that were based on time-series transcriptome
data analysis using the optimization tool NCA [42] and
our L. monocytogenesTF-TG network topology (Table S2),
indicated that the regulatory network in L. monocytogenes
strain ScottA responded to high pressure stress in three
distinct phases:

1. Survival phase lasting 0-10 min after HPP, and based
on our database (Table S2), regulating genes that are
responsible for immediate survival and structural
integrity (mostly chaperones and cell wall).

2. Repair phase, in which gene expressing enzymes and
proteins related to the membrane repair were
regulated during 30-60 min after HPP.

3. Pre-growth phase, in which genes that are
responsible for energy metabolism and re-growth
were regulated during 6-48 h after HPP.

This temporal response in three distinct phases, that
may reveal the existence of a well-structured and timely
mechanism embedded in bacteria to overcome stress con-
ditions, have never been shown before for high pressure
stress.
According to plating experiments for evaluating growth,

we did not observe growth higher than the limit of quan-
tification (LOQ) during the first 48 h post-treatment
(Fig. 6). In accordance with [43], the generation time in L.
monocytogenes in average lasted 13 h at pH 7 and temper-
ature 10◦C. Therefore, it is less likely that the regulation

Fig. 6 Growth evaluation. We found that the number of colonies
formed per each plate (non-selective medium) until the second day
after HPP was less than LOQ (limit of quantification, i.e., the lower limit
of acceptably accurate cell counts). Therefore, we concluded that no
significant growth happened during the first two days after
treatment. LOD (limit of detection) and LOQ in our plating method
were 1.00 and 2.40 log CFU/ml, respectively

of gene expression related to the cell wall and membrane
biosynthesis and production of DNA repair proteins that
we observed during the first and second phases were
associated with growth and proliferation. In other words,
since we did not observe any growth at the population
level in the first two days after HPP, the gene expression
regulations were more likely associated with the repair
rather than growth, strengthening the hypothesis of the
three phases.
Several previous studies support the existence of a tem-

porally structured gene expression in bacteria in response
to stress [44–46]. Veen et al. [44] showed that heat shock
response of L. monocytogenes included upregulation of
SOS response, heat shock, and cell wall associated genes
during the first 3 min after heat exposure while genes
encoding for cell division proteins were upregulated later.
Another work [45] reported an early acid stress response
followed by a later SOS response in E. coli after antibi-
otic treatment with TMP (trimethoprim). In [46], the
authors showed two distinct responses during arsenic
stress in Herminiimonas arsenicoxydans; an early (0-2 h)
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response of arsenic resistance, oxidative stress, chaper-
one synthesis and sulfur metabolism, and a late (8 h)
response of arsenic metabolism, phosphate transport and
motility. These temporal regulations are consistent with
our observations for the timely-ordered response of L.
monocytogenes following HPP.
LexA is a repressor for the SOS regulon in L. monocy-

togenes which consists of genes encoding proteins asso-
ciated with translesion DNA synthesis and repair [47].
Accumulation of single-stranded DNA under stress con-
ditions results in the activation of RecA (DNA recombi-
nase A) protein which acts as a co-protease that cleaves
LexA from DNA, inducing the expression of SOS reg-
ulon [47, 48]. As shown in Fig. 3a, LexA regulator was
among the TFs that were involved in the first phase
of L. monocytogenes response to HPP by regulating the
SOS response, thereby likely contributing to survival. Our
NCA results showed a reduced activity for the repressor
LexA over the first 10 min after pressure treatment sug-
gesting the upregulation of LexA-regulated genes includ-
ing DNA repair genes of SOS regulon. RNA sequencing
results revealed upregulation of lexA, recA, and several
other LexA-regulated genes such as DNA polymerase IV
and V of L. monocytogenes after exposure to HPP at 400
MPa and 8 min [35], arguing strongly in favour of the
results obtained from NCA.
According to the NCA results, the activity of CtsR pro-

tein which regulates heat shock genes negatively was sup-
pressed in response to HPP. Nair et al. [23] demonstrated
the negative regulation of stress tolerance genes such as
clpP and clpE by the repressor CtsR of L. monocytogenes.
The lower activity of CtsR that we found in the pressure-
treated sample compared to the control might allow the
expression of stress tolerance genes and contribute to sur-
vival of L. monocytogenes upon exposure to high pressure
stress. Our RNA sequencing results indicated that clpP
and clpE genes were upregulated during the first 10 min
after HPP [35].
NagR which is a TF involved in N-acetylglucosamine

utilization pathway in L. monocytogenes regulates the
expression of nagA and nagB genes [49]. Popowska
et al. [50] reported NagA (N-acetylglucosamine-6-
phosphate deacetylase) as an essential enzyme for the
metabolism and recycling of amino sugars and biosynthe-
sis of cell wall. According to our results, a high activity of
NagR regulator at the first 10 min after pressure treatment
(Fig. 3a) could be associated with cell wall peptidoglycan
and teichoic acid to repair damages in bacterial cell enve-
lope. This result agrees with the upregulated expression
of nagA and nagB genes in L. monocytogenes after HPP at
400 MPa and 8 min reported in [35].
Our predicted regulon for CcpA as a TF in L. mono-

cytogenes included several genes encoding for PTS sys-
tems (mainly galacticol and cellbiose transporters). NCA

results suggested that CcpA activity was higher in
pressure-treated bacteria compared to untreated ones
mainly during the late phase (Fig. 5a). The reason that
the upregulation of CcpA-dependent PTS systems was
delayed until the late phase, despite their role as energy
metabolism source, might be due to the existence of a high
number of PTS genes in L. monocytogenes [51] regulated
by other TFs whichmay provide enough energy efficiently.
Moreover, Stoll et al. [52] reported that L. monocytogenes
mutants impaired in glucose, mannose and cellobiose
transport could efficiently grow as the wild-type, which
could be a reason for prioritizedDNA, chaperonin system,
and cell wall repairs and postponed upregulation of PTS
system-associated genes observed in our pressure-treated
L. monocytogenes.
Our observations suggested that the chaperonin group

played a critical role in the first line of bacterial response
to high pressure. Two operons (dnaKJ and groESL) encod-
ing for molecular chaperones were identified in the pre-
vious decades as the CIRCE (controlling inverted repeat
of chaperone expression) operons [36, 53]. The repressor
gene hrcA (heat shock regulation at CIRCE) is the gene
encoding for the repressor protein binding to the CIRCE
element. The GroE chaperonin system is responsible for
creating an equilibrium between active and inactive forms
of the repressor HrcA, where the inactive form is unable
to bind to its operator [36]. In the following, we proposed
that the regulation of the repressor HrcA in L. monocy-
togenes might be essential during the early-phase after
HPP.

The HrcA regulation network facilitated the survival phase
Negative regulation of the repressor HrcA was detected
under some stress conditions such as heat shock stress and
growth in nitrate [36, 54]. Hanawa et al. [55] showed that
a dnaK mutant of L. monocytogenes was not able to grow
neither at temperature higher than 39◦C nor under acidic
conditions, suggesting the role of the repressor HrcA in
heat and acid stress resistance. Hu et al. [56] reported that
deletion of the hrcA gene had an effect on heat resistance
of L. monocytogenes. The activity of the repressor HrcA is
modulated after heat shock by the GroE chaperonin sys-
tem. In the absence of heat shock, HrcA is maintained in
an active conformation able to bind to CIRCE through the
GroE system. Under stress, since unfolded proteins titrate
the GroE chaperonin system, it is no longer available to
activate HrcA, leading to an increase in the amount of
inactive repressor HrcA and transcription of the groE and
dnaK operons [36, 54]. The reconstructed activity for the
repressor HrcA extracted from NCA method in this work
combined with the gene expression data suggested that
the regulation of HrcA activity in L. monocytogenes was
important during the first 10 min after HPP as well, i.e.
during the survival phase.
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Firstly, our results suggested a similar behavior fol-
lowing high pressure stress; An immediate increase of
the expression of the chaperonin groESL and dnaKJ sys-
tems occurred during the first 10 min, expression levels
that could not be mediated in the absence of pressure
stress when the active repressor HrcA is present (Fig. 7a,
sample points 1-3). Although during the first 10 min post-
treatment, hrcA expression experienced a positive peak
as shown in Fig. 7b, sample points 1-3, most likely no
free GroE was present (being titrated by unfolded pro-
teins damaged under pressure) such that the repressor
HrcA remained inactive, results that the NCA output pre-

dicted as well (low activity for HrcA during the first 10
min, Fig. 7c, sample points 1-3). As the chaperonin pro-
teins were expressed, free GroE proteins bound to and
activated the repressor HrcA (predicted by our analy-
sis, Fig. 7c, around 30-60 min, sample points 4-6). Active
HrcA bound to the promoters of the CIRCE operon and
suppressed its own expression (substantial decrease in its
expression at time 30-60 min, Fig. 7b, sample points 4-
6), and the expression of the chaperonin systems groELS
and dnaKJ (Fig. 7a, 30-60 min, sample points 4-6). Our
above findings suggested that the GRN that consists of the
repressor HrcA and chaperonin system (CIRCE operon)

Fig. 7 The HrcA-chaperones GRN. a Expression levels (log(mRNAHPP(t)/mRNActrl(t))) for the chaperonin genes dnaJ (red ’o’ marks and dashed line),
dnaK (black square marks and solid line), groEL (green ’x’ marks and dotted line), and groES (blue diamond marks and dashedotted line) in L.
monocytogenes were elevated during the first 10 min (sample points 1-3) after HPP, then suppressed to their original levels, except the dnaK, which
was highly expressed during the later time. To make early time points distinguishable, the x-axis represents sample points for 9 time points (1-9)
corresponding to 0, 5, 10, 30, 45, 60 min and 6, 24, 48 h, respectively. Error bars show the standard deviation of the three experimental replicates
from the average value. b Expression level of the hrcA gene was high during the first 10 min (sample points 1-3) after pressure, followed by a
suppression around 45 min (sample point 5), and elevated again during the late time (sample point 8). The x-axis is the same as part a. Error bars
show the standard deviation of the three experimental replicates from the average value. In part a and b, at several time points, the p value for the
fold change was higher than 0.05 (the adjusted threshold for differentially expressed genes), and therefore we set the expression ratio at those
points to zero without error bars. c Activity of the regulator HrcA (log(TFAHPP(t)/TFActrl(t)) calculated by the NCA algorithm) was suppressed during
the early-phase, then activated during the mid-phase, followed by another suppression at the late-phase. The x-axis is the same as part a. d A
schematic illustration for the HrcA-chaperones GRN. Since according to part b the gene expression ratio for hrcA increased or remained unchanged
(and not decayed) over almost all time points, the pressure effect might make HrcA not degraded but inactive that can be a reversible reaction
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might mediate the ability of bacteria to survive HPP in
addition to heat shock.
Recently it was shown that it is the degradation of

HrcA that regulates the expression of chaperonin genes in
Mycobacterium tuberculosis exposed to nitrate stress [57].
However, according to our analysis using NCA algorithm,
three arguments suggest that it was more likely the HrcA
inactivation, rather than its degradation, that modulated
the expression of chaperones after HPP in L. monocyto-
genes: 1) The expression of hrcA (Fig. 7b) was likely sup-
pressed by its negative self-regulation after 10min (sample
point 3), indicating the presence of the active repres-
sor HrcA rather than its absence due to degradation. 2)
The active HrcA molecules were immediately depleted to
facilitate the rapid expression (Fig. 7a) of the groESL chap-
eronin system, a mechanism which would take longer by
degradation pathways. 3) Our NCA model indicated the
inactivation of the repressor HrcA rather than degrada-
tion, which is consistent with the measured expression
levels of the hrcA gene (Fig. 7b,c). Taken together, we sug-
gest that our model (Fig. 7d) likely represents the mech-
anism which regulated the chaperonin system following
high pressure stress.
According to our observations shown in Fig. 7a,

although dnaK and dnaJ belong to the same operon,
the expression of dnaJ returned to its normal level 60
min post-treatment (sample point 6), whereas dnaK was
highly over-expressed (compared to control) at 24 and 48
h after treatment (sample points 8, 9). This suggests that
another factor than the active HrcA might regulate the
transcription of dnaJ and switched dnaJ (but not dnaK)
expression back to its normal level via a second promoter
(Fig. 7d). It has been reported in the literature for Bacillus
subtilis that the dnaK operon is under the control of two
promoters, one (PA1) precedes the whole operon, acti-
vated under stress conditions, whereas the other (PA2)
is located between dnaK and dnaJ [36]. Moreover our
result is in line with cDNA sequencing results revealed
the existence of a transcription start site (TSS) between
dnaK and dnaJ genes in L. monocytogenes [58]. Some pre-
vious studies [56, 59]) identified overlapping interactions
between HrcA, SigB and SigH regulons in L. monocyto-
genes. Hu et al. [56] reported an interaction between HrcA
and SigB either through SigB-dependent transcription of
hrcA, or co-regulation of other genes in HrcA regulon by
SigB. Chaturongakul et al. [59] reported both HrcA and
SigB as repressors for transcription of dnaJ and groEL
of L. monocytogenes, which may again explain the dif-
ference we observed between the expression behaviour
of dnaJ and dnaK. They also indicated that the expres-
sion of groES, in addition to HrcA, might be under con-
trol of SigB and SigH, a co-regulation that is required
to be considered to improve the model in the future
works.

Predictions in this work were based on an optimal
model that guarantees a unique solution [42] for recon-
structed activity of TFs. However, experimental evidence
with deletion mutants is required in the future to ver-
ify the generated hypothesis and predictions from NCA
analysis. Moreover, although our work focused only on
regulation of transcription, regulation may occur at dif-
ferent levels, including translation, mRNA stability and
protein degradation, and therefore mRNA levels may not
always correlate with the proteins levels. Studies in other
strains of L. monocytogenes such as RO15 is essential
as well to understand better the role of GRN in more
barotolerant strains.

Conclusions
The regulatory response of pathogenic L. monocytogenes
to HPP is mostly unknown. Here we created a gene reg-
ulatory database (Table S1) for TF-TG connections in L.
monocytogenes (strain ScottA), which was then used to
input the NCA algorithm to reconstruct the activity of
regulators (TFs) during 48 h after pressure treatment at
400MPa, 8◦, for 8min. Our transcriptome analysis follow-
ing HPP in L. monocytogenes indicated a timely structured
response that corresponds to three distinct time phases:
an early-phase (the first 10 min after HPP), which was
shown to be associated with survival by regulation of
genes encoding for chaperones, cell wall components, and
SOS response; a mid-phase (30-60 min after HPP), which
was related to the regulatory networks with the primary
role in the repair of membrane components; and a late-
phase (6-48 h following HPP), in which the activity of
TFs which are involved in energy metabolism pathways
and re-growth were regulated. Based on our observations
the chaperonin group played a central role in the initial
response of L. monocytogenes to high pressure. Therefore,
we studied the regulation of this group in more detail.
We proposed a model that could explain the modulation
of HrcA activity after HPP, which facilitated the expres-
sion of chaperone genes in response to pressure stress.
We believe that our results provide a better understanding
of L. monocytogenes behavior after high pressure expo-
sure that may help with the development of a specific
knock-out process to target critical genes and increase the
efficiency of HPP in the food industry.

Methods
High pressure processing
L. monocytogenes Scott A was statically grown in full BHI
broth (Oxoid, Basingstoke Hampshire, England), at 37◦C,
until reaching the early stationary phase (≈ 1.3 OD600).
The culture was then transferred to 2 mL Eppendorf
tubes, which were fully filled and carefully sealed by avoid-
ing the formation of air bubbles inside. Prior to HPP, both
controls and samples to be treated were cooled-down by



Nikparvar et al. BMC Genomics          (2021) 22:266 Page 11 of 15

storing at 4◦C for one hour. The samples were treated
at 400 MPa, 8◦C, for 8 min, in a multi-vessel high pres-
sure equipment (Resato, Roden, the Netherlands) with the
compression rate applied during pressure build-up being
100 MPa/min. The pressure-transmitting fluid was a
mixture of water and propylene glycol (TR15, Resato). An
additional minute, after the come-up time, was consid-
ered as the equilibration time necessary for the treatment.
The decompression of vessels was carried out automati-
cally, in less than 5 seconds. After decompression, both
treated and control samples were stored at 8◦C, at atmo-
spheric pressure (0.1 MPa), for certain times, considered
as recovery time points: 5, 10, 30, 45, and 60 min and 6,
24, and 48 h. At each mentioned time point, both treated
samples (5 replicates) and corresponding control sam-
ples (4 replicates) were mixed with 4 mL of RNA protect
reagent (Qiagen, Hilden, Germany), for RNA stabilization,
incubated at room temperature for 5 min, pelleted by cen-
trifugation at 5000 rpm and stored at −80◦C, until RNA
extraction procedure.

Growth experiment
Wemeasured the number of viable L. monocytogenes cells
by using the spread plate count method before expo-
sure to high pressure (untreated) and at days 0, 1, and
2 after HPP (400 MPa, 8◦C for 8 min). Dilutions (in
peptone saline solution: 1 g/L neutralized bacteriologi-
cal peptone [Oxoid/ThermoFisher Scientific] and 8.5 g/L
NaCl in water) of samples were plated on the nonse-
lective medium tryptone soya agar supplemented with
0.6% (w/v) yeast extract (TSAYE; Oxoid/ThermoFisher
Scientific) and incubated at 37◦C for 48 h before counting.

Transcriptome analysis
RNA sequencing and analysis of the data for obtaining dif-
ferentially expressed genes were described in a separate
work [35]. Briefly, RNA was extracted with NucleoSpin
RNA kit (Macherey-Nagel, Düren, Germany) as described
previously [13]. RNA-seq libraries were prepared using
QIAseq stranded Total RNA Lib kit (Qiagen) and were
sequenced using NextSeq 500 (Illumina). It ended up 76
base pair (bp) single-end reads. Quality and rRNA filtering
was performed using Trimmomatic v0.36 [60] and Sort-
meRNA v2.1b [61]. The reads were mapped to ScottA
genome (GenBank: CM001159.1) using Bowtie2 [62].
HTseq v2.3.4.3 [63] was used to obtain raw gene counts.
Raw counts were normalized and pairwise differential
expression analysis between control and treated samples
was performed using DESeq2 [64]. The threshold for dif-
ferentially expressed genes was set adjusted, p-value ≤
0.05 and log2 fold change (log2 FC) ≥ 0.6. Normalized
read counts and log2 FC data were used for analysis. RNA-
seq data is available in the European Nucleotide Archive
(ENA) under accession code PRJEB34771.

Building a database of TF-TG for L. monocytogenes
We built a connectivity network (Table S1) for L.
monocytogenes EGD-e connecting 37 TFs and 1113
TGs, mainly using the current information in the
Regprecise database [49] and some published articles
[28, 30, 32, 59, 65–70]. We predicted the regulons in
L. monocytogenes EGD-e for three TFs (Rex, CtsR, and
CcpA) by verifying binding sites (BS) using a com-
parative genomics approach. We took six complete
genomes of different Listeria species/subspecies (includ-
ing EGD-e) and Bacilli TFBS (transcription factor bind-
ing sites) profiles for the three TFs mentioned above.
First, we predicted homologs in all the genomes using
GET_HOMOLOGUES [71]. Then, upstream regions (up
to 300 bps) of genes in all the genomes were searched
for the presence of TFBS using the Bacilli TFBS profiles
and the FIMO tool (MEME suite [72]) with the q-value
(adjusted p-value) threshold of 0.05 and with the account
of genome backgroundHMM. For each TF, genes in EGD-
e strain with BS that had homologs with BS in at least
two other genomes were pre-selected (conserved BS) and
manually reviewed to choose genes that are predicted
to be either part of the corresponding Bacilli regulons
or other species (based on the RegPrecise database and
literature mentioned above) or have a relevant function
(related to the TF in question). The upstream regions of
the pre-selected genes were used to create a new Listeria
specific TFBS profile, which was then used to search the
genomes again, presumably giving more accurate results.
Again, only the genes in EGD-e strain with BS that had
homologs with BS in at least two other genomes were
selected for the final list of regulons in EGD-e strain. Pre-
dicted regulons for the three mentioned TFs is given by
Table S1.

Network component analysis
We employed Network Component Analysis (NCA) [73,
74] to predict the activities of TFs/response regulators in
L. monocytogenes followingHPP. TheNCA solves amatrix
decomposition problem presented as:

E(t) = A · P(t). (1)

, where the matrix E is the differentially
expressed gene values, i.e. log2 FC for each gene,
log2(mRNAHPP(t)/mRNActrl(t)), at different recovery
time points obtained from RNA sequencing experiments.
mRNAHPP(t) and mRNActrl(t) are mRNA counts in
pressure-treated and control sample, respectively. In
this matrix, each row corresponds to one TG, and each
column corresponds to one time point (nine time points
in our case: 0, 5, 10, 30, 45, and 60 min and 6, 24, and 48
h after HPP). We used our curated connectivity network
(Table S1) to build a connectivity matrix A which gives
the strength of regulation in the expression of each TG
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by each TF. In the matrix A, each row corresponds to
one TG, and each column corresponds to one TF. The
Content of the matrix A is given by Table S2. We used
the differentially expressed gene matrix (E) and a random
initial guess for the matrix A that preserves the null
space of this connectivity matrix as inputs to the NCA
algorithm. The algorithm then predicts a number as
the CS between each regulatory layer (TF) and its TG
(matrix A), as well as the matrix P, the reconstructed
activity for TFs over time, log(TFAHPP(t)/TFActrl(t))
(where TFA is TF activity). In the matrix P, each row
represents one TF, and each column represents one time
point. The dimensions of E, A, and P, are N × M, N × L,
and L × M, respectively, where N is the number of TGs,
M is the number of time points, and L is the number
of TFs.
The decomposition problem in Eq. 1 is a bilinear opti-

mization problem and can be solved numerically by mini-
mizing the Frobenius norm of E − AP:

min||E − AP||F s.t.A ∈ ZA, (2)
where ZA = {

A ∈ RN×L|aij = 0
}
.

The decomposition of E to A and P is unique up to a
scaling factor X if A and P satisfy a set of mathematical
criteria [42]:

1. The connectivity matrix Amust be full-rank in
columns.

2. When we remove a TF with all the TGs connected to
it, the remaining sub-network must have a
connectivity matrix A which is still full-rank in
columns.

3. The matrix Pmust be full-rank in rows. To satisfy
the third criterion, the number of time points for
each gene must be greater than or equal to the
number of TFs regulating that gene. This criterion
was not valid in our case, and therefore we used a
modified NCA algorithm [74] that allows signal
extraction based on relatively few data points.

Our connectivity network contains the information
about 37 TFs and their TGs from which we extracted the
matrix A with L=26 TFs and N=678 TGs such that the
three criteria above are satisfied. To initialize theAmatrix,
we defined a set of constraints such that if TGi is posi-
tively (negatively) regulated by TFj, aij = 1 (aij = −1),
and if TGi is not regulated by TFj, aij = 0 (j = {1, ..., L}
and i = {1, ...,N}). We used the software Cytoscape [75]
to illustrate the connectivity network of TFs-TGs (Fig. 1).
We grouped TGs into 9 groups according to the functional
annotations we found for each gene of EGD-e strain using
the Uniprot database [76]. The gene expression matrix E

contains expression values for 678 genes over nine time
points.

Data analysis
We used the software Matlab (Mathworks Inc) to run the
NCA algorithm and the analysis of variance (ANOVA).
The homoscedasticity and normality condition were
checked. The activity matrix P contains normalized units
of 26 TFs at nine time points, all relative to the control.
We normalized the activity of each TF (rows of P) at
each time point (columns of P) to its maximum level. We
defined that the activity of a TFj at any given time point
tk in the normalized matrix P (j = {1, ..., L}, L = 26 and
k = {1, ...,M}, M = 9) was regulated (either activated or
suppressed) when the absolute value in that time point in
the matrix P exceeds a cut-off value. To determine this
cut-off value, we increased threshold values incrementally
(at steps of 0.01) and counted, at each time tk , the num-
ber of TFs with activity values above this threshold. Then
at each time point tk , k = {1, ...,M} we chose a threshold
that reached a stable number of TFs, and computed the
average of these thresholds over time. By doing so, we set
a cut-off value of 0.8 to represent a stable threshold (see
Fig. 2a).
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Chapter 5

Discussion

The main purpose of this Ph.D. project was to find answers for the three research
questions mentioned in chapter 1. In this section, we summarize our approach to
address these questions.

5.1 Response of bacterial membrane to high pressure
processing

Research question 1. What is the impact of HPP on the bacterial membrane and
how does the bacterium respond to any potential pressure-induced damage?

As explained in chapter 2 in detail, we used three independent techniques (elec-
tron microscopy: SEM and TEM, flow cytometry, and fluorescence microscopy) to
detect potential membrane damages in L. monocytogenes after exposure to HPP.
Our observation using TEM technique led us to conclude that membrane might be
damaged and became perforated under pressure.

This observation motivated us to design a new set of experiments using a flow
cytometry technique combined with a dynamic model to quantify the scale of mem-
brane damages after HPP at 400 MPa, 8 and 20 min. The flow cytometry results
with two fluorescent molecules of different sizes suggested the existence of a re-
covery process in the membrane after pressure treatment. The model calibrated
to the flow cytometry data predicted that membrane disintegrity resulted from
pressure-created damages was repaired such that full integrity in membrane could
be accomplished after four days. This is consistent with the reported recovery time
in L. monocytogenes before restart of growth after HPP at 450 and 550 MPa [13].

As measurements with flow cytometer performed over a population of cells (and
not in the level of each individual cell), there might be some limitations to describe
network responses accurately in the case of a non-homogeneous population [23].
Therefore we increased the level of monitoring to each individual pressure-treated
cell by using a high frequency fluorescence microscopy technique combined with
PI staining. Similar to flow cytometry methodology, damaged cells were detected
from penetration of PI molecules that emit red intensity after binding to DNA.
The dynamics of the repair process over four consecutive days after HPP were
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5.1. Response of bacterial membrane to high pressure processing

investigated by monitoring the change in the red fluorescence intensity resulted
from PI uptake. In other words, we assumed that the diffusion rate of PI molecules
into the cell (which was estimated from the slope of the intensity curve vs. time)
was positively correlated with the scale of pressure-induced damage.

First, fluorescence microscopy images indicated large variations in the degree
of membrane damage among single cells, an observation reported in [56] as well
after PI staining of pressure-treated L. monocytogenes. This broad distribution
of red fluorescence intensity for cells taking up PI was probably originated from
different structural strengths of the cellular envelope due to various possible drivers
of intrapopulation heterogeneity [9, 68].

Second, following a clustering analysis using the k-means algorithm, we found
out that the rate of diffusion of PI, particularly in the cluster with the lowest slope
(corresponding to the least-damaged cells), was reduced during four days after
pressure exposure. This observation suggested the existence of a recovery process
activated in this type of bacteria in response to high pressure to repair damaged
membrane.

Third, the synergy of our mass transfer mechanistic model with pre-designed flu-
orescence microscopy experiments led us to estimate the total size of the pressure-
created pores at any time point after treatment at 400 MPa, 8 min, 8◦C. We as-
sumed that the main damage occurred in a single membrane pore area. Although
this assumption might affect the prediction of the size of individual pores, the to-
tal diffusion of molecules through the cell membrane was only dependent on the
total surface of the pores [71]. Therefore, cell fate, which is strongly affected by the
total diffusion via the loss of cytosol material, was not be affected by the wrong
estimation of the number of pores. Additionally, we could not find any evidence
supporting the creation of multiple small pores due to high pressure. In other words,
we believe that once a pore area was formed under pressure, further damage most
likely happened at the same area, which was weaker than the remaining parts of
the membrane.

Fourth, the estimated pore size over four days after HPP showed a linear de-
cay trend as a function of time, suggesting the ability of damaged cells to reseal
membrane pores. This is consistent with a reported dynamics for small membrane
wounds (with sizes less than 20 nm) closure in human cells after sonication in which
the authors used a series of fluorescent molecules with different sizes to measure
the size of the finer pores in a wounded area indirectly [71].

The results of our growth evaluation experiments showed that colony forma-
tion was stopped in the culture medium at the population level during the four
days of the experiments such that cell counts exceeded the limit of quantification
(LOQ) only after seven days. The increased time required to start division can be
attributed to the metabolic processes needed for the repair of damaged cell compo-
nents and is therefore indicative of the presence of sub-lethally injured cells [30, 45].
This observation guided us to conclude that the lower number of PI-positive cells
we obtained over the four consecutive days after HPP was not originated from the
proliferation of new cells but was likely due to an increasing number of recovered
cells.

Finally, it should be noted that it was the combination of model outputs and
experimental data that enabled us to predict the membrane pore size in dam-
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aged cells after pressure exposure. Although the results about membrane recovery
dynamics obtained in this study were related to L. monocytogenes exposed to spe-
cific HPP conditions (400 MPa, 8 or 20 min, 8◦C) and may not be generalized to
other conditions and microorganisms, they can be inspiring for similar works in
the future.

5.2 Modulation of the gene regulatory network in response
to high pressure

Research question 2. What is the impact of HPP on gene regulatory network
and regulators’ activities in L. monocytogenes?

In chapter 3 we focused on the response of L. monocytogenes, strain ScottA, to
HPP at the level of the genes, i.e., the modulation of gene regulatory network and
particularly the activity of TFs, under high pressure. We used a time-series tran-
scriptome data of L. monocytogenes exposed to HPP at 400 MPa, 8 min, 8◦C [20]
combined with a TF-TG topology network (A.2) as inputs to an optimization al-
gorithm to uncover hidden regulatory signals involved in response to HPP. The
optimization algorithm, which is known as NCA [25, 41], is a matrix decomposi-
tion method that provides the reconstructed activities of the TFs over time as an
output.

Our results indicated a timely structured response that corresponds to three
distinct (statistically different) time phases:

1. Survival phase (early-phase) lasting 0-10 min after HPP: regulation of genes
that are responsible for immediate survival (e.g., the SOS response) and struc-
tural integrity (mostly chaperones and cell wall).

2. Repair phase (mid-phase) during 30-60 min after HPP: regulation of genes
expressing enzymes and proteins related to the membrane repair.

3. Pre-growth phase (late-phase) during 6-48 h after HPP: regulation of genes
involved in energy metabolism and re-growth.

As our growth experiments showed no growth higher than LOQ for the first 48
h after HPP, the expression of genes that encode for proteins associated with DNA
repair, cell wall, and membrane biosynthesis during the early- and mid- phases was
most likely due to a repair process rather than newly proliferated cells.

Analysis of the NCA results provided further new insights into the regulators
and genes involved in each temporal phase. For instance, the results indicated a
reduced activity for LexA, which as mentioned in 1, is a key regulator (TF) in
the SOS response pathway by repressing the transcription of the SOS response
regulon [67], during the first 10 min post-treatment. This could imply the up-
regulation of LexA-regulated genes, including DNA repair genes of SOS regulon,
as revealed by RNA-seq data as well [20].

CtsR and HrcA are two TFs that control the expression of heat-shock (stress
tolerance) and chaperone proteins in bacteria, respectively [49, 59]. The NCA re-
sults showed that the activities of these two regulators were suppressed in response
to HPP. The negative regulation in the activity of CtsR might allow the expression
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of stress tolerance genes and contribute to the survival of L. monocytogenes upon
exposure to high pressure stress. As explained in 1.5, the expressions of dnaKJ and
groESL that encode for molecular chaperones (responsible for correct foldings of
proteins) are under the control of the repressor HrcA. It has been shown that Un-
der heat stress, HrcA is kept in its inactive form such that groE and dnaK operons
can be transcribed to produce chaperones [59]. The lower activity of HrcA that we
found in the pressure-treated sample compared to the control sample can lead to
an up-regulation in the transcription of chaperonin genes to facilitate the repair
process in the protein system and thereby survivability after HPP.

5.3 Early response of bacteria to HPP

Research question 3. How can we employ a system modelling approach to de-
velop a comprehensive multi-scale model that describes the initial response of L.
monocytogenes to HPP?

According to our findings in Chapter 3, the immediate response of L. mono-
cytogenes to HPP included the regulation of the SOS response and chaperonin
system. It has been shown that some of the SOS response associated genes in E.
coli, such as DNA polymerases, contribute to survival by providing essential func-
tions to ensure replication of repaired DNA [70]. In [29] the authors revealed that
chaperonin systems (particularly DnaK and DnaJ proteins) facilitate survivability
of E. Coli during early exposure to antibiotics stress. Therefore due to the signif-
icant contribution of the SOS response and chaperonin system regulation in the
survivability of bacteria during the early period after stress exposure, we focused
on these two subnetworks. The combination of time-series RNA-seq experimental
data (at nine time points 0, 5, 10, 30, 45, 60 min, 6, 24, 48 min following HPP)
and mathematical model simulations provided us a new insight into the behavior
and dynamics of these two subnetworks as parts of an initial recovery process in
L. monocytogenes in response to HPP.

It should be noted that for the nonlinear model developed in this work, a lower
number of experimental points than the number of parameters caused sloppiness,
which is a universal characteristic of the nonlinear multiparameter models [31].
Although the estimation of individual parameters of sloppy models is usually ac-
companied by significant uncertainties, a useful prediction could be extracted from
a fit which might be resulted from more than one set of parameters [31].

Our model predictions provided us some new insights into the dynamics of
the SOS response in L. monocytogenes following high pressure stress. First, the
simulation results obtained from an optimization algorithm calibrated with the ex-
perimental data showed an oscillatory behavior for the dynamics of the two key
regulators of the SOS response pathway, i.e., LexA and RecA. This oscillatory be-
havior was originated from specific compartments of the model configuration, which
was developed from biological knowledge on the SOS and chaperonin system re-
sponse to stress [7, 32, 46, 54, 59, 60]. It has been shown that delayed negative
feedback can cause oscillations [62]. In our wiring diagram (Figure 1 in 4), delayed
activation of RecA protein via signals from multiple proteins (RsbV, HU, and

110



5.3. Early response of bacteria to HPP

SigB), following the formation of ssDNA after HPP stress contributed to a nega-
tive feedback loop closed by DNAss and RecAA (Figure 1 in 4). A two-step gene
expression modelling consists of transcription and translation processes separately
is the source for an extra delay in our developed model. Moreover, the interaction
between LexA and RecA, which depends on other proteins such as HU, SigB, and
UmuC, adds to the complexity of the model, which can be a cause for oscillations
rather than a simpler network including only the regulation by LexA [6, 23]. A
mutual antagonism structure between LexA and RecA, where an increase in one
protein implies the decrease in the other, and the positive feedback loop formed
between RsbV and SigB proteins can contribute to oscillations as well.

Second, we compared two different strains of L. monocytogenes, ScottA and
RO15, in the characteristics of the SOS response dynamics following HPP. By op-
timizing the model parameters using time-series experimental data for each of the
two strains separately, we found that the oscillation frequency of RecA response in
the RO15 strain was higher than the ScottA strain. Furthermore, our simulation
results showed a shift in the critical point of the bifurcation diagram (where for a
particular parameter, increasing the parameter over a specific value changed the
dynamics from damped oscillations to sustained oscillations) towards higher pa-
rameter values in the RO15 strain. This finding may explain the higher resistibility
of the RO15 strain to HPP in comparison to the ScottA strain, which was reported
in [20]. From a dynamic perspective, a rapid convergence (by short damped oscil-
lations) to a stable, post-SOS response steady state is more desirable for survival
than a longer oscillatory convergence, which can take a considerable more time to
reach the same homeostasis. Because reaching this post-SOS response increases the
likelihood to survive the stress, it is plausible that a wider parameter range that
yields homeostasis promotes the ability of the bacteria to withstand high pressure
stress, i.e., increases the bacterial resistibility.

Our sensitivity analysis indicated that although in the primary network config-
uration, the two subnetworks SOS response and chapronin system have impact on
each other through RsbV and SigB proteins, perturbing the parameters associated
with the SOS response system has a minor effect on the dynamics of the chaper-
onin system. Therefore, we concluded that the chaperonin system impacts the SOS
response network but not vice versa. The protection of UmuC protein (in the SOS
response system) from degradation by GroEL (a chaperone protein) in E. coli after
exposure to UV radiation reported in [19] may strengthen our hypothesis of the
effect of the chaperones on the the model outputs for the SOS response pathway.

Furthermore, the results of inhibition analysis suggested that that the parame-
ters associated with the production or activity of the HU protein have a significant
effect on the characteristics of the SOS response. This is in agreement with an
observation in [46] where the authors reported a significant reduction in the induc-
tion of the SOS response and particularly the activation of the RecA protein in
hupA-hupB (genes encode for HU) mutant versions of E. coli cells after exposure
to UV radiation. This finding may suggest hupA-hupB as TGs for knockdown/out
processes to investigate its impact on the efficiency of HPP.

Our further analysis suggested a relationship between the degree of damage
induced by high pressure and the number of peaks appearing in the oscillatory
response of SOS variables. We compared the results for two pressure values, 200
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and 400 MPa (both at 8 min), and detected an extra initial peak in response to
400 MPa in comparison to the response to 200 MPa while the second peaks were
simultaneous in response to both pressure levels. This is consistent with the results
in [23] where the authors observed a highly structured oscillatory behavior for
the SOS variables after UV treatment in E. coli cells with the number of peaks
increased with the damage level.

5.4 The thesis as a whole, and the EU project SafeFooD

5.4.1 The thesis as a whole

Figure 5.1 summarizes the outcome of this Ph.D. thesis as four manuscripts pub-
lished in (or submitted to) international journals.

We started our study of the response of L. monocytogenes to high pressure by
observing the morphology of pressure-treated cells using SEM and TEM techniques.
As the next step, we designed experiments employing the flow cytometry technique
to investigate the status of the membrane in a population of treated bacteria. The
analysis of this data, together with the results of growth evaluation experiments,
led us to conclude the existence of a repair mechanism in the membrane after being
damaged under high pressure (Paper 1, Dycops 2019). We then took a deeper level
of complexity and investigated the membrane damage and the repair mechanisms
in individual L. monocytogenes cells by designing a set of experiments using the
fluorescence microscopy technique (paper 2, Frontiers in Microbiology) to measure
the diffusion rate of fluorescent molecules into damaged bacteria. Based on this
data, we developed a model that enabled us to quantify the scale of membrane
damage and predict the time required for repair until full membrane integrity was
re-obtained.

To understand the repair process at the level of the genes, we went deeper into
gene regulatory networks involved in response to pressure-induced damages. We
took a set of time-series RNA-seq data (A.3) together with a database we built
for TF-TG connections in L. monocytogenes (A.2) as inputs of the NCA algo-
rithm and obtained the reconstructed activity of key regulators. The analysis of
the results surprisingly revealed three distinctive temporal phases in the regulatory
response of L. monocytogenes to HPP (Paper 3, BMC Genomics). Among other
important findings, the results suggested the significance of the early-phase in the
survivability of damaged bacteria by activation of the SOS response and regulation
of the chaperonin system. This led us to focus on these two pathways by devel-
oping a model to describe the interaction between genes, mRNA molecules, and
proteins. Interestingly, our results suggested a damped oscillatory response for the
main regulators of the SOS response pathway, which might be a result of complex
interactions through a well-structured gene regulatory network including negative
feedback and mutual antagonism structures (Paper 4, submitted).

All these subprojects provide a better overview of the response of L. monocy-
togenes to HPP, from an overall response (cellular structure and growth) to more
specific structures such as the membrane, SOS-response pathway, and chaperonin
system regulations. Although there is much more to be done to receive the com-
plete picture of this response to HPP, the thesis took a large step in this direction
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Figure 5.1: Published (submitted) papers as the outcome of this Ph.D. project.

and contributed to a better understanding of the behavior of L. monocytogenes
specifically and bacteria generally to high pressure stress.

5.4.2 The project SafeFood

This thesis was a part of the transnational SafeFood industrial biotechnology
project with the title: "Development of a novel industrial process for safe, sus-
tainable and higher quality foods, using biotechnology and cybernetic approach".
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SafeFood united eight groups from 6 countries across Europe, with the purpose to
turn food safer by inactivating L. monocytogenes. The consortium consisted of ex-
perts in bioinformatics, molecular biology, simulation and modelling, and the food
preservation industry.

The main objective of the project was to turn food products (ready-to-eat prod-
ucts based on meat, fish, and vegetables) safer and more durable by reducing or
inhibit the ability of L. monocytogenes to recover after HPP. This can extend the
shelf-life of food, increasing its resistance to food-related bacteria (by rendering the
food "non-hospitable" for this type of bacteria) and decrease the amount of food
waste from processing and throughout the food chain. Cutting edge biotechnolog-
ical methods were applied in this project to achieve the following objectives:

• O1. to discover how recovery mechanisms of L. monocytogenes operate over
time and with varying pressures. This will result in a novel knowledge database,
mapping the food-related bacterial genetic regulatory networks involved in
the recovery from pressure stress.

• O2. to predict the most promising potential genes and circuits that can
suppress L. monocytogenes recovery from HPP, based on a unique dynamic
model (cybernetic approach). The model can be served as a predictive tool
and enables to focus on very few specific gene pathways that are responsible
for efficient L. monocytogenes recovery.

• O3. to verify the prediction of the candidate genes by neutralizing the recov-
ery mechanism using gene deletion and HPP treatment.

• O4. to produce zero-listeria food and increase shelf-life of existing food prod-
ucts, by a new concept strategy of HPP, i.e., targeting the mechanisms that
prevent L. monocytogenes inactivation and allow its survival of HPP treat-
ments.

Figure 5.2 summarizes the concept of SafeFood project as work packages as-
signed to each scientific group of the consortium. The objective of each work pack-
age is explained in the following:

• WP1: Project coordination and management.

• WP2: 1. Prepare and provide two L. monocytogenes strains for further re-
search to other partners, including HPP stressed strains. 2. Conduct response
(culture-based survival/recovery) studies of HPP stressed L. monocytogenes
(both strains). 3. Assess HPP-induced sublethal injury, cell envelope integrity
and ability to recover of selected L. monocytogenes strains by flow cytometry.

• WP3: 1. Develop a novel database, integrating all published knowledge about
bacterial recovery (genes and pathways) due to HPP, mapping the genes and
their interactions that are known to be involved in the recovery systems of
bacteria in general (not only L. monocytogenes). This will result in a gene reg-
ulation/cell signaling map. 2. Measure gene expression of L. monocytogenes
exposed to HPP of several thousands of genes (RNA-seq), and focus on se-
lected highly expressed genes (qPCR). 3. Analyse the large RNA-seq data
by advanced bioinformatics tools. 4. High precision gene expression qPCR
measurements of selected genes that are differentially expressed.
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• WP4: 1. Integrate the previous knowledge into an interconnected network
of regulatory circuits, resulting in a qualitative integrated network model of
the recovery processes. 2. Develop a novel dynamic model of the recovery
processes and implement it in computer programming for later simulations
(Matlab). 3. Estimate the model parameters so the response of the recovery
model simulations will reflect our observations of recovery time. 4. Develop a
novel, sophisticated predictive tool that can predict the key genes responsible
for regulation. 5. Predict regulatory key genes and circuits and their effect
when turned on/off on recovery response by advance simulation analysis.

• WP5: 1. Classical gene deletion approaches (for non-essential genes), per-
formed using a widely used and well-established system for mutagenesis of L.
monocytogenes based on a suicide vector. 2. Advanced knockdown strategies
(for essential genes). For this strategy, called conditional gene knockdown,
a dCas9/CRISPRi system for L. monocytogenes will be devised. 3. Both
approaches will be applied to the well-established laboratory strain L. mono-
cytogenes EGDe. 4. Experimental confirmation of the impact of the deleted
genes (or circuits) on the susceptibility of L. monocytogenes towards HPP.

• WP6: Main goal is to evaluate a new HPP design based on the data ob-
tained/modelled. 1. Based on target gene candidates, there will be a screen-
ing for suitable additives (salts, organic acids, etc.) that will impair recovery
of L. monocytogenes. Several concentrations and combinations will be tested
to find the most optimal additive(s). 2. Run pilot experimental evaluation
of the concept on selected food products (e.g., cured meat and/or smoked
salmon) inoculated with L. monocytogenes. 3. Run industrial experimental
evaluation of the concept in real food matrices. 4. Evaluate the quality (taste,
texture, color) of food products treated with the new HPP design.

In addition to the accomplishment of the five objectives of WP4 entirely (which
was specifically assigned to NTNU according to Figure 5.2), we actively contributed
to WP2 by evaluation of HPP-induced sublethal damages, cell envelope integrity,
and ability to recover of selected L. monocytogenes strains by electron microscopy,
flow cytometry, and fluorescence microscopy techniques. The TF-TG database
(WP3) we built was also one of the results of the collaboration between NTNU
and the University of Helsinki.
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Figure 5.2: The SafeFood concept. Left circle: academic work, right circle: industrial
work. nomenclature: WP: Work package; NTNU: Norwegian University of Science
and Technology; NOFIMA: The Norwegian Institute of Food, Fisheries and Aqua-
culture Research; FIN: Finland (University of Helsinki); UULM: Ulm University;
UAB: Autonomous University of Barcelona. University of Galati and University of
Porto were two other partners of the project which are not shown in the figure.
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Chapter 6

Conclusion and future work

6.1 Conclusion

In this chapter, we present a summary of the main conclusions of this Ph.D. study
followed by possible research directions suggested as future works for interested
readers. The topic of the thesis relies on the modelling and analysis of the response
of L. monocytogenes, a kind of foodborne pathogenic Gram-positive bacteria, to
high pressure treatment. We presented three research questions (see 1.7) and ex-
plained our approaches to address these questions (Chapters 2, 3, and 4), thereby
providing new insight into the bacterial reaction to environmental stimuli includ-
ing high pressure. The outcome of this thesis includes four original research papers
published in (or submitted to) international journals or conference proceedings.
The topics focus on understanding, modelling, and analysis of the response of L.
monocytogenes to HPP. The answers to the research questions illuminate the effect
of HPP on the bacterial membrane and the response of bacteria to any potential
pressure-induced damages in the membrane; modulation of the gene regulatory
network in response to high pressure; and the early response of bacteria to HPP,
which contributes to the survivability of damaged cells.

First, in Chapter 2 we focused on the membrane as one of the most susceptible
structures in the cell to HPP and investigated the existence of a recovery process in
the membrane to repair any potential damage created due to the high pressure. We
developed a dynamic model to quantify the degree of damage in pressure-treated
bacteria. The synergy between our diffusion model and microscopy experiments
revealed that some L. monocytogenes cells exposed to HPP repaired their damaged
membrane approximately linearly on a time scale of days. This is the first time that
membrane pores created by HPP have been quantitatively described and shown to
diminish.

Second, in Chapter 3 we presented the results of our study about the regula-
tory response of L. monocytogenes to HPP at the level of the genes. We created
a gene regulatory database for TF-TG connections in L. monocytogenes (strain
ScottA), which was then used to input the NCA algorithm to reconstruct the ac-
tivity of regulators (TFs) during 48 h after pressure treatment at 400MPa, 8◦C, for
8 min. Our analysis indicated a structured temporal response in L. monocytogenes
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after HPP which led to three distinct time phases: 0-10 min (early-phase), 30-60
min (mid-phase), and 6-48 h (late-phase) post-treatment. The results suggested
an association between the activity of TFs involved during the early-phase with
survival by regulation of genes encoding for chaperones, cell wall components, and
the SOS response. Similarly, according to the results, the mid and late -phases were
related to the regulatory networks with the primary role in repairing of membrane
components, energy metabolism pathways, and regrowth, respectively.

Third, our results suggesting the role of the regulations during the early-phase
in the survivability of pressure-treated bacteria inspired us to focus on the initial
response to HPP in L. monocytogenes (particularly the SOS response and chap-
eronin system regulations), which was the topic of Chapter 4. This chapter intro-
duced a dynamic model developed as a set of ODEs and calibrated with time-series
RNA-seq data. Our experimental results and model outputs indicated a damped os-
cillatory response for the main regulators of the SOS response pathway (LexA and
RecA), suggesting the existence of complex interactions through a well-structured
gene regulatory network. The oscillatory behavior was expected due to the pres-
ence of delayed negative feedback and mutual antagonism structures in the wiring
diagram of the model. Our findings suggested that a plausible explanation for the
increase in the resistibility of the bacterial strains is a rapid convergence to home-
ostasis by shorter damped oscillations in the SOS response dynamics. Additionally,
according to the results of inhibition analysis, HU protein played a critical role
in the activation of RecA protein and thereby the induction of the SOS response
following HPP. Finally, our results proposed that increasing the pressure value and
holding time affected the response by increasing the number of peaks and the first
peak amplitude, respectively. Taken together, the model gives an idea about how
L. monocytogenes survives high pressure stress, provides an explanation for the
increased resistance of some strains to HPP, and can be used as a basis to model
survivability under other stress types.

We believe that our results provide a better understanding of L. monocytogenes
behavior after high pressure exposure that may help with the development of a
specific knockout process to target critical genes and increase the efficiency of HPP
in the food industry.

6.2 Future work

The findings and ideas in this Ph.D. work might be extended for other HPP con-
ditions and other microorganisms.

The diffusion model that quantified the membrane repair process in L. mono-
cytogenes after HPP can be extended and improved such that the fidelity of the
results is increased by adding more experimental points, repeating the experiments
for some other fluorescent molecules and other microorganisms. It will be inter-
esting as well to compare the results of the model for two strains with different
sensitivity to high pressure, e.g. ScottA and RO15 of L. monocytogenes.

Predictions obtained from the NCA results in this work were based on an opti-
mal model that guarantees a unique solution for the reconstructed activity of TFs.
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However, experimental evidence with deletion mutants is required in the future to
verify the generated hypothesis and predictions from the NCA analysis. Moreover,
although our work focused only on the regulation of transcription, regulation may
occur at different levels, including translation, mRNA stability, and protein degra-
dation, and therefore mRNA levels may not always correlate with the proteins
levels. As we focused on the ScottA strain of L. monocytogenes, studies in other
strains such as RO15 are essential as well to understand better the role of gene
regulatory networks in more barotolerant strains.

The model developed for the SOS response and chaperonin system regulation in
this work can increase the understanding of the repair process in pressure-treated
L. monocytogenes cells. However, more work is needed to obtain results with higher
fidelity and accuracy. First, the configuration network proposed here presented the
interactions between genes and proteins and consisted of one representative protein
of each group with the same function. An extended network including more proteins
that are in reality involved in these two pathways will increase the accuracy of
the results. Second, more experimental data with shorter measurement intervals
is required to obtain higher fidelity from a more complex model. For example,
the characteristics of the oscillatory behavior suggested in this work for the SOS
response after HPP can be extracted more precisely from an increased number of
measurement points.
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Appendix A

Supplementary information

A.1 Images obtained by fluorescence microscopy technique

Images obtained by fluorescence microscopy technique for monitoring diffusion of
PI molecules into pressure-treated L. monocytogenes cells are available at The
Dryad Digital Repository via the following link:
https://doi.org/10.5061/dryad.np5hqbzq6

A.2 TF-TG database of L. monocytogenes

The database is available at https://doi.org/10.1186/s12864-021-07461-0 as
Additional file 1.

A.3 RNA-seq data

RNA-seq data have been deposited in the European Nucleotide Archive (ENA)
under accession code PRJEB34771.
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