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Introduction

1 General introduction
All underlying issues addressed in this thesis are directly or indirectly concerned with biomonitoring in food safety. The tools used and the focus on methodology development
were mainly based on ionic liquids.

1.1

Food safety

Food safety is globally a public health priority and the availability of safe food is a basic
human

right

(http://whqlibdoc.who.int/publications/9241545747.pdf

accessed

on

2015/08/11). With progressive globalization of the food industry, food safety has become
an important issue, not only in respect of medicine or economics, but it is also a highly
topical issue on political agendas, in the media, in food policy, in the food industry and in
research (Grunert, 2005; Verhoef et al., 2009). Food-borne disease is a major public
health problem worldwide and it carries with it significant social and economic costs. In
the US alone there are 76 million cases of food-borne diseases reported each year, and
for

the

EU

over

320,000

cases

are

reported

(Newell

http://www.efsa.europa.eu/de/topics/topic/foodbornezoonoticdiseases

et

al.,

2010,

2015/12/02).

Over the past 20 years there have been several efforts, partly implemented by
international standards and legislation, to improve food safety. Quality management
systems and food inspection systems have been developed (Röhr et al., 2005) and
monitoring systems and methods for diagnosis and the detection of food-borne
pathogens have been improved (Newell et al., 2010). Nevertheless, the success has been
limited so far and product-associated disease outbreaks have increased in recent years
(Rawsthorne et al., 2009; Newell et al., 2010). On the one hand increased testing may
result in an increased number of food-borne disease outbreaks detected, but other
factors additionally play a role. Increasing numbers of food-borne diseases are not caused
by the fact that well-established pathogens were not kept under control, but most
probably because new food-borne pathogens have emerged and food-borne infections
have changed over time (Tauxe, 2002). Of particular concern is that a remarkable
proportion of food-borne diseases results from unknown factors or the causative agent
cannot be identified (Tauxe, 2002; Scallan et al., 2011). The increased number of food-
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borne diseases has also been attributed to changes in human behaviour, such as the
production and consumption of high risk foods (raw or lightly cooked food and fresh fruits
or vegetables produced in countries without proper safety procedures) and an overall
aging of the population associated with diminished immunities (Koopmans et al., 2002;
Newell et al., 2010). Moreover, longer transport time, changing farming practices,
intrusion on native wildlife habitats and climate change may increase the risk of foodborne diseases occurring. These factors could contribute to the introduction of novel
vectors into temperate regions (Koopmans et al., 2002; Newell et al., 2010). Changing
ecology and new technology can also link potential pathogens with the food chain and
may be causing a shifting spectrum of pathogens.
A major role in the changing landscape of food-borne diseases is played by pandemic
forms of pathogens that are globally distributed (Tauxe, 2002). This is especially true for
Salmonella Enteritidis, Salmonella Typhimurium DT104 strains, Yersinia enterocolitica
strains with the serotypes O3 and O9 and Listeria monocytogenes. Additional problems
relate to food-borne bacteria that become more and more resistant to antimicrobials (see
also 1.1.1) (Sabour and Griffiths, 2010). These bacteria often carry AMR (anti-microbial
resistance) genes coupled with virulence genes that lead to increased bacterial
pathogenicity (Martínez and Baquero, 2002).
Until now, more than 200 microbial, chemical or physical agents are known to cause
food-borne disease (Acheson, 1999). Microbiological hazards include not only pathogenic
microorganisms, but also parasites (most common: Giardia lamblia, Toxoplasma gondii,
Cryptosproidium parvum, Cyclospora cayetanensis) (Mead et al., 1999). Further, viruses
and prions can now be included as food-borne pathogens.
Chemical hazards include natural toxicants (e.g. mycotoxins) and environmental
contaminants (e.g. mercury), food additives, pesticides and veterinary drug residues. In
addition to physical factors, new technologies such as genetic engineering and food
irradiation can be potentially hazardous.
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1.1.1 Food-related microbiological hazards
1.1.1.1 Food-borne bacterial agents
One of the main concerns in food safety is the microbiological hazard produced by
pathogenic microorganisms. Most food-borne illnesses comprise intestinal infectious
diseases and bacterial agents are the most investigated and monitored causes in this
respect.
Before 1900, Bruchella, Clostridium botulinium, Salmonella typhi, and toxigenic V.
cholerae were the major bacterial food pathogens (Tauxe, 2002). Since 1990,
Campylobacter, non-typhoid Salmonella and Clostridium perfringens have been the most
common bacterial causes of food-borne disease in the US (Mead et al., 1999). Moreover,
Escherichia coli O157:H7 and other Shiga toxin-producing E. coli play important roles.
Furthermore, Shigella, Yersinia enterocolitica, Streptococci and Listeria monocytogenes
continue to be challenges in food safety.
Campylobacter spp. cause the highest number of acute bacterial food poisoning cases in
the European Union (http://www.efsa.europa.eu/sites/default/files/scientific_output/
files/main_documents/3129.pdf accessed on 2012/08/17) and these are found in
particular in poultry meat. Campylobacter spp. are Gram-negative, microaerophilic,
thermophilic bacteria, which include also antimicrobial (especially quinolones) resistant
strains (Newell et al., 2010).
Salmonella spp. are also frequently found in food. These are Gram-negative, anaerobic
bacteria that are able to infect all major livestock species such as poultry, cattle and pigs,
subclinically

(http://www.foodsafetywatch.org/factsheets/salmonella/

accessed

on

2015/08/17). Their low infection dose for humans, their long-term survival and
remarkable adaptability make Salmonella spp. especially difficult to control. Serotypedependent resistance and multiple resistances, especially in S. Typhimurium, have been
reported and these are most probably caused by the use of antimicrobial agents on farms
and in meat production (Newell et al., 2010).
Another important food-borne bacterium is Clostridium perfringens. This is a sporeforming, Gram-positive bacterium found in many environments, including the intestines
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of humans and animals, and certain foods such as raw meat and poultry
(http://www.cdc.gov/foodsafety/clostridium-perfingens.html accessed on 2015/08/17).
E. coli is a common and usually harmless gut coloniser in many endotherm species.
However there are six groups of diarrhoeagenic E. coli (DEC) that possess specific
virulence factors. DEC E. coli strains can be enteropathogenic, enterotoxigenic,
enteroinvasive, diffusely adherent, Vero cyctotoxin- or Shiga toxin-producing E. coli
(Newell et al., 2010). E. coli O157:H7, one of the most important food-borne E.coli,
belongs to the Vero toxin (VTEC) producers that have been found with geographical
different prevalence and serotype distributions (Wick et al., 2005). Antimicrobial (multi-)
resistance development in E. coli has become a serious public health issue. Commensal E.
coli can be a source of resistance genes for pathogenic E.coli. Moreover, resistance genes
can be shared or spread between animal and human E.coli, between bacterial clones,
E.coli and Salmonella (Newell et al., 2010).
Another important food-borne bacterium that is in the focus of this thesis is Listeria
monocytogenes, which is increasingly found in food processing plants.

1.1.1.1.1 Listeria monocytogenes
In the beginning of 21st century (2003-2006) Listeria monocytogenes was increasingly
identified to be the cause of serious food-borne disease in the European Union
(Allerberger and Wagner, 2010). L. monocytogenes is a Gram-positive, non-spore forming
rod shaped bacterium with a size of approximately 0.5 – 2 µm x 0.4 – 0.5 µm. It is
microaerophilic, psychotrophic and ubiquitous but especially found in soil, surface water,
plants and certain foods (Newell et al., 2010). Food sources that commonly harbour L.
monocytogenes are ready-to-eat (RTE) foods of animal origin such as milk products, meat,
poultry, fish and seafood, and also fresh vegetables (Berrang et al., 1989; Farber, 1991;
Furrer et al., 1991; Greenwood et al., 1991; Ojeniyi et al., 1996; Jorgensen et al., 2002;
Gombas et al., 2003). In the European milk industry two thirds of all product recalls are
due to the presence of L. monocytogenes (https://webgate.ec.europa.eu/rasffwindow/portal/? event=SearchForm&cleanSearch=1 accessed on 2015/11/30). L.
monocytogenes is particularly problematic with cheese. During the cheese ripening
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process the pH rises and this facilitates the growth of L. monocytogenes, resulting in
contamination level that can reach as high as 107 CFU/ g cheese (Farber and Losos, 1988).
Healthy individuals who are infected with L. monocytogenes normally only develop a mild
gastroenteritis and may not notice the association with the symptoms and having eaten
contaminated food. However, immunocompromised people and pregnant women are
highly susceptible to listeriosis. On the population scale listeriosis is a relatively rare
disease, but the infection has a high fatality rate for individuals (20-30 %) (Newell et al.,
2010). Since 2009 the number of listeriosis cases in Germany has been increasing
disturbingly and in 2014 the number of listeriosis cases was found to be increased to 30 %
(http://www.rki.de/DE/Content/Infekt/Jahrbuch/Jahrbuch_2014.pdf?__blob=publication
File accessed on 2015/10/21). Although there are 13 different serotypes of L.
monocytogenes, the majority of human listeriosis cases are caused by only three
serotypes: 1/2a, 1/2b and 4b (McLauchlin et al., 1990).
L. monocytogenes is able to adapt to harsh environmental conditions and can grow
between 1 - 45 °C, in aqueous environments comprising up to 10 % sodium chloride and is
capable of growing over a pH range from 4.5 - 9 (Farber and Losos, 1988; Takhistov and
George, 2004). L. monocytogenes is also able to form biofilms and to develop resistance
to chemical disinfectants (Blackman and Frank, 1996; Folsom et al., 2006; Kostaki et al.,
2012). This makes it especially difficult to control and there always remains the risk that it
can persist in food production and processing plants despite cleaning measures (Lunden
et al., 2003; Kim et al., 2008; Linke et al., 2014). Alternatives to commonly used
antimicrobials and disinfection are described in sections 1.3 and 1.4.1.

1.1.1.2 Food-related viruses
1.1.1.2.1 Bacteriophages
Bacteriophages are the most abundant biological entities on earth and they are
ubiquitous in nature (Breitbart et al., 2002). Although bacteriophages can burden foodprocessing plants by destroying starter or fermenter cultures, they are more and more
used for monitoring and the biocontrol of pathogens. They find applications in both
medicine and food production. On one hand they can be used in the laboratory for typing
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bacterial strains based on varying phage susceptibility (Wilson and Atkinson, 1945). For
most of the important bacterial food-borne pathogens, such as L. monocytogenes, typing
phages are described (Loessner and Busse, 1990). On the other hand, phages can be used
directly for the detection of pathogens. In the case of L. monocytogenes for instance, a
luminescence-based detection system has been developed, where the Luciferase reporter
phage A511::luxAB induces bacterial bioluminescence into infected cells (Loessner et al.,
1997). Moreover, lysins of phages have been suggested as agents to control microbial
pathogens in the food industry, biotechnology or medicine (Loessner, 2005). Most
commonly in the food industry the phage itself is used for the biocontrol of bacteria (see
1.3.1).

1.1.1.2.2 Listeria phages and phage P100
The first Listeria-specific bacteriophage (Listeria phage) was described in 1945 and by
2008, 400 Listeria phages had been described (Kim and Kathariou, 2009). All of the known
Listeria phages belong to the order Caudovirales (Hagens and Loessner, 2007a).
Caudovirales are tailed phages with double-stranded DNA comprising between 18 – 500
kbp and an icosahedral capsid of between 45 – 170 nm. Most Listeria phages belong to
the Siphoviridae family, which have long, flexible, non-contractile tails (Hagens and
Loessner, 2007a). A minority of the Listeria phages belong to the Myoviridae family,
which also have long, inflexible contractile tails. The majority of Listeria phages are
temperate and extremely host-specific, for instance, phages A118 and PSA (Loessner et
al., 2000; Zimmer et al., 2003).
In contrast, far fewer lytic Listeria phages are known. One example of a lytic Listeria
phage of the Myoviridae family is phage A511, which infects the majority of L.
monocytogenes strains (Hagens and Loessner, 2007a). Very similar to phage A511 is
phage P100, which was originally isolated from the sewage of a dairy plant (Kim et al.,
2008). The genome of phage P100 has a size of 131 kbp and comprises 174 open reading
frames (Carlton et al., 2005). The molecular weight of the phage particle is about 1.2 x 108
Daltons and its length is approximately 300 nm.
Listeria phages are used for typing, they have been genomically characterised, their
transducing potential studied and they have been tested for biotechnological applications
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and the biocontrol of food pathogens (Kim and Kathariou, 2009). For the use as
antimicrobial agents exclusively lytic phages can be used in order to avoid gene transfer.
Phage P100 is now frequently used in the food industry to control L. monocytogenes (see
section 1.3.1.1).

1.1.1.2.3 Food-borne viruses
Food-borne viruses are greatly troubling and are the major causes of food-borne illnesses
in humans in both developed and developing countries (Koopmans et al., 2002;
Guevremont et al., 2006). Viruses present in foods can remain infectious under most
circumstances for several days or weeks, they are much more stable to chemical and UV
disinfection and pasteurisation than bacteria and currently used food processing methods
are often not able to inactive them (Grohmann and Lee, 1997; Koopmans and Duizer,
2004; Fumian et al., 2009; Scherer, 2009). Additionally, there is presently no systematic
surveillance system suited to detect and monitor food-borne viruses (Newell et al., 2010).
Foodstuffs are usually contaminated with these viruses via the fecal-oral route as
common food-borne viruses are highly infectious and spread easily from person to
person. This leads to a high rate of transmission and makes identification of the infectious
source difficult (Koopmans et al., 2002).
Viruses that can be transmitted by the food-borne route can cause a wide range of
diseases. Infection with most of them (for instance Adenoviridae, Parvoviridae,
Reoviridae, Astroviridae and Caliciviridae) is associated with vomiting and diarrhoea.
Some others can also produce other symptoms, such as influenza-like illnesses
(Orthomyxoviridae,

Paramyxoviridae

and

Flaviviridae),

neurological

symptoms

(Parayxoviridae, Flaviviridae, Picornaviridae) or hepatitis (Hepeviridae). Skin, eye and
respiratory infections, meningitis and myalgia can also result from food-borne viruses
(Grohmann and Lee, 1997; Newell et al., 2010). However, due to limited detection
methods (see 1.2) food-borne viral gastroenteritis is often not diagnosed. Moreover,
many viral infections are asymptomatic (Grohmann and Lee, 1997). Therefore further
inadvertent spread of implicated viruses is possible.
The highest number of food-related illnesses is caused by the calicivirus group, which has
both human and animal reservoirs (Ando et al., 2000). Noroviruses are the most
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important food-borne agents of this group (Grohmann and Lee, 1997; Tauxe, 2002;
Koopmans and Duizer, 2004). Human caliciviruses are non-enveloped spherical viruses
with a size of between 28 - 35 nm containing a positive sensed single-stranded RNA
genome of 7.3-7.6 kb (Koopmans, 2005). They are highly diverse genetically with II.4
(GII4) being the most predominant genogroup. Human noroviruses cannot be detected in
cell culture based systems, but only by PCR (Polymerase Chain Reaction). However, PCR is
not able to distinguish between infective and non-infective particles. Therefore, as
noroviruses are highly infective, norovirus surrogates are commonly used to develop,
establish and evaluate new concentration and detection systems. The most important
surrogates are E. coli phage MS2 and feline and murine caliciviruses (Dawson et al., 2005;
Dreier et al., 2005; Cannon et al., 2006; Bae and Schwab, 2008; Rzezutka et al., 2008;
Mattison et al., 2009).
Other important food-borne viruses are the hepatitis viruses. Only the two enteric
hepatitis viruses, hepatitis A virus and hepatitis E virus, are causative agents for foodborne disease (Grohmann and Lee, 1997; Koopmans et al., 2002). The most common as
food-borne virus is the hepatitis A virus. It is a member of the Picornaviridae family that
also includes the Enteroviruses (Groups A-E), which are also occasionally the cause of
food-borne disease (Grohmann and Lee, 1997; Koopmans and Duizer, 2004).
Picornaviruses have a size of 25 - 30 nm and are non-enveloped single (positive-) stranded
RNA viruses. The hepatitis A virus is very resistant to drying, heating, UV light and low
levels of chlorine and ozone (Grohmann and Lee, 1997). In contrast, the hepatitis E virus
is much more labile. The hepatitis E virus belongs to the Hepeviridae family and is similar
to the caliciviruses. In older classification systems, the hepatitis E virus was even
integrated into the calicivirus group.
Further occasionally found food-borne viruses are the Astroviruses, which are also small,
single-stranded RNA viruses and the Rotaviruses that are double-stranded RNA viruses.
Especially in developing countries, Rotaviruses are the most common cause of viral
gastroenteritis in children and infection is associated with high morbidity and mortality
rates (Grohmann and Lee, 1997).
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1.2

Detection methods

Over the past several years there has been an enormous research effort to improve
analytical methods for detecting food-borne pathogens. Rapid detection and subsequent
identification of food-borne pathogens have become major issues in food safety in order
to limit health risks and financial losses. Ideally detection methods should be quantitative
and detection should be sensitive, fast and cost effective. Detection methods include
three main steps: sample preparation, detection and typing (Mattison and Bidawid,
2009). While there are several (standardized) detection and quantification protocols
available for food-borne microbiological agents at present, this does not yet hold true for
viruses (Stevens and Jaykus, 2004; Brehm-Stecher et al., 2009; Rossmanith and Wagner,
2010).

1.2.1 Microbiological detection methods
Since the last decade of the nineteenth century, detection of microbes was mostly based
on the growth of microbiological cultures. In the course of the time microbiological
detection methods have significantly changed and improved. Nevertheless they still rely
mostly on enrichment of the target cell, followed by subsequent isolation and
identification of the pathogen. Therefore, the main drawback of traditional
microbiological detection systems is the need of growing pathogen cultures.
Consequently, non-cultivable microorganisms and pathogens in a non-cultivable state are
neglected and remain undetectable with such systems. Microbiological methods are time
consuming although detection times can be shortened, for instance by the use of
chromogenic media, DNA hybridizations and immune assays or biochemical methods.
However, such microbiological methods are usually not quantitative (due to the
enrichment step) and expensive.
Another drawback of microbiological growth-based methods is that they cannot detect
(all) viruses that play an increasing role in food safety (as described in chapter 1.1.1.2.3).
Foods that are contaminated with viruses cannot be identified by smell or taste
(Koopmans et al., 2002) and some enteric viruses cannot be multiplied tissue culture
(Koopmans et al., 2002; Di Pasquale et al., 2010b). Neither can biochemical methods be
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used to detect metabolism-specific products due to the inability of viruses to produce
their own energy and synthesise their own proteins. Therefore, most traditional
microbiological methods are not suitable for the detection of food-borne viruses and
alternative molecular biological detection methods must be used.

1.2.2 Molecular biological detection methods and the analytical chain
Molecular biological and biochemical detection methods for food-borne pathogens
include PCR, microarrays, chip-based PCR or parallel sequencing. PCR is one of the most
important molecular biological detection method currently used in food safety and
permits specific detection of pathogens without enrichment. Cultivability and
proliferation of the target pathogen is not necessary. Therefore inactive or dead
pathogens can also be detected as long as the nucleic acids are intact. Further
development of PCR has also allowed quantitative detection of target DNA (qPCR or realtime PCR). As molecular biological methods in general and PCR in particular are often
derived from basic research programmes, methods have to be extended or changed to
match the requirements of biomonitoring of food-borne pathogens (Radstrom et al.,
2003). Most of the molecular biological methods were developed to work under ideal
laboratory conditions with high numbers of target bacteria (or viruses). In environmental
and food samples however, the heterogeneous micro-environment of the samples and
unknown numbers of targets have to be matched to the requirements of molecular
biological methods. To achieve stable laboratory conditions and to allow quantitative
detection, proper sample preparation is crucial (Stevens and Jaykus, 2004; Brehm-Stecher
et al., 2009; Rossmanith and Wagner, 2010). Furthermore, highly purified nucleic acids
are necessary for most molecular biological methods, especially for qPCR. Therefore, DNA
isolation and purification are important steps in the detection of food-borne pathogens
(Radstrom et al., 2004). Additionally, the detection assay itself has certain limits that have
to be taken into account when results of the detection methods are interpreted
(Rossmanith and Wagner, 2011). All of these steps in the detection chain (sample
preparation, DNA isolation and purification and the core detection assay) can be termed
the “analytical chain” (figure 1) (Rossmanith and Wagner, 2010).
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During the first project in which this PhD thesis was included, the CD-MOFA (ChristianDoppler Laboratory for Molecularbiological Food Analysis), the analytical chain was the
main focus of attention. A carefully validated analytical chain is based on analysis of all
individual steps. This can be achieved with the “analytical trihedron” and includes
validation of the detection method per se, separation of the target from the food matrix
and process controls for all steps (Rossmanith and Wagner, 2010). Optimisation of all
parameters should guarantee optimum performance and high confidence in the
detection method.
For bacteria there are already several (standardized) detection and quantification
protocols available (Stevens and Jaykus, 2004; Brehm-Stecher et al., 2009; Rossmanith
and Wagner, 2010). In contrast, validated consensus protocols for virus detection in food
do not exist, with the exception of shellfish (Koopmans et al., 2002; Croci et al., 2008).
Attempts to develop virus detection methods suitable for food resulted in methods that
are limited on particular foodstuffs or vary from virus to virus (Guevremont et al., 2006;
Dubois et al., 2007; Croci et al., 2008; Mattison and Bidawid, 2009; Morton et al., 2009).
Nevertheless, there is still a need for further development and standardisation of
molecular biological detection methods for food-borne viruses (Grohmann and Lee, 1997;
Croci et al., 2008). Moreover, research and development into new prevention, detection
and identification methods relevant to both food-borne bacteria and viruses will be
necessary to guarantee future food safety and to reduce the prevalence of food-borne
disease

(http://whqlibdoc.who.int/publications/9241545747.pdf

2015/08/11).

Figue 1: The analytical chain.

11

accessed

on

Introduction

1.2.3 The diagnostic chain
Establishing the analytical chain has helped to understand and identify the prerequisites
for reliable molecular biological pathogen detection. However, in the analytical chain only
factors that influenced the methods in the laboratory were taken into consideration,
while influences associated with food-production and processing, which take place before
sample preparation, were neglected. Therefore, the focus of the second project, which
concerned this thesis, was on the interactions of factors pertinent to the plant and the
laboratory. These interactions, together with the previously described analytical chain,
have been summarized as “diagnostic chain” (figure 2). Factors that influence the results
of the detection of pathogens before sample preparation especially include the use of
cleaning agents as well as the sampling process itself. Cleaning mainly relies on
detergents, which can hinder subsequent detection by molecular methods (Schrader et
al., 2012). Sampling on the other hand can influence detection results when not all
targets find their way into the analytical chain. For instance, this is the case when they are
not sufficiently absorbed onto the sampling material (e.g. swab), or when the pathogens
adhere to the sampling material and are not accessible for the subsequent detection
method.
In order to guarantee safe food a whole systems approach is necessary. This implies not
only detection, but also removal or inactivation of pathogens. Cleansing and disinfection
are possibility ways to remove food-borne pathogens. However, increasing resistance of
bacteria to disinfectants and antimicrobial substances may call for alternative treatment
strategies. Phages and vaccines are the most promising alternatives to antimicrobial
agents (Boerlin et al., 2010). Other relatively new and promising approaches include ionic
liquids as antimicrobial agents (Mester et al., 2015).
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1.3

Biocontrol

1.3.1 Bacteriophages for biocontrol of food-borne pathogens
As stated in chapter 1.1.1.2.1., phage lysins could be possible agents to control microbial
pathogens. Bacteriophage lysins degrade the polypeptidoglycan structure and lead to
bacterial cell lysis (Weidenmaier and Peschel, 2008). However, most commonly, the
phage itself is used for biocontrol of bacteria in the food industry. Phage use as an
alternate class of antibacterial agents against food-borne pathogens is gaining popularity
for several reasons, such as high host specificity and as they do not change the quality
and sensory characteristics of the food (Hagens and Loessner, 2007b, 2010; Mahony et
al., 2011; Ali et al., 2012). Further, increased antibiotic resistance in bacteria makes them
a more and more popular alternative to physical and chemical treatments (Monk et al.,
2010; Mahony et al., 2011). Currently there are now commercially available phage
products against nearly all important food-borne bacteria (Hagens and Loessner, 2007b;
Mahony et al., 2011; Maura and Debarbieux, 2011).
Antibacterial applications for bacteriophages include pre-harvest and post-harvest
strategies (Mahony et al., 2011). An example of a pre-harvest strategy is the treatment of
meat before it enters the food-production plant. Post-harvest strategies in contrast
include the application of phages to meat or already processed food. Moreover, active
and passive phage applications can be distinguished (Gill et al., 2006). Active treatments
are based on applied low phage concentrations. Here the phage should replicate within
the host cells, followed by destruction of the cells and the release of new infective phage
particles. Repeated infection cycles should lead to eradication of the bacterial pathogen.
13
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Passive treatments are based on the application of high phage concentrations. On the
one hand, phage infection should lead to cessation of bacterial protein synthesis
culminating in an end to host cell replication. On the other hand, a scenario described as
“lysis from without (LWO)” could occur (Abedon, 2011). Hereby multiple phages infect
one cell and lead to its lysis without further replication within the cell. When the passive
approach is used, MOIs (multiplicity of infection; ratio of phages to bacteria) of ≥ 10 are
necessary to achieve 99.999 % cell infection and a major reduction in bacterial numbers
(Kasman et al., 2002).
Independently of which strategy is used, there are some facts that should be considered
in advance before phages are used to control food-borne pathogens. In food protection
plants and processed food it is crucial to consider that heat, cold, dryness, nutrition
deficit, temperature, pH and water activity and exposure to chemical detergents or
disinfectants may influence the stability of phages, the survival of bacteria and as a
consequence also the host- virus interaction and therefore the success of phage
treatments (Garcia et al., 2008; Jończyk et al., 2011; Arachchi et al., 2013; Denes and
Wiedmann, 2014; Ly-Chatain, 2014). Further, the presence of inhibitory compounds, such
as antibodies, whey proteins and bacteriocins can reduce the effectiveness of phage
treatments (Maura and Debarbieux, 2011; Tessema et al., 2011; Abedon, 2012;
Vongkamjan et al., 2013; Ly-Chatain, 2014). Moreover, the accessibility of the target
bacteria can be limited when phages are applied in solid matrices or when the phage
concentration, dose and time of application are not optimal (Ly-Chatain, 2014).
When bacterial fitness is affected by environmental conditions, transcriptional responses
can lead to reduced phage susceptibility caused by changes in cell wall structures that are
the docking sites for phages (Denes and Wiedmann, 2014). Moreover, phages cannot
replicate in bacterial cells during their stationary growth phase, which must be taken into
account if phages are used for active application strategies (Chibani-Chennoufi et al.,
2004; Denes and Wiedmann, 2014). Further, bacteria possess a wide range of phagedefence systems. They include, for example, several restriction modification and CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats) systems and these prevent
either entrance into the host cell or phage replication (Abedon, 2012).
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Reduced success of phage treatments, their suboptimal application and repeated
exposure can lead to bacterial adaptation and resistance development (Bach et al., 2003;
Hagens and Loessner, 2010; Vongkamjan et al., 2013). Therefore, before phages are used
for biocontrol purposes, the influence of environmental factors on phage treatments as
well as establishment of pre-existing resistance should be tested. Likewise, inactivation of
the phages following their use should be considered in order to avoid the development of
resistance.

1.3.1.1 Biocontrol of Listeria using phages
The first reported use of phages for control of L. monocytogenes in food was in 2003
(Leverentz et al., 2003). Leverentz and colleagues were able to apply phages LM-103 and
LMP-102 to significantly reduce L. monocytogenes numbers on fruits. Later experiments
with phage A511 and cheese were published (Guenther and Loessner, 2011).
There are now several commercially available phage products to control food-borne
pathogens. Two products have been produced to eradicate L. monocytogenes. LMP-102TM
(ListshieldTM), a phage cocktail containing four non-specified bacteriophages together
with phages LM-103 and LMP-102, is one of which. It was developed for the treatment of
ready-to-eat-foods before packaging (Ly-Chatain, 2014).
Another product is ListexTM P100. It contains phage P100 as active component and
received GRAS (generally recognized as safe) status by the US FDA and USDA in 2007.
ListexTM P100 or phage P100 has been tested for its ability to reduce L. monocytogenes
numbers on poultry products, fish, biofilms or on cheese and the success of these
treatments was found to be dependent particularly upon the host-virus ratio (Carlton et
al., 2005; Guenther et al., 2009; Soni and Nannapaneni, 2010b, a; Soni et al., 2010; Bigot
et al., 2011; Guenther and Loessner, 2011; Silva et al., 2014). Although the number of
bacteria could be significantly reduced most of the time, high numbers or concentrations
of Listeria were not completely eradicated.
Even although phage P100 is already used frequently in industry for the control of L.
monocytogenes in food, several questions remain open. These especially apply to the
existence and possible development of resistance, and the impact of environmental
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conditions on the susceptibility of L. monocytogenes is still limited (Efsa, 2009; Kim and
Kathariou, 2009).
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1.4

Method development for biomonitoring

1.4.1 Ionic liquids
In recent years, a new class of solvents attracted the attention of scientists and engineers:
Ionic liquids (ILs). Ionic liquids are defined as organic salts with melting points below 100
°C. Ionic liquids with melting points at room temperature can be further classified as
“room temperature ionic liquids“ (RTILs). Ionic liquids consist entirely of ions, usually an
organic cation with a charged head group and an anion (see figure 3). At least one of the
ions is large and conformationally flexible, the Gibbs free energy is negative and therefore
the liquid state is thermodynamically favoured (Krossing et al., 2006). It is possible to
combine a high number of different cations and anions theoretically resulting in 1018
different

ionic

liquids

(https://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Aldrich/Brochure/al_chemfile_v5_n6.pdf accessed on 2015/08/18), with
unique physical and chemical characteristics. Nevertheless, there are some properties
that are applicable to all ionic liquids. Due to the strong ionic interactions between the
ions, all ionic liquids have a negligible vapour pressure, they are non-flammable
substances and generally they are thermally (generally > 400 °C), mechanically and
electrochemically stable (Chiappe and Pieraccini, 2005; Freemantle, 2010).

side-chain(s)

H3C

N

+

N

CH3

head group

S C N
anion

Figure 3: Typical structure of an ionic liquid (Jastorff et al., 2007)

By combining different cations and anions, ionic liquids with a wide range of watersolubilities, conductivities, densities or viscosities, toxicities and biodegradabilities can be
synthesized (Olivier-Bourbigou et al., 2010). Therefore, they are sometimes described as
“task-specific ionic liquids” or “designer solvents” (Freemantle, 2010; Olivier-Bourbigou et
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al., 2010). Depending on their intended applications, ions with specific properties can be
combined. This high degree of tunability is one of the reasons why ionic liquids are
increasingly being used for numerous applications. Initially ionic liquids were particularly
interesting for academic research, but now they are also implemented in a wide range of
industrial processes. The most important applications of ionic liquids are summarised in
figure 4 and these include use as energy sources, in biotechnology, chemistry, chemical
engineering and in coatings (Thuy Pham et al., 2010). The application of ionic liquids for
biological and biotechnological purposes is the sector with the highest potential of
development (Quijano et al., 2010). They are already used in enzymatic assays, for the
stabilization of enzymes and proteins, purification, refolding or crystallization of proteins
or biomolecules and many other uses are emerging (Lozano et al., 2001; Du et al., 2007;
Pei et al., 2009; Ventura et al., 2011; Vicente et al., 2014). However, applications in
molecular biology or molecular diagnostics remain very limited.

Figure 4: Ionic liquid applications (Thuy Pham et al., 2010).

The chemical and physical characteristics of ionic liquids have been well investigated.
However, their biological properties and environmental effects have hardly been explored
(Freemantle, 2010). Due to their negligible vapour pressures, ionic liquids were initially
described as “green solvents”. Nonetheless, ionic liquids have high chemical and thermal
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stabilities and many are also soluble in water. This is prompting investigators to
investigate their (eco)toxicity, biodegradability and bioaccumulation (Thuy Pham et al.,
2010). General statements about the toxicity of ionic liquids are not yet possible, but the
structure-activity relationships (SARs) of ionic liquids tested on several biological systems
(enzyme inhibition assay - to vertebrate in vitro tests) indicated that the toxicity of at
least imidazolium based- ionic liquids increases with increasing length of the cationic
alkyl-side chain (Stolte et al., 2007; Ventura et al., 2012; Mester et al., 2015). Toxic effects
of ionic liquids can be due not only to the cation, but also due the anion, especially when
the cationic side chain is short. For bacteria, the chaotropicity of the anion has been
reported to have a major influence on ionic liquid toxicity (Mester et al., 2012, 2015).
The toxicity of ionic liquids enables their application as antimicrobial substances. Several
publications have shown bactericidal effects of ionic liquids on different bacteria and
biofilms (Carson et al., 2009; Busetti et al., 2010; Choi et al., 2011; Cornellas et al., 2011).
Although the effect of ionic liquids on several biological systems has been tested, viruses
were not included. Until today, only one study investigating the stabilizing effect of two
ionic liquids on tobacco mosaic viruses has been published (Byrne et al., 2012). Structureactivity relationship studies with ionic liquids on viruses have not yet been performed.

1.5

Summary of the state of the art

Food-borne disease is a major public health problem and results in social and economic
costs worldwide. In order to guarantee food safety, two strategies have been exercised.
One has attempted to avoid production of contaminated food or to prevent the
contamination of already processed food. The second has attempted to prevent
contaminated food being placed on the market. This can be achieved by detection and
monitoring methods for food-borne pathogens.
Nevertheless, for both strategies - removal/inactivation and detection of pathogens there are still unsolved problems and deficiencies. There are still no standardized
detection systems for viruses and global food control criteria rely only on bacterial
counts. On the other hand, cleansing and disinfection are becoming more and more
complicated because several antibiotic and disinfection insensitive bacteria are emerging.
Although the use of phages as alternative treatments is associated with advantages, there
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are still several questions to be addressed, especially concerning the presence and
development of bacteriophage-resistant bacteria. Further, considerations must be made
in respect of the efficacy of phage treatment and long-term phage survival in the food
production environment. A new strategy to remove bacteria and to inactivate viruses
could involve the use of ionic liquids. However, to-date the efficacy of ionic liquids to
inactivate viruses has not yet been investigated.
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2 Thesis aim
The central research question of this thesis (summarized in figure 5) concerns viruses in
food safety. Results of the thesis are anticipated to lead to further improvements in the
diagnostic chain, which is outlined in more detail in the introduction section.

Figure 5: Overview of the central research questions of the thesis.
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The essential organism of interest for this thesis is bacteriophage P100, followed by its
host L. monocytogenes. Bacteriophage MS2 and the feline calicivirus are other viruses
important to this work.
As previously stated, the scientific aims of this thesis are oriented to the structure of the
diagnostic chain. The following topics are addressed:


The applicability of P100 to the biocontrol of L. monocytogenes
o Retrospective investigation of resistance formation in plant environments
o Examination of resistant L. monocytogenes



Persistence and treatment efficacy of P100 under environmental conditions



Inactivation of bacteriophage P100 using ionic liquids



Detection of bacteriophage P100: PCR assay development



Development of a nucleic acid isolation method for viruses using ionic liquids



Sample preparation for viruses out of complex food matrices
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3 Scientific publications and manuscripts
Altogether four publications summarise results obtained in this thesis (see section 3). The
majority of data not included in these publications were presented as posters that are
attached in the appendix.

Figure 6: Overview and thematic classification of the publications and posters
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3.1 Publication 1: Screening and characterisation of bacteriophage P100
insensitive Listeria monocytogenes isolates in Austrian dairy plants
Susanne Fister, Sabine Fuchs, Beatrix Stessl, Dagmar Schoder, Martin Wagner, Peter
Rossmanith

Published: Food Control 59 (2016) 108-117

Contribution to the publication:
o

Experimental design

o

Performance of the majority of the experiments

o

Analysis of the majority of the experiments (except PFGE)

o

Drafting and revision of the manuscript
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3.2 Publication 2: Influence of environmental factors on phage-bacteria
interaction and on efficacy and infectivity of phage P100

Susanne Fister, Christian Robben, Dagmar Schoder, Martin Wagner, Peter Rossmanith

Manuscript submitted: Food Control 2015/12/16

Contributions to the publication:
o

Experimental design

o

Performance of experiments (together with Christian Robben)

o

Analysis of data (together with Christian Robben)

o

Drafting of the manuscript
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3.4 Publication 3: The (virucidal) effect of ionic liquids on phages P100 and
MS2

S. Fister, P. Mester, J. Sommer, A. K. Jehle, R. Kalb, M. Wagner and P. Rossmanith

Manuscript submitted: Journal of Industrial Microbiology & Biotechnology, 2015/06/22
Status: In revision

Contribution to the publication:
o

Experimental design

o

Performance of experiments (together with Julia Sommer)

o

Analysis of data

o

Drafting of the manuscripts (together with Patrick Mester)
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3.5 Publication 4: The use of ionic liquids for cracking viruses for isolation
of nucleic acids
Susanne Fister, Sabine Fuchs, Patrick Mester, Ilkka Kilpeläinen, Martin Wagner, Peter
Rossmanith

Published in: Separation
and
doi:10.1016/j.seppur.2015.03.035)

Purification

Contribution to the publication:
o

Experimental design

o

Performance of experiments

o

Analysis of data

o

Drafting and revision of the manuscript
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3.6 Posters and unpublished data
3.6.1 Talks
Susanne Fister, Patrick Mester, Ilkka Kilpeläinen, Martin Wagner, Peter Rossmanith
The use of ionic liquids for cracking viruses for isolation of nucleic acids


ILSEPT 2nd International Conference on Ionic Liquids in Separation and Purification
Technology; JUN, 29-JUL 2, 2014; Toronto, CAN

Susanne Fister, Sabine Fuchs, Beatrix Stessl, Dagmar Schoder, Martin Wagner, Peter
Rossmanith
Screening and Characterization of Bacteriophage P 100 Insensitive L. monocytogenes
Isolates in Austrian Dairy Plants


55.

Arbeitstagung

des

Arbeitsgebietes

Lebensmittelhygiene

der

DVG

Dreiländertagung; SEP 23-26, 2014; Garmisch-Partenkirchen, GER
Susanne Fister, Christian Robben, Dagmar Schoder, Beatrix Stessl, Martin Wagner, Peter
Rossmanith
P100 insensitive L. monocytogenes plant isolates and influence of environmental factors
on phage-bacteria interaction, on efficacy and survival of the phage P100


Bacteriophages 2015 Jan 27-29, 2015, London, UK

3.6.2 Poster presentations
Susanne Fister, Sabine Fuchs, Patrick Mester, Martin Wagner, Peter Rossmanith
The Impact Of Four Buffer Systems Derived From A Matrix Solubilisation Based Sample
Preparation Protocol For Bacteria On The Integrity Of Virus Particles


IAFP´s European Symposium on Food Safety; May 18-20, 2011; Ede, NL



144-144.-100th Anniversary, International Association of Food Protection; Jul 30Aug 4, 2011; Milwaukee, USA



1. European Congress of Applied Biotechnology (ECAB); SEPT 25-29, 2011; Berlin,
GER
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Peter Rossmanith, Patrick Mester, Sabine Fuchs, Susanne Fister, Martin Wagner
Matrix Lysis: A sample preparation method for recovery of bacterial targets based on
solubilization of the sample matrix


European Congress of Applied Biotechnology (ECAB); SEP 25-29, 2011; Berlin, GER

Susanne Fister, Franz Allerberger, Martin Wagner, Peter Rossmanith
The Impact Of A Hydrogen Peroxide Vapour Based Decontamination Method On the
Infectivity and Detectability of Feline Caliciviruses As Surrogates For Human
Noroviruses.


24th ECCMID; MAY 10-13, 2014; Barcelona, ESP

Susanne Fister, Christian Robben, Dagmar Schoder, Greta Göltz, Martin Wagner, Peter
Rossmanith
Development, Testing and Evaluation of Conventional and Real Time PCRs for Detection
of the Phage P100


55. Arbeitstagung des Arbeitsgebietes Lebensmittelhygiene der Deutschen
Veterinärmedizinischen Gesellschaft e.V.; SEP 23-26, 2014; Garmisch-Partenkirchen,
GER

Susanne Fister, Christian Robben, Dagmar Schoder, Greta Göltz, Martin Wagner, Peter
Rossmanith
Influence of environmental factors on phage-bacteria interaction and on efficacy and
survival of the phage P100


55. Arbeitstagung des Arbeitsgebietes Lebensmittelhygiene der Deutschen
Veterinärmedizinischen Gesellschaft e.V.; SEP 23-26, 2014; Garmisch-Partenkirchen,
GER

Patrick Mester, Tobias Gundolf, Susanne Fister, Martin Wagner, Peter Rossmanith
Molecular mechanisms mediating tolerance against ionic liquids in Listeria
monocytogenes


ILSEPT - 2nd International Conference on Ionic Liquids in Separation and Purification
Technology; JUN 29- JUL 2, 2014; Toronto, CAN
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6th ÖGBMT Annual Meeting; SEPT 15-18, 2014; Vienna, AUT



55. Arbeitstagung des Arbeitsgebietes Lebensmittelhygiene der Deutschen
Veterinärmedizinischen Gesellschaft e.V.; SEP 23-26, 2014; Garmisch-Partenkirchen,
GER

Patrick Mester, Tobias Gundolf, Susanne Fister, Martin Wagner, Peter Rossmanith
Ionic liquid induced tolerance of Listeria monocytogenes against disinfectants


ILSEPT - 2nd International Conference on Ionic Liquids in Separation and Purification
Technology; JUN 29- JUL 2, 2014; Toronto, CAN

Anna Kristina Jehle, Martin Bobal, Susanne Fister, Tobias Gundolf, Peter Rossmanith
CO2 as disinfection method?


How dead is dead IV; MAY 21-22, 2015; Dübendorf, CHE

Susanne Fister, Patrick Mester, Julia Sommer, Anna Kristina Jehle, Roland Kalb, Martin
Wagner, Peter Rossmanith
The (virucidal) effect of ionic liquids on phages P100 and MS2


7th OEGMBT annual meeting, SEP 9-11, 2015, Salzburg, AUT
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4 Summary and discussion
Microbiologically safe food for human consumption is a prerequisite for a nutritious and
sustainable food supply. In order to guarantee microbiologically safe food a whole
systems approach (summarised as diagnostic chain) is necessary that includes both
detection and removal or inactivation of food-borne pathogens (cleansing and
disinfection). Rapid detection and subsequent identification of contaminants is important
to prevent contaminated food coming onto the market. Alternatively, cleansing and
disinfection are important in order to avoid production of contaminated food and
contamination of already processed food.
In this thesis the focus of research within the diagnostic chain was phage P100 (figure 7).
Firstly, the presence and development of resistance to phage P100 was investigated.
Moreover, the influence of environmental factors on the stability of the phage and on the
host-virus interaction was studied. As presence of P100 also influences the analytical
chain and interferes with diagnostics, ionic liquids were tested on viruses (using phage
P100 as model for DNA viruses and phage MS2 as a surrogate for human noroviruses) as
possible virucidal agents. Moreover, the analytical chain was further developed to cover
food-borne viruses (using MS2 and FCV as models) and phage P100: For the first step of
the analytical chain, the sample preparation, a method called Matrixlysis, which was
developed for isolation of food-borne bacteria, was tested. For the second step, the
isolation of nucleic acids, a new method for disintegration of the virus particle and
subsequent RNA/DNA isolation based on ionic liquids was developed. For the third step,
detection, a qPCR for detection of phage P100 was developed and established.
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Figure 7: Overview of the thesis. Major topics were embedded in the diagnostic chain.
Methodological approaches were based on the use of ionic liquids. Main organism of the
thesis is phage P100.

4.1

Application of phage P100 – Resistance of L. monocytogenes and
general usefulness (Publication I and II)

Although several phages, including phage P100, have been approved for use as antibacterial agents in food, there are still many unanswered questions. In particular, little is
known concerning the influence of environmental factors on the efficacy of phage
treatments and the presence or development of resistance to P100.
Therefore, this thesis addresses the prevalence of naturally occurring P100 resistant L.
monocytogenes isolates in dairy plants. Screening L. monocytogenes plant isolates
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revealed that 2.7 % of all those investigated showed no or distinctly reduced susceptibility
to phage P100. Further investigation clearly indicated that all of these isolates were
associated with the application of phages in the respective facilities. Characterization of
phage-insensitive L. monocytogenes isolates revealed that they can be assigned to two
different serotypes and four different PFGE types. This indicates that the detected
isolates were not clones and that insensitivity to phage P100 had developed several times
independently, suggesting that the development of phage resistance is not a very rare
event. Moreover, although a bacteria count reduction of up to five log 10 units could be
observed when P100 was applied at high concentrations (MOI ≥ 1000), reduction of the
phage to host ratio led to artificially induced insensitive bacteria that could be easily
selected. Furthermore, in long term experiments (> 120 days) complete eradication of L.
monocytogenes upon infection with P100 (MOI ≤ 100) was not observed and re-growth of
the bacteria occurred. These re-growing isolates had distinctly reduced susceptibility to
P100 or were completely resistant.
In respect of phage P100, limited information is available concerning the development of
resistance. However, for other phages the occurrence of phage-resistant isolates after
phage application has been described (Guenther and Loessner, 2011; Vongkamjan et al.,
2013). Data from these publications and findings from this thesis indicate that the
development of resistance or reduction of susceptibility to phage P100 is problematic for
food industry.
Although mechanisms leading to resistance can be very diverse, all insensitive production
plant isolates and the artificially induced insensitive mutants, which were investigated in
this thesis, seem to have undergone changes to the bacteria receptor site. This is in
accordance with other unpublished data, which indicate that most P100-resistant L.
monocytogenes isolates have one point mutation that leads to modification in the
receptor and therefore resistance to P100 (Prof. Martin Loessner, personal
communication). Publication II illustrates that this single point mutation is likely to be
actively selected by the bacteria host due to the presence of the phage.
The efficacy of phage P100 at controlling L. monocytogenes numbers is reduced, not only
by low virus to host ratios and the presence or development of resistance, but it can also
be influenced by physical and chemical parameters. Therefore, the influence of physical
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and chemical parameters on the stability, attachment, and replication and efficacy of
P100 was also studied in respect of their sequence in the reproductive cycle of P100.
Our data indicate that stability of phage P100 is established under most conditions that
are typically found in food-production environments. Although the high stability of the
phage can be an advantage and permits usage of the phage in adverse environments such
as food production plants, it can also be a shortcoming. The (permanent) presence of
phages in food-production plants is problematic. On one hand the development of
resistance to the phage is an important topic. On the other hand the analytical chain and
microbiological detection methods, for instance in Listeria routine testing using mini
VIDAS® technology, can be affected by the presence of P100 in the sample. False negative
results are then obtained as growth of the bacteria during enrichment is reduced by the
phage.
When the attachment of phage P100 to the host cell was investigated no significant
influence of the tested environmental factors was observed. This indicates that the use of
phage P100 in passive approaches (see also chapter 1.3.1), which mainly rely on sufficient
numerical attachment of the phages to the host, is possible under all tested conditions.
In contrast, replication of phage P100 was significantly influenced and could not be
observed at all tested conditions. The presence of detergents (SDS and Lutensol) in
particular blocked the replication of the phage. This is linked to reduced growth of the
host bacteria in the presence of surfactants and indicates that use of P100 in active
control approaches, which rely on the replication of the phages, is not recommended in
food production environments.
When efficacy of phage treatment was studied, results indicate that high numbers of
phages in combination with environmental conditions that limit bacterial growth caused
highest reductions in L. monocytogenes numbers. Together with results of other
publications, these findings indicate that phages could be more effective at reducing L.
monocytogenes when used in combination with other measures, such as cleansing or
disinfection. This is likely on account of synergistic effects.
In summary, the use of phage P100 for control of L. monocytogenes in production plants,
especially when intended as an active approach, should be critically reconsidered and in
future may not be promising. Moreover, additional surveillance is required if P100 is
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employed. The phages easily spread in the environment and thus their detection by PCR
and inactivation is subsequently necessary.
The scientific outcome of these two papers in respect of basic research is two-fold: (i) the
first indication of the development of resistance of L. monocytogenes to P100 and its
linkage to the artificial spread of phage P100 using commercial phage products is
presented, and (ii) this resistance development is most probably promoted by the
bacteria in response to contact with P100.

4.2 Interference of P100 in diagnostics - Inactivation of P100 using ionic
liquids (Publication III)
As stated above, the presence of phages in the food production plant interferes with
detection of the bacterial host by enrichment-based diagnostics. Therefore, inactivation
of phages in the production plant is necessary following their application. However, legal
regulations in food-production plants limit the choice of disinfectants that can be used.
Further, viruses are often less sensitive to disinfection methods than bacteria and special
disinfectants are needed. Thus, this thesis has investigated the application of ionic liquids
as possible new virucidal agents, analogous to their application as bactericides.
Until now, the effect of ionic liquids on viruses has been poorly studied. There is only one
relevant publication in which the stabilization of the tobacco mosaic virus in protic ionic
liquids was reported (Byrne et al., 2012). In contrast, the general effects of ionic liquids on
several other biological test systems has since been covered extensively and a structureactivity relationship (“SAR”, (Jastorff et al., 2007)) has been described. Therefore, we
attempted to establish structure-activity relationships for ionic liquids and viruses and
particularly studied the effects of elongated cationic side chains and anionic chaotropicity
on viruses.
It was shown for the first time that the so called side chain effect of imidazolium and
ammonium based ionic liquids, as demonstrated for bacteria (Mester et al., 2015), is also
relevant to the viruses (the phages MS2 and P100) tested. Nevertheless, this side chain
effect is much less pronounced than in bacteria and the first distinct reduction of virus
infectivity was observed at side chain lengths of ≥ 10. Further, bacteria were much more
sensitive in respect of the concentration of the applied ionic liquids and they are
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effectively killed by ~ 500 times lower concentrations than needed for the inactivation of
viruses (Dr. Padde Mester, personal communication).
Ionic liquids with more than one elongated side chain had stronger effects on virus
infectivity. The highest reductions obtained for both tested phages was observed with
[C8C8C1C1N][Cl]. Interestingly, [C8C8C8C1][Cl] had a reducing effect on phage MS2 but
nearly no effect on phage P100, although this phage was more sensitive to all other
tested ionic liquids compared with MS2. This interesting observation must be studied
further, but could be due to the different sizes and structures of the phages.
The second structure-activity relationship that was studied in this publication was the
effect of chaotropic anions. In contrast to the side chain effect, anion chaotropicity, which
is known to enhance the antimicrobial activity of ionic liquids, did not affect virus
infectivity. This was especially interesting because we expected that the protective virus
capsid, which consists of protein units, could be denatured by ionic liquids with
chaotropic anions. However, the results obtained indicate that even strong chaotropic
anions such as trichloroacetate or thiocyanate do not reduce virus infectivity.
In summary, P100 reduction and the results of publication IV indicate that there exist
ionic liquids capable of inactivating viruses. Therefore, screening for virucidal ionic liquids
in future will be continued and analogue ionic liquids based on known virucidal agents
will be synthesised. In order to understand the mode of action of ionic liquids on viruses,
and to establish structure-activity relationships others than the side chain effect, further
experiments, such as Fourier transform infrared spectroscopy (FTIR) , must be conducted.
Furthermore, the combinatory effect of cations and anions has to be investigated.

4.3 Interference of P100 in diagnostics - Development of a PCR assay
targeting phage P100 (Poster I)
When phages are used to control bacteria they not only prevent the growth of bacteria
within the food production plant but also interfere with routine microbiological testing.
Therefore detection of the phage using PCR is crucial to monitor routine diagnostics to
exclude false negative results. However, no PCR suitable for phage P100 has yet been
published. Consequently, we developed a qPCR to detect phage P100 (Poster I).
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Altogether 12 primer pairs and four probes were designed. During testing and
establishment of the PCRs, new phage sequences were published on NCBI and it
transpired that some of the primer pairs were no longer specific for phage P100.
Specificity testing of the remaining primer pairs was performed using L. monocytogenes
DNA and DNA of phage vB LmoM AG20. Two primer and probe combinations remained
that specifically detect phage P100.
These primer and probe combinations demonstrated good performance in PCRs and also
amplified the P100 target sequences in naturally contaminated samples (swap samples
and smear water samples). Moreover, the developed PCR assay provides quantitative
results and has already been introduced for quantification of phage P100 DNA as in
publication IV.
Due to the ongoing publication of new Listeria phage sequences and the discrepancy
between bioinformatic specificity and reality, further specificity testing will be necessary.
This has been problematic due to the fact that the leading scientific groups are essentially
involved with the development of commercial phage products and are therefore not
cooperative in sharing the necessary phage isolates.
A multiplex PCR targeting both L. monocytogenes and phage P100 has already been
tested and could be further developed in future. As it appears to be challenging to
develop a PCR specific for P100, a future consideration may be to establish a universal
Listeria phage PCR.

4.4 Further development of the analytical chain – Nucleic acid isolation
from P100 and the feline calicivirus (Publication IV)
One crucial prerequisite for reliable qPCR detection of food-related viruses and phages,
such as P100, is quantitative isolation of nucleic acid of sufficient quality.
As described above, available systems for the isolation of viral nucleic acids are often not
quantitative, time intensive or based on toxic chemicals. Therefore, ionic liquids were
tested in respect of virus disintegration and subsequent extraction of nucleic acids.
To date the effect of ionic liquids on viruses has been poorly studied. However, results of
this thesis indicate that ionic liquids can indeed be used for these purposes. Ionic liquids
were identified that achieved significantly higher recoveries of both DNA and RNA
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compared with that obtained by commercially available kits. Several ionic liquids were
discovered

suitable

for

viral

DNA

isolation.

These

ionic

liquids

include

[C8C8C8C1N][calconate] and [Cl4C6H6OC1CO2] (159 % and 169 % recovery compared to the
kit),

[(OH)2C2C1C1NH][NTf2]

(166

%

recovery),

two

[FAP]-based

ionic

liquids

([C6C6C6C14P][FAP] 143 % and [C6C1mim][FAP] 152 % recovery) and [C1C1im][C1PO2OH]
(168 % recovery). In contrast, high yield viral RNA recovery could only be achieved with
one ionic liquid, [C1C1im] [C1PO2OH] (up to 244 % recovery).
An advantage of the developed method is that it is less toxic than, for example, typically
used guanidinium-phenol-chloroform extraction. Moreover, the method is a liquid phase
system, meaning that there is no clogging of the columns. Additionally, some of the
tested ionic liquids that performed relatively well, significantly inhibit nucleases. Thus, the
use of ionic liquids to disintegrate viruses and for the subsequent isolation of nucleic acids
is promising. Due to the inhibitory effect of some of the tested ionic liquids on nucleases
(RNAse or DNase inhibition), ionic liquids will probably also be used in future for the
storage of nucleic acids or as RNAse or DNase inhibitors.
Interestingly, DNA and RNA isolation was achieved using chemically and structurally
diverse ionic liquids. Thus, so far it has not been possible to explain the mechanism
underlying virus disintegration by the ionic liquids. Consequently, subsequent studies
examined the general effects of ionic liquids on viruses (see. 4.2).

4.5 Further development of the analytical chain – Sample preparation
targeting food borne viruses (Poster II)
A prerequisite for good quantitative PCR detection is nucleic acid isolation, which is
dependent upon reliable sample preparation (Brehm-Stecher et al., 2009).
The isolation of food-borne viruses is usually achieved by elution of the virus from the
food surface using different buffers or by homogenising the foodstuff mechanically. A
major disadvantage of the elution approach is that they only capture viruses from the
surface. Therefore, the recently developed sample preparation method called Matrixlysis
system was tested as an alternative method (Appendix, Poster I).
Our results indicate that Matrixlysis buffer I (8 M Urea and 1 % SDS; Rossmanith et al.,
2007) and buffer II (8 M Urea and 1 % Lutensol AO 7; Mayrl et al., 2009) decrease phage
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MS2 and feline calicivirus (FCV) infectivity. Nevertheless, the detection of both viruses
using PCR was possible and the detection rate ranged from 70 – 100 %. Matrixlysis buffer
III (7.5 % [emim]SCN; Mester et al., 2010) and buffer IV (1 M MgCl2; Mester et al., 2014)
did not reduce infectivity of the viruses tested, yet detection using microbiological
detection methods (plaque assays and titre determination in cell culture) and molecular
biological methods (qPCR) was possible.
These results were similar to those obtained from bacteria. Matrixlysis buffers I and II
caused loss of viability of the tested bacteria (L. monocytogenes, S. aureus and B. cereus),
albeit the cells were physically intact (Rossmanith et al., 2007; Mayrl et al., 2009). In
contrast, Matrixlysis buffers III and IV did not affect bacterial viability (Mester et al., 2010;
Mester et al., 2014).
A disadvantage was that Matrixlysis buffers I and II can only be used to detect viruses by
PCR and not with plaque assays due to reduced infectivity. Therefore, a distinction
between infective and non-infective viruses is not possible. However, when a distinction
between infective and non-infective viruses is necessary, Matrixlysis buffers III and IV can
be used. Further, cell culture assays are still not available for several (food-borne) viruses,
including the most important food-borne viruses, the human noroviruses, meaning that
they can only be detected by molecular biological methods such as PCR or qPCR (Di
Pasquale et al., 2010a). Consequently, infective viruses are not a requirement for
sufficient detection.
The advantage of the Matrixlysis method for lysis of foodstuff and subsequent virus
detection is that a broad range of foodstuff can be processed. The preparation method
can also be used for other matrices, e.g. clinical samples. In addition, due to complete
lysis of the foodstuff, virus detection is not limited to those confined to the food surface.
Advantageously, the method is cheap and simple to perform.
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6 Abstract
Food safety is globally a public health priority and the availability of safe food is a basic
human right. To guarantee microbiologically safe food a systems approach, summarised as
diagnostic chain, is necessary, including detection and removal or inactivation of foodborne pathogens.
In this thesis the focus within the diagnostic chain was Listeria phage P100. The presence
and development of resistance to P100 was investigated as well as the influence of
environmental factors on the stability of the phage per se and on the host-phage
interaction. Results indicate that phage P100 is stable and binds to the host under most
conditions tested. Replication was dependent upon the growth of L. monocytogenes and
efficacy of phage treatments was higher when bacterial growth was simultaneously
reduced by appropriate environmental conditions. Experiments revealed a first evidence
for resistance development to P100 in L. monocytogenes and its linkage to the artificial
spread of commercially available phages. Furthermore, this resistance development seems
to be actively promoted by the bacterial cell in response to contact with P100.
Since the presence of phages in the production plant interferes with host bacteria
detection using enrichment based diagnostics, P100 inactivation by ionic liquids and their
effects on viruses was examined. For the first time ionic liquids were identified inactivating
phages P100 and MS2. In addition, the most commonly recognized structure-activity
relationship characteristic of ionic liquids, the so called side chain effect, was also
applicable to viruses. A qPCR assay for detection of P100 to monitor routine diagnostics
was developed and has already been tested in naturally contaminated smear water
samples. However, further specificity testing is necessary. As reliable qPCR detection
requires quantitative isolation of nucleic acids, the use of ionic liquids for virus
disintegration and subsequent isolation of nucleic acids was investigated. Ionic liquids
transpired to be promising tools for both the isolation of viral RNA and DNA, and recovery
rates higher than those achieved with commercially available kits were obtained. As some
of the ionic liquids tested had inhibitory effects on nucleases, these compounds may prove
useful for storage of nucleic acids or as RNAse or DNase inhibitors. Finally, adequate sample
preparation is crucial to the analytical chain. Therefore, the alternative sample preparation
method Matrixlysis was investigated. Depending on the buffer system used, Matrixlysis did
not distinctly reduce infectivity or detectability of FCV and MS2 and may find application for
subsequent virus detection with both microbiological and molecular biological detection
methods.
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6.1 Zusammenfassung
Weltweit ist Lebensmittelsicherheit ein wichtiges Thema und ungefährliche Nahrung ist ein
grundlegendes Menschenrecht. Zur Bereitstellung mikrobiologisch unbedenklicher
Lebensmittel ist ein umfassendes Konzept nötig, das sowohl die Detektion als auch die
Entfernung von Lebensmittelpathogenen beinhaltet und als „diagnostische Kette“
zusammengefasst werden kann.
Innerhalb der diagnostischen Kette war der Phage P100 das zentrale Thema dieser
Dissertation. Es wurde untersucht, ob Resistenzen gegen den Phagen bereits vorkommen
oder sich entwickeln und wie sich Umweltfaktoren auf die Stabilität des Phagen und auf die
Wirt-Phagen Interaktion auswirken. Die Ergebnisse zeigen, dass der Phage P100 unter den
meisten getesteten Umweltbedingungen sehr stabil ist und an seinen Wirt binden kann. Im
Gegensatz dazu war die Replikation des Phagen vom Wachstum von L. monocytogenes
abhängig. Der Einsatz von Phagen war erfolgreicher bei Umweltbedingungen, die das
Wachstum von L. monocytogenes einschränkten. Es wurde gezeigt, dass sich Resistenzen
gegen den Phagen P100 entwickeln und dieses Phänomen mit dem Einsatz und der
Verbreitung von kommerziell erhältlichen Phagenprodukten zusammenhängt. Diese
Resistenzen entstehen wahrscheinlich durch eine Reaktion der Bakterien auf die Phagen.
Phagen im Betriebsumfeld oder den Proben stören die mikrobiologische Detektion des
Wirtsbakteriums, da diese auf der Anreichung von Bakterien basiert. Deshalb wurde
untersucht, ob sich ionische Flüssigkeiten zur Inaktivierung der Phagen eignen und wie sie
auf Viren oder Phagen wirken. Erstmals wurden ionische Flüssigkeiten gefunden, die
Phagen (P100 und MS2) inaktivieren. Auch der viel beschriebene Seitenketten-Effekt, die
häufigste Struktur-Aktivitätsbeziehung ionischer Flüssigkeiten, konnte bei den getesteten
Viren festgestellt werden. Außerdem wurde eine qPCR entwickelt, um P100 in
Routineuntersuchungen zu detektieren. Diese qPCR konnte P100 in natürlich
kontaminieren Schmierwasserproben detektieren. Allerdings muss die Spezifität dieser PCR
noch weiter untersucht werden. Da die quantitative Isolation von Nucleinsäuren
Voraussetzung für eine zuverlässige PCR ist, wurde eine Methode basierend auf ionischen
Flüssigkeiten entwickelt, um Virenpartikel aufzubrechen und danach Nucleinsäuren zu
isolieren. Mit verschiedenen ionischen Flüssigkeiten konnten höhere Ausbeuten an viraler
RNA und viraler DNA als mit dem kommerziellen Kit erzielt werden. Weil manche dieser
ionischen Flüssigkeiten Nucleasen inhibierten, könnten sie in Zukunft auch zur Lagerung
von Nukleinsäuren oder als RNase oder DNase Inhibitoren verwendet werden. Innerhalb
der analytischen Kette ist ebenfalls eine adäquate Probenaufarbeitungsmethode
ausschlaggebend. Deshalb wurde die alternative Methode Matrixlysis ausgetestet. Die
verwendeten Puffer verminderten die Infektiösität und Nachweisbarkeit der getesteten
Viren (MS2 und FCV) nicht entscheidend und eignen sich deshalb für die mikrobiologische
und molekularbiologische Virendetektion.
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