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  Pref ace      

 Listeriosis, a food-borne disease caused by  Listeria monocytogenes , is a major 
concern for public health authorities. In addition, addressing issues relating to 
 L. monocytogenes  is a major economic burden on industry. Awareness of its ubiq-
uitous nature and understanding its physiology and survival are important aspects 
of its control in the food processing environment and the reduction of the public 
health concern.  L .  monocytogenes  can survive and even grow at refrigeration tem-
peratures and high salt concentrations, conditions normally used to control bacte-
ria. It can also survive various other stresses encountered in food processing, for 
example acid stress. In addition, it can form biofi lm which facilitates its survival 
in processing environments. Appropriate methodologies are required for its detec-
tion and isolation. Characterisation of strains by pulsed fi eld gel electrophoresis 
(PFGE) and other genotypic methods can facilitate identifi cation of putative con-
tamination routes, while gene manipulation can lead to an understanding of its 
survival mechanisms. Whole genome sequencing (WGS) of outbreak strains is 
becoming a part of outbreak investigation. Such WGS will lead to a greater under-
standing of the physiology of the organism as well as contributing to understand-
ing epidemiology and pathogenicity. However, despite the advances of WGS, the 
best mechanism of public health protection is prevention. Awareness of its pres-
ence and control by conventional hygiene methods or by novel biocontrol meth-
ods such as bacteriocins and bacteriophage will help prevent cross-contamination 
of food from the environment and therefore reduce the public health burden. 
Listeria monitoring programmes such as those in Austria and Ireland can verify 
the success of control strategies.  

  Co. Cork, Ireland     Kieran     Jordan    
 Co. Cork, Ireland      Avelino     Alvarez-Ordóñez    
 Co. Cork, Ireland      Dara     Leong     
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    Chapter 1   
 Introduction 

                    Despite extensive research in recent years,  Listeria monocytogenes  continues to be 
a threat to public health and a challenge to the food industry, particularly the ready-
to- eat food industry. As consumer demand for less processed, less preserved, longer 
shelf-life ready-to-eat food increases, the threat of  L. monocytogenes  to public 
health and the food industry also increases. In the genus  Listeria  there are now 15 
different species. However,  L. monocytogenes , and to a lesser extent  L. ivanovii , 
currently remain as the only pathogenic species.  L. monocytogenes  is pathogenic to 
humans, causing listeriosis, and  L. ivanovii  is mainly pathogenic to animals, 
although a few cases of human infection have been reported (Guillet et al.  2010 ; 
Snapir et al.  2006 ). 

  L. monocytogenes  is a Gram positive, non-spore-forming, motile foodborne 
pathogen that is widely dispersed in the environment, being found in soil, water, and 
plant material. It can grow at refrigeration temperature, at pH 4.7 and at 10 % salt. 
It can persist in the harsh conditions of the food processing environment from which 
it can contaminate food.  L. monocytogenes  can also be carried asymptomatically by 
humans and animals. With the lack of a cooking or other anti-bacterial step, 
 L. monocytogenes  can persist in ready-to-eat (RTE) food, and if conditions become 
favourable, it can grow to numbers high enough to cause infection. 

 Listeriosis, infection with  L. monocytogenes , can be a mild illness but the ability 
of the pathogen to cross the epithelial barrier of the intestinal tract, the blood brain 
barrier and the feto-placental barrier can also result in more severe illness like bac-
teremia, meningitis or spontaneous miscarriage. Although relatively rare, infection 
with  L. monocytogenes  can have a mortality rate of up to 30 %, resulting in a serious 
hazard, particularly for the high risk groups of the elderly and immunocompro-
mised individuals. 

 Current knowledge suggests that cases of listeriosis are almost exclusively 
through foodborne infection. However, this critical transmission vector only became 
clear during the 1980s, principally as a result of a series of high-profi le disease out-
breaks, particularly the Canadian outbreak of 1981, linked to contaminated  coleslaw. 
With many foodborne outbreaks every year since then, including the cantaloupe 
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outbreak in the United States in 2011/2012, which was the most severe foodborne 
outbreak attributed to a bacterial pathogen,  L. monocytogenes  has been a driving 
force in the development of disease surveillance and control strategies. This includes 
global surveillance networks such as PulseNet, which allows international compari-
son of different strains of  L. monocytogenes  in order to facilitate early detection 
of outbreaks. 

 There has been an extensive amount of research on  L. monocytogenes  in recent 
years, more than could be addressed in a  Springer Brief . This book addresses recent 
knowledge on  L. monocytogenes  from a practical viewpoint, addressing isolation of 
the organism, characterisation of isolates, occurrence/prevalence in food and food 
processing environments and the consequences and control of that occurrence. 
The focus of this  Springer Brief  is on practical aspects of occurrence and control 
of  L. monocytogenes ; other aspects such as mechanisms of infection or stress 
 adaptation and survival, although important, are only briefl y summarised.      

1 Introduction
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    Chapter 2   
 What Is the Problem with  L. monocytogenes ? 

2.1                        Public Health Concern 

  L. monocytogenes  is the causative agent of listeriosis, a food-borne disease of 
particular concern for risk groups including pregnant women, the young, the elderly 
and the immunocompromised, for all of whom it can be life-threatening. 

2.1.1     Disease Characteristics 

 Healthy adults are generally unaffected by  L. monocytogenes . However, in the 
susceptible populations (elderly, pregnant women and their unborn children, infants, 
and the immunocompromised) listeriosis is a serious disease that can occur in dif-
ferent forms: neuromeningeal (meningitis, encephalitis), maternal-neonatal (intra-
uterine infection, spontaneous abortion) and febrile gastroenteritis, and in serious 
cases it can lead to brain infection, sepsis and even death. Fatality rates of 20–30 % 
are common among hospitalized patients (Goulet et al.  2012 ). The infective dose is 
unknown and is likely to vary, depending on the state of health of the individual 
affected. 

 Despite the extensive research on  L. monocytogenes , the host factors that deter-
mine susceptibility to disease are poorly understood, as studies on oral transmission 
in a small animal model have not been standardised, making comparison of results 
diffi cult (D’Orazio  2014 ). There have been studies on the intravenous and intra 
peritoneal routes of infection (Kernbauer et al.  2013 ), however, oral infection is 
more realistic as it better represents the mode of ingestion of  L. monocytogenes  as a 
foodborne pathogen. Mice are an ideal animal model for studies with  L. monocyto-
genes  as it is possible to mimic all phases of disease in large-scale experiments. 
However, the interaction between the protein internalin A and E-cadherin  (necessary 
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for epithelial invasion) is impaired due to sequence incompatibilities between the 
mouse E-cadherin and the internalin A of listeria. A transgenic mouse (expressing a 
‘humanised’ E-cadherin) (Disson et al.  2008 ) or a ‘murinised’ strain of  L. monocy-
togenes  (expressing a modifi ed internalin A) (Bergmann et al.  2013 ) have been used 
to overcome this limitation. These studies have shown the importance of internalin 
A (and other proteins) in pathogenicity and suggest that a different molecular mech-
anism is required to cross the blood–brain barrier than that required to cross the 
intestinal epithelium.  

2.1.2     Disease Outbreaks Associated with  L. monocytogenes  

 It is estimated that 99 % of listeriosis cases are caused by contaminated food (Mead 
et al.  1999 ). The vast majority of cases of listeriosis are sporadic cases, and in these 
cases determination of the source of infection is generally not possible. Table  2.1  
shows foodborne disease outbreaks associated with  L. monocytogenes  in the last 
number of years. Foodborne outbreaks of  L. monocytogenes  have been associated 
with many different food product categories, including dairy products, seafood, 
vegetables and various meat products. High risk food products are generally ready-
to- eat (RTE) foods that do not require further cooking before consumption.

   In the European Union, according to the latest EU summary report on zoonoses, 
zoonotic agents and food-borne outbreaks (EFSA  2014 ), 1,642 confi rmed human 
cases of listeriosis were reported in 2012, representing a 10.5 % increase compared 
with 2011. The EU notifi cation rate was 0.41 cases per 100,000 population, with the 
highest member state specifi c notifi cation rates observed in Finland, Spain and 
Denmark. On average, 91.6 % of the cases were hospitalised. This is the highest 
proportion of hospitalised cases of all zoonoses under EU surveillance. A total of 
198 deaths due to listeriosis were reported by 18 member states in 2012, which was 
the highest number of fatal cases reported since 2006.  

2.1.3     Outbreak Investigation 

 Outbreak investigation can help to identify the source of on-going outbreaks and 
prevent additional cases. Even when an outbreak is over, a thorough epidemiologi-
cal and environmental investigation can often increase knowledge on listeriosis and 
prevent future outbreaks (Reingold  1998 ). The main steps for the investigation of an 
outbreak are the following: preliminary assessment to confi rm the existence of an 
outbreak, case defi nition, case confi rmation, analytical studies to establish the back-
ground rate of disease and fi nd cases of infection, generation of an hypothesis, veri-
fi cation of the hypothesis, environmental investigation, adoption of control 
measures, and communication to the public (Reingold  1998 ). 

2 What Is the Problem with L. monocytogenes?
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 Typing methods for discriminating different bacterial isolates are essential epi-
demiological tools in outbreak investigation. Pulsed-fi eld gel electrophoresis 
(PFGE) has been considered as the “gold standard” among molecular typing meth-
ods for  L. monocytogenes . However, there are other traditional (serotyping, 
phage- typing) or molecular-based (amplifi ed fragment length polymorphism, vari-
able-number tandem repeat typing, single locus and multilocus sequence  typing, 
comparative genomic hybridisation, among others) methods that can be used to 
examine the relatedness of isolates (Sabat et al.  2013 ). More recently, next- 
generation sequencing (NGS) of the genomes is becoming a highly powerful tool 
for outbreak investigation and surveillance schemes in routine clinical practice (see 
Sect.   4.2.8    ) (Rychli et al.  2014 ; Holch et al.  2013 ), due to the continuous decline in 
the costs of NGS. NGS costs in US dollars (USD) can be as little as USDs 100 per 
bacterial genome, including sample preparation, library quality control and sequenc-
ing (Koser et al.  2012 ). NGS allows the development of a genome-wide gene-by- 
gene analysis tool, through extended multilocus sequence typing (eMLST) or 
through a “pan-genome approach”. Instead of the traditional MLST based on seven 
genes, the eMLST method would be based on the whole core genome including all 
genes present in all isolates of a species. On the other hand, with the “pan-genome 
approach”, the relatedness of isolates would be measured by the presence or absence 
of genes across all genomes within a species (Sabat et al.  2013 ). 

 In 2013 the Centre for Disease Control and Prevention in America (CDC) and 
the Food and Drug Administration (FDA), through the Genome TRAKR Network, 
and in parallel with their on-going surveillance, launched a pilot study on Whole 
Genome Sequencing (WGS) as a ‘proof-of-concept’ project on tracking  L. monocy-
togenes  isolates during disease outbreaks. To date (January 2015), over 2,000 
 L. monocytogenes  strains have been fully sequenced (  http://www.fda.gov/Food/
FoodScienceResearch/WholeGenomeSequencingProgramWGS/ucm403550.htm    ), 
with the numbers increasing monthly. This will provide a large database of well 
characterized environmental (food, water, processing facility, clinical etc.) isolates 
that will facilitate a better understanding of  L. monocytogenes  and its switch from 
saprophyte to virulent pathogen (Toledo-Arana et al.  2009 ).   

2.2     Occurrence of  L. monocytogenes  

2.2.1     Occurrence in Ready-to-Eat Food Processing Facilities 

 Knowledge on the occurrence (or absence) of  L. monocytogenes  in a food process-
ing environment is valuable information for a food business operator (FBO) as they 
can target measures for control of the contamination and reduce the risk of cross- 
contamination of food, thus reducing the risk to public health. 

  L. monocytogenes  is widely distributed in the environment and has been isolated 
from a variety of sources, including soil, vegetation, silage, faecal material, sewage 
and water. It is frequently present in raw foods of both plant and animal origin, and 

2.2 Occurrence of L. monocytogenes

http://dx.doi.org/10.1007/978-3-319-16286-7_4#Sec12
http://www.fda.gov/Food/FoodScienceResearch/WholeGenomeSequencingProgramWGS/ucm403550.htm
http://www.fda.gov/Food/FoodScienceResearch/WholeGenomeSequencingProgramWGS/ucm403550.htm
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it can be found in cooked foods due to post-processing contamination. Thus, it has 
been isolated from foods such as raw and unpasteurized milk, cheese, ice cream, 
raw vegetables, fermented meats and cooked sausages, raw and cooked poultry, raw 
meats, and raw and smoked seafood. In addition, its ubiquitous presence also leads 
to the potential for contamination of the food processing environment, where 
 occurrence and persistence of  L. monocytogenes  is frequent (Fox et al.  2011a ; 
Nakari et al.  2014 ; Vongkamjan et al.  2013 ). 

 A number of surveys of  L. monocytogenes  in foods (especially RTE foods) and 
environments within food processing plants have been performed in recent years, 
revealing its presence at variable frequencies ranging from 0 % to around a 20 % 
(Table  2.2 ). For instance, in the particular case of Ireland, the occurrence and per-
sistence of  L. monocytogenes  in foods and food processing environments of 48 food 
businesses by regular sampling and characterization of isolates by serotyping and 
Pulsed Field Gel Electrophoresis (PFGE) has recently been monitored (Leong et al. 
 2014 ). In that study, 2,006 samples (1,574 environments and 432 foods) were ana-
lyzed for the presence of  L. monocytogenes  between March 2013 and March 2014 
and a prevalence of 4.6 % was observed, with slightly higher incidences in food 
samples (5.3 %) than in environmental samples (4.4 %). Positive food samples 
included cheese, smoked salmon, apple juice, mushrooms, milk, sausages, pudding, 
gammon, stuffi ng and chicken meat. The highest  L. monocytogenes  prevalence was 
observed in that survey for the vegetable sector (9.4 %), followed by the meat 
(4.2 %), the dairy (3.9 %) and the seafood (1.6 %) sectors. Interestingly, 30 of the 
48 food business taking part in the survey showed at least one positive sample for 
 L. monocytogenes  over the course of the study, and this shows the widespread 
occurrence of  L. monocytogenes  in foods and food industry-related environments.

2.2.2        Occurrence at Retail Level 

 Contamination of RTE foods by  L. monocytogenes  can occur at various stages of the 
processing and distribution chain, including at retail level, although studies of 
occurrence at retail level do not necessarily imply that contamination occurred at 
retail. There is a gap in knowledge on a distinction between contamination at retail 
and contamination at processing. Cross-contamination with  L. monocytogenes  at 
retail has been identifi ed as the main source of  L. monocytogenes  in RTE deli prod-
ucts (Sauders et al.  2009 ; Tompkin  2002 ; Vorst et al.  2006 ). Data from some surveys 
have indicated that RTE deli products handled at retail have a signifi cantly higher 
 L. monocytogenes  prevalence than products pre-packed by the manufacturer and not 
handled at retail (Gombas et al.  2003 ). For instance, Gombas et al. ( 2003 ) analysed 
31,705 samples from retail markets in the USA and found an overall  L. monocyto-
genes  prevalence of 1.82 %, with the prevalence ranging from 0.17 to 4.7 % among 
the product categories tested. Interestingly, these authors observed signifi cantly 

2 What Is the Problem with L. monocytogenes?
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(p < 0.001) higher prevalence for in-store packaged samples than for manufacturer- 
packaged samples of luncheon meats, deli salads, and seafood salads. Occurrence 
data from other  L. monocytogenes  surveys performed at retail level in the last fi ve 
years are also included in Table  2.2 . 

 It is important to note that recently conducted risk assessments for  L. monocyto-
genes  in deli meats indicated that the majority of listeriosis cases and deaths associ-
ated with deli meats are probably due to contamination of products at retail (Endrikat 
et al.  2010 ; Pradhan et al.  2010 ). Endrikat et al. ( 2010 ) estimated that 83 % of human 
listeriosis cases and deaths attributable to deli meats are due to retail-sliced prod-
ucts, and Pradhan et al. ( 2010 ) performed a risk assessment using product-specifi c 
growth kinetic parameters that indicated that 63–84 % of human listeriosis deaths 
linked to deli ham and turkey can be attributed to contamination at retail. Occurrence 
and cross-contamination at retail level do not attract much research, but are obvi-
ously an important source of listeriosis.  

2.2.3     Identifying Routes of Contamination 

 Tracing the source of  L. monocytogenes  is critical in the control of the organism in 
a localised environment, although the ubiquitous nature of the organism makes it 
diffi cult to positively identify the source of contamination. However, it has been 
proven that recontamination during processing is a major source of  L. monocyto-
genes  contamination in food (Chen et al.  2010 ; Lomonaco et al.  2009 ; Vitas and 
Garcia-Jalon  2004 ). Sub-typing of isolates, using methods such as PFGE, allows 
analysis of the molecular diversity of  L. monocytogenes  strains present (Fox et al. 
 2011b ). Strains recurring in the environment over time (persistent strains) can be 
identifi ed (Stessl et al.  2014 ). Persistent strains in the environment represent an 
increased risk of contamination of food products. Control of these persistent strains, 
in particular, is an important part of a food processing facility food safety pro-
gramme. After characterising the molecular diversity of isolates in the environment 
in question, putative routes of transmission and/or sources of entry into the environ-
ment can be identifi ed. Muhterem-Uyar et al. ( 2015 ) identifi ed three potential con-
tamination scenarios that can increase the risk of food contamination, hot-spot 
contamination, widespread contamination and sporadic contamination (Muhterem- 
Uyar et al.  2015 ). Visualisation of the contamination on a facility map (Fig.  2.1 ) can 
help identify the putative contamination routes. Thus, control strategies can be 
adjusted/targeted to remove the source of contamination and interrupt the route of 
transfer to the food. Analysis of such results can not only identify persistent strains, 
but can also identify an area which may be colonised by a particular strain, leading 
to possible recontamination events. It can also be used to prevent the spread of 
strains throughout the facility.   

2 What Is the Problem with L. monocytogenes?
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2.2.4     Economic Burden: Litigation, Sampling Costs, Etc. 

 Economic losses linked to  L. monocytogenes  include the costs linked to illness out-
breaks and industry costs of regular monitoring programmes, and possible recalls of 
contaminated food—including the reputational damage incurred. 

 Various efforts have been made to estimate the cost of cases of listeriosis in the 
US (Mead et al.  1999 ; Scallan et al.  2011 ), and foodborne gastrointestinal disease in 
general (Flint et al.  2005 ; Scharff  2010 ). These estimates cannot be compared as 
different methodologies were used in each case. However, they all take hospitalisa-
tion, loss of income, etc. into account. 

 In the USA in particular, litigation in the case of a foodborne illness or death is 
becoming the norm. There are specialised law fi rms and lawyers promoting such 
litigation (  http://www.pritzkerlaw.com/listeria/alfalfa-sprouts-listeria-lawyer.html    ). 
Such claims are made against the growers, processors, distributors, restaurants or 

  Fig. 2.1    A factory map (rough drawing; not to scale) showing potential sampling points. ( a ) green 
circle indicates negative sampling sites and, ( b ) red ‘x’ indicates positive sampling sites       
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other eating establishments that may be implicated in the case. Compensation can 
include claims for the following:

•    Medical expenses  
•   Pain and suffering (includes physical pain, suffering, emotional distress and 

disability)  
•   Loss of income  
•   Loss of potential earnings  
•   Punitive damages upon clear and convincing evidence that the acts of the defen-

dant show deliberate disregard for the rights or safety of others  
•   Other damages    

 In the case of death, the following expenses can be included in the litigation:

•    Funeral expenses  
•   Medical expenses  
•   Potential loss of earnings  
•   Loss of advice, comfort, assistance, protection, counsel and society  
•   Punitive damages upon clear and convincing evidence that the acts of the defen-

dant show deliberate disregard for the rights or safety of others    

 In Europe, there is an onus on industry to protect the consumer from  L. monocy-
togenes  (European Regulation No 2073/2005 (EC 2005)). This responsibility for 
consumer protection entails considerable costs on industry—(necessary) imple-
mentation of hygiene controls, testing (processing environment and product) and 
possible recalls. In addition to the fi nancial costs, there are also the costs of reputa-
tional damage that can in some cases lead to closure. 

 Hygiene controls are a necessary part of any food business. They help to maintain 
product quality, extend product shelf-life, and protect against foodborne pathogens 
in general, including  L. monocytogenes . In addition, in all regulatory systems, end 
product testing is a requirement in food processing. Such testing is a considerable 
cost on the manufacturer and the number of samples required for testing varies with 
the regulatory regime. In addition to end-product testing, there is also a requirement 
for process control testing and processing environment testing. Such testing is not 
specifi c for  L. monocytogenes . 

  L. monocytogenes  contamination of a product can be very low and not evenly 
distributed on the food. As some foods can support growth of  L. monocytogenes , 
and this microorganism can grow at refrigeration temperatures, it is possible that 
contaminated food can be released onto the market. If such contamination is 
detected after product release, then a product recall, either voluntary or compulsory, 
may be instigated. Such recalls impose considerable costs on the manufacturer, 
increasing with the scale and extent of the recall. Table  2.3  shows a number of prod-
uct recalls that have been instigated recently.
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2.2.5        Regulations with Respect to  L. monocytogenes  

 In Europe, Regulation (EC) No 2073/2005 (EC, 2005) lays down the microbiologi-
cal criteria for certain microorganisms in foods and the implementing rules to be 
complied with by FBOs when implementing general and specifi c hygiene measures. 
In relation to  L. monocytogenes,  this regulation covers primarily RTE food prod-
ucts, and requires the following: (1) in RTE products intended for infants and for 
special medical purposes,  L. monocytogenes  must not be present in 10 × 25 g; (2) in 
RTE products other than those for infants and special medical purposes different 
microbiological criteria apply depending on the ability of the food product to sup-
port growth of  L. monocytogenes.  Thus, for RTE foods unable to support the growth 
of  L. monocytogenes , the levels should be <100 cfu/g throughout the shelf-life of the 
product (n = 5; c = 0). On the other hand, in RTE foods that are able to support the 
growth of the bacterium,  L. monocytogenes  must not be present in 5 × 25 g samples 
at the time of leaving the production plant; however, if the producer can demon-
strate, to the satisfaction of the competent authority, that the product will not exceed 
the limit of 100 cfu/g throughout its shelf-life, the level should be <100 cfu/g 
throughout the shelf life of the product (n = 5, c = 0). In addition, this regulation 
establishes that the safety of the food is the responsibility of the FBO who can con-
duct studies to evaluate the growth of  L. monocytogenes  that may be present in the 
product during the shelf-life under reasonably foreseeable storage conditions of dis-
tribution, storage and use in order to investigate compliance with the criteria 
throughout the shelf-life of the product. 

   Table 2.3    Some food recalls associated with  L. monocytogenes    

 Year  Country 
 Number 
of recalls  Associated products 

 1991–2008  Canada  6  Frankfurters, pork, salami and 
others 

 1998–2008  United States 
of America 

 216  Frankfurters, sandwiches, ham, 
chicken, cheese, hot dogs, beef 
jerky and others 

 2009  United States 
of America 

 7  Meat, RTE meal 

 2010  Australia/New 
Zealand 

 31  Meat, cheese 

 2010  Canada  12  Meat, fi sh, eggs, cheese 
 2008  England  6  Meat, cheese 
 September 2010 
to December 2011 

 Ireland  6  Meat, fi sh, cheese 

 2014  United States 
of America 

 3  Dairy products 

 2014  United States 
of America 

 1  Soy products 

2.2 Occurrence of L. monocytogenes
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 In Canada (  http://www.hc-sc.gc.ca/fn-an/legislation/pol/policy_listeria_mono-
cytogenes_2011- eng.php    ) and Australia/New-Zealand (  http://www.foodstandards.
gov.au/code/microbiollimits/Pages/Criteria-for-Listeria-monocytogenes-in-ready-
to-eat-foods.aspx    ), the regulations are in line with European regulations, allowing a 
differentiation between foods that can and cannot support growth. However, in the 
USA there is ‘zero tolerance’ of  L. monocytogenes  (absence in 5 × 25 g of food is 
required at all times, and in the processing environment), where any occurrence in 
is considered an offence  (  http://www.fsis.usda.gov/wps/portal/fsis/topics/regula-
tory-compliance/listeria    ).  

2.2.6      L. monocytogenes  Numbers in Food 

 If a food processing facility is contaminated with  L. monocytogenes , there is an 
increased risk of cross-contamination to the food being processed. As the European 
regulations allow 100 cfu/g of food under certain circumstances, the ability of the 
food to support the growth of the organism becomes important, This is not as rele-
vant in jurisdictions where there is a ‘zero tolerance’ of  L. monocytogenes . 

 The ability of  L. monocytogenes  to grow in food products may be estimated 
based on specifi cations of the physico-chemical characteristics of the product, con-
sultation of the available scientifi c literature, or predictive mathematical modelling. 
There are many tools that support predictive modelling of  L. monocytogenes  in 
food. These include, for example, general pathogen models such as Combase (  www.
combase.eu    ) and Pathogen Modelling Programme (PMP;   http://pmp.errc.ars.usda.
gov/PMPOnline.aspx    ), and more specifi c  L. monocytogenes  models such as those at 
  http://safesmokedfi sh.food.gov.uk/    , or   http://fssp.food.dtu.dk/    . Such predictive 
models are useful, but for many reasons, including the possibility of overestimation/
underestimation of growth in food products, in most cases growth assessment will 
involve laboratory-based studies, so-called challenge tests. A challenge test can be 
defi ned as a laboratory-based study that measures the growth of  L. monocytogenes  
in artifi cially contaminated food stored under foreseeable abuse conditions of trans-
portation, storage at retail and at consumer level. From a public health perspective, 
overestimation of growth is a ‘fail-safe’ scenario, although such overestimation can 
be inaccurate from a food producer’s perspective. For example, in 40 % of cases 
Combase predicted growth in cheese when no growth was seen in growth experi-
ments (Schvartzman et al.  2011 ). It was further shown that the growth characteris-
tics of  L. monocytogenes  were different in liquid and solid matrices (Schvartzman 
et al.  2010 ). 

 Determining the ability of foods to support the growth of  L. monocytogenes  is 
not simple, since many RTE foods are traditionally produced in local regions using 
variable formulations which may have an impact on the growth of  L. monocytogenes . 
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The Food Standards Agency of New Zealand has recently published guidelines for 
undertaking challenge studies (FSANZ  2014 ), although this document is not spe-
cifi cally related to  L. monocytogenes . On the other hand, Canada also has guidelines 
which specifi cally relate to  L. monocytogenes  (Health-Canada  2012 ). In Europe, in 
order to facilitate the task of performing challenge studies, the European Union 
Community Reference Laboratory for  L. monocytogenes  (EURL  Lm ) prepared a 
Technical Guidance document in 2008 in collaboration with seven laboratories, 
including six National Reference Laboratories (NRL) for  L. monocytogenes  (EC 
 2008 ) .  This guidance document was aimed at describing the microbiological proce-
dures for determining growth of  L. monocytogenes  using challenge tests in the 
frame of the application of Regulation (EC) No. 2073/2005. The content of this 
Technical Guidance document has been reviewed by Beaufort ( 2011 ). However, 
feedback from food processors and independent laboratories indicated a need for 
the revision of the guidance document and to develop a more user-friendly set of 
guidelines to facilitate such analyses. In September 2012, the revision of the “EURL 
 Lm  Technical Guidance Document for conducting shelf-life studies on  Listeria 
monocytogenes  in ready-to-eat foods” commenced. The EURL  Lm  established a 
working group of representatives from 10 NRLs, 1 associate NRL and 1 laboratory 
on behalf of a NRL, and the updated version of the Technical Guidance document 
has recently been published (EC  2014 ). 

 Table  2.4  summarizes the main factors that must be considered when performing 
a laboratory challenge test to assess growth potential by following the updated ver-
sion of the EURL  Lm  Technical Guidance document for conducting shelf-life stud-
ies on  L. monocytogenes  in RTE foods. An indication of the growth potential is 
obtained from the difference between the log 10  cfu/g at the end of the shelf-life and 
the log 10  cfu/g at the beginning of the test. When this difference is greater than 0.5 
log 10  cfu/g the food is classifi ed into RTE foods able to support the growth of 
 L. monocytogenes.  Alternatively, when the difference is less than 0.5 log 10  cfu/g, the 
food is classifi ed into RTE foods unable to support the growth of  L. monocytogenes . 
A challenge study using this protocol has recently been undertaken demonstrating 
that mushrooms ( Agaricus bisporus ) do not support the growth of  L. monocyto-
genes  (Leong et al.  2015 ), while smoked salmon does (Fig.  2.2 ).

    In cases where growth potential is demonstrated, the growth rate is then impor-
tant, in order to determine if numbers will exceed the limit of 100 cfu/g during 
shelf-life. In these circumstances the initial numbers and the growth rate are both 
important. The EURL  Lm  Technical Guidance document includes a section on 
undertaking challenge trials to determine growth rate. The major differences 
between the challenge trials to determine growth potential and the challenge trials 
to determine growth rate are that each strain must be tested individually in the 
growth rate experiments and also sampling must be undertaken at regular intervals 
and food storage must be carried out at a uniform temperature.  

2.2 Occurrence of L. monocytogenes
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   Table 2.4    The main factors to be considered when designing a laboratory challenge test to assess 
the growth potential of  Listeria monocytogenes  on a food matrix   

 2014 European Guidance Document 

 Number of batches  – If growth probability is low or inter-batch variability of pH and 
water activity is negligible: 1 batch 

 – If growth probability or inter-batch variability are high: at least 
three batches 

 Choice of strains  A mixture of at least two strains. One of them must be a strain with 
known growth characteristics (EURL  Lm  strain collection available 
to this aim). The other strain/s can be freely chosen from food, 
environment, outbreak, or collection 

 Inoculum preparation  First subculture in a non-selective medium at an optimal 
temperature (e.g. 30 or 37 °C) 
 Second subculture at a temperature close to the actual storage 
temperature of the product 

 Food inoculation  Inoculum volume must not exceed 1 % of the mass (or volume) of 
the test unit 
 The contamination level must be targeted at around 100 cfu/g 
 Several methods of inoculation can be considered depending on the 
product tested. The inoculation procedure should mimic natural 
contamination 

 Storage conditions  – When FBO has its own data on the fi rst two stages of the cold 
chain (from manufacturing to retail, and storage at retail) or 
there exists national information available, the use of this 
information is preferred to select the storage temperature to be 
used 

 – If no data are available: 8 °C (1/3 of shelf life), 12 °C (1/3 of 
shelf life), and 12 °C (1/3 of shelf life) 

 Analysis of inoculated 
test units 

 – Enumeration of  L. monocytogenes : at least at the beginning of 
the challenge test and at the end of the shelf life of the product 
(three test units at each time) by following the standard method 
EN ISO 11290-2 

 – Associated microfl ora: at the start and end of the challenge test 
following relevant standard methodology 

 – Physico-chemical characteristics of the food (at least pH and 
water activity): at least at the beginning and end of the 
challenge test 

 Analysis of non 
inoculated test units 

 Analysis of 1 test unit following relevant standard 
methodology for: 

 – Detection of  L. monocytogenes  (EN ISO 11290-1) 
 – Associated microfl ora 
 – Physico-chemical characteristics of the food (at least pH and 

water activity) 
 – Gas concentration 

 Calculation of standard 
deviation of cell 
numbers (log 10  cfu/g) 
at Day 0 

 The standard deviation of the results obtained for enumeration of 
 L. monocytogenes  on the inoculated batches at Day 0 should not 
exceed 0.5 log 10  cfu/g. If this value is exceeded the challenge study 
is unacceptable 

 Calculation of the 
growth potential 

 The growth potential (log 10  cfu/g) is the difference in the median 
of the results at the end of the challenge test and the median of the 
results at the beginning of the challenge test 
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2.2.7     Addressing Occurrence and Regulatory Issues 
in Industry 

 In addition to the costs in human terms,  L. monocytogenes -related economic losses 
now run into the billions per year worldwide, highlighted by the recent high profi le 
epidemic related to some foodborne outbreaks. For some food businesses, an out-
break of listeriosis associated with their products would be extremely detrimental. 
Sporadic and persistent contamination of RTE food processing facilities with  
L. monocytogenes  creates a problem for RTE food industries.  L. monocytogenes  is 
a ubiquitous bacterium that can be widely distributed in food processing environ-
ments. Because it can resist various stresses additional measures to the normal 
HACCP, GMP practices may be required to manage and control it. The challenge 
for the food industry is to develop, implement, and maintain programmes for moni-
toring and control of  L. monocytogenes .   

2.3     Organism Characteristics 

2.3.1     Persistence in the Food Processing Environment 

 The persistence of  L. monocytogenes  in the food-processing environment is well- 
documented but poorly understood (Carpentier and Cerf  2011 ; Lomonaco et al.  2009 ; 
Leong et al.  2014 ). This is partly due to the loosely defi ned term “persistence”. 
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  Fig. 2.2    Growth of  L. monocytogenes  on the surface of smoked salmon artifi cially inoculated with 
a cocktail of three strains and incubated at 8°C for 7 days and 12°C for 14 days       
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Persistence of bacterial strains in a food processing facility refers to repeated isola-
tion of the same strain (characterised by PFGE) for months or even years at the 
same sites (Unnerstad et al.  1996 ). Non-persistent strains, which are isolated infre-
quently in a sampling programme, could be identifi ed more frequently, if a more 
extensive sampling programme was undertaken. Therefore, these strains are referred 
to as ‘presumed’ non-persistent strains. Persistence can cause repeated food con-
tamination, and an increasing risk of food safety violation, thus impacting on public 
health (Pricope et al.  2013 ). Strains of  L. monocytogenes  that have been repeatedly 
isolated from the same environment over a long period of time are therefore thought 
of as being persistent. However, although it is probable that these strains are surviv-
ing and persisting in the food-processing environment, it is also possible that con-
stant contamination from outside sources, for example, from raw materials, may act 
as a continuous source of particular  L. monocytogenes  strains (Carpentier and Cerf 
 2011 ). Persistence of  L. monocytogenes  isolates has been shown at food processing 
facilities, often for many years (Tompkin  2002 ). In addition to strains persisting at 
larger scale cheese production facilities (Lomonaco et al.  2009 ), persistence has 
also been documented at smaller artisan facilities (Fox et al.  2011a ), in the salmon 
industry (Fonnesbech Vogel et al.  2001 ; Wulff et al.  2006 ), in meat processing plants 
(Giovannacci et al.  1999 ; Nesbakken et al.  1996 ) and in poultry production plants 
(Lawrence and Gilmour  1995 ; Ojeniyi et al.  2000 ). 

 The persistence of  L. monocytogenes  in conditions which would be inhospitable 
to most bacteria may be due to several factors including: (1) the existence of har-
bourage sites that are diffi cult to clean and disinfect properly, (2) or alternatively the 
ability of particular strains to grow at a wide range of temperatures, especially 
refrigeration temperatures, resist acid stress, desiccation, or disinfectants, or to form 
biofi lms on industrial environments (Galvão et al.  2012 ; Gandhi and Chikindas 
 2007 ; Schmid et al.  2009 ; Takahashi et al.  2011 ). This ability to grow or survive 
where other bacteria cannot allows  L. monocytogenes  to thrive with little competi-
tion from other bacteria. 

 Harbourage sites are probably a very important factor in the persistence of 
 L. monocytogenes . When used correctly, cleaning and sanitising procedures should 
be adequate to remove  L. monocytogenes  from the environment (Cruz and Fletcher 
 2011 ). However, a harbourage site could be an area where cleaning procedures do 
not reach properly, so  L. monocytogenes  is not properly removed. When used cor-
rectly and at the correct concentration,  L. monocytogenes  does not seem to have 
increased resistance to disinfectants when compared to other bacteria (Lourenço 
et al.  2009 ). However, a harbourage site may be an area where the product reaches 
but it cannot be properly dried so a sub lethal amount of the product remains in the 
site. This may allow  L. monocytogenes  strains suffi cient time to develop a resistance 
to the product so that a community of  L. monocytogenes  which is resistant to the 
cleaning product develops. This strain could then be spread out from the harbourage 
site to contaminate other areas of the facility (Carpentier and Cerf  2011 ). 

 A major step to discourage bacterial growth in food processing is exposure to 
refrigeration temperatures. Although the majority of foodborne pathogens cannot 
grow at these temperatures,  L. monocytogenes  can. Therefore, refrigeration 
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temperatures may essentially select for  L. monocytogenes  growth. Cold shock 
proteins have been shown to be essential for  L. monocytogenes  ability to survive at 
low temperature as well as its ability to survive osmotic stress (Schmid et al.  2009 ). 
An alternative sigma factor, sigma factor B (σ B ), encoded by  sigB , plays a vital role 
in  L. monocytogenes  response to stress (see Sect.  2.3.2 ). Indeed, the  sigB  gene has 
been shown to be vital in the survival of  L. monocytogenes  to prolonged cold stor-
age (Moorhead and Dykes  2004 ). 

 Tolerance to disinfectants has been studied among groups of persistent and pre-
sumed non-persistent  L. monocytogenes  strains but the results from different studies 
are contradictory. Some studies have demonstrated that persistent strains showed 
higher resistance than presumed non-persistent strains (Aase et al.  2000 ; Fox et al. 
 2011b ; Lunden et al.  2003 ). Other studies have shown that there is little difference 
between persistent and presumed non-persistent strains with respect to disinfectant 
tolerance (Holah et al.  2002 ; Kastbjerg and Gram  2009 ). 

 A fi ve-gene stress survival islet (SSI-1) has been identifi ed in certain  L. monocy-
togenes  strains and has been seen to contribute to growth in suboptimal conditions. 
Ryan et al. ( 2010 ) created a deletion mutant which lacked SSI-1 and it was seen to 
have reduced growth capabilities in low pH and high salt conditions. Expression of 
the islet gene was seen to be regulated by SigB, the global stress regulator which has 
previously been seen to be an important virulence factor in gastrointestinal invasion 
in listeriosis (Zhang et al.  2011 ). 

 The SSI-1 was seen to be present in approximately 50 % of strains tested and is 
present in the commonly used laboratory strain  L. monocytogenes  EGD-e (Ryan 
et al.  2010 ). SSI-1 has been frequently identifi ed in 1/2c, 3b and 3c strains tested but 
is not generally found in serogroup 4 strains (Hein et al.  2011 ). From the reduced 
growth capabilities of the deletion mutant in suboptimal conditions, SSI-1 appears 
to contribute to stress survival in suboptimal conditions such as those encountered 
in certain foods or even in the gastrointestinal tract. 

 Biofi lm formation is an important factor in the survival of  L. monocytogenes  
strains in the environment (Harvey et al.  2007 ). Strong adherence to surfaces, and 
especially biofi lm formation may contribute to the ability of  L. monocytogenes  to 
survive cleaning procedures. Bacteria in a biofi lm display altered behaviour in com-
parison to the behaviour of planktonic cells. This can include increased adherence, 
increased resistance to stresses and increased tolerance to disinfectants (Bremer 
et al.  2006 ). Bacteria in a biofi lm may display altered gene expression, cell mor-
phology, growth rate and can produce extracellular polysaccharide (EPS) which has 
a protective effect and has been seen to be important in biofi lm formation (Chae 
et al.  2006 ). The biofi lm structure itself helps to protect  L. monocytogenes  from both 
physical and chemical stresses (Cruz and Fletcher  2011 ). Although the adhesion 
ability of  L. monocytogenes  is affected by conditions of low temperature, varying 
pH and low nutrient availability commonly found in a food processing facility 
(Galvão et al.  2012 ), biofi lms have been routinely identifi ed in multiple food pro-
cessing facilities worldwide (Cruz and Fletcher  2011 ; Latorre et al.  2010 ). The wear 
of equipment over time may facilitate the formation of biofi lms as the bacteria can attach 
to scratches or imperfections which develop in the equipment (Latorre et al.  2010 ). 
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Although disinfectants and sanitizers may be effective against planktonic cells, their 
effect on biofi lms can be variable (Bremer et al.  2006 ). Norwood and Gilmour 
( 1999 ) found statistically greater mean adherence ability among persistent strains 
compared to presumed non-persistent strains. However, the results were not entirely 
consistent as some individual non-persistent strains showed high adherence. Using 
a microtitre plate assay method, Djordjevic et al. ( 2002 ) did not fi nd higher adher-
ence among persistent strains. In a study by Lunden et al. ( 2000 ), it was shown that 
persistent strains showed enhanced attachment over short periods of time, although 
some presumed non-persistent strains matched, or in some cases surpassed, the lev-
els of attachment of persistent strains after 72 h. A recent study found better adher-
ence of persistent strains than sporadic strains from the dairy environment (Latorre 
et al.  2011 ). Higher biofi lm formation among persistent compared to presumed non-
persistent strains from bulk milk samples was also described by Borucki et al. 
( 2003 ). Latorre et al. ( 2010 ) conducted a study monitoring the epidemiology of  L. 
monocytogenes  strains on a dairy farm, in which they postulated that biofi lm forma-
tion was responsible for repeated contamination events during the study period. The 
work, including typing of  L. monocytogenes  strains isolated from bulk milk and 
milking equipment, and examination of biofi lms on the milking equipment, sup-
ported the view that the ability of  L. monocytogenes  to form biofi lms is important in 
persistence of strains. 

 In addition, it has been shown that strongly adherent  L. monocytogenes  strains 
have an increased invasive ability in both cell cultures (Kushwaha and Muriana 
 2010b ) and in vivo in mouse assays (Kushwaha and Muriana  2010a ). Therefore, the 
 L. monocytogenes  strains in a biofi lm may have increased virulence compared to 
planktonic  L. monocytogenes  cells. This further increases the need to eliminate per-
sistent  L. monocytogenes  biofi lms from the food processing environment.  

2.3.2       Stress Response and Sigma B 

  L. monocytogenes  has the ability to survive and even grow under stress conditions 
e.g. at refrigeration conditions, or in the host. Survival and adaptation in the host has 
recently been reviewed by Gahan and Hill ( 2014 ). 

 Sigma factors contribute to stress survival in bacteria. A sigma factor (σ) is a 
specialised protein subunit that is required for initiation of RNA synthesis. Along 
with the RNA polymerase, it binds to a specifi c promoter sequence and in that way 
determines which genes are transcribed. Different bacteria have a different number 
of sigma factors, but all cells have primary sigma factors which direct transcription 
of essential genes, and alternative sigma factors, the activity of which depends on 
the environmental conditions in which the cells exist. The larger the number of 
sigma factors a cell has, the greater the ability it has to adapt to stressful environ-
mental conditions. Some of the common sigma factors include σ 70 , σ 38 , σ 28  and σ 32 . 
σ 32  (RpoH) for example (the heat shock sigma factor), is turned on when the bacteria 
are exposed to heat. Due to the higher expression, the factor will bind with a high 
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probability and in doing so other heat shock proteins are expressed. This enables the 
cell to survive higher temperatures. Some of the enzymes that are expressed on 
activation of σ 32  include chaperones, proteases and DNA-repair enzymes. The sys-
tem is quite complex as there are anti-sigma factor proteins and anti-anti-sigma 
factor proteins. 

 In  L. monocytogenes ,  sigB  encodes σ B  which contributes to stress survival of 
 L. monocytogenes  under acid and osmotic stress and also has a role in stationary 
phase stress response (O’Byrne and Karatzas  2008 ). It also directly upregulates 
virulence genes, and is responsible for regulation of > 100 genes (Mujahid et al. 
 2013 ). Gene deletion (see Chap.   3    ) has been used to study the function of σ B  in regu-
lating stress and virulence genes (Wiedmann et al.  1998 ). For a review of alternative 
sigma factors and their role in virulence, see Kazmierczak et al. ( 2005 ).  

2.3.3     Virulence and Virulence Factors 

 In order to cause an infection,  L. monocytogenes  has many obstacles to overcome. 
It must fi rst resist the passage throughout the intestinal tract, recognize and target 
human cells, adhere to and enter into them, delay phagosome maturation, escape 
into the cytoplasm, control the production of different factors such as toxins, and 
identify pathways to infect other cells (Camejo et al.  2011 ). The expression of sev-
eral virulence factors makes all this possible. Having developed a large arsenal of 
virulence determinants,  L. monocytogenes  is capable of infecting a large variety of 
cells, tissues and organs. 

 A major group of virulence factors are internalins. Internalins are a family of 
proteins characterised, in part, by the presence of one or more leucine rich repeats 
(LRR) at their amino (N)-terminal ends. Genome sequencing has revealed 24 differ-
ent types of internalins in  L. monocytogenes  (Pizarro-Cerdá et al.  2004 ). Internalin 
A (InlA) is the best understood member of the internalin family and is vital to bacte-
rial invasion of non-professional phagocytic cells such as epithelial cells in the 
intestine (Fig.  2.3 ). InlA binds to E-Cadherin of the host cells; this facilitates bacte-
rial adhesion and invasion (Chen et al.  2011 ). The LLR region of InlA binds to the 
cytoplasmic region of E-Cadherin and  L. monocytogenes  uses the ability of 
E-Cadherin to form junctions and facilitate crossing the epithelial cell barrier 
(Schubert et al.  2002 ). Variations in the genes encoding InlA have been shown to 
occur in natural populations of  L. monocytogenes.  These mutations result in excre-
tion of a truncated InlA which has limited or no activity (Chen et al.  2011 ; 
Nightingale et al.  2005 ). Several premature stop codons (PMSC) that result in trun-
cated InlA have been reported, and further PMSCs continue to be described. The 
truncated InlA is interpreted as virulence reduction for these strains. However, some 
strains with truncated InlA have been shown to cause outbreaks, so a truncated InlA 
is not defi nitively indicative of an avirulent strain. In the future, it may be possible 
to ascertain the risk posed by strains with truncated InlA, but currently they are 
considered virulent by regulatory authorities. Internalin B (InlB) has been shown to 
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bind to the hepatocyte growth factor receptor (c-Met) with glycosaminoglycans 
(Pizarro-Cerdá et al.  2004 ). InlB appears to act as a co-factor in bacterial invasion. 
It may increase availability of E-Cadherin to InlA among other functions including 
increasing cell signalling and cell scattering (Pizarro-Cerdá et al.  2004 ). The InlA 
and InlB genes are encoded on the same operon and are co-expressed and co- 
regulated. Other internalins and their roles in establishing infection are currently 
poorly understood.  

 Listeriolysin O (LLO) is a haemolysin which is a major virulence factor in 
 L monocytogenes  infection. Following invasion of the epithelial cells, the bacteria 
are enclosed in vacuoles in the cell. LLO lyses the vacuole to allow escape of the 
bacteria into the cytosol where it can multiply and cause further infection. The pre-
cise method of this lysis is not fully understood, although it is thought that the action 
of LLO is triggered by the low pH in the vacuole (Meyer-Morse et al.  2010 ). LLO 
is a pore-forming toxin which is cholesterol dependent as it has certain structural 
features and functions in common with host cholesterol-dependent cytolysins 
(Gekara et al.  2010 ). LLO has also been seen to suppress the immune response to 
the infection. LLO suppresses T cell activation by blocking T cell signalling (Gekara 
et al.  2010 ). LLO also appears to repress the innate immune response by altering the 
micro RNA (miRNA) activity in infected macrophages. Schnitger et al. ( 2011 ) have 
shown that LLO alters the miRNA signatures in infected macrophages. miRNAs are 
essential for post-translation alteration in the cell so miRNA interference would 
disrupt normal cell immune responses and so promote infection (Stavru et al.  2011 ). 
LLO also induces mitochondrial fragmentation to further alter the cell’s natural 
behaviour (Stavru et al.  2011 ). 
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  Fig. 2.3    Invasion of cells by  L. monocytogenes        
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 Listeriolysin S (LLS) has been identifi ed relatively recently; previously it was 
thought that LLO was the only haemolysin of  L. monocytogenes . LLS is only asso-
ciated with lineage 1 evolutionary line, serotypes 1/2b and 4b, and confers increased 
virulence to  L. monocytogenes  infections (Cotter et al.  2008 ). Serotype 4b is the 
serotype most commonly associated with listeriosis infection and testing strains for 
virulence potential based on presence or absence of LLS is a possibility for the 
future differentiation of strains with different disease causing potential (Clayton 
et al.  2011 ). 

 The gene  actA  encodes for the product ActA which is a virulence determinant. 
At temperatures below 30 °C,  L. monocytogenes  is motile by fl agella. However, at 
mammalian body temperature, ActA re-arranges the host actin by polymerisation 
for movement (Jacquet et al.  2002 ). This actin rearrangement allows the bacteria to 
spread from cell to cell and allows intracellular movement (Travier et al.  2013 ). 
ActA has also been shown to be important in adhesion as direct ActA-ActA interac-
tions help bacterial aggregation, which help the bacteria to persist in the intestine 
(Travier et al.  2013 ). 

  L. monocytogenes  is adapted to invade and thrive in the mammalian body. The 
low pH and high osmolarity of the stomach and the presence of bile salts in the 
gastrointestinal tract are usually major barriers to bacterial infection.  L. monocyto-
genes,  however, is able to survive these stresses to invade host cells and cause infec-
tion. SigB is a regulatory factor (see Sect.  2.3.2 ) which has been seen to be vital in 
surviving stress, especially bile stress tolerance (Zhang et al.  2011 ). SigB and PrfA 
have been shown to have some overlap in function. PrfA is a major regulatory factor 
which affects the gene expression of  L. monocytogenes  in response to its environ-
ment. PrfA seems to be mainly responsible for the regulation of virulence genes in 
a mammalian host environment (Bruno and Freitag  2010 ). The  hly  gene, responsi-
ble for LLO production, and the  actA  gene which encodes for ActA are physically 
linked in a listeria pathogenicity island (LIPI-1) (Dewamitta et al.  2010 ) which is 
regulated by PrfA (Jacquet et al.  2002 ).        

2.3 Organism Characteristics
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    Chapter 3   
 Gene Manipulation 

                    In order to study gene function, the ability to manipulate chromosomally encoded 
genes is important. Several strategies have been developed to achieve this, including 
gene deletion and gene mutation studies. 

3.1     Gene Deletion 

 There are several methods that can be used for gene deletion. In particular, the splic-
ing overlap extension PCR (SOEing-PCR) method (Horton et al.  1990 ) is useful. 
The method involves generation of a spliced amplicon from the regions fl anking the 
gene targeted for deletion. Different plasmid-based approaches can be used to facili-
tate the introduction of this spliced amplicon into the chromosome in place of the 
targeted gene. These approaches use temperature-sensitive cross-over events, with 
antibiotic resistance genes on the plasmid being used for selection of the recombi-
nant strains. Studies with the recombinant strains can be used to demonstrate phe-
notypic changes as a result of the deleted gene (Abram et al.  2008 ; Muller et al. 
 2014 ). Using the SOEing-PCR method (Muller et al.  2014 ), showed that deletion of 
the gene  qacH  (which encodes is a small multidrug resistance transporter putatively 
associated with export of the quaternary ammonium compound benzalkonium chlo-
ride) resulted in reduced resistance to benzalkonium chloride. Strategies of gene 
deletion have been widely used in other organisms and are beginning to be used to 
study survival and resistance mechanisms in  L. monocytogenes , which are impor-
tant in developing effective strategies to control  L. monocytogenes  in the processing 
environment and during infection of the host.  
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3.2     Mutant Libraries 

 Construction and screening of mutant libraries for altered phenotypic traits is a 
 valuable tool in identifying genes responsible for particular phenotypes. Transposons, 
such as TN 916  and Tn 917  (Kathariou et al.  1987 ) or a  Tc1 / mariner -based system 
(Cummins et al.  2013 ) are often used for such library construction in  L. monocyto-
genes . The principle behind such mutant libraries is insertional mutagenesis, where 
the transposon inserts into a gene thus disrupting the function of that gene. The 
position of the transposon can be determined by sequencing and the phenotypic 
effect of such gene disruption studied. Furthermore, the gene function can be com-
plemented by insertion of a plasmid expressing the gene, leading to restoration of 
the wild-type phenotype. Using this method, Cummins et al. ( 2013 ) identifi ed trans-
poson insertion mutants of  L. monocytogenes  that are compromised for infection via 
the oral route. In addition, insertions into known virulence-related genes as well as 
into genes which encode another internalin and a transcriptional regulator were also 
identifi ed.       

3 Gene Manipulation
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    Chapter 4   
 Sampling and Laboratory Analysis 

                    Due to the ubiquitous nature of  L. monocytogenes , contamination of food processing 
facilities is common. Although transient contamination may be somewhat unavoid-
able,  L. monocytogenes  strains can persist for long periods of time and cause more 
serious problems, as described earlier. They often occur in the processing environ-
ment with little competition for space/ nutrients etc. from other bacteria. Sampling 
for  L. monocytogenes  in a processing environment is an important tool for identify-
ing not only if  L. monocytogenes  contamination is present, but also if more than one 
 L. monocytogenes  strain is present and if the contamination is persistent. The EURL 
 Lm  has produced a guidance document on sampling premises for  L. monocytogenes  
(EU  2012 ). Sampling of a food processing environment is best performed using a 
pre-moistened sponge swab stick for testing surfaces (Fig.  4.1 ) (both food contact 
surfaces and non-food contact surfaces) and sterile dippers for liquids. Swab sam-
ples should be taken from a surface of approximately 1 m 2  if possible, in a zigzag 
pattern, and the swab then returned to its sterile bag for transport to the laboratory. 
Although it is important to focus on sampling areas which come into direct contact 
with food, other areas in which  L. monocytogenes  contamination would be expected, 
such as pooled water on the fl oor, drains, the under-side of shelves and trollies etc. 
should also be sampled as areas such as these often harbour strains which can spread 
contamination to food contact areas and subsequently to the food itself.  

 Current E.U. regulations specify a number of food samples which need to be 
tested by producers of RTE food, but the number of environmental samples, the 
frequency of sampling, or the time of sampling are not specifi ed. This allows FBOs 
to design their own sampling plan in terms of environmental samples. The EURL 
Lm guidance document on sampling can help with this process. However, the num-
bers of samples taken is often negatively infl uenced by the high price of  L. monocy-
togenes  sample analysis and the fear of regulatory interference which may 
accompany positive samples found. As such, it can be diffi cult to accurately moni-
tor rates of  L. monocytogenes  in the food processing environment as the FBOs who 
will voluntarily take part in surveys or sampling projects are likely to have fewer 
positive results than those who decide not to participate in such projects. 
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 Samples should be taken in a manner which increases the chances of fi nding 
positives (EU  2012 ). Unfortunately, FBOs who have not been properly educated 
concerning  L. monocytogenes  contamination may sample with an aim to obtain 
negative samples to appease the authorities and prevent recall issues. Sampling pro-
grammes should ensure to sample in areas in which contamination would be 
expected to occur, for example, drains, pooled water etc. Additionally, samples 
should not be taken directly after cleaning/disinfection as sampling in this manner 
would severely decrease the chances of fi nding  L. monocytogenes  positive samples. 
In order to obtain the most accurate representation of the contamination present, 
samplings plans must attempt to obtain as many positive samples as possible. 

4.1     Isolation Methods for  L. monocytogenes  

 As  L. monocytogenes  contamination generally occurs in very low numbers, samples 
cannot be directly plated and counted as this would invariably give many false nega-
tive results. Enrichment steps (usually two) are needed in order to increase the pop-
ulation of  L. monocytogenes  to detectable numbers. Microorganisms in food are 
also known to often be stressed and/or injured so the use of a pre-enrichment step 
allows for the recovery of these cells. An enrichment medium should allow for the 
recovery of stressed/injured cells as well as the increase in  L. monocytogenes  cell 
numbers over competing microfl ora.  L. monocytogenes  enrichment broths generally 
contain several selective agents such as acrifl avine, lithium chloride, polymixin B 
and cephalosporins in order to prevent the growth of other bacteria and fungi while 
encouraging the growth of  L. monocytogenes . 

  Fig. 4.1    The type of swab 
that can be used for sampling 
for  L. monocytogenes —a 
good surface area can be 
sampled       
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 The international standard method ISO-11290 is one of the most commonly used 
methods for the detection/quantifi cation of  L. monocytogenes  (Fig.  4.2 ). It involves 
two enrichment steps. First, for both liquids and foods, a 25 g/25 mL sample is 
added to a 1:10 dilution in half-Fraser broth (containing half the concentration of 
antibiotics) which is incubated at 30 °C for 24 h. This is followed by a 100 μl inocu-
lation into 10 ml full Fraser broth incubated at 37 °C for 48 h. Both enriched cul-
tures are plated on two Listeria selective agars, including a chromogenic agar, if 
possible. For sponge swab samples, 100 ml half-Fraser is added to the swab in a 
sterile container and the remainder of the method is identical to that used for food/
liquids. Other species of Listeria can be mistakenly identifi ed as  L. monocytogenes  

Day 0: 1st Enrichment
25g or 25ml of sample
+ 225ml Half-Fraser

Day 1: Plating
Inoculate two different selective

agar plates with 10 µl loop of
enrichment mixture

Day 3: Results
Select five blue-green colonies

with halo for confirmation

Incubate
@ 30°C
for 24 h

Day 1: 2nd Enrichment
Inoculate 100 µl into 10 ml of

Fraser broth

Day 3: Plating
Inoculate two different selective

agar plates with 10 µl loop of
enrichment mixture

Day 5: Results
Select five blue-green colonies

with halo for confirmation

Incubate
@ 37°C
for 48 h

Incubate
@ 37°C
for 48 h

Incubate
@ 37°C
for 48 h

  Fig. 4.2    Flowchart for the ISO analysis method       
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due to similar reactions on the agar plates, so further confi rmation is needed. Several 
colonies (fi ve are generally recommended) should be taken from each agar plate 
which indicates a positive  L. monocytogenes  sample. Each of the fi ve colonies 
should undergo further confi rmation testing to help ensure that the colonies isolated 
are not limited to false negative results. ISO 11290 specifi es the use of biochemical 
tests for confi rmation, so positive results can take up to 7 days to obtain. In many 
cases, tests involving the polymerase chain reaction (PCR) are used in place of 
biochemical tests, although this is generally confi ned to research studies. In a 
recently published study, Dalmasso et al. ( 2014 ) used PCR to analyse the enriched 
culture of 852 samples obtained from different processing environments and from 
different foods for the presence of  L. monocytogenes , comparing the numbers of 
positive results obtained by plating and PCR. PCR of the second enrichment 
resulted in an increased number of positive results, indicating that this was a valid 
method of analysis (Dalmasso et al.  2014 ). PCR is a detection and confi rmation 
assay, so confi rmed results could be obtained in 3 days. Similar results were 
obtained during the recent outbreak involving quargel cheese (Rossmanith et al. 
 2010 ). Methods combining PCR with standard plating methods (where the results 
from PCR have been shown to be equal to or better than plating) offer a realistic 
alternative in front line testing as initial results may pre-date traditional ISO results 
by several days. There is the advantage that when the ISO method is continued, 
isolates can be obtained. This can be of vital importance in outbreak investigations. 
However, the high price of real-time PCR reagents may preclude this method from 
being used in routine sampling.  

 Following plating, more than one  L. monocytogenes  strain (identifi ed by PFGE) 
can be present in the same sample so the isolation of more than one colony from 
each positive plate ensures a better chance of isolating all strains present in that 
sample. Both enrichment broths, and chromogenic agars contribute to the high price 
of  L. monocytogenes  sampling which may discourage food processors from testing 
a suffi cient number of samples to adequately monitor  L. monocytogenes . 

 A two-step enrichment procedure for the isolation of beta-haemolytic Listeria 
from raw meat/poultry was also developed which involves highly selective lithium 
chloride phenylethanol moxalactam (LPM) agar as well as a thin layer horse blood 
agar plate for the detection of beta-haemolysis. This method gives positive results in 
3–4 days (McClain and Lee  1988 ). 

 University of Vermont medium (UVM) can also be used for the detection of 
 L. monocytogenes  as in the U.S. Department of Agriculture (USDA) method 
(Fig.  4.3 ). Similar to the ISO method which uses Fraser broth, two-steps of enrich-
ment are used in the USDA method. Two enrichment broths, UVM I and UVM II, 
are used and differ mainly in their acrifl avine concentrations. In the fi rst enrichment 
step, a 25 g or 25 ml sample is added to 225 ml UVM I. The second enrichment step 
involves the addition of 0.1 ml of the UVM I/sample mixture (after 24 h incubation 
at 30 °C) to 10 ml UVM II and incubation for 24 h at 30 °C. Both the fi rst and sec-
ond enrichments are plated on  L. monocytogenes  selective agar. This method gives 
a detection limit of 0.04 CFU/g (Zhang et al.  2007 ).  

4 Sampling and Laboratory Analysis
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 ONE broth-Listeria, which is approved by Association Française de Normalisation 
(AFNOR), has been advertised as giving similar results to the ISO method but with 
a signifi cantly reduced incubation time of only 24 h at 30 °C and using only this 
single enrichment broth step, followed by plating on Listeria selective agar similar 
to the other methods mentioned previously (Fig.  4.4 ). ONE broth-Listeria contains 
a mixture of peptones, carbohydrates and salts to optimise  Listeria  spp. recovery 
and growth, however, the formula is not published. It has been shown that the limit 
of detection may not be as low as that obtained with other methods (Gómez et al. 
 2013 ), probably due to the shorter incubation time.  

Day 0: 1st Enrichment
25g or 25ml of sample

+ 225ml UVM I

Day 1: Plating
Inoculate selective agar plates
with 10 µl loop of enrichment

mixture

Day 3: Results
Select blue-green colonies with

halo for confirmation

Incubate
@ 30°C
for 24 h

Day 1: 2nd Enrichment
Inoculate 100 µl into loop of 10 ml

of UVM II

Day 2: Plating
Inoculate selective agar plates
with 10 µl loop of enrichment

mixture

Day 4: Results
Select blue-green colonies with

halo for confirmation

Incubate
@ 37°C
for 48 h

Incubate
@ 30°C
for 24 h

Incubate
@ 37°C
for 48 h

  Fig. 4.3    Flowchart for the USDA analysis method       
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4.1.1     Confi rmation of Isolates as  L. monocytogenes  

 The use of selective agar in  L. monocytogenes  isolation gives an initial result that is 
presumptive positive, but confi rmation of the  L. monocytogenes  isolates is needed 
as false positives can and do occur. Polymixin Acrifl avine Lithium Chloride 
Ceftazidime Aesculin Mannitol (PALCAM) and Listeria selective agar (Oxford for-
mulation) are both recommended for use in the ISO method although other 
 L. monocytogenes  selective agars give similar and sometimes even better results. 
Listeria selective agar (Oxford formulation), utilises several inhibitory components 
as well as the hydrolysation of aesculin and ferrous iron to differentiate  L. monocy-
togenes . However, some strains of  Enterococci  can also grow on this medium and 
may exhibit a weak aesculin reaction. PALCAM agar often gives many false nega-
tives as  L. innocua , which can have higher growth rates than  L. monocytogenes  dur-
ing enrichment, appears similar to  L. monocytogenes  on this agar. Other 
 L. monocytogenes  selective agars, including the chromogenic agars  Agar  Listeria 
Ottavani & Agosti (ALOA) and Brilliance Listeria Agar (BLA), are based on the 
phospholipase C activity and β-glucosidase activity of  L. monocytogenes  (Fig.  4.5 ). 
Some  L. ivanovii  strains can also display similar activity and appear analogous to 
 L. monocytogenes  (Becker et al.  2006 ). Other listeria species can display similar growth 
to  L. monocytogenes  on ALOA and BLA, e.g. round, smooth blue/green colonies.

Day 0: Enrichment
25g or 25ml of sample

+ 225ml One Broth-Listeria

Day 1: Plating
Inoculate a single Brilliance

Listeria plate with 10 µl loop of
enrichment mixture

Day 2: Results
Select blue-green colonies with

halo for confirmation

Incubate
@ 30°C
for 24 h

±2h

Incubate
@ 37°C
for 24 h

±2h

  Fig. 4.4    Flowchart for the 
ONE-Broth analysis method       
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Often, the only visual difference between  L. monocytogenes  and other Listeria 
s pecies on ALOA or BLA is whether or not a halo is produced. This can be misin-
terpreted if a nearby  L. monocytogenes  colony produces a halo close to another 
non-halo producing Listeria species on the plate. Rapid’  L. mono  uses the phospho-
lipase activity combined with the fermentation of xylose to differentiate  L. monocy-
togenes  from other Listeria species and results can be obtained for  L. monocytogenes  
within 24 h as opposed to BLA and ALOA where 48 h of incubation is usually 
needed. Overall, although the use of selective agar to identify  L. monocytogenes  is 
generally quite accurate, confi rmation by other means should always be performed 
before any conclusions are drawn.  

 Common methods of confi rmation of  L. monocytogenes  include confi rmation by 
PCR, API kits and sequencing, which is becoming increasingly popular as costs of 
sequencing are reduced. 

 PCR is a relatively simple assay which involves the amplifi cation of a DNA frag-
ment. PCR methods for  L. monocytogenes  confi rmation generally focus on viru-
lence genes of  L. monocytogenes  as  L. innocua  and  L. monocytogenes  share a 
similar genome with the exception of certain key, virulence clusters. With conven-
tional PCR, the DNA fragments need to be amplifi ed, dyes added and the fragments 
are then run at the end-point on an agarose gel and separated by gel electrophoresis. 
From start to fi nish, conventional PCR may take several hours. 

 Alternatively, real-time PCR adds a fl uorescent probe to the DNA fragments during 
replication which allows the results to be viewed during the amplifi cation of the DNA 
fragments which reduces considerably the time taken to view the results (Fig.  4.6 ). 
The  hly  gene is commonly used in both conventional (Gawade et al.  2010 ) and real-
time PCR (Rodriguez-Lazaro et al.  2004 ). Although real-time PCR is more expensive 
and requires more expertise than conventional PCR, it offers a distinct advantage as 
conventional PCR can only give a positive/negative result whereas with real-time 
PCR,  L. monocytogenes  can be measured quantitatively and not just qualitatively. 

  Fig. 4.5    Section of an ALOA 
agar plate showing blue-
green colonies of 
 L. monocytogenes  
with a halo       
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Quantitative PCR (qPCR) has been shown to be effective in, for example, analysis of 
 L. monocytogenes  in raw whole milk where detection of as low as 1 CFU/ml and 
quantitative analysis values of between 10 and 1,000 CFU/ml were obtained in less 
than 3 h (Paul et al.  2014 ). Real-time PCR also offers an advantage over conventional 
PCR as the closed-tube format helps to prevent any contamination which may occur 
during conventional PCR. Real-time PCR can also amplify a number of different 
DNA fragments which can be visualised at the same time by adding different coloured 
fl uorescent probes to each different DNA sequence.  

 Various physiological methods of confi rmation are available commercially in the 
form of kits which are easy to use and generally reliable, but can take several days 
to obtain results. API kits, available from Biomerieux, differentiate different species 
by examining their growth in the presence of various biochemical compounds. 
Colour change in up to 20 different biochemical reactions create a numerical pattern 
which can be used to indicate the bacterial species being tested. API kits are eco-
nomical and easy to use but the confi dence in the result is not as high as with geno-
typic methods.  L. monocytogenes  have been seen to be identifi ed by API with a 
confi dence of 97.7 % (Bille et al.  1992 ). 

 A similar bacterial identifi cation test, Vitek 2, also available from Biomerieux, 
consists of a card containing 64 microwells which each contain a different reaction 
substrate or antibiotic. The colorimetric reaction in each well gives a bacterial iden-
tifi cation, as well as the antibiotic susceptibility of the bacteria tested. The Vitek 2 
system has been generally shown to be reliable. However, it was recently shown to 
be inaccurate in 1.4 % of cases seen due to atypical  L. monocytogenes  isolates 
which were negative for a phospholipase C reaction. According to the Vitek 2 
method, these isolates were identifi ed as  L. innocua  but were later confi rmed as 
 L. monocytogenes  by PCR identifi cation methods (De Lappe et al.  2014 ). 

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40

F
lu

o
re

sc
en

ce

Cycle number

L. monocytogenes 1/2a

L. monocytogenes 4b

L. ivanovii #1290

L. ivanovii #1298

Negative control

  Fig. 4.6    Amplifi cation plot for  hly  in  L. monocytogenes  and  L. ivanovii  following the rt-PCR 
methodology described by Rodriguez-Lazaro et al. ( 2004 )       

 

4 Sampling and Laboratory Analysis



53

 Differentiation of  L. monocytogenes  as distinct from other  Listeria  species has 
also been seen to be possible through phage typing. As different bacterial species 
are susceptible to different phages, the use of a specifi c phage which has a known, 
predictable species target can identify  L. monocytogenes  (Morton et al.  2013 ).   

4.2     Methods for Characterisation of  L. monocytogenes  

4.2.1     Serotyping 

 Serotyping is historically, and continues to be, the fi rst and foremost method of typ-
ing  L. monocytogenes . It is based on variations in the somatic (O) and fl agellar (H) 
antigens. Currently, 13 serotypes exist, although using commercially available 
methods it is very diffi cult to distinguish between serotypes 4b and 4e (Fig.  4.7 ). 
One signifi cance of serotyping is the fact that 90 % of listeriosis outbreaks are 
caused by 1/2b and 4b/4e serotypes, while sporadic outbreaks are often caused by 
1/2a and 1/2c serotypes. In food processing environments, serotype 1/2a is gener-
ally found in highest abundance, although 4b/4e, 1/2b and 1/2c are also commonly 
found but with less frequency (Nucera et al.  2010 ; Shen et al.  2013 ; Leong et al. 
 2014 ). However, serotyping gives relatively little information in terms of variations 
in strains and further characterisation is needed to identify if, for example, two 
strains can be considered the same.  

Serovar O-antigens H-antigens
1/2a I, II A, B
1/2b I,II A, B, C
1/2c I, II B, D
3a II, IV A, B
3b II, IV, (XII), (XIII) A, B, C
3c II, IV, (XII), (XIII) B, D
4a (V), VII, IX A, B, C
4ab V, VI, VII, IX, X A, B, C
4b V, VI A, B, C
4c V, VII A, B, C
4d (V), VI, VIII A, B, C
4e V, VI, (VIII), (IX) A, B, C
7 XII, XIII A, B, C

a b

  Fig. 4.7    ( a ) Agarose gel electrophoresis of DNA fragments generated by multiplex PCR to deter-
mine  L. monocytogenes  serogroup as in Doumith et al. ( 2004 ).  Lane 1 : O’ RangeRuler 50 bp 
(Biolabs, England);  Lane 2 : 1/2a, 3a serogroup;  Lane 3 : 1/2b, 3b, 7 serogroup;  Lane 4 : 1/2c, 3c 
serogroup;  Lane 5 : 4b, 4d, 4e serogroup. ( b ) 13 Serovars of  L. monocytogenes  and their antigen 
reactions. Antigens in parentheses result in variable reactions. O-antigen III has been omitted from 
this table as the reaction to O-antigen III is variable for every serovar       
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 Serotyping is traditionally performed with agglutination reactions using antisera 
available commercially, or specifi cally produced. However, this method can be 
costly and diffi cult to interpret. It relies on the visual interpretation of an agglutina-
tion reaction which can be weak and can appear similar to a non-reaction. Therefore, 
trained staff are needed to perform this assay. PCR is now commonly used, and this 
allows the identifi cation of a strain as belonging to a certain serogroup (Doumith 
et al.  2004 ). Agglutination reactions are still needed to characterise a strain as 
belonging to a particular serotype within that group. This combination of PCR and 
serotyping can identify all serotypes, with the exception of differentiating between 
serotypes 4b and 4e, as serotype 4e strains can have variable agglutination reac-
tions. While serotype 4b strains are far more common than serotype 4e strains, a 
method to defi nitively distinguish serotypes 4b and 4e is required.  

4.2.2     Lineages 

 Based on serotype,  Listeria monocytogenes  is sub-divided into four evolutionary 
lineages (I, II, III, and IV) which have different but overlapping sources of origin, 
for review see Orsi et al. ( 2011 ). Most  L. monocytogenes  isolates belong to lineages 
I and II, which harbour the serotypes more commonly associated with human clini-
cal cases. Lineage II isolates (which include serotype 1/2a) are common in foods, 
widespread in natural and farm environments, and are commonly isolated from ani-
mal listeriosis cases and sporadic human clinical cases. Lineage I isolates (which 
include serotypes 1/2b and 4b) are associated with the majority of human listeriosis 
outbreaks. Lineage III and IV strains are generally rare, although some serotype 4b 
strains can be from lineage IV, and are predominantly isolated from animal sources. 
Attempts to identify phenotypic traits specifi c to lineages have been for the most 
part unsuccessful. However, some generalisations on phenotypic traits of lineages 
can be made. Lineage II isolates generally have more plasmids and seem to be more 
resistant to bacteriocins than lineage I isolates. They also frequently have a prema-
ture stop codon in  inlA  leading to a truncated protein, and mutations in  prfA . Lineage 
I isolates, on the other hand, can carry listeriolysin S.  

4.2.3     Pulsed Field Gel Electrophoresis 

 Generally, PFGE is considered the “gold standard” for  L. monocytogenes  charac-
terisation, however, with the technological advances and the progressively reducing 
cost of genome sequencing, this may not be the case in the near future. Although 
PFGE gives better differentiation than many other methods, including many men-
tioned here, the process is lengthy, uses expensive equipment and requires highly 
trained staff. Comparison between laboratories can also be diffi cult to achieve accu-
rately, unless there is strict standardisation. On the other hand, sequencing 
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techniques have much better inter-laboratory comparison as they are not subject to 
interpretation as PFGE profi les can be. PFGE is based on a bacterial strain being 
suspended in agarose, lysed to release the DNA which is then cut with specifi c 
restriction enzymes. The fragments are then separated by gel electrophoresis with 
alternating direction of current over a long period of time, generally for 21 h 
(PulseNetUSA  2009 ). This long run time, combined with the periodic change in the 
direction of current, termed pulsed-fi eld, allows for the separation of very large, 
1,000 kbp, fragments of DNA which is not possible with conventional electropho-
retic separation, where the limit is usually 40–50 kb. This gives a pattern of bands, 
a PFGE profi le (Fig.  4.8 ), which is then analysed using Bionumerics or similar 
software and added to a database to allow computer analysis of the strain profi le, 
including the percentage similarity between strains. This computational analysis 
and creation of PFGE profi le databases allows for the comparison of bacterial 
strains worldwide, if standardised methods are used. Two different restriction 
enzymes should be used (in two separate runs) and the resulting patterns combined 
as the use of only a single restriction enzyme can miss large sections of DNA which 
may contain variations between strains. Thus, PFGE performed with only a single 
enzyme can often mistakenly identify two distinct strains as identical (Hurley et al. 
 2014 ). Using two restriction enzymes gives a better level of differentiation (Fox 
et al.  2012 ) and, used in this way, PFGE analysis is a more exacting method than 
MLST, MLVA or ribotyping (Borucki et al.  2004 ).  

 Although it can be diffi cult to compare PFGE patterns between labs, the PulseNet 
International network has devised a general PFGE protocol in order to standardise 
the procedure and result in comparable PFGE profi les (PulseNetUSA  2009 ). Several 
conditions need to be met in order to meet the conditions set forth by PulseNet 

  Fig. 4.8    PFGE profi les (digested with two restriction enzymes: ApaI and AscI) of  L. monocyto-
genes  isolated from a single food business facility. Isolate similarity dendrogram was generated 
using BioNumerics version 5.10 software (Applied Maths), using the unweighted pair group 
method with arithmetic mean (UPGMA) and the Dice coeffi cient with tolerance and optimization 
settings of 1 %. Pulsotype T1: Persistent pulsotype seen in both food and environmental swabs; 
Pulsotype T3: Persistent pulsotype isolated from environmental swabs 16 months apart; Pulsotype 
T6: Evidence of transfer between food and environment; Pulsotypes T2, T4 and T5: Sporadic 
contamination of the facility with various pulsotypes       
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including the use of  Salmonella  Braenderup cut by the  Xba I restriction enzyme as a 
standard rather than the use of a traditional molecular weight ladder. In this way, 
large studies involving the comparison of PFGE profi les from various labs have 
been performed. For example, a study which compared  L. monocytogenes  PFGE 
profi les in both the Republic of Ireland and Northern Ireland found several PFGE 
profi les which were found in both countries (Hurley et al.  2014 ).  

4.2.4     Multilocus Sequence Typing 

 Multilocus sequence typing (MLST) is based on sequencing a set of alleles of 
housekeeping genes and analysis of the differences in these sequences. A major 
advantage of MLST is that comparison of MLST results between laboratories is 
extremely accurate, as it is based on sequences. It can also reconstruct evolutionary 
linkages unlike PFGE or ribotyping. However, with the advances in genome 
sequencing, which gives an even higher level of differentiation, MLST may not be 
as useful as was previously hoped. One problem associated with MLST is that no 
set of genes has been agreed upon globally and in the past individual laboratories 
have often chosen different sets of genes to sequence which has made comparison 
between laboratories diffi cult. 

 A global database of MLST sequences,   www.pasteur.fr/mlst    , does however exist 
and allows comparison of MLST sequences with previously acquired MLST 
sequences. In this way, identifi cation of common MLST types and comparison of 
MLST types across geographically distinct locations can occur which can shed 
some light on a strain’s prevalence, adaptability to a particular niche etc. For exam-
ple, certain  L. monocytogenes  MLST types (sequence type [ST] 9 and ST121) have 
been seen to be common in food contamination and seem to have adapted to the 
meat processing environment (Martin et al.  2014 ). In a recent publication which 
isolated and characterised 33  L. monocytogenes  strains from RTE foods in China, 
11 MLST types were found and 7 of these were shown to be previously established 
MLST types isolated in China for the fi rst time (Wang et al.  2015 ). MLST is less 
discriminatory than PFGE. However, by examining the number of mutations in the 
sequences, the evolutionary distance between strains can be determined by MLST 
in a way which cannot be performed with PFGE analysis of results (Ragon et al. 
 2008 ; Wang et al.  2012 ).  

4.2.5     Multi-Virulence-Locus Sequence Typing 

 Multi-virulence-locus sequence typing (MVLST) is very similar to MLST but dif-
fers in the genes sequenced. While MLST is based on sequencing housekeeping 
genes as they are common to all  L. monocytogenes  strains, MVLST instead 
sequences virulence genes. Although not all strains will have all virulence genes, in 
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general the greater variations associated with virulence genes allow MVLST to 
offer greater discriminatory power than MLST. Virulence genes evolve faster than 
housekeeping genes and similar strains with variations in their virulence profi les 
can be signifi cantly different in their potential to cause listeriosis outbreaks and 
epidemics (Chen et al.  2007 ; Doijad et al.  2014 ). This makes MVLST a better can-
didate than MLST for investigating the epidemiological evolution of  L. monocyto-
genes  strains.  

4.2.6     Multiple-Locus Variable Tandem Repeat Analysis 

 Multiple-Locus Variable Tandem Repeat Analysis (MLVA) uses tandem repeat 
sequences in regions of genomic DNA to differentiate between strains. Regions of 
tandem repeat sequences occur at different frequencies in various regions of DNA 
and by analysing these, bacterial strains can be typed. Although found to have less 
discriminatory power than PFGE, certain advantages including high-throughput, 
rapidity, ease of analysis and inter-laboratory comparison are associated with MLVA 
(Sperry et al.  2008 ). Depending on the method used, the time taken to complete 
MLVA analysis can be counted in hours, as opposed to the 5 days needed for PFGE 
analysis (Murphy et al.  2007 ). It was seen to have similar discriminatory power to 
MLST and, due to its speed and high reproducibility in particular, can be considered 
a viable fi rst-line subtyping method in outbreak and listeriosis investigations 
(Chenal-Francisque et al.  2013 ). 

4.2.7     Ribotyping 

 Conceptually, ribotyping is based on similar principles to PFGE: both are based on 
cleavage of total genomic DNA by restriction enzymes followed by electrophoretic 
separation. However, ribotyping analysis targets conserved chromosomal genetic 
elements and involves southern blot transfer and hybridisation of labelled rRNA 
(ribosomal RNA) with a radiolabelled ribosomal operon probe. Strain differentia-
tion is based on the differences in location and number of rRNA gene sequences. 
Although the discriminatory power of ribotyping has been generally found to be 
weaker than PFGE or MLST, the ability of ribotyping to be automated offers a dis-
tinct advantage over other methods. Automated ribotyping (AR) has been success-
fully developed and is considered a method of choice for many large scale studies 
due to high reproducibility and the lower level of expertise needed in comparison to 
PFGE (Fig.  4.9 ). For use in outbreak investigation, automated ribotyping may be of 
use in gathering initial results but the data would need to be confi rmed by a more 
discriminatory method such as PFGE or genome sequencing (Aarnisalo et al.  2003 ).  

 Ribotyping has allowed the identifi cation of a  L. monocytogenes  strain which 
was persistent in a smoked fi sh processing facility for at least 11 years (Vongkamjan 
et al.  2013 ). 

4.2 Methods for Characterisation of L. monocytogenes
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 The higher discriminatory power of PFGE over ribotyping was reported by 
Fonnesbech Vogel et al. ( 2004 ) who found that ribotyping had a discriminatory 
index of 0.874, compared to a discriminatory index of PFGE of 0.969. Similarly, 
several other studies have shown the higher discriminatory power of PFGE 
(Aarnisalo et al.  2003 ; Grif et al.  2006 ; Louie et al.  1996 ; Kerouanton et al.  1998 ; 
Lukinmaa et al.  2004 ). Nevertheless, although ribotyping is not as discriminatory as 
PFGE, it is rapid, simple to conduct, highly standardized and labour-saving, and 
may therefore be a good alternative for a rapid epidemiology study of  L. monocyto-
genes  isolates. However, on occasions when a high discriminatory power is needed 
other subtyping techniques such as PFGE may be necessary.   

4.2.8     Physiological Methods 

 Contrasting with the other methods listed here, physiological methods are not 
molecular based but instead measure the phenotypic behaviour of bacterial strains 
under various conditions. Physiological methods are commonly used in combina-
tion with molecular methods as an important tool to elucidate gene function. 
Traditionally, phenotypic arrays were very time-consuming and labour intensive 
which limited them greatly. More recently, high-throughput technologies have been 
developed which vastly reduce both time and labour needed for phenotypic arrays. 
Examples of high-throughput phenotypic arrays include the API system from 
Biomerieux, which use a combination of up to 20 biochemical tests for the identifi -
cation and/or differentiation of Gram-positive and Gram-negative bacteria and the 
OmniLog phenotype Microarray analysis, which uses a redox dye to measure cell 
metabolism simultaneously under up to 1,920 different growth conditions. 

 Fourier-Transformed Infrared Spectroscopy (FTIR) is a subtyping method based 
on the fact that the infrared spectra are a refl ection of the overall molecular 

EcoRI
Pattern # 

Source/Site RiboPrinter Pattern DuPont -ID

1 Cheese DUP-1038

2 Ice Cream DUP-1045

3 Washing Water/
Dairy Plant

DUP-18598

4 Equipment Swab DUP-1039

5 Farm DUP-1042

6 Floor/Dairy Plant DUP-19170

  Fig. 4.9    The RiboPrinter Patterns and the DuPont—ID for  L. monocytogenes  from different 
sources using  EcoRI  enzyme       
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 composition (Fig.  4.10 ). Strains that differ in their molecular make-up will therefore 
show distinct vibrational spectra (Alvarez-Ordóñez and Prieto  2012 ). In FTIR, anal-
ysis of the spectra related to organic functional groups, including proteins, lipids, 
carbohydrates and nucleic acids, of an isolate is examined by spectroscopy. The 
potential discriminatory power of FTIR was seen when, combined with multivariate 
analysis, FTIR was able to discriminate between strains with similar PFGE patterns 
(Davis and Mauer  2011 ). Stessl et al. ( 2014 ) showed that metabolic fi ngerprinting 
by FTIR spectroscopy could be used as a rapid analytical tool to facilitate pre-
screening of potentially persistent  L. monocytogenes  contaminants.   

4.2.9     Whole Genome Sequencing as a Tool for Outbreak 
Investigation 

 Genome sequencing offers an indisputable advantage over any other molecular 
method as the entire genome is sequenced and used for comparison. This means that 
advantages offered by MLST, MVLST, MLVA and ribotyping are all already inbuilt 
in genome sequencing. Up to recently, the main drawback of genome sequencing 
has been the cost involved. However, it is now being increasingly used as advances 
in the technology allow faster and cheaper generation of sequences. For example, 
the 6 year persistence of two  L. monocytogenes  strains in two different fi sh process-
ing facilities was evidenced by genome sequencing (Holch et al.  2013 ). 

 Other methods listed, including PFGE, MLST, and ribotyping, often miss large 
areas of difference between strains; however, as genome sequencing uses the entire 

  Fig. 4.10    Seven representative persistent  Listeria monocytogenes  pulsed-fi eld gel electrophoresis 
(PFGE) types from six European dairies including a comparison of the Fourier-transform infrared 
(FTIR) fi ngerprinting region (900–1,200/cm) and the PFGE cluster analysis (restriction enzymes 
AscI and ApaI). Abbreviations for representative  L. monocytogenes  persistent PFGE types are 
located to the right of each fi gure part:  AU  Austria,  IRL  Ireland,  CZ  Czech Republic       
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DNA sequence, strain analysis with genome sequencing is much more accurate. 
The use of whole genome sequencing in outbreak investigation is becoming increas-
ingly popular, as described in Sect.   2.1.3    , since the confi dence in strain characterisa-
tion is much higher than with other methods. 

 Many of the  L. monocytogenes  isolates involved in human illness have been 
shown by whole genome sequencing to be quite stable, with variations occurring in 
relatively few areas of the genome. Although this may mean that much of the 
sequence generated with whole genome sequencing is identical, the fact that all of 
the genome is available for analysis with this method eliminates the danger that 
differences between strains could be missed by other methods including PFGE, 
MLST etc. 

 In the Quargel cheese outbreak which occurred in Europe in 2009 and 2010, 
genome sequencing allowed the identifi cation of two distinct strains which were 
responsible for the outbreak. Both strains belonged to the 1/2a serotype but differed 
in several important characteristics including their invasive capacity. In this case, 
whole genome sequencing allowed for the examination of the differences in invasive 
capacity of the two strains which could then also be compared with invasive assays 
in Caco-2 cells. The strain QOC1 was shown to have a higher invasive capacity than 
strain QOC2 which could be attributed to extra internalin genes contained in the 
QOC1 genome. As shown in that case, whole genome sequencing allows for some 
evaluation of the virulence of a strain even without invasion assays, which are not 
always accurate in respect to the real behaviour of a strain in a pathogenic scenario. 

 Strain QOC1 was also shown to have a stress survival islet not found in QOC2 
and, in physiological tests, was shown to resist acidic, alkaline and gastric stress 
better than QOC2. Whole genome sequencing results for these strains allowed com-
plex analysis of the strains and suggested that they did not evolve from a common 
ancestor and that contamination was more likely due to two separate contamination 
events which overlapped to form one major outbreak (Rychli et al.  2014 ). 

 Another advantage of whole genome sequencing is that, as the entire genome 
sequence is obtained, previous MLST and MLVA data can be compared to sequences 
obtained through whole genome sequencing by which the relatedness of the strains 
can be analysed. 

 One of the major challenges in whole genome sequencing which has emerged in 
recent years is the challenge involved in storing the large amounts of data generated. 
Despite this problem, the use of whole genome sequencing, especially in outbreak 
investigations, seems to be constantly increasing.        
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    Chapter 5   
 Reducing the Occurrence of  L. monocytogenes  

                    As  L. monocytogenes  is ubiquitous in the environment it is not reasonable to aim for 
total elimination of the organism. Therefore, control of its occurrence is essential. 

5.1     Control of  L. monocytogenes  During Food Processing 

 As the majority of listeriosis is foodborne, reduction of  L. monocytogenes  in food 
will contribute to a reduction in the disease burden. Reduction of  L. monocytogenes  
in the food processing environment will result in a reduced risk of cross- 
contamination of food, and should therefore result in reduced occurrence in food. 
Such process control is a vital part of  L. monocytogenes  control, and an important 
part of this is creating awareness of  L. monocytogenes  occurrence. 

5.1.1     Awareness 

 RTE food producers need to be especially vigilant regarding  L. monocytogenes  as 
their products will be directly consumed and will not necessarily undergo a heat 
step, or any other microbial inactivation step, which would destroy any  L. monocy-
togenes  present, such as cooking, after leaving the processing environment. One of 
the biggest hindrances to the prevention of  L. monocytogenes  contamination in food 
is the lack of awareness. The fear that positive samples will have a negative impact 
on a facility can outweigh the fear of more serious problems which a contamination 
issue would create. This fear of positives can discourage food processors from tak-
ing an adequate number of samples and can cause food processors to negatively 
infl uence sampling by, for example, sampling in areas which have recently been 
disinfected, in order to ensure that samples taken do not test positive for  L. monocy-
togenes . This improper sampling or insuffi cient number of samples taken is espe-
cially seen in industry sectors which are not technically included in the RTE category 
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but which may produce RTE foods, for example, uncut vegetable producers. RTE 
food processors are required to perform regular sampling for  L. monocytogenes  
whereas primary production, the category under which uncut vegetable production 
falls, is not subject to these regulations. This gap in the regulations creates a grey 
area in which certain sectors of food production can choose to ignore the need for 
 L. monocytogenes  monitoring (Luber et al.  2011 ). 

 Certain sectors of the food processing industry seem to be more aware than oth-
ers of  L. monocytogenes  due partly to historical outbreaks seen in the sector. Irish 
farmhouse cheese-makers have been involved in several  L. monocytogenes  occur-
rence surveys in recent years and have seen their  L. monocytogenes  prevalence in 
environmental samples drop from 13.1 % in environmental samples in 2011 to 
3.9 % in combined environmental and food samples in 2013/2014 (Fox et al.  2011a ; 
Leong et al.  2014 ). This fall in positive samples can be partly attributed to their 
heightened awareness of  L. monocytogenes  and their involvement in  L. monocyto-
genes  analysis through interactions such as these surveys. 

 The education of food processing workers in regard to  L. monocytogenes  is also 
of vital importance. Unless fully aware of the dangers of  L. monocytogenes , as well 
as the steps which can help to prevent the spread of contamination, staff can be an 
important source and/or carrier of  L. monocytogenes  contamination. 

 Subtyping of  L. monocytogenes  isolates can also be important in identifying pos-
sible sources of contamination (Sperry et al.  2008 ). Numerous varying subtypes of 
 L. monocytogenes  strains isolated from the food processing environment generally 
indicate, not only that the hygiene practices in place are not suffi cient to prevent 
contamination, but also that contamination is frequently occurring from an outside 
source which could include raw materials, contamination from an adjoining farm 
etc. Persistent contamination of a food processing facility with a single strain (or low 
number of strains), in contrast, indicates that a more specifi c problem may be present 
within the processing facility. This could include the presence of harbourage sites, 
formation of biofi lms, insuffi cient cleaning regime etc. The monitoring and reduc-
tion of environmental contamination is vital as evidence that  L. monocytogenes  
strains from the processing plant enter the food has been seen in several studies in 
which strains from the environment and from food have been typed and found to be 
indistinguishable (Lambertz et al.  2013 ; Klaeboe et al.  2006 ; López et al.  2008 ). 

 Awareness about  L. monocytogenes  for RTE food businesses is also vital as 
raw material suppliers do not have regulations in place requiring their products to be 
 L. monocytogenes  free. It is, therefore, the responsibility of the food processor to ensure 
that any raw materials entering their food chain are  L. monocytogenes  free. This 
absence of regulations for raw material suppliers is due to the fact that  L. monocyto-
genes  is generally destroyed during food processing, usually during a heat step. 
However, certain foods, even RTE foods, may not undergo suffi cient treatment to elim-
inate and prevent the further growth of any  L. monocytogenes  present. In this case, the 
 L. monocytogenes  status of the raw material should be monitored and the raw materials 
kept  L. monocytogenes  free. Raw materials have been shown to be a major source of 
 L. monocytogenes  contamination in fi nished products (Miettinen and Wirtanen  2006 ). 

 Vendors also need to be aware of the dangers associated with  L. monocytogenes  
in RTE foods as the temperature at which foods are stored can be vital in ensuring 
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that  L. monocytogenes  numbers, if present even in very low numbers, remain low 
enough so as not to cause a health risk (González et al.  2013 ). 

 Third party food preparation such as hotels and catering companies can also be a 
source of  L. monocytogenes  infections if the correct precautions to prevent  L. mono-
cytogenes  are not taken. HACCP points, the suffi cient separation of raw and cooked 
foods, the proper training of staff, etc. are all important in preventing  L. monocyto-
genes.  However, these systems can sometimes breakdown, for example in the cole-
slaw outbreak in Nova Scotia in 1981 in which  L. monocytogenes  was originally 
identifi ed as the cause of foodborne listeriosis (Kathariou  2002 ). 

 Consumers represent the fi nal step in the food chain and they are a vital step in 
preventing listeriosis infections. As the reporting of mild listeriosis is low and it is 
impossible to really know how common contamination in the home is, the impor-
tance of the consumer in preventing listeriosis can often be underplayed. As non- 
RTE foods do not have any impetus to be  L. monocytogenes  free, contaminated 
foods are often present in the home and cross-contamination can occur. Education 
of the consumer in the importance of separating raw and cooked foods and in keep-
ing foods at the correct temperatures is vital. Products are often also consumed in 
the home after the end of shelf-life has passed so, even if all possible precautions 
were taken by the food processor, the consumer may still ingest a contaminated 
food due to their disregard of the best before date.  

5.1.2     Attention to Detail in Hygiene 

 The ubiquitous nature of  L. monocytogenes  in soil, water, faeces etc. means that 
contamination of food processing facilities can occur from many different sources. 
Although this can make identifi cation of the contamination source diffi cult, typing 
methods such as PFGE can help to identify similar strains and therefore make 
assumptions about their source. The transfer of  L. monocytogenes  from the process-
ing environment to the food, where it can cause a signifi cant health risk, has been 
well documented (Chaitiemwong et al.  2014 ). Therefore, the removal of  L. mono-
cytogenes  from the processing environment is vital in preventing the spread of 
 L. monocytogenes  to the food being produced and/or processed. 

 A major factor in keeping a facility free of  L. monocytogenes  is the design of the 
facility itself. Non-purpose designed facilities are common especially in industries 
such as farmhouse cheese making where converted farm buildings may house the 
food processing facility. These facilities may not be correctly designed or equipped 
to prevent contamination and redesign of the building itself is often necessary in 
these cases. The separation of raw materials and fi nished products as well as the 
presence of boot wash areas, hand washing areas etc. are vital in preventing the 
spread of  L. monocytogenes  in a facility. The design of a facility should also allow 
clean-in-place (CIP), where all areas of the facility and all equipment therein can be 
completely cleaned without having to remove/dismantle equipment and with little 
or no manual input from the operator (Bremer et al.  2006 ). 

 The existence of harbourage sites, areas where disinfectants/sanitizers cannot 
properly reach, are a frequent source of  L. monocytogenes  contamination. 

5.1  Control of  L. monocytogenes  During Food Processing
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Harbourage sites may be due to ill design, unsuitable materials/equipment or even 
to damaged materials. Due to the inaccessible nature of these sites, disinfectants/
sanitizers may not be able to reach properly or may only reach in lower concentra-
tions than would be needed to inhibit the bacteria therein. One theory suggests that 
constant low level of disinfectant in harbourage sites such as this may allow bacte-
rial strains to evolve tolerances against certain chemicals being used. If bacteria 
then proliferate out from this site, the strain may have increased tolerance against 
the chemical even used in its intended concentration (Lundén et al.  2003 ). However, 
this theory is not strongly supported; general correlations between persistent strains 
and sanitizer resistant strains are not often seen (Heir et al.  2004 ). Any facility 
designed specifi cally for food processing should attempt to be free of harbourage 
sites and food processors should make every effort to remove any harbourage sites 
which may exist in a non-purpose designed facility. Unfortunately this can be 
extremely diffi cult and generally, harbourage sites remain an inherent danger in 
terms of contamination in food processing facilities (Carpentier and Cerf  2011 ). 

 A facility’s staff can also be a major factor in  L. monocytogenes  contamination. 
A recent study in Chile found that 38 % of samples collected from the hands and 
fi ngernails of workers in a cured meat processing plant tested positive for  L. mono-
cytogenes  (Saludes et al.  2014 ). Personal protective equipment including coats, 
gloves, hairnets and boot wash being in proper use as well as the separation of staff 
working with raw materials and fi nished products are all important factors in pre-
venting contamination.  

5.1.3     The Ten Commandments of  Listeria  Vigilance 

 End-product control is currently the primary mechanism for analysis of food before 
its release onto the market. An alternative strategy that can be even more benefi cial 
is a good processing environment control strategy. Basically, if  L. monocytogenes  is 
not in the processing environment, then the risk of cross-contamination to food 
is reduced. The following ten points summarise a good processing environment 
control strategy. 

5.1.3.1     Commandment 1: Understand the Nature 
of  L. monocytogenes  Contamination 

  Listeria monocytogenes  can grow at refrigeration temperature, is resistant to vari-
ous stresses and food is an important route of transmission via the food processing 
environments (FPE). Most FPEs are contaminated to some extent.  

5.1.3.2     Commandment 2: Take FPE Contamination Serious 

 Article 5 of the EU Directive 2073/2005 should be taken seriously and a FPE moni-
toring concept developed as a core activity of Good Hygiene Practices (GHP).  
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5.1.3.3     Commandment 3: Choose the Right Sampling Sites 
and Methodology 

 Sample the processing environment with a view of fi nding the organism. The most 
informative sampling sites can vary depending on the food commodity produced. 
Consider the difference in information that will be achieved from sampling of food 
contact materials versus non-food contact materials. Sampling is the most critical pro-
cedural step in any circumstances and, if done inappropriately is of little benefi t. Use 
swabs that have enough contact surface to sample the 900 cm 2  mentioned in many 
guidelines. Choose sampling sites from manufacturing or handling steps that are applied 
on most of the products produced (e.g. conveyor belts before packaging, slicer blades).  

5.1.3.4    Commandment 4: Choose the Right Sampling Frequency 

 Recommendations on sampling frequency can only be expressed in general terms. 
If a FPE is being sampled the fi rst time, use a broad sampling approach. If the con-
tamination status is already known, test a restricted number of sampling sites fre-
quently rather than a lot of sampling sites only once. Sampling frequency can be 
reduced if negative results are shown, but should be increased again if positive 
results are detected or if there are changes to the processing environment or manu-
facturing process. Sampling frequency should be dynamic.  

5.1.3.5    Commandment 5: Establish Critical Control Areas 

 To facilitate prioritisation of counter-measures, clearly defi ne critical control areas 
(CCA) where FPE contamination is not acceptable under any circumstances. It 
makes a difference whether a  L. monocytogenes  positive drain is located in a general 
processing area or if it is located where food is handled prior to packing. Critical 
control areas should be clearly marked (e.g. by marks on fl oors, in construction 
maps) and hygiene barriers should prevent CCAs being visited or trespassed by 
unqualifi ed personnel. The high hygiene standard that should exist in CCAs can 
only be monitored by taking an appropriate number of FPE samples.  

5.1.3.6     Commandment 6: Trace the Route of Transmission of Isolates 
Most Importantly in CCAs 

 To combat contamination it is vital to keep all isolates at a safe and appropriate 
place (e.g. a contract laboratory). Use molecular typing to identify the putative 
routes of transmission of a pathogen in the facility. To reduce the costs, start with 
combating contamination in a CCA where the risk for contamination of the food 
commodity is the highest.  

5.1  Control of  L. monocytogenes  During Food Processing
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5.1.3.7    Commandment 7: Be Aware of Phases of Reconstruction 

 During building work, hygiene measures are usually diffi cult to maintain at a food 
processing facility. On the one hand, craftsmen of various occupations with no 
training in hygiene need to have access to the FPE. Recommending the use of 
hygiene protection (overshoes, overcoats) to craftsmen is frequently in vain because 
it limits their maneuverability. Building material, often stored before use outdoors, 
needs to be carried around. Insects and rodents can get access to the FPE. On the 
other hand, the FBO frequently needs to produce food in processing rooms adjacent 
to the reconstruction area. Be aware of the increased risk of cross contamination 
during such reconstruction periods, and construct physical barriers between food 
production and construction. Try to prevent access of craftsmen to production areas 
as much as possible. Observe careful and intensifi ed sanitation programmes in the 
processing areas during the reconstruction phase, and sanitise the entire FPE after 
completion of the reconstruction phase. Verify the success of this process by subse-
quent sampling of the FPE.  

5.1.3.8     Commandment 8: In Cases of Widespread Contamination, 
Critically Review the Floor Sanitation Procedures Applied 

 If FPE monitoring demonstrates a widespread contamination of a genetically indis-
tinguishable  L. monocytogenes  strain, re-consider your sanitation procedure (Who 
is in the sanitation team? Sanitiser used? Concentration used appropriately? All 
areas covered? Are the surfaces allowed to dry off before food production begins 
again?) and the workfl ow pattern. Use drain water sampling to control the effi ciency 
of sanitation. Don’t forget to sample the biofi lms in drains.  

5.1.3.9    Commandment 9: Structure Your Data 

 After all the experience gained, we are confi dent that safe food production is pos-
sible even if there is contamination of a FPE. However, the following criteria must 
be met:

•    The extent of contamination must be known (implies intensifi ed sampling)  
•   Contamination was never detected in the food commodity produced  
•   FPE contamination is infrequent (reported only irregularly)  
•   Contamination is detectable only in compartments where a risk for cross- 

contamination is low  
•   The food produced does not support growth of  L. monocytogenes  on its surface    

 To demonstrate that the FBO has met these requirements, organization of the 
self-control data is necessary and must be put into a structured decision making 
process. We recommend to seek the advice of experts that help to facilitate the deci-
sion making process.  
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5.1.3.10    Commandment 10: Carefully Document Your Progress and Efforts 

 Documentation is a pillar in any FBO communication process, either within an 
operation or with regulators or specialists from the outside. Documentation of 
ingredients and raw materials used as well as any contamination patterns is essen-
tial. A map of the facility can help with this (Fig.  5.1 ).     

5.2     Bacteriocins 

 Bacteriocins have the potential to inhibit other bacteria, including pathogens, in 
many cases resulting in cell death. Therefore, they have potential as a mechanism to 
control  L. monocytogenes . Bacteriocins are ribosomally-synthesised peptides that 
are pore-forming agents, which act by disrupting the integrity of the target cell 
membrane. The spectrum of activity can be broad, where a wide variety of unrelated 
species are inactivated, or narrow, where only closely related species are inacti-
vated. Lactic acid bacteria (LAB), in particular, are known to produce a variety of 
broad and narrow spectrum bacteriocins possessing characteristics that make them 
ideal for use in pathogen inactivation. These characteristics include their host range, 
their pH- and heat-tolerance, and the fact that they are non-toxic. In addition, they 
are inactivated by host proteases, resulting in little or no effect on the host micro-
fl ora (Gálvez et al.  2007 ). Bacteriocins may have several different modes of action, 
such as inhibition of cell wall synthesis, inhibition of both DNAse and RNAse 
activity, and more commonly, formation of pores in the membrane of the target cell 
(Cleveland et al.  2001 ). 

  Fig. 5.1    Sampling plan results mapped for a food processing facility before ( a ) and after ( b ) cor-
rective action was implemented to control  L. monocytogenes  (Dalmasso and Jordan  2014 ).  Green 
spot — L. monocytogenes  negative sample;  coloured X —different colours indicate strains with a 
different Pulsed Field Gel Electrophoresis profi le. The sampling times were approximately one 
month apart (reprinted with permission)       
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 Lactic acid bacteria are ideal candidates for bacteriocin production in biocon-
trol of  L. monocytogenes , as they also have a long history of safe use (Bourdichon 
et al.  2012 ). They are also an integral part of the gut microfl ora of humans and 
animals. The best studied bacteriocin which exhibits anti-listerial activity is nisin; 
a class-I bacteriocin produced by the LAB,  Lactococcus lactis  (Rogers  1928 ) .  
Most research has focused on higher risk pathogens such as  E. coli  O157:H7 that 
are more frequently associated with disease outbreaks. Some studies have focused 
on combination treatments, for example nisin in combination with acids and EDTA 
(Bari et al.  2005 ). 

 Other bacteriocins, such as pediocin and enterocin, which are not currently used 
commercially, have been shown to have potential for application as food preserva-
tives. Pediocin is a class-IIa bacteriocin, which differs from nisin in that its host- 
range is considerably narrower; however, it is highly specifi c in its activity against 
 L. monocytogenes . Enterocin AS-48 has a similar effect on  L. monocytogenes  
growth on food (Cobo Molinos et al.  2005 ). In that study, an immersion treatment 
with 25 μg/ml of the enterocin AS-48 resulted in a signifi cant reduction of  L. mono-
cytogenes  counts of up to 2.3 log CFU/ml when compared to an untreated control. 
Mundticin, a bacteriocin produced by  Enterococcus mundtii , was found to have 
potential in biocontrol of modifi ed atmosphere packaged and stored mungbean 
sprouts when used in a washing step or as a coating (Bennik et al.  1999 ). BACTIBASE 
is a specifi c online database dedicated to bacteriocins (  http://bactibase.pfba-lab-tun.
org/main.php    ). While the producer and target organisms are listed, there is little 
information relating to food substrates or effi cacy in food systems. 

 To date, insuffi cient data has been generated to obtain a complete picture of the 
potential use for many bacteriocins. The current regulatory situation dictates against 
the use of bacteriocins as biocontrol agents as in many cases there is currently insuf-
fi cient supporting data to assure the regulatory authorities of their effi cacy and 
safety. Nisin, discovered in the 1940s, is the only bacteriocin to have been granted a 
license for use in food to date (Gálvez et al.  2007 ). Considering the fact that the 
effi cacy of bacteriocins is dependent largely on surrounding environmental factors, 
there is much further research required in this area in order to ascertain the optimal 
environmental conditions under which each particular bacteriocin can be applied.  

5.3     Bacteriophage 

 In 1919, Felix d’Herelle discovered bacteriophage (Fig.  5.2 ), (D’Herelle  1922 ) and 
was the fi rst to propose their use as biocontrol agents. However, the fact that early 
clinical trials involving phage therapy were deemed unreliable, coupled with the 
discovery of antibiotics, has meant that interest in studying phage as biocontrol 
agents seemed unnecessary. It has only been in recent times, with the observed 
increase in antibiotic resistance in pathogens, that the focus of research has shifted 
back to development of phage-based treatments.  

 Bacteriophages are logical candidates for biocontrol of  Listeria monocytogenes  
in food. They are numerically the most abundant organisms on earth, outnumbering 
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bacteria in many environments by a factor of 10 (Brüssow et al.  2004 ). They exhibit 
a high degree of specifi city towards their target host bacterium, and as a result, are 
safe for use in food processing, considering they will have no detrimental effect on 
the microfl ora of the eventual consumer, nor will they have an effect on any other 
desired bacteria in the food. In addition, they are composed entirely of proteins and 
nucleic acids; their eventual breakdown will be equally as harmless to the host. 
Moreover, bacteriophage also possess other desirable attributes, including a relative 
stability during storage, and the ability to self-perpetuate (Carlton et al.  2005 ). Of 
particular importance in terms of suitability for biocontrol of  L. monocytogenes  is 
fi nding a virulent phage that is strictly lytic (Fig.  5.3 ), rather than a lysogenic phage 
which can be genetically unstable. Lytic phage are genetically stable, will always 
kill infected cells, and cannot therefore integrate its genome into that of the bacterial 
chromosome to form a lysogen (Guenther et al.  2009 ). In addition, it is preferable 
to choose phage that are incapable of transduction, and thus incapable of facilitating 
phage-mediated horizontal gene transfer (Brüssow et al.  2004 ). It is also of critical 
importance that the full genome sequence of such phage is known, and that any 
phage applied to food does not encode any virulence factors or toxins which may be 
harmful (Hagens and Loessner  2010 ).  

 The consensus among microbiologists is that bacteriophages do not have any 
known adverse effects on humans, animals, or the environment. For this reason, 
many scientists and food safety experts predict that bacteriophages could become a 
useful tool in the reduction of dangerous pathogens in the food chain. However, 
there are concerns that limited safety data testing has been undertaken, although 
bacteriophages have been widely used for treatment of human diseases in the for-
mer Soviet Union (Chanishivili and Sharpe  2010 ). 

  Fig. 5.2    Image of a 
bacteriophage attacking a 
bacteria       
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 The renewed interest into use of bacteriophage as biocontrol agents has resulted 
in the development of several commercial products designed for this purpose. In 
2006, the fi rst such product, namely the LMP-102 phage preparation (now more 
commonly known as ListShield™), was granted GRAS (Generally Recognised As 
Safe) status by the FDA for use as a food additive in the control of  L. monocytogenes  
in ready-to-eat foods (Lang  2006 ). This preparation consists of six different phage, 
which have been shown to be an effective cocktail against 170 bacterial strains 
(Bren  2007 ). Another phage preparation known as Listex™ was also granted GRAS 
status by the USDA’s food safety and inspection service in 2006 for use on foods to 
control  L. monocytogenes  (Lang  2006 ). This approval means that Listex™ no longer 
has to be listed as a food additive when used in the processing of food. In addition 
to this, a more recent alteration to the GRAS status of Listex™ identifi es the phage 
product as a processing aid (Goodridge and Bisha  2011 ). With regard to specifi city 
for pathogenic  L. monocytogenes  serovars, the Listex™ P100 phage preparation has 
been demonstrated to be able to infect up to 95 % of isolates belonging to the serovar 
groups 1/2a,b and 4b (Klumpp et al.  2008 ; Carlton et al.  2005 ). 

  Fig. 5.3    Life cycle of a lytic bacteriophage (Jordan and McAullife  2012 ; reprinted with permission). 
 Step 1 : Bacteriophage initially adheres to the surface of the bacterial cell through attachment sites 
on the phage, adsorbing to receptor sites on the host bacterium.  Step 2 : Phage injects its genome into 
the bacterial cytoplasm.  Step 3 : Phage then replicates its genome and uses the bacterium’s metabolic 
machinery to synthesize phage enzymes and phage structural components.  Step 4 : The phage par-
ticles are then constructed and undergo maturation and release of the intact bacteriophages       
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 The effi cacy of the Listex™ P100 phage, and indeed all phage products used in 
food processing, depends on many extrinsic and intrinsic parameters. Such param-
eters include concentration of the phage applied, environmental conditions (such as 
the type of food, consistency, and specifi c matrix), ionic strength and pH of the 
bacterial surface (both of which are critical to the effectiveness at which phage bind 
to their ligands), and storage conditions (Guenther et al.  2009 ). 

 A review of bacteriophage-based biocontrol strategies against foodborne patho-
gens (Goodridge and Bisha  2011 ) summarised the applications of such strategies. 
More specifi cally, Leverentz et al. ( 2003 ,  2006 ) studied the application of lytic bac-
teriophage for biocontrol of  L. monocytogenes  (Leverentz et al.  2003 ,  2006 ). They 
showed that the phage reduced  L. monocytogenes  concentrations on honey dew mel-
ons by 2.0–4.6 logs as compared with the control, but on fresh cut apples, the phage 
cocktail only reduced the  L. monocytogenes  by <0.4 log units. It is possible that the 
reduced effi cacy of the phage on the apple slices was due to the low pH (pH 4.4) on 
the cut surface of the apples. In combination with the bacteriocin nisin, a greater 
reduction in  L. monocytogenes  was seen (Leverentz et al.  2003 ). A similar result was 
found by Dykes and Moorhead ( 2002 ), although in laboratory media, not in a practi-
cal application. In a further study with honey dew melons, Leverentz et al. ( 2006 ) 
showed that a cocktail of six phages resulted in a larger reduction in  L. monocyto-
genes w hen the phages were applied at higher concentrations (Leverentz et al.  2006 ). 
This highlights the importance of phage dose during practical application. 

 A further study (Guenther et al.  2009 ) demonstrated the effi cacy of two broad 
host range phages (A511 and P100) for control of  L. monocytogenes  on lettuce 
leaves and cabbage. The vegetables were artifi cially contaminated with bacteria 
(10 3  CFU/g), followed by addition of phage at concentrations of 3 × 10 6 –3 × 10 8  PFU/g, 
with storage at 6 °C for 6 d. The results indicated that the phages were able to reduce 
the concentrations of the  L. monocytogenes  strains by more than 2 logs in both the 
lettuce and cabbage. 

 These results demonstrate the effectiveness of using phages to control pathogens 
on food. In addition to the bacterial reductions, the studies are noteworthy because 
they show that phage treatments can control  L. monocytogenes  at refrigeration tem-
peratures. However, further research on applications of bacteriophage, and combi-
nations of bacteriophage and bacteriocins, is required. In particular, organic farming 
practices dictate that only natural antimicrobials be used in production, which 
makes phages an obvious choice as a biocontrol approach in such establishments.  

5.4     Antagonistic Cultures 

 Many different cultures are used to inhibit pathogen growth on food. In general, the 
effi cacy of the antagonism has been studied, but not the mode of action. This lack 
of characterisation of the compounds involved means that these antagonistic cul-
tures are further from practical application than other, more characterised mecha-
nisms of inhibition like bacteriocins and bacteriophages.       

5.4  Antagonistic Cultures
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    Chapter 6   
 National Listeria Monitoring Programmes 

                    Monitoring the occurrence of  L. monocytogenes  in the food processing environ-
ment, especially small RTE food processing environments, is important and can 
have an impact on reducing such occurrence. There are many surveys of  L. mono-
cytogenes  occurrence (Table   2.2    ), and these are valuable in creating awareness of 
 L. monocytogenes  occurrence in particular places. However, even more valuable are 
National surveys that continually monitor food processing environments on a regu-
lar basis. Such programmes facilitate awareness of  L. monocytogenes  occurrence, 
and also facilitate comparative analysis of occurrence over time. 

6.1     Austrian Listeria Monitoring Programme 

 In an attempt to control  L. monocytogenes , the Austrian cheese industry has instigated 
a voluntary sampling programme aimed at early detection of  L. monocytogenes  fol-
lowed by targeted intervention strategies. The Austrian  Listeria  monitoring programme 
comprises various levels of investigation; Level 1 deals with the routine monitoring of 
samples, Level 2 is an intervention phase if positive results are detected, Level 3 is an 
intensive sanitation phase and requires confi rmation of successful control. 

  Level 1     Routine monitoring. Samples associated with cheese processing (such as 
smear, brine or wash water) are analysed at least every month. Smear liquid can be 
used to spread on the surface of cheese and is a good matrix to monitor cross con-
tamination. Where smear is not used, brine or wash water (used to clean trolleys or 
trays) can be used. Alternatively, drain water can be a good sample matrix for detec-
tion of processing facility contamination. Negative results are certifi ed and used by 
the company management to document the status of safety. If  L. innocua  or other 
non-pathogenic Listeria are detected, an inappropriate status of hygiene is recorded 
as it is possible that pathogenic  L. monocytogenes  are introduced by the same route 
as the non-pathogenic species. Reconsideration of hygiene measures are recom-
mended to the company management.  

http://dx.doi.org/10.1007/978-3-319-16286-7_2#Tab2
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  Level 2     Intervention. If  L. monocytogenes  is detected, an intervention phase is ini-
tiated. An increased number of samples are collected by the factory personnel from 
sources which have shown contamination and from additional sources (tanks, racks, 
conveyor belts, etc.). The intervention examination is intended to clarify the extent 
of the contamination scenario. It should also help the manufacturer to decide 
whether a risk for cross-contamination to processed food has arisen. Isolates from 
food contact materials are treated as if those would have been isolated from the food 
commodity itself. In parallel, investigations of cheese samples according to the 
legal requirements determine whether a FPE contamination has already reached the 
food batch. If yes, and a test indicates that a food batch does not comply with the 
legal requirements then the batch should not be delivered or should be recalled from 
the market (internal recall).  

  Level 3     If the intervention examination confi rms the monitoring result, a scrupu-
lous sanitation of the FPE in addition to routine procedures is strongly recom-
mended (Level 3). The sanitation usually cannot be performed without advice from 
external experts. The sanitation should be systematic, including a crucial survey of 
all factors that might drive the contamination scenario. This in particular includes a 
critical review of hygiene barriers, internal traffi c management, the maintenance of 
buildings and rooms, and the cleaning and disinfection procedures applied. Typing 
of in-house strains supports the sanitation specialist to trace the contamination to 
hotspots from where  L. monocytogenes  might re-contaminate. A heavily contami-
nated FPE is diffi cult to sanitize. In most cases the goal is to control the contamina-
tion to spots from where a food batch contamination can be excluded. This status of 
a co-existence of FPE contamination with pending food processing is a fragile real-
ity in many food processing enterprises and should be monitored carefully.   

6.2     Irish Listeria Monitoring Programme 

 As part of an initiative by the Food Institutional Research Measure (funded by the 
Department of Agriculture, Food and the Marine), a project on Listeria monitoring 
in food processing environments in Ireland commenced in March 2013. Sixty-seven 
FBOs take part in the project and can be categorised into several industry sectors: 
dairy, meat, fi sh, vegetable and miscellaneous. The majority of FBOs produce at 
least one RTE food and are located throughout the Republic of Ireland. 

 Every 2 months, each FBO sends samples to a participating laboratory to be 
analysed by the ISO 11290 method. A sample set generally consists of six environ-
mental swab samples and two food samples, although liquid samples can also be 
sent if FBOs have brine, water etc. to be tested. Environmental swabs are analysed 
immediately while food samples are stored and analysed following the best before 
date, in order to prevent recall issues which would discourage FBOs from taking 
part in this voluntary programme. 

6 National Listeria Monitoring Programmes



75

 FBOs are informed of presumptive results immediately and positive isolates are 
stored and further characterised. Confi rmatory PCR, serotyping and PFGE are per-
formed on all isolates obtained. PFGE allows the identifi cation of persistent strains 
and FBOs are offered advice especially if particular contamination issues (such as 
persistence) are identifi ed. 

 Through this programme, a pattern of contamination in Irish food processing 
facilities can be seen and a general  L. monocytogenes  contamination level of 4.6 % 
was found in the fi rst year of the programme with similar percentage of positives 
found in food and environmental samples (Leong et al.  2014 ). 

 A similar programme has just commenced in Northern Ireland.       

6.2 Irish Listeria Monitoring Programme



77© The Author(s) 2015  
K. Jordan et al., Listeria monocytogenes in the Food Processing Environment, 
SpringerBriefs in Food, Health, and Nutrition, DOI 10.1007/978-3-319-16286-7_7

    Chapter 7   
 Conclusions 

                    Despite extensive research, outbreaks related to  L. monocytogenes  continue and 
issues like host factors effecting pathogenicity and virulence factors are not fully 
resolved. As  L. monocytogenes  is ubiquitous in the general environment, elimination 
of the organism is an unreasonable objective. Therefore, control of  L. monocyto-
genes  is vital in addressing prevention of listeriosis. Awareness of the prevalence of 
 L. monocytogenes  in food processing facilities and use of appropriate control mea-
sures are important tools in the efforts for such control. Process control sampling and 
analysis are an important aspect of control measures. Reducing occurrence in the 
food processing environment reduces the risk of cross-contamination to food, and 
therefore has an impact on public health.   
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