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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.   
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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 
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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 ).        
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