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xv

From a food manufacturer’s point of view, the consumer is the number one priority and the safety and quality of their 
products is of primary importance. Consumers must trust their food supply and the industry works tirelessly to maintain 
that trust. Therefore, it is a privilege to be asked to provide a foreword to a book devoted to such an important topic as 
hygiene control in the food industry. Hygiene, hygienic design, and the subsequent monitoring of their effectiveness are 
of critical importance in establishing and maintaining a safe food supply as well as contributing to the overall success of a 
food-handling facility. All processes must begin with clean equipment!

Proper hygienic design and the appropriate cleaning regimen offer the opportunity for efficient and effective prod-
uct changeovers, which provide positive business benefits. These factors can directly contribute to the overall results of 
a manufacturing facility by providing line flexibility to meet changing consumer demands, for example, reduction in 
allergen labeling and/or preservatives. In addition, a properly designed line with proper considerations to cleaning offers 
employee benefits by way of ease and accessibility for cleaning. In order to compete effectively in a challenging environ-
ment, a facility should be able to incorporate both line flexibility as well as hygienic control. The converse effect can be 
low production output and the potential for recalls that can impact the company’s livelihood and erode consumer trust.

An important aspect of maintaining that trust is to ensure that food safety remains a constant focus and lessons 
learned from incidents are shared widely. Knowledge of the risks associated with poor hygienic design is extremely 
important and it is important to draw on the experience of others such as the authors of this book. They are experts on 
food hygiene and have joined together to provide their knowledge on this important subject. Topics such as hygienic 
design, hygiene and cleaning, as well as monitoring and verification are shared through these pages. The information pro-
vided will benefit your own programs and help raise the bar on food safety across the industry.

Foreword

Matilda Freund 
Senior Director, Global Quality, Mondelēz International

Dr. 
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Despite the increase in knowledge of the causes of foodborne illnesses and the many experts traveling around the world 
to spread the word about how to prevent them, they still happen and from the available reports it may be concluded that 
in many cases the incidents could have been prevented. Regrettably, hygiene control is still not properly addressed every­
where. Since the publication of the first edition of this book there have been severe incidents that would not have taken 
place if those responsible had understood what was needed to avoid the hazards or reduce their incidence. The success of 
the first edition of this book, published more than 10 years ago, and the developments in the field of hygienic processing 
since then, made it highly desirable to produce a second edition.

This book is intended to build upon and expand subjects covered in a general manner in Hygiene in food processing, 
which itself has been published as a second edition in 2014. Hygiene in food processing also contains unique chapters 
on “Food hygiene regulations in the EU,” “Verification and certification of hygienic design,” “Hygiene control in the 
application of compressed air and food gasses,” “Hygienic practices for equipment maintenance,” and “Food hygiene and 
foreign bodies.” The chapter on “Hygienic design of food factory infrastructure” was seen as so important, as so little 
information has been published on this topic, that a new book, Hygienic design of food factories was published, forming 
the third volume in this Woodhead Publishing trilogy of food hygiene books.

Part I of this book, Management of Hazards and Risks, builds upon the following chapters published in Hygiene in 
food processing: “Hazards, sources and vectors of contamination,” “Control of airborne contamination in food process­
ing,” “Personal hygiene in the food industry,” “Pest control in food businesses,” and “Pest control of stored food prod­
ucts.” Part I is a large section containing 16 chapters, including a number of chapters moved from Part III of the first 
edition: “Risk assessment in hygiene management,” “Managing the risks from allergenic residues,” “Managing contami­
nation risks from food packaging materials” (new author), “Managing contamination risks from pests,” and “The role 
of standard operating procedures.” Four chapters remain from the first edition and have been updated. The chapter on 
“Pathogen resistance to sanitizers” (new author) has been moved to Part III of this book. New chapters have been added 
to reflect new thoughts on the management of food safety; HACCP; the greater adoption of foodstuffs associated with 
religious practices, new concepts in human psychology and the implementation of GMPs and the extension of the scope 
of this book to address hygiene in food service.

Part II of this book, Plant and Equipment, builds upon the following chapters published in Hygiene in food processing: 
Hygienic design of food processing equipment” and “Food processing equipment construction materials.” Part II is also 
an extensive section with 7 updated chapters, including a new author for “Hygienic design of packaging equipment.” A 
number of new chapters have been added to include a global view of hygienic design legislation, standards and guidance; 
a range of new equipment areas including freezing equipment, fish processing equipment, conveyors and aseptic equip­
ment and a chapter on new developments in food contact materials. The chapter on “Hygiene in transportation,” incorpo­
rated from Part III of the first edition has not been updated. The following chapters from the first edition of this book on 
“Improving building design,” “Improving zoning within food processing plants,” “Improving the design of floors,” and 
“Improving the hygienic design of electrical equipment” have been incorporated into Hygienic design of food factories 
and the chapter on “Improving hygienic control by sensors” has been removed.

Part III of the first edition, Improving hygiene management and methods, contained 20 chapters and was felt to be too 
broad and extensive. In the second edition, chapters from Part III have either been moved to Parts I and II of this edition 
or the remaining chapters have been split into two parts: Part III, “Cleaning and Disinfection” and Part IV, “Monitoring 
and Verification.” The following chapters from Part III of the first edition “Improving cleaning-in-place,” Improving 
cleaning out-of-place,” and “Improving the cleaning of tanks” have been incorporated into the chapters on CIP and clean­
ing and disinfection in Hygiene in food processing. Similarly the chapter on “Contamination routes and analysis in food 
processing environments” has been incorporated into the chapter on hazards, sources and vectors of contamination in the 
same book. The chapter on “Good manufacturing practice (GMP) in the food industry” has been removed.

Preface to the Second Edition
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Part III of this book builds upon the following chapters published in Hygiene in food processing: “Cleaning and 
disinfection practices in food processing,” “Cleaning in place (CIP) in food processing,” and “Economics and manage­
ment of hygiene in food plants.” Five of the original Part III first edition chapters have been retained in this section and 
updated, with new authors for the chapters “Ozone for food decontamination,” “Enzymatic cleaning in food processing,” 
and “Traceability of cleaning agents and disinfectants.” The new chapter on ozone decontamination is in tribute to the 
original author, Dr. Louise Fielding, who died too young and was a fond colleague of the editors. New chapters have 
been added to include the effect of surfaces on cleaning; cleaning in dry material processing facilities; the development of 
electrolyzed water disinfectants, which can be generated in situ; the increasing need to validate cleaning systems and how 
it should be undertaken; the potential for the development of pathogen resistance to disinfectants and the broadening of 
hygienic design concepts to include the selection, use, maintenance, and hygienic design of manual cleaning equipment.

Part IV of this book builds upon the following chapter published in Hygiene in food processing: “Microbiological 
environmental sampling, records and record interpretation.” Part IV contains the remaining five chapters of the original 
Part III of the first edition. All chapters have been updated by the original authors, with the exception of the chapter “Air 
sampling,” which has been marginally updated by one of the editors, but the principles of which are still relevant. There 
are no new chapters in Part IV.

We believe that with the dedicated contributions from the original authors and in several cases from new but very 
capable authors, we have succeeded in making the second edition valuable for everybody responsible for the safety 
of processed food products. These are on the one hand the designers and manufacturers of the equipment and on the 
other hand those directly responsible for safe production of the food products themselves. Again, it is hoped that stu­
dents in food science, food technology, food engineering, microbiology, and food chemistry will benefit from using this 
handbook. In particular because, in most curriculæ, hygiene control is sparsely covered. It is a pleasure to know that 
the International Union of Food Science and Technology (IUFoST), in cooperation with the World Bank has decided to 
develop a Global Food Safety Curricula Initiative (GFSCI), which we trust in cooperation with the European Hygienic 
Engineering and Design Group’s (EHEDG) expertise in hygienic design, will become a global success.

Huub Lelieveld, John Holah, and Domagoj Gabrić



xix

Following the publication of Hygiene in Food Processing, the editors have focused in this book on how current best 
practice in hygiene may be further improved. The food-related illnesses reported daily in surveys of the European and 
American food safety authorities, for example, show that, in many instances, such improvements are highly desirable. 
We hope therefore that this book will not only reach those who are now responsible for product quality and safety in food 
companies, and for the design, building and installation of food plants, but particularly also to those who will assume 
such responsibility in the future. Students in food science, food technology, food engineering, microbiology, and food 
chemistry may benefit from using this handbook, since much of the information needed in practice in the food industry—
in its widest sense—is, in most cases, not part of the courses they follow.

The book starts with an introduction discussing the history of hygiene. This chapter discusses the first origins of 
hygiene as a concept thousands of years ago. It demonstrates very clearly why hygiene is so important and why, even 
today, people die because of not complying with basic hygiene requirements. To be able to decide on measures to con-
trol product safety, it is essential to understand the risks associated with product safety. Part I therefore is devoted to the 
range of microbiological risks in food processing. Risk perception is one of the most important determinants of consumer 
behavior in the hygienic handling and consumption of food. It is also important because factors influencing consumer 
behavior may be very similar to those affecting the behavior of employees in the food chain. Part I therefore includes a 
chapter discussing consumer risk perception since an understanding of such behavior may help to devise effective meas-
ures to reduce risks or eliminate undue hazards.

Part II is devoted to improving the design of production facilities: buildings, equipment, and equipment components. 
It covers areas not covered in previous books on the subject, such as requirements for electrical installations and sensors. 
Understanding risks in food production and hygienic design requirements, however, will not guarantee hygienic produc-
tion. Inadequate management is often a factor in food safety incidents. Part III therefore discusses risk management and 
control, covering such areas as good manufacturing practice (GMP) and standard operating procedures (SOPs) in relation 
to processing, cleaning, and sanitation. It also covers ways of monitoring the effectiveness of hygiene in food processing.

If you bought this book to address issues that you want to solve, we hope that you will find the answers or, at least, 
where to go next to find the answers. In case you come across issues that you feel are important but have not been 
addressed, we invite you to contact us so that we may take this into account in future editions of the book.

In Part I, chapter “Consumer Perceptions of Risks from Food” provides a general introduction to what the following 
chapters cover. Parts II and III include brief introductions to the main themes that follow.

Preface to the First Edition

Huub Lelieveld, Tineke Mostert and John Holah
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1.1  INTRODUCTION

Traditionally, the term “hygiene” has been associated with cleanliness: cleanliness of the environment, hands or other 
body parts, clothing, etc. Also, it is often associated with the presence or absence of microbial contamination, in particu-
lar fecal organisms. However, as is discussed in this introductory chapter, the term encompasses a much broader concept. 
This chapter reviews the significance of food hygiene, its development throughout history, perceptions and misconcep-
tions on the subject, and the present situation.

1.2  WHAT IS FOOD HYGIENE?

The term hygiene originates from the Greek “Hygeia,” the goddess of health. Dictionaries define it as the principles  
(or science) for maintaining health and the practice of these. According to this definition, food hygiene can therefore be 
interpreted as all the principles and practices relating to food which are essential for maintaining health.

The Codex Alimentarius Commission (CAC), the international body which sets standards for foods, defines food 
hygiene as “all conditions and measures necessary to ensure the safety and suitability of food at all stages of the food 
chain.” Thus, the term food hygiene covers two concepts, (1) food safety and (2) food suitability (CAC, 2009).

According to the CAC, food safety is “the assurance that food will not cause harm to the consumer, when it is pre-
pared and eaten according to its intended use,” whereas food suitability is “the assurance that food is acceptable for 
human consumption according to its intended use.” Implicitly, it refers to aspects of quality such as:

●	 absence of spoilage (be it chemical or microbiological degradation);
●	 absence of foreign bodies (eg, flies, hair);
●	 food authenticity (including proper information on the product and ensuring that it is not adulterated); and
●	 cultural and religious acceptability.

At first glance, the definition given by the CAC may appear to reflect a broader concept than that given in the dic-
tionary as it also includes qualities that seemingly have no direct impact on illness. However, considering “health” in its 
broad sense, that is, as defined by the World Health Organization (see Box 1.1), one realizes that health is more than the 
absence of illness and that the two definitions concur. In effect, when a product causes distress for consumers, even in 
the absence of physical illness, the principles of food hygiene are not respected; such as the case of the horsemeat scan-
dal which swept Europe in 2013. One could see that two of the above criteria of food suitability, that is, authenticity and 
cultural and religious acceptability, had been violated and this situation created a great deal of outrage among consumers. 
Note that the outrage of consumers and their perception and ethical preferences also come into the picture in another con-
text as well, that is in the context of “risk analysis” and the decision-making process (see Section 1.5.1).

Another term often associated with hygiene, and also noted in dictionaries, is the world “cleanliness.” Therefore, the 
term food hygiene has been commonly associated with the cleanliness of food and its protection from visible dirt. A 
consequence of this perception has been that in food hygiene, traditionally the emphasis has been on the ability to clean 

Chapter 1

The Starting Point: What Is Food Hygiene?
Y. Motarjemi
Formerly Senior Scientist, World Health Organization, Geneva Switzerland; Independent Consultant, Nyon, Switzerland; Formerly Corporate Food 

Safety Manager, Nestlé, Vevey Switzerland

BOX 1.1  Definition of Health According to the World Health Organization

“Health is a state of complete physical, mental and social well-being and not merely the absence of disease or infirmity”
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and to ensure that facilities for washing and waste disposal are available. As will be seen below, these measures, although 
essential, were not always sufficient to protect health and adequately and effectively prevent foodborne illnesses.

Subsequently, in the 1990s, there was a fundamental change in the management of food safety and food suitabil-
ity; from the traditional sanitary and empirical methods, the approach to food hygiene control shifted to a science-based 
analysis of risks and control measures. This led to the advancement of the Hazard Analysis and Critical Control Point 
(HACCP) system as a method of food safety management in food production. This system will be presented in chapters 
“HACCP” and “Food Safety Management: State of the Art.”

1.3  HISTORICAL DEVELOPMENTS

Food hygiene has been of concern to humankind since the dawn of history. In earlier times, the major concern and threat 
to human survival was probably the consumption of poisonous foods. It is presumed that primitive humans used their 
sensory perceptions, that is, taste and smell, together with memory to evaluate the safety of their food. In other words, 
consumers would directly taste the food and would, through trial and error, learn which ones were safe and which ones 
were to be avoided. The cold climate during the ice age provided a natural preservation method and prevented growth of 
spoilage and pathogenic microorganisms. Later, the discovery of fire constituted a major milestone in the history of food, 
as cooking food, particularly meat, over a fire contributed to its nutritional quality and microbial safety. Today, we know 
that it may also have introduced some process contaminants, such as polycyclic aromatic hydrocarbons and acrylamide. 
In the Middle East, fermentation has also been used since Neolithic times (10,000 years BC), for preservation of food and 
production of beer, wine, leavened bread, and cheeses (Ryan, 2014; Fox et al., 2011).

For these early societies, these perseveration and transformation techniques were based on empirical experience, with-
out any knowledge and understanding of the mechanisms which ensured their safety (Shurtleff and Aoyagi, 2004).

As civilization progressed, in many cultures, religious rules prescribed food handling practices that protected people 
from certain foodborne diseases. However, the flourishing of trade gave rise to concerns for food adulteration and fraud. 
It is reported that in the Hammourabi Code (1730 BC), Babylonians introduced laws for the protection of the population 
from adulteration and fraud. Sumer and Achad civilizations also made specific provisions for the preparation of cheese.

For many years, the progress was very slow. A turning point in the history of food hygiene was the discovery and utiliza-
tion of microscopes by Anton von Leeuwenhoek (1632–1723) who first reported seeing microbes. He called these “animal-
cules.” Later in the 19th century, the work of scientists such as Louis Pasteur (1822–95) who developed the germ theory, and 
Robert Koch (1843–1910) known for the criteria which establish the causal relationship between a pathogen and an illness, 
set the foundation of modern food hygiene and food microbiology. Advances in science and technology in the last 200 years 
led to new methods of food preservation. Some, like canning or spray drying, were initially for military purposes. These 
methods were instrumental in transforming lifestyle and set the ground for the industrialization of food production. Scientific 
developments in analytical techniques have also been an important impetus in the development of food hygiene, as they have 
increased scientists’ understanding of biological hazards, their ecology, and their methods of control.

In spite of this progress, until the 1970–80s, in many countries, food hygiene remained an empirical science, principally 
based on codes of good practice. As many prevalent infectious diseases, for example, cholera, shigellosis, typhoid, and para-
typhoid fevers, were attributed to the use of unsafe water or poor sanitation, the use of unsafe water was the main concern and 
the codes focused principally on sanitary measures. The role of food in these diseases, and more generally diarrheal diseases 
were often overlooked. The management of food establishments was also heavily based on visual inspection, and sometimes on 
subjective judgments. As laboratory techniques developed, microbiological or chemical testing of food products came to com-
plement visual inspection and formed the basis for food safety management. Where these measures have been implemented, 
they have been effective in preventing and reducing diseases such as cholera and typhoid and paratyphoid fevers for which 
water plays a central role in their spread in the environment. However, they have been insufficient to prevent their transmission 
through foodborne route or other types of foodborne diseases, some of which increased dramatically.

In the mid-1980s and 1990s, with the increase in foodborne diseases and a number of adverse food safety events, pub-
lic health authorities realized the magnitude of the challenges that they were facing namely:

●	 A substantial increase in a number of foodborne diseases such as salmonellosis, campylobacteriosis, listeriosis, 
Escherichia coli O157 and the serious and chronic health consequences of these.

●	 Increased likelihood of large-scale foodborne disease outbreaks, due to industrialization, mass production, and 
extended markets.

●	 Emergence of new pathogenic agents such as enterohemorrhagic E. coli, Campylobacter spp., and opportunistic 
pathogens such as Cryptosporidium, Listeria monocytogenes, and Cronobacter sakazakii (previously Enterbobacter 
sakazakii).
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●	 Increase in the number of vulnerable individuals, in particular immunocompromised individuals and the elderly.
●	 Urbanization and change of lifestyle with a subsequent increase in the number of out-of-home meals and a growing 

number of establishments for food services and work canteens.
●	 Increase in the international trade in food and travel with the risk of importing contaminated food or infected  

persons.
●	 International recognition of the role of food contamination in infant diarrhea and its association with malnutrition.
●	 Generally, the recognition of the role of professional and domestic food handlers in food safety and the need for their 

education and training. This posed a tremendous challenge, as it basically means, with the exception of newborns, 
educating (and/or training) an entire population, as any member of the population is a potential food handler.

Parallel to these developments, a number of adverse events contributed to an increased concern. Among these were:

●	 The cholera epidemic in Latin America and Africa in the 1990s raised the awareness of the governments of the devel-
oping countries on the importance of food safety management; countries that were affected by cholera saw their food 
export embargoed for food safety reasons. Later, the European Union extended their food import embargo to all those 
countries that could not demonstrate adequate capabilities in controlling the safety of their food supply.

●	 In Europe, a wave of several food safety crises, notably the BSE crisis in 1996 and 2000 and the dioxin crisis in 
1999, revealed gaps in food safety management. Worldwide outbreaks of foodborne diseases caused by pathogens 
such as Salmonella, enterohemorraghic E. coli, and L. monocytogenes, alerted the general public. Subsequently, a 
general atmosphere of mistrust developed in many Western countries. This in turn affected the acceptance of novel 
technologies such as biotechnology, food irradiation, or industrial methods of food preservation such as the use of 
food additives.

●	 Concomitant with the increased public concern, the finalization of the Uruguay Round of Multilateral Negotiations in 
Marrakesh and the establishment of the World Trade Organization (WTO) in 1995 paved the way for increased trade 
in food and feed, and raised concerns about the eventual import of contaminated food and feed. To provide countries 
with the right of protection of their populations, without establishing unnecessary discriminatory regulations, with the 
establishment of the WTO, two agreements came into force. These agreements were:
●	 Agreement on the Application of Sanitary and Phytosanitary Measures (SPS), and
●	 Agreement on the Technical Barriers to Trade.

These agreements also included concepts such as appropriate level of health protection, risk assessment, equivalence,  
which required further clarification.

In this climate of public concern, a number of questions were raised and debated among stakeholders.

●	 How safe should food be?
●	 What should the appropriate level of protection be?
●	 To what level should hazards in food be controlled?
●	 Who decides and what data should be considered in the decision-making process?
●	 How are consistency, objectivity, acceptability, and efficiency ensured?
●	 How efficient and cost-effective is a control measure and at what point of the food chain should a hazard be controlled 

and at what cost?
●	 How are feasibilities and other risk factors considered in the decisions?
●	 How will food safety be controlled in the global market?

From their perspective, consumers represented by the consumer organizations also raised questions such as:

●	 Who is deciding? On what basis?
●	 How is the uncertainty considered in the decision-making processes?
●	 How are stakeholders’ views taken into account?
●	 How are the societal values considered?

These questions gave rise to the principles and concepts such as transparency, precautionary principles, and involve-
ment of stakeholders in the decision-making process, and considering scientific and social values in this process.

The food safety incidents such as BSE and dioxin mentioned above also raised the importance of:

●	 The “Farm to Fork” approach;
●	 The consideration of science and uncertainty in science in the process;
●	 Transparency in decision-making;
●	 The impact of perception on the food supply.
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The WTO/SPS Agreements also contributed to the development of a number of food safety principles. Among others, 
it required that regulations follow a certain number of principles, namely:

●	 Be based on sound scientific assessment of the risk;
●	 Be nondiscriminatory;
●	 Be transparent;
●	 Accept equivalent approaches to achieve the same level of health protection.

Additionally, the WTO referred to the standards, practices, and other recommendations of the CAC as representing inter-
national consensus regarding health and safety requirements for food. In other words, the SPS Agreement recognized the CAC 
as a reference for international requirements for food safety. This meant that countries that rejected food which complied with 
the Codex food safety standards had to provide scientific evidence that the food in question posed a specific risk for their pop-
ulation. Indirectly, this article encouraged countries to align their legislation with the standards of Codex Alimentarius. Short 
of this, they could be challenged by the exporting country, and eventually required by a WTO Dispute Settlement Panel to 
provide scientific evidence, that is, risk assessment data, for having a legislation that is more stringent than the standards and 
recommendations of Codex Alimentarius. An illustrative example of the application of this article was the case of hormones in 
beef for which European countries had to provide evidence of risk before a WTO Dispute Settlement Panel.

These developments at the international level and the increased awareness of the general public led to numerous 
changes in the management of food safety. In the food industry, the application of the HACCP system and traceabil-
ity received heightened attention and, in some countries, it became mandatory. At the governmental level, risk analysis 
emerged as a decision-making process. In some countries or regions, it led to the restructuring of governmental institu-
tions. For instance, in Europe, the European Food Safety Authority was established in 2002 as a result of this.

1.4  CONCEPT OF FOOD SAFETY AND ITS DEFINITION

Today, the subject of food safety has become a discipline in its own right and a formal definition was elaborated in 1997 
by the CAC.

As mentioned above, according to the CAC, food safety is the assurance that food will not cause harm to the con-
sumer when it is prepared and/or eaten according to its intended use.

This definition embodies several important notions:

1.	 The notion of harm which separates the safety aspects of food from other quality aspects that make food unfit for 
human consumption without necessarily presenting a danger to health. The aspects of food which make it unfit for 
human consumption, even though it is safe, are referred to by the CAC as food suitability.

2.	 The concept of assurance, that is, food safety and its management should be based on measures that are in place to 
either prevent any contamination, and/or render it safe. In other words, food safety depends on the conditions in which 
food is produced and prepared, and not on the results of the end-product testing, which for many contaminants cannot 
be a reliable method for food safety assurance. The conditions for ensuring both safety and suitability are referred by 
the CAC as food hygiene.

3.	 Preparation and/or use of a food product should be considered in the design of the safety, and vice versa. A food prod-
uct should be safe if it is prepared and/or used according to its intended use. Subsequently, the intended use should be 
considered by the producer, manufacturer, or those selling the product in the design of the product as well as in their 
information to their customers, if necessary. Customers must also follow the instruction of manufacturers. In this way, 
the definition promotes interaction between the stakeholders of the food chain.

The definition also stipulates that food will not cause harm. However, it is also generally recognized that 100% safety 
does not exist as, realistically, foods cannot be totally void of the presence of the multitude of hazards which are in our 
environment. Even for agrochemical and food additives that undergo extensive toxicological evaluation before they are 
permitted in food, there is always a chance that toxic effects occur. This brings in the notion of risk that is also defined by 
the CAC as a function of (1) the probability of an adverse health effect and (2) the severity of that effect, consequential to 
a hazard(s) in food. Over and above the exposure factor, the risk posed by an agent depends also on three factors:

●	 The susceptibility of the individual;
●	 The nature of the agent, that is, the degree of pathogenicity and virulence (eg, the dose–response relation, bioavailabil-

ity of an agent); and also
●	 The food matrix.
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The dose–response relationship for certain pathogens may be different according to the food matrix. For instance, 
it has been experienced that in a fatty matrix such as chocolate, a lower number of pathogens can trigger illness than in 
some other foods.

As one tries to analyze the notion of safety, one can see that safety is a complex subject, and often very difficult to 
communicate. A frequent misconception and error by the general public is not realizing the difference between hazard 
and risk, that is, the mere presence of a hazard at a certain low level does not necessarily mean that food is unsafe. It 
is the quantity of the hazard in the food and the amount of food ingested, in other words the likely dose of exposure, 
which determines the risk posed by a product. In the case of spore-forming pathogens, spores may not by themselves 
be a risk factor, but conditions leading to their growth are the particular concern. Such is with the spores of Bacillus 
cereus which may be present on rice and not be a risk factor unless the rice is cooked and subjected to time–tempera-
ture abuse.

On a scientific basis, risk assessors can qualitatively and quantitatively evaluate the risks associated with the presence of a given hazard 
in foods. However, the question remains as to when a food is considered as safe? Today, it is generally accepted that a food is safe when 
it does not present an unacceptable health risk for the population. A term which has been used to characterize this limit of acceptability 
of health risk is the term “Appropriate Level of Protection” (ALOP). ALOP is defined by the WTO/SPS agreement as the “level of 
protection deemed appropriate by the Member establishing a sanitary or phytosanitary measure to protect human, animal or plant life or 
health within its territory.”

In relation to food, a corollary is the “food safety objective.” The maximum frequency and/or concentration of a hazard in a food at the 
time of consumption that provides or contributes to the ALOP. Similarly, one can establish limits of hazards at earlier steps of the food 
chain. These are then referred to as “performance objectives.”

However, experience with past food safety crises showed that what is considered as an unacceptable risk in a society 
depends on the perception of the risk by the population, and on a number of other factors such as the cultural and societal 
values (eg, animal welfare, religion, and ethics), other health risks (such as nutritional, microbial, or chemical), other 
societal risks (eg, environment, reputation), feasibility and costs (which itself impacts on the price of food), and consumer 
preferences (organoleptic quality of food). Therefore, in considering measures to control a hazard, authorities have to 
consider these other factors. For instance, to meet the constraints of small or less developed businesses, authorities may 
adapt their HACCP requirements to the conditions of these businesses. Or, considering the food habits of consumers, 
authorities may need to consider specific legislation. In 2008, due to the predilection of some US consumers to eat raw 
cookie dough, the US authorities recommended pasteurization of flour (Neil et al., 2012). These factors are one of the 
reasons for the differences in legislation in different countries.

Risk communication experts have identified a number of factors that can influence the acceptability of risk 
(Motarjemi and Ross, 2014). These are:

●	 The prospects of significant benefit for me;
●	 Whether the risk is voluntary (ie, if there is consent) or involuntary;
●	 If the risk is familiar;
●	 The “dread” factor;
●	 If the risk and benefit are “fairly” distributed;
●	 If the risk is part of an unethical activity;
●	 If the risk assessor and risk manager are trustworthy;
●	 Unnatural versus natural risk.

The consideration of these factors is essential in risk management, that is:

●	 Who is assessing the risk;
●	 How it is carried out;
●	 Who, how, and what is communicated;
●	 Which factors are considered in the decision-making process?

These considerations led to a change in the process of decision-making and the introduction of the risk analysis 
process in the management of food safety at national level.
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1.5  MANAGEMENT OF FOOD SAFETY AND HYGIENE: A SHARED RESPONSIBILITY

One of the key functions in the management of any subject is the determination of responsibilities. Thus, as alluded to 
above, the determination and coordination of roles and responsibilities in the management of food safety and hygiene in 
society is a condition sine qua non for the maintenance of the trust of consumers in food supply.

In this respect, in the 1990s the World Health Organization coined the concept of shared responsibility (Fig. 1.1). 
According to this, to ensure that the food supply is safe, wholesome, and also nutritiously balanced, a concerted effort of 
different sectors, that is, government, industry, consumer, and academia, is needed. Up to the present day the principle of 
shared responsibility remains valid. Fig. 1.2a,b depicts the role and responsibilities of each sector and their interaction, as 
described below. In recent years, the non-governmental organisations have also played an important role pushing for pro-
gress by challenging status quo (policies and practices). Some, such associations and organisations are important counter 
forces to the economic power. The Encyclopedia on Food Safety, volume 4, available online, provides a detailed descrip-
tion of the functions of each sector described below (Motarjemi et al., 2014).

1.5.1  Government

Public health and food control authorities have the leading role in managing food safety and have the responsibility of 
overseeing the safety of the food supply, from primary production up to the point of consumption. With this responsibil-
ity, they have to:

●	 Foresee all infrastructures and public health services that are necessary for good food safety management, such as public 
health laboratories, water supply and sanitation, consumer complaint hotline and services, infrastructure for research;

●	 Promulgate laws and regulations, which give priority to public health but which can also meet other societal and envi-
ronmental requirements;

●	 Enforce legislation through the provision of advice and training to trade and the commercial sector, inspection and 
monitoring of food supply, and, where necessary, prosecuting offenders;

●	 Provide education to caregivers, consumers, travelers, health professionals, and the public at large;
●	 Monitor contamination of the food supply, carry out surveillance of foodborne illnesses, and investigate outbreaks.

FIGURE 1.1  Concept of shared responsibility according to the World Health Organization (Motarjemi, 2014a).
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FIGURE 1.2  Roles and responsibilities of different sectors in food safety management (Motarjemi, 2014a).
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Today, decisions on the measures required to manage risks are taken according to the risk analysis process. There 
are different models for illustrating the risk analysis process and Fig. 1.3 depicts the process according to Codex 
Alimentarius. The process includes: risk assessment, risk management, and risk communication.

In this process, regulatory authorities are the risk managers. They are those who are responsible for (1) driving the risk 
analysis process, (2) setting public health goals, and (3) deciding on risk management priorities.

The risk management process itself comprises a number of steps which are briefly discussed here. For a more  
in-depth review of the subject as applied to microbiological hazards, the reader is referred to Moy (2014) and Gorris and 
Yoe (2014).

The first step is referred to as preliminary activities. As part of this, governmental risk managers will commission a 
preliminary risk profile for a given hazard or hazard/food combination. Based on the outcome of this and in the light of 
existing data, they will decide if a risk assessment is required, or if it is possible to evaluate the various control options. 
Should risk managers find that a risk assessment is justified, bearing in mind the possible resource and time investment, 
they may decide to commission a qualitative or a quantitative risk assessment. In this case, they are responsible for elabo-
rating a risk assessment policy in consultation with risk assessors and other interested parties. A risk assessment policy is 
a guidance to risk assessors, outlining information such as:

●	 The purpose and scope of the risk assessment, for example, sector of the food chain, types of food, and products to 
consider;

●	 Target populations or subpopulations;
●	 Key scientific judgments, particularly when there is a high degree of uncertainty in existing data or in data gaps;
●	 The type and sources of data to be considered;
●	 How the data should be presented, in particular the types of assumptions and uncertainties.

The process of risk assessment and risk management follows an iterative interaction between risk assessors and risk 
managers, during which they need to foster mutual understanding and refine the risk assessment so that it responds as 
closely as possible to the questions posed by risk managers. When deciding on the appropriate control measures, risk 
managers need to take into consideration a number of other factors, sometimes also referred to as “other legitimate fac-
tors.” These factors vary according to the nature of the hazard under consideration and can include costs, feasibility, ben-
efits, other risks (eg, environmental or nutritional), consumer preferences, and societal values such as animal welfare. At 
times, a risk assessment may be required to advise on the efficiency of the control measures, to develop an understanding 
of the public health outcome according to different levels of contamination, to have an estimation of the risk of various 
foods/hazards combination, etc.

In managing a risk, depending on the nature and degree of the risk and on the other factors mentioned above, risk 
managers have different options at hand. These range from taking a regulatory action, such as those listed below, to tak-
ing no action. Some examples of control measures are as follows:

●	 Compliance with certain standards (eg, setting a norm for a chemical hazard or a food safety objective or microbio-
logical criteria for a microbiological hazard);

●	 Labeling;

FIGURE 1.3  Concept of risk analysis according to Codex Alimentarius (Moy and Motarjemi 2014).
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●	 Testing and/or certification of foods;
●	 Specific processing of foods to inactivate pathogens;
●	 Application of a code;
●	 Recalling a product in case of an incident.

Alternatively, they may decide to manage the risk by providing education to consumers or requiring the training of 
food handlers in food service establishments. It can also happen that they decide not to take any action (eg, if the risk is 
low or negligible). In any event, the food safety authorities have the responsibility to communicate and explain their deci-
sion to the stakeholders.

To identify possible food safety problems and to review the implementation of the risk management decisions and to 
evaluate the need for any revision in decisions or implementation, the collection of various types of data need be consid-
ered. Examples are:

●	 Inspection reports and evaluation of the implementation of risk management;
●	 Monitoring of chemical contaminants;
●	 Surveillance of foodborne diseases (data from different types of surveillance methods need to be considered);
●	 Consumer complaints;
●	 Trade rejections;
●	 Public recalls, withdrawals, and/or incidents;
●	 Applied research based on defined indicators (knowledge, gaps).

Other types of information may also be required for planning improvement or preventive actions. Examples are trends 
in incidents and alerts including alerts by whistleblowers (Motarjemi, 2014b), be they occurring in a country or outside 
the national boundaries, adequacy of resources, as well as various changes in the society such as changes in climate, 
demography, international trade and travel, or emergence of new pathogenic agents.

1.5.2  Industry

The food industry is responsible for ensuring that the food that it puts on the market place or that is served in food service 
establishments is safe, fit for human consumption, and meets the regulatory requirements of the country where it is mar-
keted. They have to consider the regulatory norms for hazards as food safety standards and ensure that their products are 
not violating these limits. To meet these responsibilities, the food industry is required to have an integrated food safety 
management system. This is described in detail in chapter “Food Safety Management: State of the Art” and elsewhere 
(Motarjemi and Lelieveld, 2014).

However, over and above producing products which are safe, wholesome, and nutritionally balanced, as part of its 
corporate social responsibility, the food industry also has other responsibilities; among these are:

1.	 Collaborating with governmental authorities in research work and providing scientific data and expertise;
2.	 Participating in the education of consumers; and
3.	 Sponsoring training of professionals in food safety.

Such efforts are in the vested interest of industry, as any food safety problem, be it mishandling of products or scan-
dals affecting competing business will have consequences for the entire sector. For instance, as a consequence of a food 
safety scandal or loss of trust, sales of a product may decline. This was the case in a number of crises, such as the horse 
meat scandal in Europe in 2013. Another consequence may be strengthening regulatory requirements. For instance, after 
several incidents of C. sakazakii, microbiological criteria for infant formula were strengthened.

1.5.3  Consumers and the Informal Sector

Consumers at large, but domestic and professional food handlers in particular, also have an equally important role in food 
safety. These include, but are not limited to:

●	 Observation of good hygienic practice in the preparation of food;
●	 Reading information (eg, “use by date” of products, product storage, possible presence of allergens, target consumer) 

on the labels of products and observing the instruction for the preparation and storage of products;
●	 Reporting defective (unsafe) products to the public health authorities and/or the manufacturer;
●	 Being discriminatory in the selection of products, brands, and food service establishments (including restaurants, caterers) to 

exclude those who do not respect food hygiene or regulatory requirements or have unethical practices (eg, abuse of staff).
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To enable consumers to assume their responsibility in the hygienic handling of food as well as to judge potential risks 
with certain products, practices, or establishments, consumer information and education are key. This is best carried out 
by professionals who are trusted and who, in their everyday work, are in dialog with the general public. Examples are 
representative of consumer organizations, health professionals, and school teachers.

1.5.4  Academia

Scientists in general, whether they work in academic institutions, in government, or in industry, also have an important 
function. With the trend in evidence-based decision-making and taking science into consideration, be it life or social sci-
ences, the role of this sector in the risk analysis process has increased during recent years. Their integrity, excellence, and 
relevance make them ideal communicators for managers (eg, report of their results, articles) or for the general public (eg, 
interviews in the mass/social media). As such, they play an important role in both the management of food safety (in par-
ticular risk assessment and risk communication) and the management of a crisis.

On the technical aspects, scientists contribute to food safety management and decision-making process by providing 
different types of scientific data and their assessment. Examples are information:

●	 Toxicology, mechanisms of contamination of foods with chemicals, or their formation;
●	 Ecology of microorganisms and epidemiology of foodborne diseases;
●	 Validated analytical methods;
●	 Process and technologies to control hazards;
●	 Consumer perception, beliefs, and practices.

In industry, scientists can minimize risks associated with products and processes by designing out risks during product 
development and defining the necessary control measures for managing the operational risks during the production or 
manufacturing of foods.

1.6  FOOD HYGIENE TODAY AND OUTLOOK

Today, concepts such as HACCP and risk analysis have been well developed and integrated in the management of 
food safety and hygiene at national and international level. Codes of Good Practices have become much more robust. 
Laboratory and analytical methods have advanced significantly and become performant. Communication with consumers 
and consideration of their perceptions in decision-making processes has become the modern modus operandi of govern-
ments. Crisis management has become much more proficient.

One of the key developments in recent years has been the recognition of the need for an integrated approach to the 
management of food safety and hygiene, particularly in consideration of industry practices. Subsequently, private stand-
ards such as ISO 22000 have been developed to allow for a more thorough and efficient verification of food operations.

Undoubtedly the management of food safety and hygiene in the food chain has improved. Today, the food safety com-
munity has all the tools and elements to provide a safe food for the population. Nevertheless a number of challenges remain:

	 1.	 Quantitative risk assessment as a basis for decision-making is still in its infancy. New concepts such as food safety 
objectives and performance objectives have been developed, however except in a few cases, they are not yet widely 
applied.

	 2.	 The food industry is still struggling in implementing management systems such as HACCP, partly because food 
operations, be they large or small, have each their own complexity. The application of HACCP, as it was envisaged, 
meets enormous difficulties. This is partly because HACCP is very time-consuming and management of many com-
panies fail to provide the necessary expertise, time investment, and/or human resources. These gaps stem from the 
fact that food safety is often taken for granted and the true needs for ensuring food safety are underestimated and are 
not recognized at their face value.

	 3.	 In some operations, the application of basic hygiene continues to be substandard; food service operations in develop-
ing countries remain a particular concern. This is a threat to both the local population, as well as travelers and inter-
national trade.

	 4.	 There has been an increase in incidences of fraud and adulteration of food. The unpredictable nature of such events 
renders their prevention and management very difficult. Whistleblowing is perhaps the most efficient way for pre-
venting or limiting fraud as well as mismanagement or misconduct in food safety. Considering the globalization 
of the food supply, and the likelihood of importing contaminated products from exporting countries, legislation on 
whistleblowing and measures for protection of whistleblowers needs to be harmonized among countries.



The Starting Point: What Is Food Hygiene?  Chapter | 1  11

	 5.	 The concern for the emergence of new pathogens, acts of sabotage, tampering, or counterfeit products will continue 
to loom.

	 6.	 Climatic changes and subsequent environmental disasters (eg, floods) and man-made disasters will also contribute 
to the emergence of new threats or contamination of the environment. The implications of these for the safety of the 
food supply, particularly agricultural products, need to be anticipated.

	 7.	 Similarly, the demographical changes, their impact on food security as well as the socioeconomic situation of coun-
tries, will continue to influence food safety standards, practices, and associated public health outcome.

	 8.	 Investigation of outbreaks, and their root cause analysis up to the level of management of companies, still needs to 
be developed and reinforced. Short of this, outbreaks will be repeated as was the case with several incidences of 
Salmonella in peanut butter in the United States, or melamine in the United States (2007) and China (2008). It is impor-
tant that the outcomes of investigations of incidents are shared with the entire community of food professionals.

	 9.	 More attention should be given to the health and safety of operators, as their health conditions can impact on the 
safety of products and services in multiple ways. Communicable illness in food handlers can be a source of contami-
nation of food. However, other factors such as burnout, overwork, stress, mistreatment, and abuse of staff can also 
increase the risk of human error accidental contamination or deliberate sabotage, for example, tampering.

	10.	 There is also a need for governmental agencies to be more proactive with regard to whistleblowing cases, and not 
only encourage whistleblowing but also protect whistleblowers against retaliation, as reparation of injustice made 
to them is difficult and insignificant compared to the prejudice they undergo. Fear of retaliation will silence whistle-
blowers, while these play an essential role in the prevention of mismanagement and negligence.

	11.	 Finally, the real question for the future is what the Trans-Pacific Partnership Agreement (TTIP) and the Trade in 
Services Agreement (TISA) will bring about, and how they will impact the safety standard of our supply (EU, 2015).

As concluding remarks, although the subject of food hygiene and food safety covers all types of biological, microbio-
logical and physical hazards, the focus of this book is microbiological hazards and also other hazards which need to be 
controlled (eg, allergens) through the hygienic design of food processing equipment, cleaning, sanitation, and other good 
hygienic practices in industry. For further information on foodborne hazards or other aspects of food hygiene, readers are 
referred to the Encyclopedia of Food Safety (Motarjemi et al., 2014).
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2.1  INTRODUCTION

Unlike some other public health problems (eg, poor nutrition), the health outcomes of food poisoning are acute and 
measurable, primarily as a consequence of the ready identification of causal agents (Hayward, 1997). As a consequence, 
microbial food contamination represents a public health problem that, in theory, is amenable to influence by effective 
risk management (Byrd-Bredbenner et al., 2013). In practice, the incidence of foodborne diseases continues to remain a 
significant public health problem (see, eg, de Vocht et al., 2015). Interestingly, there is some evidence that the reduction 
of microbiological risks has remained a low public priority relative to other food-related risks for several decades (Hall, 
1971; Lee, 1989; Sparks and Shepherd, 1994; EFSA, 2010; although see, eg, Buzby and Skees, 1994; Lynch and Lin, 
1994). The observation that this reduction represents a low consumer priority for risk mitigation in itself does not explain 
why consumers continue to experience illness. This is because consumer behavior related to food preparation must also 
be taken into account, since the proper hygienic food preparation practices by the consumer could potentially eliminate 
many of the risks associated with food safety.

In the food industry, legislation setting food safety objectives has been introduced in order to promote public health 
objectives through a reduction in the number of cases of foodborne illnesses. It is, however, difficult, if not impossible, to 
legislate consumer behavior regarding food safety. Inappropriate storage, food preparation, and cross-contamination may 
occur, resulting in illness, even though products met food safety objectives at the point of sale. The goal of improving 
public health can be obtained only through implementation of appropriate and effective information interventions (eg, see 
Fischer et al., 2007; Nauta et al., 2008).

From the perspective of public health, it is useful to set food safety objectives at the point of consumption, as the least 
controllable part of the food chain is within the domestic environment. However, public health is ultimately contingent 
on the adopted safety level of food preparation practices by the consumer. The setting of food safety objectives at the 
point of consumption has been agreed by the Codex Alimentarius (Codex Committee on General Principles, 2004). This 
implies that more effective information provision must be developed to optimize domestic hygiene practices relevant to 
food preparation.

Thus it is important to conduct research in order to understand any potential barriers to the adoption of healthy food 
hygiene practices by consumers, and to apply this understanding to the implementation of effective intervention strate-
gies specifically focusing on influencing consumer behavior. To this end, it is essential that an understanding of consumer 
risk perceptions associated with food safety be developed, and linked to actual consumer behaviors when preparing food. 
It is also important to understand individual differences in perceptions and behaviors, as some groups of the population 
may take greater risks than others. This may be particularly problematic when considering risk vulnerability, where some 
groups in the population may be more at risk than others.

This chapter aims to briefly summarize what is known about consumer risk perceptions, and apply this to under-
standing why consumers undertake potentially risky behaviors. For a more extensive review of the literature in this area, 
the reader is referred to Hansen et al. (2003). The issue of individual perceptions and behaviors will also be addressed. 
Examples of existing research examining consumers and domestic food hygiene practices will be examined, and recom-
mendations for future research identified. Finally, risk communication insights regarding the development and implemen-
tation of best practice regarding information interventions will be provided.

Chapter 2

Consumer Perceptions of Risks From Food
L.J. Frewer1, A.R.H. Fischer2 and G. Kaptan3

1Newcastle University, Newcastle-upon-Tyne, United Kingdom 2Wageningen University, Wageningen, The Netherlands  
3University of Leeds, Leeds, United Kingdom
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2.2  RISK PERCEPTIONS OF CONSUMERS ARE NOT THE SAME AS  
TECHNICAL RISK ASSESSMENTS

It has been demonstrated that people’s responses to different risks, and their associated behaviors, are affected by how 
they perceive potential hazard characteristics, and that people’s risk perceptions do not always align with technical risk 
estimates provided by experts (Fischhoff et al., 1978; Slovic, 2000). The term “risk perception” is normally defined as 
people’s ability to understand hazards and hazard-related choices, for example, in relation to acceptability of institutional 
risk mitigation measures, or adoption of self-protective behaviors (Fischhoff, 2009). In the context of public health, effec-
tive risk communication aims to provide laypeople with the information they need to make informed, independent judg-
ments (Morgan et  al., 2001). Food safety is of interest in this context, as there is some evidence suggesting that food 
risks are perceived differently from nonfood risks (FAO, 2015). This is because complete avoidance of food risks is not 
possible, and because food has cultural, symbolic, familial, and religious connotations which must be taken into account 
when developing risk messages. People’s food choice decisions are often based on traditions, habits, or well-established 
behavioral patterns (Köster, 2009), which people may be reluctant to change (Honkanen et al., 2005). It is important to 
take account of existing risk perceptions when developing risk communication about specific food hazards (Fischer and 
Frewer, 2009).

In addition, some types of determinants of risk perceptions seem to be specifically important in shaping people’s 
responses to food risks. For example, an important determinant of risk perceptions associated with foods is the extent to 
which the potential hazards are perceived to have “technological” or “naturally occurring” origins (Frewer et al., 2011; 
Rozin et  al., 2004; Siegrist, 2008). Indeed, the application of any technology to food production may be perceived as 
hazardous in itself. Failing to take account of this negative starting point, and subsequent negligence of the needs and 
priorities of consumers during the process of technology development and implementation, has resulted in societal rejec-
tion of potentially useful emerging food technologies such as genetically modified (GM) foods. Moreover, as a result of 
consumers’ low levels of risk perception associated with naturally occurring food hazards (eg, microbial contamination), 
risk communication has had limited success in improving public health associated with the adoption of self-protective 
measures associated with, for example, Campylobacter (Nauta et al., 2008).

Further complexity is provided by the temporal context in which the potential hazard is presented (Glik, 2007). 
Presenting even a naturally occurring risk in an acute or “crisis” context may increase risk perceptions (Pidgeon et al., 
2003). Examples include foodborne outbreaks that may be difficult to predict in terms of which microbial hazard will 
occur when, and affect whom. In the case of chronically occurring food hazards (eg, heavy metal contamination in fish), 
more information regarding the potential for varied impacts across differentially vulnerable populations may become 
available as a consequence of the ongoing risk assessment process. The temporal context of the hazard may differentially 
influence people’s perceptions of risks, and hence their behaviors. In order to understand the potential impacts of both 
acute and chronic food safety incidents on public health and economic function of the food chain, it is important to quan-
tify the relationships between food risk perceptions and impacts.

Furthermore, food may simultaneously be associated with risks, such as inclusion of contaminants, and benefits, such 
as nutritional advantages (see, inter alia), suggesting that both risk and benefit perceptions associated with foods need to 
be considered when developing risk communication strategies (Hooper et  al., 2006; Saba and Messina, 2003; Verbeke 
and Vackier, 2005; Van Dijk et al., 2011). If sustainable, healthy food choices are needed (eg, simultaneously targeting 
reduced obesity rates and consumer food waste), risk–benefit-based decision-making becomes even more complicated. 
Both risk and benefit perceptions need to be considered across a range of short-term negative outcomes (eg, food-induced 
illness) and long-term consequences of food choices related to optimal nutrition and sustainable consumption (Hamm and 
Bellows, 2003).

2.2.1  Optimistic Bias

In contrast to technological risks, where the public estimates the risks as higher than experts, lifestyle hazards are associ-
ated with high levels of optimistic bias or unrealistic optimism (Weinstein, 1980). People tend to rate their own personal 
risks from a particular lifestyle hazard as being less when compared with an “average” member of society, or indeed 
compared with someone else with similar demographic characteristics (for a review in the food area see Miles and Scaife, 
2003). In the area of food risks, optimistic biases are much greater for lifestyle hazards (such as food poisoning con-
tracted in the home, or illness experienced as a consequence of inappropriate dietary choices) compared with technol-
ogies applied to food production (such as food irradiation or genetic modification of food). At the same time, people 
perceive that they know more about the risks associated with lifestyle choices when compared with other people, and are 
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in greater control over their personal exposure to specific hazards (Miles and Scaife, 2003). This is not the case for per-
ceptions of personal knowledge about, and control over, technology-related food risks. As a consequence, people perceive 
that information about risk reduction is directed toward other individual consumers who are at more risk from the hazard, 
who also have less control about their personal exposure to the associated risks, and possess less knowledge regarding 
self-protective behaviors. It has been well established that people exhibiting optimistic bias may not take precautions to 
reduce their risk from a hazard (Perloff and Fetzer, 1986; Weinstein, 1987, 1989).

The importance of optimistic bias, and approaches to reducing the disparity between perceived risk to the self and to 
other people, have been reviewed in detail elsewhere (Miles and Scaife, 2003). A brief summary of issues relevant to opti-
mistic bias and food poisoning will be provided here.

In general, research into optimistic bias within the food domain has focused on two broad areas (Miles and Scaife, 
2003). The first addresses comparative risk judgments for negative health outcomes associated with food choices, and the 
second focuses on risk factors associated with specific behaviors. Both are likely to be relevant to food safety and con-
sumers. This is because consumers are likely to compare their own risks of food poisoning with individuals they perceive 
to be more vulnerable than themselves. They may also overestimate the efficacy of their own health-protective behaviors.

Optimistic bias is reduced for hazards perceived to occur more frequently (Weinstein, 1987), or which have been 
experienced by individuals (Weinstein, 1987; Lek and Bishop, 1995). Increased perceptions of personal control increase 
optimistic bias (Weinstein, 1987; Hoorens and Buunk, 1993; Lek and Bishop, 1995). Similarly, if an individual can iden-
tify a stereotypical “at-risk” individual, who is unlike themselves, optimistic bias is increased (Weinstein, 1980); where 
an individual perceives the stereotype to be rather similar to themselves, optimistic bias is decreased (Lek and Bishop, 
1995). Welkenhuysen et al. (1996) report that optimistic bias is not related to the perceived severity of the hazard nor 
(contrary to some public health policy approaches) to an individual’s knowledge about the hazard and associated risks.

Why do people exhibit optimistic bias for some types of hazard? Motivational explanations assume that people are 
motivated to make judgments about risks that promote psychological wellbeing through removing threat to self-esteem 
by inducing anxiety (Weinstein, 1989). In contrast, cognitive explanations have tended to place emphasis on systematic 
biases in human information processing of incoming risk information, for example, through inability to adopt the per-
spective of others, or comparison with vulnerable stereotypes (Weinstein, 1980). Kunda (1990) has argued that moti-
vational goals may influence how information about a risk is processed. One might argue, as a consequence, that high 
levels of optimistic bias might therefore act as a motivational cue, or heuristic, to prevent people processing information 
related to the risks associated with a particular hazard. Some empirical research has attempted to determine how to reduce 
optimistic bias. This includes increasing perceived accountability associated with an individual’s risk judgment. It can 
be achieved through providing information about actual risk-taking behaviors (McKenna and Myers, 1997), or through 
making people compare themselves with an individual similar to themselves (Harris et al., 2000), or an individual simi-
lar to the receiver of the risk information (Alicke et al., 1995). Experience of food safety risks also reduces optimistic 
bias (Millman et al., 2014; Bearth et al., 2014). Data show that there has been varied success in reducing optimistic bias 
through cognitive approaches (Miles and Scaife, 2003; Redmond and Griffith, 2004; Byrd-Bredbenner et al., 2013)

2.3  RISK PERCEPTION AND BARRIERS TO EFFECTIVE RISK COMMUNICATION

Clearly, perception of risk will influence attitudes toward microbiological risks and food-handling practices. Optimistic 
bias is likely to act as a barrier to attempts to mitigate public health problems associated with food hygiene. An additional 
barrier is associated with attitudes to food technologies introduced to alleviate problems associated with microbiological 
risks. One consequence of public concern about food technology is that novel food-processing technologies, such as food 
irradiation (Bruhn, 1995) or high-pressure processing, may not be acceptable to consumers (Frewer et al., 2004).

Research has demonstrated that microbiological food risks tend to be moderately dreaded by consumers, but also 
perceived to be highly familiar, which reduces their threat potential (Fife-Schaw and Rowe, 2000). A further factor to 
consider in the area of public perception of microbial risk is that some consumer concerns are very specific to particu-
lar hazard domains, and this is very much the case in relation to food poisoning (Miles and Frewer, 2001). Qualitative 
research has confirmed the optimistic bias effect. The results indicated that respondents were maintaining optimistic 
biases regarding their own risks from food hygiene through comparing themselves with individuals perceived to be more 
“at risk” than they themselves. Respondents also invariably perceived that they know about, and apply, optimal food 
hygiene practices. In addition, it is important to remember that individual differences in risk perceptions may be quite 
extensive (Barnett and Breakwell, 2001; Sanlier, 2009). Affective or emotional factors, such as “worry,” may influence 
perceived risk (Baron et al., 2000). Personality correlates such as “anxiety” may also be influential (Bouyer et al., 2001; 
Jacob et al., 2010). Differences in perceptions of risk and benefit associated with various hazards exist between different 
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countries and cultures, between different individuals, and even within different individuals at different times and within 
different contexts (Burger et al., 2001; Hohl and Gaskell, 2008). For example, women typically report higher risk per-
ceptions than men across a range of different health and environment hazards (Dosman et al., 2001; Dickson-Spillmann 
et al., 2011), including food safety (Worsley et al., 2013). This may result in greater risk-taking behavior being exhibited 
by men more generally.

2.4  DEVELOPING AN EFFECTIVE RISK COMMUNICATION STRATEGY

In the case of communication about food-handling practices, the ultimate goal is to improve public health through per-
suading consumers to adopt more appropriate domestic hygiene practices. As a consequence, communicators need to 
understand how the public perceives risk and hazards to facilitate the structuring of risk-related messages in such a way 
that consumers change their attitudes about the risks. The literature on the association between risk–benefit perception 
and risk–benefit communication has recently been reviewed. The analysis revealed that (primarily European or US) 
research interest in risk–benefit communication about food safety issues has been relatively recent, and topics covered 
appear to follow policy interests linked to the occurrence of a food safety event or crisis. The literature indicated that best 
practice in risk (benefit) communication required initial understanding of the characteristics of the target population, the 
type of food safety messages which need to be conveyed, and how target audiences perceived the characteristics of the 
information sources. Synthesis of the literature indicated that acute risk (benefit) communication will require advances in 
communication processes (as it is difficult to predict when a crisis may occur), whereas communication about “chronic” 
or frequently occurring hazards needs to identify audience requirements regarding both what information is needed to 
optimize consumer protection and their concerns about the hazard. Both citizen’s risk–benefit perceptions and (if rel-
evant) related behaviors need to be taken into account, and recommendations for behavioral change need to be concrete 
and actionable.

2.4.1  Seeking and Processing Risk Information

Consumers will not always use the risk information provided by communicators in a systematic way. As long as consum-
ers feel they have adequate knowledge about a (food safety) issue, they will continue to behave in a particular way without 
using the information provided. If they use information at all, it will generally be in a superficial way and will not affect 
their perceptions about the risk in the long term (Petty and Cacioppo, 1986; Chen and Chaiken, 1999). Only if consum-
ers think something is important, if the message is understandable, if they have sufficient time, and if they are sufficiently 
intelligent and have cognitive resources available, and if the information is likely to change their perceptions, will consum-
ers process information in an “in-depth” and thoughtful way which will result in a lasting change in perception (Petty and 
Wegener, 1999; Chen and Chaiken, 1999). In the context of risk communication, this idea has been extended not only to 
address how consumers use information, but also to include whether consumers actually seek information (see, eg, ter 
Huurne et al., 2009). If consumers assume they have enough knowledge, or if they think a risk is not very important, they 
are not motivated to seek and process risk information. In such situations, consumers are more likely to react on “heuristic” 
cues associated with information. This might include, for example, their trust or other perceived characteristics associated 
with the person communicating the information, but exclude the arguments provided by this person (ter Huurne et  al., 
2009; Siegrist et al., 2007), or message contents (Finucane et al., 2000). A negative emotional response caused by such 
“heuristic processing” will result in lower risk perceptions regardless of further information content.

A recent meta-analysis on the use of the risk information and processing model shows that perceptions of consumers 
are largely predictable and based on the information provided if consumers are motivated to seek and process informa-
tion. The same meta-analysis shows that, when consumers revert to heuristic information-seeking and -processing, their 
perceptions are much less predictable and more short-lived. There is some evidence that this is indeed the case for com-
munication about microbial food safety, where it was found that information source characteristics are less influential 
than message relevance in influencing risk perceptions associated with food poisoning (Frewer et al., 1997).

To achieve lasting change in risk perception, it is important to motivate consumers and to supply them with informa-
tion which is perceived as relevant and understandable. In the case of microbial food risks, it seems appealing to motivate 
consumers by inducing fear associated with the consequences of unsafe domestic food practices. Fear may, on one hand, 
motivate consumers to process information more systematically (Kruglanski and Freund, 1983), while on the other hand 
a negative mood in itself may activate more systematic information processing (Lerner and Keltner, 2001). Although fear 
has been shown to be effective as heuristic cues for risk perception in the context of microbial food safety, no lasting 
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effects on risk perceptions have been identified (Nauta et al., 2008). The effect of fear can also be unpredictable, however, 
as fear can lead to counterproductive ways of dealing with the communication through despair (Meijnders et al., 2001). 
Fear supported communication in combination with clear suggestions as to how the consumer can overcome the risks 
linked to the emotion tend to lead to more motivation and hence are more successful communication approaches. If com-
munication which generates a fearful response also suggests that the consumer has little control over the risk, the effects 
are counterproductive (Witte and Allen, 2000).

2.4.2 Tailored Information Campaigns

“Dual processing” theories, including those described in the previous section (eg, see Petty and Cacioppo, 1986; Griffin 
et  al., 2012; Chaiken and Maheswaran, 1994; Soane et  al., 2015), posit that as the personal relevance of information 
increases, the likelihood that information will be processed in an in-depth and meaningful way will also increase. This 
will, in turn, increase the likelihood of attitude change and subsequent behavior change. One approach to effective risk 
communication may focus on segmenting the population according to their information needs, and developing specific 
information with high levels of personal relevance to specific groups of respondents.

The problem with such an approach is that it is resource-intensive, as research first needs to be conducted in order to 
identify individual differences with respect to people’s perceptions and behaviors, and then tailored information needs to 
be delivered using delivery mechanisms preferred by different respondents. However, the cost of not doing so is high, as 
illness and even fatalities may result.

2.5  APPLICATION OF COMBINED CONSUMER BEHAVIOR: FOOD SAFETY STUDIES

Food safety consumer studies often focus on measures of self-reported behavior or attitudes toward food safety rather 
than actual observations of consumer behavior and what this might imply for the incidence of food poisoning. Clayton 
and colleagues (2002) have attempted to validate self-reported behaviors by comparing these data with observational 
data. The results indicate that some important actions such as handwashing were more frequently reported than actually 
enacted by respondents. Comparison of observational data with safety protocols such as Hazard Analysis and Critical 
Control Points (HACCP) did, in fact, indicate that consumer behaviors were verifiable against microbial contamination 
(Griffith and Worsfold, 1994; Worsfold and Griffith, 1995; Griffith et al., 1998). It is, of course, important to note that 
consumers’ actual food-handling practices may differ from those which they self-report (Abbot et al., 2009; Phang and 
Bruhn, 2011). Fundamental understanding of what consumer behaviors and activities result in what levels of microbial 
contamination, how these behaviors and activities vary among individuals, and the role of human information processing 
and affect (ie, emotions such as anxiety or fear) in developing effective communication strategies, is an important element 
in developing interventions focused on consumer protection (Redmond and Griffith, 2003a,b). It is suggested that the 
only effective way to understand the relationship between these different areas is therefore to integrate social and natural 
sciences, which may indicate the need for a new research agenda in this area.

2.6 THE NEED FOR MORE INTENSIVE COOPERATION BETWEEN NATURAL  
AND SOCIAL SCIENTISTS

To be able to tailor information campaigns to individual information needs, more detailed information on risk-related 
attitudes and behaviors is needed, as well as greater understanding of what the consequences of these are for individual 
health outcomes. In the case of a national campaign targeted at population-level audiences, average risk levels to con-
sumers are generally applied, and it is unlikely that individual consumers (possibly those most at risk) will attend to 
the information contained in risk messages. In contrast, tailored or targeted campaigns must focus on the information 
needs of groups or segments in the population. To be able to design a successful campaign, realistic estimates of risks 
should be communicated, along with any uncertainties about these risk estimates (if they exist). Failure to do so may 
have a negative impact on trust in the information source (Frewer et al., 1996). Thus when targeting distinct groups the 
relationship between specific behavior and specific risks should be known. And, of course, if we wish to know more 
about the specific behavior of different consumers, we also need to know more about the specific psychological atti-
tudes, beliefs, and values of these consumers. In other words, the outcomes of the risk predictions developed by micro-
biologists should be communicated to the target group of consumers in a way that fits the values and motivation of that  
target group.
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These requirements can be met only when knowledge from different disciplines is combined. To assess and predict 
the specific food safety risks, food safety experts and, in the case of microbial hygiene, food microbiologists are needed. 
To be able to predict consumer behavior based on the attitudes, values, and beliefs of specific groups, and to develop 
targeted information strategies, consumer psychologists play an important role. Subsequently, the impact of risk commu-
nication on consumer health must be assessed by food microbiologists. This implies close cooperation between consumer  
psychologists and microbiologists specifically, or social and natural scientists more generally.

A precondition for cooperation is that researchers from both social science disciplines and natural sciences are willing 
to cooperate with each other. This implies a willingness to accept the research paradigms and methods used in the differ-
ent disciplines, and requires effort to avoid jargon and communicate in a way that can be understood by the partners.

An example of an approach successfully implemented in a project addressing these same issues is reported by Fischer 
et  al. (2005). The research combined insights from both risk perception and communication theories directed toward 
reducing risky behaviors. It was argued that optimistic bias, understanding the motivation of people to attend complex 
arguments about food safety, and the way in which people use emotion and experience as a cue to whether to attend infor-
mation or not, all contributed to the extent to which people attended information about domestic food hygiene practices 
following risk communication. These psychological factors were taken into account when information was developed. As 
well as consumer risk perceptions and attitudes, the actual risks resulting from inappropriate consumer behaviors were 
also assessed. The technical risks associated with specific domestic food hygiene practices across different consumer 
groups were also assessed.

The results of this research indicated that it is possible for social and affective cues to be systematically embedded 
in information with close proximity to consumer behaviors to make a difference to consumer risk perceptions and food 
safety-related behaviors (Nauta et al., 2008). For example, when a behavioral cue was embedded within a recipe for food 
preparation, the risk as measured by taking samples of the prepared foods, decreased sharply. This effect increased when 
an effective cue (in this case linked to disgust) was also embedded in the information, although the latter had no effect 
when the behavioral cue was excluded. This research demonstrated that a transdisciplinary approach to developing an 
understanding of what consumers were doing wrong, and developing information provision strategies based on psycho-
logical theories, delivered the most effective communication. The assessment of the impact of communication interven-
tions involved research in risk perception, microbiology, and risk assessment, all of which needed to reduce human health 
risks associated with domestic food preparation practices.

2.6.1  Implications Beyond Consumers

Up to this point the discussion in this chapter has focused on the consumer. In part, this is because most research into 
human behavior and food safety has had the same focus. This may be because consumer behavior is the only part of the 
food chain that cannot be enforced to comply with food safety standards. Thus understanding consumer behavior, and 
developing interventions to reduce risky practices, may be the only way to improve public health associated with food 
safety. However, it is likely that professional workers in the food industry (eg, in the catering sector) are bound by the 
same psychological factors as consumers. After all, workers, as highly skilled as they may be, are humans like all of us. 
Thus the provision to workers in the catering sector with a large and possibly complicated safety manual will not guar-
antee that the rules and guidelines contained in the manual are followed. Food industry and catering workers not only 
have to follow these rules, but also have to comply with the production standards set by their employer and regulatory  
bodies. Examples of recent reviews of research in this area is provided by McIntyre et  al. (2013) and Medeiros et  al. 
(2011), although a full analysis of this body of literature is beyond the scope of the current chapter.

If the company has a good safety policy, this might go a long way in generating an adequate level of worker motiva-
tion toward compliance. However, if the regulations are too complex, or inappropriately presented or described, their cor-
rect implementation might lie beyond the cognitive capabilities of the employees involved in food preparation, especially 
in a stressful or time-limited situation (Wickens and Hollands, 2000). This might be the case especially for the hotel and 
catering industry, which is often under considerable time pressure and in which the staff often lacks formal training.

In the manufacturing industry in general (eg, within the field of modern aviation) a lot of effort is spent on “human 
factors”: interfaces and procedures are specifically designed to accommodate the operator’s cognitive potential even in 
situations of extreme stress, in order to prevent the potentially catastrophic results of human error in these industries. 
These efforts were undertaken after the occurrence of some serious safety incidents, and resulted from the need to protect 
both the public and the employee.

Similar insights relating to equipment operation and procedure design have, to our knowledge, not been extended 
to the food industry, whether food-processing plants or to catering and hotel businesses. Arguably, the applicable safety 
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standards in the food industry that are constructed without taking human factors into account are unlikely to result in opti-
mal levels of safety for employees and consumers. Some of the approaches, procedures, and information interventions 
adopted in the human factors literature generally, and consumer risk psychology literature specifically, may be usefully 
applied to improve safety in the food production and catering sectors.

2.7  CONCLUSIONS

Simply applying legislative reforms to small sectors of the food chain is unlikely to have a major impact on public health 
unless consumer behavior is also addressed. It is difficult, if not impossible, to legislate for consumer behavior in the 
home. The development of an effective and targeted communication strategy is likely to be the only way to produce 
improvement in public health in the food safety area.

Understanding the risk perception of consumers is an essential first step in predicting and, possibly, changing their 
behavior with regard to hygiene-related food safety practices.

●	 Risk perceptions result in involuntary, potentially catastrophic and unnatural risks (among others) being perceived 
as more a focus of consumer concern and anxiety than similarly assessed risks that are seen as voluntary, non-
catastrophic, and natural. For this reason, food hygiene may not be a priority for many consumers. For the same rea-
son, technological processes developed to mitigate food safety risks may not be acceptable to some consumers.

●	 People tend to regard their own risks from microbiological foodborne illnesses as lower than those of the general 
population. This leads to the rejection of risk information since the targeted individual does not perceive it as directed 
at him or her, but to the vulnerable other person.

Risk communication relies on understanding consumer risk attitudes (and how to change these attitudes) in order 
to influence behavior. At present, this area merits further empirical investigation, but a theoretical perspective exists 
within social psychology that may provide a useful basis from which to develop an effective communication strategy. 
This is likely to entail targeted communication approaches focusing on the information needs of particular consum-
ers, and build on current knowledge of motivation and cognitive capacity in human information processing theory, 
to ensure that people change their attitudes and adopt appropriate behaviors with respect to improving domestic food 
hygiene practices.

In order to target communication at specific groups, social science investigation of food safety behavior should be 
integrated with natural sciences research investigating which consumer behaviors actually increase risks associated with 
different microbial hazards. Taken together, understanding what hazardous practices are conducted by consumers in the 
kitchen, and why they are doing it, should provide the basis for an effective information strategy that will deliver real  
benefits to public health.

A final note we would like to make is that, although this chapter, and much of the research reviewed in it, has focused 
on consumers and consumer behavior, it is conceivable that similar theoretical approaches will play an important role in 
influencing hygiene or more general food safety-related behavior of workers in the food industry (eg, factory workers and 
employees in the catering sector), and might promote more effective working practices. After all industry workers are 
human beings, just as are consumers, rather than machines.
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3.1  INTRODUCTION

The Hazard Analysis and Critical Control Point (HACCP) system forms the cornerstone of modern food safety management 
systems (FSMS). Much has been written about HACCP and there are several more detailed texts that readers should consult 
if wishing to develop and implement an HACCP system. However, no book on hygiene control is complete without a discus-
sion of HACCP systems and this chapter aims to meet that requirement, providing a summary of the application and use of 
HACCP in modern food businesses and an examination of how it links with other elements of food safety control.

Many readers will be aware that the HACCP system has its roots in the American manned space program of the late 
1950s and 1960s. This major collaborative project to ensure the safety of food for astronauts was fundamental to the under-
standing of the need for preventative systems of food safety management and to considerations around multidisciplinarity in 
understanding hazards and developing control criteria. Although the term HACCP, or more accurately Hazard Analysis and 
Critical Control Point, was not coined at this stage, the project enabled the iteration of the early HACCP principles, which 
were further developed and launched by the Pillsbury Company in 1971 (Bauman, 1990; Mortimore and Wallace, 2013).

Diffusion of the HACCP innovation and acceptance around the world did take some time. Key milestones included the 
publication of guidance by the International Commission on Microbial Specifications for Foods (ICMSF) in 1988 (ICMSF, 
1988) and, perhaps most important, the publication of the seven HACCP principles by the US National Advisory Committee 
on Microbiological Specifications for Foods (NACMCF) and Codex Committee on Food Hygiene in 1992 and 1993, respec-
tively (NACMCF, 1992; Codex, 1993). Although further updates of these key documents have been published (NACMCF, 
1997; Codex, 2009a) and there has been much guidance on HACCP application (eg, Mortimore and Wallace, 1994, 1998, 2013; 
Campden BRI, 2009) alongside legal (eg, EC, 2004) and industry standard (eg, BRC, 2015; GFSI, 2013) requirements to apply 
HACCP, the system is still not being applied to its maximum effect in many food businesses. This chapter will examine some of 
the areas where use of HACCP can be further strengthened to enhance food safety and public health protection.

3.2  HACCP AND FSMS

Effective HACCP application is crucial to the management of food safety; however, it is important to understand that 
HACCP is just one part of a successful FSMS. Often businesses and stakeholders talk with confidence of having “done 
HACCP” or being “HACCP Checked” or “HACCP Certified,” and therefore everything must be OK. In reality the 
HACCP part of the FSMS is, arguably, the most important because this is where decisions are taken about how to manage 
significant food safety hazards. Nevertheless, the FSMS will only be fully effective if all the required elements are care-
fully designed, developed, implemented, and maintained within the food operation.

Fig. 3.1 shows the elements of the modern day FSMS (Mortimore, Helsinki HACCP Colloquium, 2014). We recog-
nize that each of these elements requires an interdependency for a robust food safety management program.

3.2.1  Prerequisite Programs

These are the practices and conditions needed prior to and during the implementation of HACCP and which are essen-
tial to food safety (WHO, 1999). Prerequisite Programs (PRPs) provide a hygienic foundation for the HACCP sys-
tem (NACMCF, 1997) by enabling environmental conditions that are favorable for the production of safe food (CFIA, 
1998). Like the HACCP system, there is international agreement on the general principles required (Codex, 2009b) and, 
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although Codex does not itself use the term PRPs, the essential characteristics of PRPs are laid out under the following 
headings for application to food businesses:

●	 Design and Facilities;
●	 Control of Operation;
●	 Maintenance and Sanitation;
●	 Personal Hygiene;
●	 Transportation;
●	 Product Information and Consumer Awareness;
●	 Training.

In order to develop effective PRPs, personnel must have knowledge and experience of current best practice in food 
hygiene management, as well as an appreciation of the key issues to be managed in their operation, for example, likely 
pest issues or constraints from building fabric. Many of the chapters in this book will be invaluable when considering 
how to design effective PRPs in support of HACCP.

3.2.2  Hazard Analysis and Critical Control Point

Fig. 3.1 shows the inter-relationship between HACCP and the other elements of modern FSMS. The important point to 
take from this figure is that HACCP alone will not assure the production of safe food. Section 3.3 discusses the applica-
tion of HACCP principles to develop, implement, and maintain effective HACCP plans. While normal practice is for 
HACCP to be applied once appropriate PRP foundations are in place, businesses who are new to structured FSMS and 
perhaps do not, as yet, possess the most hygienic working environments, often ask if they can use HACCP to help get 
going on their food safety journey. While it is true that a certain level of maturity is needed to develop and implement a 
fully operational HACCP program, there are significant benefits to using a hazard analysis approach early on in a less 
mature business. In this way HACCP Principle 1, Hazard Analysis, can be an effective mechanism for setting priorities 
through identifying necessary preventive control measures that will often form part of PRPs.

While HACCP is generally focused on assuring safety of the product through control of hazards during the process, a 
safe product relies on a combination of factors and so the concept of safe product design is closely linked with HACCP. 
Of particular relevance to safe product design are the intrinsic characteristics of the product, as determined by its recipe/
composition, and the processing methods and technologies used in its manufacture plus the packaging, storage, and distri-
bution mechanisms that protect the product once made. Normally, many of these details are determined during the prod-
uct development phase so should be already in place when a business comes to apply HACCP principles to the process.

There is much published information about the elements of safe product design in other source documents. Indeed, 
some of the other chapters in this book provide helpful information, particularly relating to the control of microbiologi-
cal and chemical hazards through formulation factors and processing methods. The key point is that product developers 
need to consider food safety requirements in the design of their recipe formulations and processes such that application of 
HACCP principles is not trying to make safe an inherently unsafe product design—impossible. Appropriate skills, knowl-
edge, and experience are necessary to perform this task adequately.

HACCP

Organizational
culture

PRPs

More than 
management 

responsibility, this is 
how ALL employees

think and behave

Hazard analysis and 
confirmation of safe 
product design and
effective critical control 
points in the process

Particularly those 
environmental hygiene 
measures that control 
sources and vectors of 
contamination. This 
requires hazard analysis
skills

FIGURE 3.1  Elements of the modern-day food safety management system. Reproduced with kind permission of Land O’Lakes Inc. (Mortimore, 2014).
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3.2.3  Organizational Culture

Organizational culture is about “the way people think and act” (Connors and Smith, 2011) or “the way we do things 
around here” (Yiannas, 2009). The importance of organizational and food safety culture has been recognized in recent 
years along with the understanding that the best planned HACCP systems and PRPs can fail if the hearts and minds of 
employees at all levels in the organization are not engaged in food safety risk reduction. A successful organizational cul-
ture to support food safety and health protection requires full commitment from the very top to the bottom of an organiza-
tion, with buy-in to the shared values and beliefs at every level. It needs constant reinforcement and should be subject to 
ongoing monitoring to help target further continuous improvement.

3.3  HACCP IN PRACTICE: DEVELOPMENT, IMPLEMENTATION, AND MAINTENANCE

Once the necessary support systems have been developed and the HACCP system structure has been planned, the practi-
cal application of HACCP involves applying the seven HACCP principles in a stepwise fashion to develop a HACCP 
plan. However, there are some other organizational considerations that need to be attended to for successful principle 
application and so this is best done by following the 12-step HACCP Logic Sequence (Codex, 2009a; Fig. 3.2). This 
allows a structured and practical approach to HACCP plan development.

3.3.1  Assemble the HACCP Team

HACCP uses multidisciplinary teams to ensure that decisions about food safety hazards and their control are taken by 
people with the correct blend of knowledge, skills and experience to collectively understand the risks to consumer health 
and how these can be minimized. This multidisciplinary aspect of the HACCP team is believed to be one of the most 
powerful strengths of HACCP.

Step 1: Assemble HACCP team

Step 2: Describe product

Step 3: Identify intended use

Step 4: Construct flow diagram

Step 5: On-site confirmation of flow diagram

• Principle 1Step 6: List all potential hazards, conduct a hazard analysis, and consider control measures

• Principle 2Step 7: Determine CCPs

• Principle 3Step 8: Establish critical limits for each CCP

• Principle 4Step 9: Establish a monitoring system for each CCP

• Principle 5Step 10: Establish corrective actions

• Principle 6Step 11: Establish verification procedures

• Principle 7Step 12: Establish documentation and record-keeping

FIGURE 3.2  Logic sequence for the application of the Codex HACCP principles. From Codex (Joint FAO/WHO Food Standards Programme, Codex 
Alimentarius Commission), 2009a. Hazard Analysis and Critical Control Point (HACCP) system and guidelines for its application. Food Hygiene Basic 
Texts, fourth ed. Joint FAO/WHO Food Standards Programme, Food and Agriculture Organizations of the United Nations, Rome.
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The essential expertise within the HACCP team includes:

●	 Understanding of the process operations, ingredients, and products on site.
●	 Knowledge and experience of the equipment, how it works to achieve process conditions, and the likely failure modes.
●	 Understanding of the likely hazards and appropriate control mechanisms, including product design safety criteria, pro-

cess controls, including how to validate all the necessary control requirements.
●	 Knowledge and experience of HACCP principle application.

This expertise is most likely to be gained by including personnel from a range of different disciplines within the food 
company, including manufacturing/operations, quality/technical, and engineering disciplines. Additional specialists may 
also be required to provide knowledge and experience of specific aspects, for example, toxicology.

From the HACCP team management and coordination perspective, a HACCP team leader needs to be appointed and a 
scribe or administrator identified. These are two crucial roles to the success of HACCP, ensuring that the HACCP devel-
opment program is coordinated and that accurate records of all team discussions are maintained.

In small operations, and even in some larger ones, it may be difficult to achieve a multidisciplinary HACCP team of 
this nature due to the limited number of appropriate personnel on site. It is also likely that personnel in small businesses 
will have less knowledge of food safety hazards, and this will need to be compensated for by bringing in external support. 
In terms of team size, normally about 4–6 personnel is a good number for ease of management, although this “core team” 
may not include the additional specialists who may be called in for specific tasks. It is important that a balance of individ-
uals is found and a “sharing” environment promoted where job roles are left outside the door. This helps to overcome any 
difficulties from existing group norms such as inability to challenge more senior/dominant staff when necessary (Wallace 
et al., 2012).

For a HACCP team to work effectively, all team members need to understand the application of HACCP principles. 
For best results, the whole team should be trained using a practical training intervention that covers both theory and appli-
cation of HACCP. However, it is not always possible for all members to have the same level of HACCP principles train-
ing and it is important that the HACCP study process is guided by the team members with the best knowledge of HACCP 
Principles (Wallace et al., 2012). This might mean that one or two people with good HACCP knowledge are given the 
task of ensuring that HACCP plan development proceeds effectively while the remaining team members focus on their 
functional input to the team deliberations.

The development of a HACCP plan is likely to take a series of team meetings where the steps of the HACCP logic 
sequence are applied in sequence as follows.

3.3.2  Describe Product/Process

This step considers information both about the product(s) and the process and helps HACCP team members to understand 
the background to the operations that they are about to study. Normally the information is recorded formally and the 
resulting document then becomes a historical point of reference to the situation when the HACCP plan was developed. It 
forms a useful introduction to the HACCP plan and can also be used as a training tool for new personnel and briefing aid 
for internal or third-party auditors or regulatory inspectors.

The product/process description should include:

●	 Main ingredient groups to be used or “work-in-progress” (WIP) inputs to process modules;
●	 Main processes and how materials are prepared/handled;
●	 Production environment and equipment layout;
●	 Hazard types to be considered, if known;
●	 Key control measures available through formulation, processes, and prerequisites;
●	 Packaging/wrapping if appropriate to scope of study;
●	 Safe product design characteristics.

At the product/process description stage, it is also useful to add a description of the intended structure of the HACCP 
plan, for example, whether there is one HACCP plan spanning the entire process from ingredients to finished products 
or whether a modular approach is being used, which can be further elaborated at the process flow diagram stage (step 
4; 3.4). In foodservice operations it is also normal practice to group all the different menu/food items into like process 
groups at this stage, as this will help in developing process flow diagrams.
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3.3.3  Identify Intended Use

It is important to consider the intended use of the product and also to think about potential consumer use that might not 
initially be intended. This could include product abuse, for example, improper storage temperatures, or consumption of 
the product in different ways from those originally envisaged, for example, the consumption of raw cookie dough.

Also important is the intended consumer target group, since different consumer groups may have varying susceptibili-
ties to the potential hazards, for example, the elderly, young children, or immunocompromised individuals. However, it 
must be emphasized that all products should be safe for all consumers.

Intended use and consumer group information is usually included as part of the product and process description 
record (from step 2). In many cases it will be important to provide information to the consumer about how to handle, 
store, and prepare (including cooking, as appropriate) the food item safely and this can be derived once the intended use 
and potential misuse of the product are established.

3.3.4  Construct Process Flow Diagrams

A process flow diagram outlines all the process activities in the operation being studied. This should list all the individual 
activities in a stepwise manner and should show the interactions of the different activities. The purpose of the process 
flow diagram is to document the process and provide a foundation for the hazard analysis (step 5).

To produce a flow diagram it is necessary to separate the process into a series of steps. In the context of HACCP the 
word “step” refers not only to obvious processing operations but also to all stages that the product goes through, for exam-
ple, incoming raw materials, storage. The diagram should progress logically and relate to how the product is actually pro-
duced, and should contain enough detail to allow an understanding of the process and for a thorough hazard analysis to be 
performed. The steps should be listed as “activities,” that is, what is happening at this step, and time and temperature infor-
mation should be included where relevant. A common error in HACCP is to list the names of the process equipment rather 
than the process activity and to miss out transfer steps. This often results in an incomplete process flow diagram, which 
makes the process difficult to follow and if the diagram is incomplete then so too is the hazard analysis.

The most commonly used type of flow diagram for use in HACCP studies shows ingredients or groups of ingredi-
ents along the top of the page through to the end point with the finished product(s) at the bottom. This gives a realistic 
interpretation of what actually happens from the starting point of listing ingredients to the end of production. However, 
the style of process flow diagram will also depend on how the HACCP system is structured for the operation. Unless the 
process is very simple, the modular approach to HACCP is often used and this means that there will be a series of process 
flow diagrams comprising the different process. Only the initial modules will show the handling of ingredients but later 
modules should show the incoming inputs from the previous module, for example, WIP or part-produced items. In food-
service operations, process flow diagrams will be generalized to cover the processes for the key recipe groupings but will 
not usually show individual ingredients or specific menu items.

3.3.5  Confirm Accuracy of Process Flow Diagrams

Since the process flow diagram will be used as a tool to structure the hazard analysis, it is important to check and con-
firm that it is correct. This is done by following through the processing activities in the process area and comparing the 
documented diagram with what is actually happening, noting any changes necessary, and making sure that all variations, for 
example, on different shifts, are covered. This exercise is normally done by members of the HACCP team or production per-
sonnel, but it is good to have someone independent to confirm the process flow as the on-site HACCP/production team may 
be too close to the processes and either miss points out or make assumptions. The completed process flow diagram should 
then be signed off and dated as valid and it is important to make sure that this is done before the hazard analysis commences.

3.3.6  Conduct a Hazard Analysis

Using the process flow diagram(s), the HACCP team considers each process activity in turn and lists any potential haz-
ards that might occur, then performs an analysis to identify the significant hazards and suitable control measures. A num-
ber of key HACCP terms are introduced at this stage and these are defined by Codex (2009a) as follows:

Hazard: A biological, chemical, or physical agent in, or condition of, food with the potential to cause an adverse 
health effect.
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Hazard analysis: The process of collecting and evaluating information on hazards and conditions leading to their pres-
ence to decide which are significant for food safety and therefore should be addressed in the HACCP plan.
Control measure: An action or activity that can be used to prevent, eliminate, or reduce a hazard to an acceptable 
level.

Hazard analysis is a key element of HACCP and it needs to be accurate and specific—including detail about the type 
of hazard and its source or cause, as well as how the significance of specific hazards was evaluated and justified. It also 
needs to be well documented, for example, through the use of Hazard Analysis Charts (Mortimore and Wallace, 2013; 
Fig. 3.3), which help structure the hazard analysis, allowing HACCP teams to record the important aspects with respect 
to potential hazard identification, reasoning, and decision-making regarding significance and determination of appropri-
ate control actions. This level of detail is important as, if the hazard analysis is too brief or too general then the following 
steps in the HACCP study will be more difficult and the HACCP plan is likely to be weak.

The process of hazard analysis includes:

●	 Hazard identification—identifying which hazards may occur and where;
●	 Assessment of significance—establishing which hazards are likely to occur and cause an adverse health effect;
●	 Identification of control measures—establishing an effective mechanism for ongoing control of each significant 

hazard.

3.3.6.1  Hazard Identification
For microbiological hazards, consideration should be given to specific pathogens and the issues identified listed as either 
specific organisms, for example, Listeria monocytogenes or Salmonella spp., or using the collective terms, “vegetative 
pathogens” and “spore-forming pathogens.” The cause or source of the hazard needs to be established along with the 
mode of risk, that is, potential for:

●	 Presence of the hazard in a raw material. This makes it likely that the hazard will be brought into the business with 
this raw material at some stage and thus control measures to prevent its entry or to ensure destruction are necessary.

●	 Contamination with the hazard during processing and handling. This might come from the processing environment 
via niche sources and vectors of contamination, or could be cross-contamination from raw/unprocessed materials, per-
haps on different production lines.

●	 Growth of microorganisms during production. This will relate to the time and temperature combinations during pro-
cessing and whether this allows opportunities to grow to potentially unsafe levels.

●	 Survival of microorganisms through a failure in a process designed to destroy them. This last point about survival 
generally relates to heat processes and their adequacy to destroy microorganisms within the operating limits of the 
process.

Process 
step

Hazard Likelihood 
of 
occurrence

Severity of 
outcome

Significant 
hazard 
(yes/no)

Justification 
of 
significance 
decision

Control 
measure(s)

Justification
of control
measures

List process 
steps in 
sequence

Describe 
hazard, 
including 
source, 
cause and 
mode of 
risk 
(growth, 
survival, 
etc.)

Evaluate 
likelihood, 
eg, using L, 
M, H 
scoring 
system

Evaluate 
severity, 
eg, using L, 
M, H 
scoring 
system

Determine 
hazard 
significance 
based on 
likelihood 
and 
severity 
weightings

Show the 
logic behind
the team 
decision 
here

Identify 
suitable 
control 
measures 
here 
(possibly 
more than 
one)

Show the 
logic 
behind the 
chosen 
control 
measures, 
ie,
capability 
of hazard 
control

Repeat for 
next 
step/hazard

FIGURE 3.3  Hazard analysis chart. Adapted from Mortimore, S.E., Wallace, C.A., 2013. HACCP—A Practical Approach, third ed. Springer 
Publications, New York, NY.
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Spending some time to understand this level of detail about microbiological hazards is important to understand the 
most appropriate control measures as, for example, growth of a particular hazard will need a different control measure to 
contamination with a hazard.

For physical hazards it is important to consider whether the item would genuinely cause physical harm to the con-
sumer. Physical hazards are:

●	 Items which are sharp and may cause injury;
●	 Items which are hard and may cause dental damage;
●	 Items which could block airways and cause choking (this relates to “the condition of” a food per the hazard definition).

For chemical hazards the hazard analysis will consider the likelihood or presence of toxic chemicals in the raw mate-
rials and contamination by chemicals during processing which may raise the toxicity to an unacceptable level. The issues 
involved with food allergens that may cause hypersensitivity reactions in susceptible consumers are normally considered 
under the chemical hazards group, and will be managed by HACCP and PRPs. In some countries, radiological contami-
nation is being discussed as a potential hazard and can be listed under the chemical hazards grouping.

3.3.6.2  Determination of Hazard Significance
Codex (2009a) requires “control of hazards that are of such a nature that their elimination or reduction to acceptable 
levels is essential to the production of a safe food” and states that the process of hazard analysis is intended to “identify 
those hazards that are significant for food safety and therefore should be addressed in the HACCP Plan.” The term sig-
nificant hazard is widely used to represent these hazards and, although this is not defined by Codex, the International Life 
Sciences Institute (ILSI, 1999) provides a useful definition:

Significant hazard: Hazards that are of such a nature that their elimination or reduction to an acceptable level is essen-
tial to the production of safe foods.

To identify the significant hazards it is necessary to consider the likelihood of occurrence of the hazard in the type of 
operation being studied as well as the severity of the potential adverse effect. A significant hazard, therefore, is one that is 
both likely to occur and cause harm to the consumer (Fig. 3.4).

Most companies will assess the significance of hazards using judgment and experience and structured “risk evalua-
tion” methods, where different degrees of likelihood and severity are weighted, are often used to help with the signifi-
cance decision. These usually involve significance assessment tables which aim to consider the degree of likelihood and 
the severity of effect by rating these as, for example, “high,” “medium,” or “low” (Table 3.1). Such tables aim to provide 
guidance that discriminates between the degrees of likelihood and severity for each potential hazard to assist with the 
significance decision. Although these tools are generally believed to make significance assessment more straightforward, 
inappropriate use of unproven decision-making tools can be dangerous, resulting in incorrect identification of significant 
hazards. It is important, therefore, to choose appropriate tools carefully and to gain training in their application.
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FIGURE 3.4  Establishing hazard significance. Adapted from Mortimore, S.E., Wallace, C.A., 2013. HACCP—A Practical Approach, third ed. 
Springer Publications, New York, NY.
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3.3.6.3  Identification of Control Measures
Effective control measures need to be identified for each significant hazard. These are the actions that can be used to 
prevent, eliminate, or reduce a hazard to an acceptable level (Codex, 2009a). Control for each significant hazard is essen-
tial but there may be more than one control measure for any hazard and there will also be control measures operating  
for PRPs.

Control measure options include, but are not limited to:

●	 Process steps, for example, cooking, sieving, metal detection;
●	 Product intrinsic factors;
●	 Temperature controlled storage or holding;
●	 Handling procedures;
●	 Controlled segregation.

An important point about control measures is to make sure that they are capable of ongoing control of the hazard at all 
times. Often HACCP teams mistakenly identify monitoring checks rather than controls—the measure must be control not 
monitoring and effective control measures must relate to the hazard and source, be comprehensive and appropriate, and 
effective for controlling the significant hazard. Determination of control measures can include an evaluation of the meas-
ures currently in place but it is important to decide whether these are strong enough or if additional control is necessary.

3.3.7  Determine Critical Control Points

Critical control points (CCPs) are the points in the process where the significant hazards must be controlled, and are 
defined by Codex (2009a) as follows:

Critical control point (CCP): A step at which control can be applied and is essential to prevent or eliminate a food 
safety hazard or reduce it to an acceptable level.

CCPs can be identified using HACCP team knowledge or experience and by using tools such as the Codex CCP deci-
sion tree (Fig. 3.5).

The Codex CCP decision tree is a useful tool that is widely used by HACCP teams. To use the decision tree, the ques-
tions are asked in sequence for each significant hazard that has been identified for each process activity. As for hazard analy-
sis, it is very useful to keep a record of the team’s discussions and justification of the decisions for future reference and this 
is normally done using a CCP decision record. Even if the team is not using the decision tree it will be important to keep 
a record of the decisions so that full evidence of the HACCP process is available to show regulators and auditors. Fig. 3.6 
shows possible decision tree records for decision-tree- and nondecision-tree-based CCP identification discussions.

Application of the decision tree can be very helpful to structure the HACCP team’s deliberations but it does take some 
practice and training in how to use the individual questions. Table 3.2 provides an explanation of how the decision tree 
questions work.

Once the HACCP team has worked through the CCP decision-making processes for all the potential hazards, a list of 
CCPs will be available. These are the points in the processes that must be carefully managed to make sure that the food 
produced is safe. For each of the CCPs it is now important to define how they will be controlled and managed on a day-
to-day basis. HACCP Principles 3, 4, and 5 are applied to set these standards and normally this information is recorded in 
a HACCP control chart or table such as example in Fig. 3.7.

TABLE 3.1  Example Significance Evaluation Categories

Likelihood of Occurrence Hazard Severity

High Highly probable; known history in the sector Life-threatening or long-term chronic illness (eg, infection, 
intoxication, or anaphylaxis), chronic effects or death

Medium Could occur; minimal history within the sector but has 
happened

Injury or intolerance; not usually life-threatening

Low Unlikely to occur; no known examples Minor or no effect; short duration

Source: Adapted from Mortimore, S.E., Wallace, C.A., 2013. HACCP—A Practical Approach, third ed. Springer Publications, New York, NY
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Q1 Do control measures exist 
for the identified hazard?

Q2 Is the step** specifically 
designed to eliminate or 
reduce the likely occurrence 
of the hazard to an 
acceptable level?

Q4 Will a subsequent step 
eliminate or reduce the likely 
occurrence to an acceptable 
level?

Modify steps in the process 
or product

Yes
No

Stop*

Yes

Yes

Yes

Yes
No

Stop*

Stop*

No

No
CCP

* Stop and move on to the next significant hazard

No

** Process Step

Q1a Is control necessary  at 
this step for safety?

Q3 Could contamination
occur at or increase to
unacceptable levels? 

FIGURE 3.5  Codex decision tree. Adapted from Codex (Joint FAO/WHO Food Standards Programme, Codex Alimentarius Commission), 2009a. 
Hazard Analysis and Critical Control Point (HACCP) system and guidelines for its application. In: Food Hygiene Basic Texts, fourth ed. Joint FAO/
WHO Food Standards Programme, Food and Agriculture Organizations of the United Nations, Rome.

Process 
step and 
hazard
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this final column.  It would 
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detailed notes kept for all 

of the team′s deliberations 
on each hazard

FIGURE 3.6  CCP decision record. Adapted from Mortimore, S.E., Wallace, C.A., 2013. HACCP—A Practical Approach, third ed. Springer 
Publications, New York, NY.



TABLE 3.2  Use of the CCP Decision Tree

Q1 Q1a Q2 Q3 Q4

Do Control 
Measures Exist 
for the Identified 
Hazard?

Is Control Necessary at  
This Step for Safety?

Is the Step Specifically Designed 
to Eliminate or Reduce the Likely 
Occurrence of the Hazard to an 
Acceptable Level?

Could Contamination Occur at or Increase to 
Unacceptable Level(s)?

Will a Subsequent Step or Action 
Eliminate or Reduce the Hazard to an 
Acceptable Level?

Here you need to 
consider the control 
measures already 
in place along with 
what could be 
implemented, and 
this is most easily 
done by referring 
to the Hazard 
Analysis Charts. If 
the answer to this 
question is yes, 
then you should 
move straight on to 
Question 2.
If, however, the 
answer is no and 
control measures 
are not and could 
not be put in place, 
then you must 
consider whether 
control is necessary 
at this point for 
food safety (Q1a)

If control is not necessary here 
then a CCP is not required and you 
should move on to the next hazard 
and start the decision tree again. 
However, make sure that if you are 
answering no here because there 
is control later on and that you 
actually pick up the later point as 
a CCP.
If members of the team have 
identified a hazard at a process step 
and there are no possible control 
measures at that or any following 
step, then you must carry out a 
modification to build in control. 
This may involve either the process 
step, the process itself, the product, 
or the introduction of a new 
procedure such that food safety 
control is possible. Eg, if Salmonella 
is likely to be present and your heat 
process is not sufficient to destroy 
the organism, then you will need 
to look at increasing your heat 
process or building in some other 
control method. It should be noted 
that a process step can only operate 
as a CCP if control measures 
can be introduced. When the 
necessary modifications have been 
established you should ask Q1 
again and progress through the tree

The key thing to remember when asking this 
question is that it is the process step and not 
the control measure that is being questioned. 
If team members incorrectly consider the 
control measure, then they will always 
answer yes (since control measures are always 
designed to control hazards), and additional, 
unnecessary CCPs will result.
This question was originally developed 
to accommodate process steps that are 
specifically designed to control specific 
hazards. What the question is really asking 
is whether the step itself controls the hazard. 
Eg, milk pasteurization at 71.7°C for 15 s is 
specifically designed to control vegetative 
pathogens, while ambient storage of raw 
materials is not specifically designed to 
control hazards such as pest infestation.
You should consider carefully your hazard 
analysis information along with the process 
flow diagram to answer this question, and 
remember—it is just as important to consider 
mixing steps, where it may be critical to 
get the product formulation right, as it is to 
consider the main processing steps. If the 
product is not properly mixed, then your 
intrinsic control mechanisms may not be 
effective, and a poorly mixed product may 
have detrimental effects on other processing 
steps, eg, the heat process.
If the answer is yes, then the process step in 
question is a CCP and you should start the 
decision tree again for the next process step 
or hazard. If the answer is no, move on to Q3.
Where there is debate over whether or not 
the process step is “specifically designed” to 
control the hazard, it is worth noting that an 
alternative route through the decision tree 
should ultimately give the same answer

This question requires your hazard analysis information 
along with the team’s combined experience of the 
process and processing environment. The answer 
should be largely obvious from the hazard analysis but 
the following points are important:
●	 Is the immediate environment likely to include the 

hazard(s)?
●	 Is cross-contamination possible via personnel?
●	 Is cross-contamination possible from another 

product or raw material?
●	 Could composite time/temperature conditions 

increase the hazard?
●	 Could product build up in dead spaces in the 

equipment and increase the hazard?
●	 Are any other factors or conditions present 

that could cause contamination to increase to 
unacceptable levels at this step?

Where there is uncertainty about what constitutes 
unacceptable levels of a particular hazard, it is 
important that the team should seek expert advice 
before making a decision. However, if a completely 
new process is under study, it may not be possible 
to obtain a definite answer. Here the team should 
always assume that the answer is yes and proceed 
appropriately.
When considering how contamination could increase 
to unacceptable levels, it is important to understand 
the possible additive effect during the process for 
each particular hazard. This means that you may need 
to think not only about the current process step, but 
also whether any subsequent steps or holding stages 
between steps could cause the hazard to increase. 
Eg, a number of steps being performed at ambient 
temperature might give the opportunity for a low initial 
contamination level of Staphylococcus aureus to grow 
to toxin-forming levels, and become hazardous to 
health.
If the answer to Q3 is yes, ie, contamination could 
occur at or increase to unacceptable levels, move on 
to the next question. If the answer is no, go back to the 
beginning of the decision tree with the next hazard or 
process step

This question is designed to allow the 
presence of a hazard or hazards at a 
particular process stage if they will be 
controlled later in the process. In this 
way it minimizes the number of process 
steps that are considered to be CCPs and 
focuses on those steps that are crucial for 
product safety.
If the answer to this question is yes, then 
the current process step is not a CCP 
for the hazard under discussion but the 
subsequent step/action will be.  
Eg, correct consumer cooking will control 
some of the microbiological hazards 
present in a raw meat product. Similarly, 
metal detection of finished products 
at the packing stage will detect metal 
contamination that may be a hazard 
associated with the raw materials or an 
earlier process stage. If the answer is no, 
then the current process step must be a 
CCP for the hazard being considered.
Although this question allows the number 
of CCPs to be minimized, this may not 
be appropriate in all cases. In the above 
example of metal detection, the only 
CCP that is absolutely critical is metal 
detection at the finished product stage. 
However, from a commercial point of 
view, the early detection/control of metal 
or any other hazard where there is a 
high degree of risk will be advisable and 
additional preventative control points may 
be built in. When this is done it must be 
made clear that the purpose is to establish 
additional control in order to minimize 
product losses

Source: Text adapted from Mortimore, S.E., Wallace, C.A., 2013. HACCP—A Practical Approach, third ed. Springer Publications, New York, NY



HACCP  Chapter | 3  35

CCP 
no.

Process 
step

Hazard Control 
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Critical 
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Monitoring Corrective action

Procedure Frequency Responsibility Procedure Responsibility
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analysis 
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hazard 
analysis 
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control, 
monitoring 
and 
corrective 
action data 
as per 
team 
discussion

2 Repeat for 
next CCP

Etc.

FIGURE 3.7  HACCP Control Chart. Adapted from Mortimore, S.E., Wallace, C.A., 2013. HACCP—A Practical Approach, third ed. Springer 
Publications, New York, NY.

3.3.8  Establish Critical Limits for Each CCP

HACCP Principle 3 involves setting critical limits, which are the safety limits that must be achieved for each CCP to 
ensure that the food will be safe. If the process operates beyond the critical limits then products made will be potentially 
unsafe. Critical limits are defined by Codex (2009a) as follows:

Critical limit: A criterion that separates acceptability from unacceptability.
Critical limits are expressed as absolute values (never a range) that define the barrier between “safe” and “potentially 

unsafe.” Critical limits must be measurable and must be established for all CCPs. Often involving criteria such as temper-
ature and time, pH, moisture, etc., critical limits need to be based on scientific and experimental data, industry or legisla-
tive standards, and/or historical evidence. The difference between critical limits and operational limits is that operational 
limits are set at “tighter” parameters than required for safety, thus providing a buffer zone for process management by 
indicating if a CCP is moving out of control, that is, moving toward the critical limit.

It is important to know that everyday process parameters would achieve the critical limit within the normal process 
variation. This is done by validating the process, part of HACCP Principle 6 (Codex Logic Sequence Step 11).

3.3.9  Establish a Monitoring System for Each CCP

Once the critical limits (and operational limits, if used) have been established, a monitoring system is needed for ongoing 
measurement of the CCPs. This needs to be able to demonstrate that the CCPs are working effectively.

Monitoring: The act of conducting a planned sequence of observations or measurements of control parameters to 
assess whether a CCP is under control (Codex, 2009a).

Monitoring requirements that would demonstrate that the CCPs are being controlled within the appropriate critical lim-
its need to be specified by the HACCP team during the HACCP study. Each monitoring activity should have a person (often 
called a CCP monitor) who is allocated to perform the monitoring task, record the results and take any necessary actions. In 
manufacturing, monitoring is usually done by production line personnel who are involved in operating the processes where 
the CCPs are located. The frequency of monitoring should also be defined and this will require consideration of the process 
speed/throughput. The ideal situation is to have continuous monitoring systems linked to alarm and action systems.

3.3.10  Establish Corrective Actions

When monitoring shows that there is a deviation from a defined critical limit, corrective action needs to be taken. This 
must deal both with the product produced while the process is out of control (it may need to be destroyed or reprocessed) 
and with the process fault that has caused the CCP deviation. Both of these elements are important in order to bring the 
process back under control.
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Corrective action: Any action to be taken when the results of monitoring at the CCP indicate a loss of control.
Corrective action procedures and responsibility need to be identified by the HACCP team during the HACCP study 

such that they can be implemented by the appropriate operations personnel if deviation occurs. Specific actions are 
needed that will handle potentially unsafe product and bring the process back under control without delay. The effective-
ness of the proposed corrective action plan needs to be verified and challenged since this is the last defense mechanism 
protecting the consumer from receiving potentially unsafe product should a CCP fail.

3.3.11  Establish Verification Procedures

Verification requires that procedures are developed to confirm that the HACCP system can and is working effectively. 
There are actually two different types of confirmation required—validation and verification. These are separate and dif-
ferent activities and both are defined by Codex (2009a).

Validation: Obtaining evidence that the elements of the HACCP plan are effective.
Verification: The application of methods, procedures, tests, and other evaluations, in addition to monitoring, to deter-

mine compliance with the HACCP plan.
In other words, validation is asking whether the HACCP plan is capable of controlling all relevant hazards if cor-

rectly implemented, while verification is asking whether there is compliance with food safety requirements defined in the 
HACCP plan when it is working in practice.

Validation is usually done by HACCP team members working with other managers within the business. It is better 
to involve more than one person if possible and, like hazard analysis, this is an area where many companies will need 
to use expert resources from outside the company to assist in validation. Verification can also be done by HACCP team 
members or other personnel within the business, for example, supervisory staff. It is important to have independence from 
the system so consideration can also be given here to using external resources or other personnel who were not involved 
in developing or in the day-to-day running of HACCP. Auditors involved in HACCP verification should be competent in 
both HACCP application and audit skills. Commonly used validation and verification activities are listed in Table 3.3.

3.3.12  Establish Documentation and Record-Keeping

It is important to document the HACCP system and to keep adequate records. The HACCP plan will form a key part 
of the documentation, outlining the CCPs and their management procedures (critical limits, monitoring, and corrective 
action). It is also good practice to keep documentation showing how the HACCP plan was developed, that is, the hazard 
analysis, CCP determination, and critical limit identification processes. This is particularly useful for demonstrating the 
validity of the approach and decisions to external auditors.

When the HACCP plan is implemented in the operation records will be kept on an ongoing basis. Essential records 
include:

●	 CCP monitoring records;
●	 Records of corrective actions associated with critical limit deviation;

TABLE 3.3  Commonly Used Validation and Verification Activities

Validation Verification

●	 Cross-checking through the HACCP Plan to make sure that all the  
principles have been correctly applied

●	 Checking that the hazards will be controlled, ie,
●	 The control measures are suitable
●	 Correct CCPs have been identified
●	 Critical limits are set correctly for the hazard, eg, using  

literature values, challenge testing.
●	 Process will achieve the critical limit(s), eg, the process is capable  

of always achieving this limit within normal process variation
●	 Monitoring will detect loss of control if it happens
●	 Corrective action will prevent the potentially unsafe food being 

consumed

●	 HACCP and FSMS audits
●	 Review of CCP monitoring records
●	 Product testing—microbiological and chemical tests
●	 Review of deviations, including product disposition 

and customer/consumer complaints
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●	 Records of verification activities;
●	 Records of modifications to processes and the HACCP plans.

The key consideration for all businesses should be to have sufficient documentation to demonstrate the effective work-
ing of the HACCP system. Maintenance and archiving of HACCP records is therefore an important element of effec-
tive HACCP. Records may be kept as paper archives, however increasingly companies are turning toward computerized 
record-keeping systems.

3.3.13  Implementing a HACCP Plan

The implementation stage is where the HACCP plan is translated from documented information owned by the HACCP 
team to a working system managed by operations personnel. Implementation needs to be carefully planned, with respon-
sibility for the various actions given to the appropriate people. It is not simply a case of handing the HACCP plan docu-
mentation over to the operations personnel; rather there is a need for detailed and careful planning, such that all the 
required activities for successful implementation can be identified and progressed. This is best achieved by breaking the 
necessary activities down into individual steps (Fig. 3.8).

Training is a key requirement of HACCP implementation. Specific training needs will include training for the person-
nel who will monitor CCPs and take corrective action, training for supervisors who will oversee and review the monitor-
ing, and HACCP awareness training for the wider operations workforce.

3.3.14  Maintaining HACCP (and Food Safety Management) Systems

Maintenance of a food safety program requires several fundamental elements. Firstly it is necessary to challenge the 
effectiveness of the program elements. Secondly, it is important to ensure that the program remains up to date, both with 
the ingredients, processes, and operations on site, and with changing knowledge on food hygiene and food safety haz-
ards. Finally and, perhaps most importantly, it is necessary to ensure that the program remains suitable over time, both 
for the provision of adequate hygiene foundations (PRPs) and for the effective control of all relevant food safety hazards 
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FIGURE 3.8  Steps to HACCP implementation. Wallace, C.A., Sperber, W.H., Mortimore, S.E., 2011. Food Safety for the 21st Century. Wiley-
Blackwells, Oxford; reproduced with thanks.
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(HACCP plans). This requires ongoing review and revitalization of the system such that the business is able to take 
advantage of continuously improving its systems.

Effective food safety program maintenance requires the application of a range of different techniques and approaches 
and the involvement of personnel from different roles and areas of the operation. Tools will include audit and manage-
ment review alongside a variety of specific test procedures, and it will be important for personnel to have appropriate 
skills, for example, in auditing and information searching/update. It is important that all maintenance procedures are for-
mally managed as part of the company’s ongoing operations management procedures.

The key elements of food safety program maintenance are illustrated in Fig. 3.9.

3.4  HACCP AND THE LAW: MEETING LEGAL REQUIREMENTS AND RESPONSIBILITIES

The primary driver for using HACCP should come from within the company. However, where HACCP is a regulatory 
requirement in many countries around the world, this (along with customer pressure) may be a significant driver for its 
implementation. Governments and enforcement authorities are increasingly recognizing HACCP as the most effective 
means of managing food safety and the following are examples of national and regional markets where legal require-
ments for HACCP or HACCP-based FSMS currently apply or are in preparation.

The European Community Regulation (EC) No. 852/2004 on the hygiene of foodstuffs (EC, 2004) states that “food 
business operators shall put in place, implement and maintain a permanent procedure or procedures based on the HACCP 
principles.” This is effectively a requirement to adopt the HACCP approach across all sectors of the industry. Annex II of 
the regulation specifies the hygienic requirements, that is, the elements that form supporting PRPs, so this comprehensive 
piece of legislation demonstrates some of the key requirements for a HACCP-based FSMS.

In the United Kingdom the statutory defense of Due Diligence was first introduced within the Food Safety Act in 
1990 (UK Statutory Instruments, 1990). Current UK regulations (The Food Hygiene (England) Regulation 2006 (UK 
Statutory Instruments, 2006)) are aligned with the European regulatory position and still retain this same provision, which 
requires that a person proves that he took “all reasonable precautions and exercised all due diligence to avoid the com-
mission of the offense by himself or by a person under his control.” In the event of litigation, if HACCP was in place and 
working this would give a defendant a strong case—and a very weak case if it was not.

In the United States, Hazard Analysis and Risk based Preventive Controls (HARPC) is a new term that has been intro-
duced as a result of the US FDA Food Safety Modernization Act (FSMA), which came into being on Jan. 4, 2011 (FDA, 
2011). At the time of writing the associated regulations are still not final; however there has been considerable public 
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FIGURE 3.9  Elements of food safety program maintenance. Wallace, C.A., Sperber, W.H., Mortimore, S.E., 2011. Food Safety for the 21st Century. 
Wiley-Blackwells, Oxford; reproduced with thanks.
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debate and commentary on the approach that is expected to become law. The United States has not taken the Codex 
HACCP principles into its legislation per se, instead a more holistic approach is proposed. The premise is that significant 
hazards are prevented by both CCPs and by preventative controls that would normally be part of broader PRPs such as 
sanitation or allergen control. The expectations for management of both are similar—the required proposed components 
of the Food Safety Plan include a written Hazard Analysis, identified Preventive Controls (such as process CCPs, Food 
Allergen, Sanitation, or Supplier), and a Recall Plan. As with HACCP, validation of the effectiveness of the process criti-
cal controls, and ongoing verification is required as well as documented corrective actions or corrections. Much focus is 
given to the Hazard Analysis, and where appropriate, how to specifically prevent cross-contact (the unintentional incor-
poration of a food allergen into a food) or for ready-to-eat food, cross-contamination (the unintentional transfer of a 
foodborne pathogen). A training curriculum for regulators and industry is being developed by the Food Safety Preventive 
Controls Alliance (FSPCA) and will be posted on the website http://www.iit.edu/ifsh/alliance/. The objective is to develop 
a regulatory partnership and a more preventive culture—it is accepted that zero risk is unattainable, therefore companies 
must identify potential hazards, put in effective preventive controls, and have an efficient program to correct and prevent 
future failures should they occur.

Canada and China are examples of two other major countries that have been very actively making significant changes 
to their food safety legislation in recent times. In Canada these developments came in the wake of the largest beef recall 
in Canadian history in 2012 and the major Listeria outbreak in 2008, and the resulting legislation is the Safe Food for 
Canadians Act (Canada, 2014). This attempts to streamline and consolidate several other pieces of legislation (The Meat 
Inspection Act, The Fish Inspection Act, The Food and Drugs Act) and transfer activities of the Canadian Food Inspection 
Agency from the Minister of Agriculture to the Minister of Health; the new legislation proposes to improve Canada’s sur-
veillance/inspection system.

While many countries are in the process of re-evaluating and developing their food safety policies, use of the Codex 
HACCP principles as the international standard means that the HACCP systems implemented by trading partners are 
based on the same principles. The General Agreement of Tariffs and Trades (GATT) Uruguay Round and the establish-
ment of the World Trade Organization (WTO) in Jan. 1995 established the principles that mutual agreement of the stand-
ards of each trading partner’s country and/or the equivalence of food safety system must occur before trade can proceed 
(WTO, 1995). There is still some way to go in terms of how equivalency is determined but the moves toward making 
HACCP a mandatory requirement in the food industry in many countries will lead to greater regulatory assessment of 
HACCP systems by government inspectors who, if adequately trained, should be able to confirm that the business opera-
tors are properly complying with requirements.

3.5  BENEFITS AND OPPORTUNITIES: USING HACCP TECHNIQUES  
FOR IMPROVEMENT

The application of HACCP-based FSMS is well-known to bring benefits to food companies. Many of these benefits are 
immediate and fairly obvious, while others may not initially seem clear. Overall the techniques of HACCP play impor-
tant roles in continuous improvement and, while the main goal may be to develop, implement, and maintain an effective 
HACCP system, the ability to prioritize actions based on understanding of food safety risk is an important skill that is 
engendered by the HACCP approach.

3.5.1  HACCP Benefits

The overall benefit is that HACCP is a very effective method of reducing risk of failure and maximizing product safety. 
Traditionally many specific benefits are highlighted, including the following:

●	 HACCP helps with prioritization in making informed judgments on food safety matters and removes bias, ensuring 
that the right personnel with the right training and experience are making the decisions.

●	 HACCP will also help to demonstrate effective food safety management through documented evidence which can be 
used in the event of litigation.

●	 HACCP can, after the initial setting up of the system, be extremely cost-effective.
●	 First, by building the controls into the process, failure can be identified at an early stage and therefore less finished 

product will be rejected, which means less waste.
●	 Second, by identifying the CCPs, the technical resource can be focused on their management.

●	 HACCP enables food companies to meet their legal obligations to produce safe, wholesome food.

http://www.iit.edu/ifsh/alliance/
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●	 The disciplines of applying HACCP are such that there is almost always going to be an improvement in product qual-
ity. This is primarily due to the increased awareness of hazards in general and the participation of people from all 
areas of the operation.

●	 The Global Food Safety Initiative (GFSI) is founded on both the HACCP principles and the support systems needed 
for a strong food safety program. HACCP is a means to gain certification to schemes which are benchmarked to this 
global standard.

●	 Finally, food safety failure is very costly, not just in the cost to human life. HACCP and food safety systems are a 
sound business investment. Brand damage and company reputation are hard to put a price on.

3.5.2  HACCP Opportunities

3.5.2.1  Real Continuous Improvement
Given the continued high numbers of foodborne illness, it seems that many companies are not yet using HACCP properly. 
The continuous improvement nature of the HACCP approach means that it offers an effective tool for planning, prioritiz-
ing, and strengthening a company’s food safety procedures. As discussed earlier in the chapter, it is important for food 
businesses to be reviewing their FSMS regularly because things change—new products, alternative raw materials, changes 
at the facility or in the process and, of course, new information about hazards. However, in addition to this regular review 
it can be helpful to step back every few years to ask whether HACCP is really being used effectively to reduce food safety 
risk. Some companies do have best practice programs—vibrant and fully integrated deep within the core of all that they do. 
Many others have rather lackluster documentation, a hazard analysis which is very general and lacking in any real detail, 
and yet they dutifully update the paperwork each year in time for customer or third-party audits, which may not challenge 
them in any depth and will certainly not be adding real value in terms of improvements to food safety risk management.

HACCP needs to be a part of a wider food safety program. PRPs are essential, as is safe product design and a host of 
essential management support practices (Wallace et al., 2011). Above all, a culture of real commitment to food safety is 
needed in order to get the best out of the program and all of these elements need to be subject to ongoing review and con-
tinuous improvement.

A full and detailed review based on hazard analysis and risk evaluation should look at the company food safety systems 
and procedures in their entirety and, in doing so, will inevitably find areas where improvements can be made. In order to take 
advantage of this type of “deep review,” companies need to look at all elements of their systems and use the experience and 
expertise of HACCP team members, managers, and staff within the operations and support areas. Often bringing in external 
experts and/or facilitators will help as a structured approach and an external viewpoint can be invaluable. Networking with 
other businesses for best-practice benchmarking in a noncompetitive way can also be extremely constructive in providing 
ideas and input for the deep review. Systems and procedures that should be considered will include the following:

●	 Raw materials and strength of supplier assurance controls;
●	 Product design, including intrinsic and process controls necessary for significant hazards;
●	 Product contamination routes, including assessment of production environment potential sources (niches) and vectors 

of contamination;
●	 PRP design and application;
●	 Full HACCP documentation review. This will focus on significant hazards and the effectiveness of existing control, 

monitoring and action systems; however this may also be an opportunity to revisit the structure of the HACCP plan 
documentation, particularly for modular HACCP plans;

●	 Data trend analysis review, for example, consideration of customer complaints and contacts data and ongoing environ-
mental monitoring results;

●	 Review of food safety culture maturity.

This type of detailed review will inevitably take up a significant amount of time and resource. However the benefits 
gained in understanding the sytsems and procedures better and the resulting opportunities to strengthen food safety man-
agement should not be underestimated.

3.5.2.2  Reducing Variability in HACCP Understanding Among Assessors
A crux of integrated matrices of food safety management activity is the concept of trust between suppliers and customers 
and linked with this is the need for transparent food safety assessment and audit processes. Unfortunately, there is still con-
siderable variability in HACCP and food safety knowledge and skills among inspectors and auditors across the globe. Some 
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are excellent but a number have limited personal experience of actually applying HACCP and therefore struggle with audit-
ing a HACCP system. Currently some businesses find themselves in the position of having to defend their HACCP plans 
because the auditors or assessors have less of an understanding of how to do HACCP than does the HACCP team that devel-
oped it. This can be very difficult and it is not unknown for companies to have to put in extra “CCPs” because their custom-
ers told them to do so (Mayes and Mortimore, 2000). GFSI has been working on auditor competency models but this issue 
will continue to evolve, hopefully to include a food safety-certified auditor program that could be adopted through both the 
public and private sector as well as across national borders. That has to be a good thing for food safety worldwide.

3.5.2.3  The Role of People in Food Safety: Education, Training, Commitment, and Culture
Although this is starting to be recognized within government and industry, the need for more oversight of the approach 
taken to ensuring effective food industry education and training was recognized as a problem a number of years ago 
(Mortimore and Smith, 1998). Mortimore and Smith (1998) reported that many so-called HACCP trainers were more 
experienced in fact-based training (eg, sanitation, hygiene, pest control), but had extended their portfolio as the need for 
training in HACCP evolved without the necessary skills and experience in HACCP. Conversely many HACCP experts 
may have been good at HACCP and presenting, but they were not effective trainers. Although some improvements have 
been made, this is still a problem. While a few countries have national standards (eg, the United Kingdom), most do not 
and there are no global standards for training in the food industry which means that training standards are highly variable 
as is the resulting knowledge—the two go together. Companies who buy in training have no way of assessing the compe-
tency of the trainers; no real way of knowing whether their employees learned the right things or even if they learned any-
thing at all. It is clear that the still traditional single intervention of HACCP training (a 2- or 3-day course) will not create 
sufficient expertise and skills. Much more enlightenment, collaboration, and evaluation is needed in this area in order to 
make the much needed changes.

The need for management commitment for successful HACCP application has been reported for many years 
(Mortimore and Wallace, 1994, 1998, 2013). Whist commitment of managers and the workforce continues to be essential, 
the wider concept of food safety culture is now being discussed more and more. Many would argue that we are in the 
very early stages of understanding, development, and adoption of the food safety culture concept, yet it makes perfect 
sense. Food safety is a science, yet the management of food safety requires people. Bringing together food scientists 
and behavioral scientists is very exciting and a perfect example of how food safety management is done best by having 
a cross-functional input. No doubt that there will rightly be a lot more discussion on this topic over the coming years 
and key guidance on how to implement and measure the effectiveness of food safety culture will be essential if we are to 
make the transition to a skilled workforce that is based on belief and values around food safety.

3.6  CONCLUSIONS

As discussed in this chapter, application of HACCP Principles is achieved by following a straightforward step-wise pro-
cedure outlined by Codex (2009a). The outcome of this process should be implementation of a HACCP plan that clearly 
defines how all significant hazards relevant to the operation will be controlled. The rigorous design of HACCP and secure 
control of CCPs is what makes the system effective in the management of significant food safety hazards, and it will 
remain so as long as its application is maintained, reviewed, and continually improved. HACCP does not work in isola-
tion and so, while this has been the main focus of this chapter, it is the combination of HACCP with safe product design, 
proven PRPs, and an appropriate organizational culture—overall effective FSMS and culture—that will provide consum-
ers with the necessary protection from food safety hazards.
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4.1  INTRODUCTION: THE RISK OF MICROBIAL FOODBORNE DISEASE

Accurate estimates of foodborne diseases are difficult to make, as only a fraction of cases is documented in the public 
health systems. Potential causes of foodborne disease are bacteria, viruses, parasites (worms and protozoa), toxins from 
bacterial and fungal origin, poisonous substances, and physical hazards such as glass. In this chapter, we restrict our-
selves to the first four causes of foodborne illness, namely bacterial, viral and parasitic agents, and bacterial toxins. In 
the USA there is an estimated chance of about 1 in 6 per year of getting a foodborne illness, a chance of 1 in 2300 of 
being hospitalized, and a chance of 1 in 100,000 of dying (Scallan et al., 2011a). It is useful to compare this estimate with 
other causes of death (CBS, 2013), to put it into perspective (Table 4.1). For the Netherlands, this comparison shows that 
although foodborne diseases are not among the most prominent causes of death, they are relevant and more important 
than minor causes such as lightning.

4.2  MICROORGANISMS RESPONSIBLE FOR FOODBORNE DISEASES

For prioritizing interventions to reduce the occurrence of foodborne disease, the most important causes of foodborne dis-
ease need to be established. Various estimates of causative agents have been published, for example, for the USA, the UK, 
and France (Adak et al., 2002; Mead et al., 1999; Scallan et al., 2011a,b; Vaillant et al., 2004) and recently worldwide 
(WHO, 2015). In the USA, norovirus is the most important causative agent for foodborne illnesses, accounting for 58% 
of the total number of cases. The most important bacterial agents each attributed with around 10%, are Campylobacter, 
Clostridium perfringens, and Salmonella spp. The main causative agents for fatalities are Salmonella (28%), Toxoplasma 
(24%), Listeria monocytogenes (19%), norovirus (11%), and Campylobacter (6%) (Scallan et al., 2011b).

In the Netherlands, the pathogen ranking resembles the ranking in the USA (Figs. 4.1 and 4.2) with two exceptions. 
The most remarkable difference between the USA and the Netherlands is the higher attribution of Staphylococcus aureus 
to the number of illnesses and deaths. Secondly, the rotavirus estimate is higher in the Netherlands; because Bouwknegt 
et al. (2014) estimate that a larger proportion of rotavirus infections is due to foodborne transmission.

In general, foodborne disease estimates vary between countries, because of:

●	 Differences in surveillance: passive versus active, frequency and quality of testing, and registration;
●	 Differences in research methodologies to estimate the fraction of diseases transmitted via food and to account for 

cases of disease that are not reported or registered;
●	 Differences in the prevalence of pathogens due to differences in animal populations and wildlife and differences in 

implemented interventions and control strategies in a country;
●	 Differences in human behavior: meal preparation, dietary habits (eg, consumption of raw fish and meat), consultation 

of medical care.

The relative importance of various pathogens can also change over time, as demonstrated by the prominence of 
Campylobacter in current disease statistics compared with those of 50 years ago and the emergence of multiple-antibiotic 
meticillin-resistant S. aureus (MRSA).
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TABLE 4.1  Comparison Between Causes of Death in the Netherlands in 2012a

Cause of Death Population Level (Number of  
Fatalities per Million Inhabitants)

Individual Level  
(Approximate P[Death Inhabitant]b)

All causes 8405 1:120

Suicide 150 1:6700

Infectious diseasec 133 1:7500

Accidental falls 122 1:8200

Traffic accidents 41 1:25,000

Foodborne diseased,e 4.5–10 1:220,000–1:100,000

Accidental drowning 5 1:210,000

Lightning 0.05 1:18,000,000

Natural disaster 0.03 1:33,000,000

aStatistics Netherlands data (CBS, 2013) on fatalities in the year 2012, except for the causes “Lightning” and “Natural disaster” for which the fatalities are 
averaged over a 10-year period (2003–2012) due to the low incidence.
bThe ratio of deceased inhabitants (attributed to a cause) versus all inhabitants, rounded to facilitate comparison between causes.
cIncluding infectious and parasitic diseases (TBC, AIDS, viral hepatitis), but excluding respiratory diseases caused by pathogens (influenza, pneumonia) and 
diseases attributed to other causes.
dFatalities in the Netherlands in 2012 attributed to foodborne disease by 14 enteric pathogens (Bouwknegt et al., 2014).
eThe US (Scallan et al., 2011b) estimate of domestic foodborne fatalities was in the same order of magnitude for 31 pathogens investigated (ie, 4.5 per 
million or a yearly probability of 1:220,000). Based on symptoms of acute gastroenteritis (Scallan et al., 2011a), 10 fatalities per million inhabitants or a risk 
of 1:98,000 was estimated (for both major known pathogens as well as unspecified agents).

FIGURE 4.1  Major pathogens involved in cases of foodborne illness in the Netherlands in 2012. Data from Bouwknegt, M., Mangen, M.J.J., 
Friesema, I.H.M., Van Pelt, W., Havelaar, A.H., 2014. Disease Burden of Food-Related Pathogens in the Netherlands, 2012. RIVM, Bilthoven, 44 p.

FIGURE 4.2  Major pathogens involved in fatal cases of foodborne illness in the Netherlands in 2012. Data from Bouwknegt, M., Mangen, M.J.J., 
Friesema, I.H.M., Van Pelt, W., Havelaar, A.H., 2014. Disease Burden of Food-Related Pathogens in the Netherlands, 2012. RIVM, Bilthoven, 44 p.
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4.3  RELATED PRODUCTS

Once an important organism has been identified as a major causative agent, it is important to identify its transmission 
route. Three approaches can be followed for this purpose:

1.	 Identifying foods in outbreaks (by case-control, typing, etc.);
2.	 Comparing types in cases/foods (sero-, phage-typing, sequencing);
3.	 Quantitative risk assessment.

The first approach is straightforward: in the case that a certain food/organism combination is suspected in a case or 
an outbreak, the link between the food product and the case/outbreak can clearly be established by typing (provided that 
the suspected food is still available for typing). Foods suspected in outbreaks are usually investigated by food inspection 
services. Greig and Ravel (2009) reviewed published outbreak data for various countries in the world (Fig. 4.3), showing 
a variety of foods involved in outbreaks.

It should be noted that outbreak investigations focus on larger incidents. Sporadic cases caused by low-level contami-
nation of foods or rare pathogens will not easily be detected. Moreover, it is often difficult to gather all relevant details of 
an outbreak, because of the time that has passed between the moment of consumption and the investigation.

An example of the second approach can be found in a study by Hald et al. (2004), who compared various strains of 
salmonellae isolated from patients with strains isolated from living animals and food from animal origin. This resulted in 
estimates of the contribution of these animal-food sources to the cases of salmonellosis in Denmark. Eggs made the high-
est contribution to the number of salmonellosis cases in Denmark (Fig. 4.4).

An example of the third approach concerns the use of quantification to determine the relative importance of various 
transmission routes to final exposure, for example, applied by Evers et  al. (2004), who estimated the Campylobacter 
exposure via water, food, and direct contact routes. This helped to identify the most important exposure routes (food 
and direct contact) and to target interventions to reduce exposure, such as measures at petting zoos to reduce exposure 
via direct contact. The very extended FDA/FSIS (Food and Drug Administration/Food Safety Inspection Service) risk 
assessment (HHS/USDA, 2003) concerning the relative risks of L. monocytogenes in ready-to-eat foods resulted in the 
identification of the most important product groups. Deli meats were identified as largely the most important source, 
unexpectedly followed by pasteurized milk. In this product, the risk per serving is not very high, but owing to the large 

FIGURE 4.3  Estimated contribution of various food sources to the 4093 outbreaks reported internationally between 1988–2007, based on publically 
available reports. Data from Greig, J.D., Ravel, A., 2009. Analysis of foodborne outbreak data reported internationally for source attribution. Int. J. 
Food Microbiol. 130, 77–87.
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number of consumed units for the per annum risk, and thus the number of cases in a year, it is a relevant source. The low 
prevalence of Listeria in this product is probably caused by recontamination (HHS/USDA, 2003).

4.4 THE CONTROL OF FOOD SAFETY

Once relevant hazards have been determined in a certain food product or relevant contamination pathways have been 
determined, interventions to control this hazard for this route of contamination should be investigated.

As a first step, the basic requirements must be under control: applying good hygienic practice (GHP) and good manu-
facturing practice (GMP). Without this base, sophisticated methods will not be successful.

Secondly, the HACCP (Hazard Analysis Critical Control Points) system can be used. In this system, the potential 
hazards are determined first, before deciding where these hazards should be controlled (CCPs, critical control points) and 
what limits should be set. If these limits are set, HACCP is not finished. How these limits should be monitored, which 
actions to be taken when limits are exceeded and verifying that the desired actions are really taken and documented is 
crucial for the performance of the HACCP system (Fig. 4.5).

Quantitative risk analysis (QRA) can help in setting limits, for example, for specific organisms or for specific steps in 
the process, such as pasteurization. Another important aspect is that apart from setting up the system, procedures should 
be followed strictly, also in case changes are needed. Certification and the implementation of ISO systems may support 
these quality assurance systems. Additionally, it is important that personnel are well educated, in order to prevent errors. 
Continuous training and education is, therefore, also a relevant aspect.

With these structured systems, risks can be controlled, but zero risk is unattainable. Risks can, however, be reduced 
by intelligent interventions. International organizations are moving more and more toward quantitative risk analysis and 
assessment. Also, authorities increasingly set quantitative objectives. If, for example, the number of human infections 
by foodborne pathogens is to be reduced by 30% in 5 years, it is clear, given Table 4.2, it will be most effective to focus 
on the most important causative organisms. Even if the whole pathogenic Escherichia coli problem could be reduced 
close to zero, an overall reduction of 30% of total foodborne illnesses would not be achieved. Approaching risk quan-
titatively gives more transparency and more flexibility to control food safety problems in a supply chain at the location 
where it is the most effective. This can be well illustrated with the food safety objective (FSO) approach proposed by the 
International Commission on Microbiological Specifications for Foods (ICMSF, 2002).

FIGURE 4.4  Estimated contribution of various animal-food sources to the 2453 domestic sporadic cases of salmonellosis in Denmark in 1999, bars 
indicate the mean percentage attributed, error bars the 95% credibility interval. Data from Hald, T., Vose, D., Wegener, H.C., Koupeev, T., 2004. A 
Bayesian approach to quantify the contribution of animal-food sources to human salmonellosis. Risk Anal. 24, 255–269.
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4.5  USING FOOD SAFETY OBJECTIVES TO MANAGE MICROBIAL RISKS

An FSO is the maximum frequency and/or concentration of a hazard in a food at the time of consumption that provides or con-
tributes to the appropriate level of protection (ALOP) (FAO/WHO, 2015). This clearly shows the philosophy: a risk of zero does 
not exist. It is much better to set an appropriate level and perform actions to achieve this objective than to bury one’s head in the 
sand. Of course, this appropriate level is not rigid; it can be changed for societal, political, or technical reasons.

The principle of FSO is simple: the initial level of a certain hazard (H0) minus the sum of all reductions (R) plus the 
sum of all growth (G) and recontamination (C) must be smaller than the FSO, a limit set by governments:

	 H R G C FSO0 2 1 1 ,Σ Σ Σ 	 (4.1)

All terms in Eq. (4.1) are on a log basis.
When specifying the FSO, the definitions and the correct reporting of units are crucial. For example, when the FSO is defined 

as 2 log CFU (colony-forming units), this is too little information. If the 2 log CFU is a concentration (organisms per gram), the 
objective is 100 times less strict than when it is expressed as dose (organisms per unit of consumption, eg, 100 g).

Apart from the fact that it is difficult to predict the number of cases of foodborne illness based on the contamination 
level of the food as set by the FSO (or the other way around, to derive an FSO from an ALOP), it is also very difficult to 
set a specific ALOP. Firstly, the definition of a case requires careful consideration. The use of disease cases per consump-
tion or per year can cause a difference of a factor of 100 in the ALOP if for a certain food product 100 units are consumed 
per year. It is also important to consider if the cases of illness are defined as infection, disease, or death as that may affect 
ranking of interventions (Figs. 4.1 and 4.2). Secondly, it is difficult to determine what is an “appropriate” level of illness 
and death. Thirdly, it is cumbersome to “distribute” disease cases over various transmission routes. For example, a gov-
ernment might set a maximum level for campylobacteriosis as a public health goal. Yet campylobacteriosis is the result of 
food transmission and transmission via other sources. In this case the specific ALOP needs to be set for food transmission 
of this organism, since the food industry cannot be expected to influence other transmission routes such as direct contact 
in petting zoos. An additional problem is that it is often not the prepared food product itself that poses the health risk, but 
involved other products which are cross-contaminated via utensils, surfaces, or hands.

Yet the fact that it is difficult to set an ALOP should not result in a standstill. It is much better to make a start based on the 
current state of knowledge and data than to wait until all information is available, since this would be utopic. Once new informa-
tion does become available, the previously derived ALOP should be re-evaluated to determine whether adaptations are needed.

4.6  COOPERATION IN THE SUPPLY CHAIN TO ACHIEVE FOOD SAFETY OBJECTIVES

A positive aspect about this concept is that once an FSO has been set, the objectives can be distributed over the whole 
supply chain from primary production to consumption. A performance objective (PO) can be set for every link in the 
chain, so that in total the FSO is achieved (definitions of an FSO and related terms are provided in Table 4.3). This has 
the great advantage that the most efficient distribution of the objectives over the chain can be found: doing more in the 
first stage, or in the last stage, or both, depending on the best balance of effect, cost, and feasibility. If the PO has been 

FIGURE 4.5  Overview of food safety control systems and the relations between them.
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TABLE 4.2  Relative Contribution of 21 Bacterial, 5 Parasitic and 5 Viral Causative Agents 
to Domestic Foodborne Diseases in the USA (Scallan et al., 2011b)a

Causative Agent Illnesses (%) Hospitalizations (%) Fatalities (%)

Bacillus cereus 0.68 0.036 0

Brucella spp. 0.009 0.098 0.074

Campylobacter spp. 9.0 15 5.6

Clostridium botulinum 0.001 0.075 0.67

Clostridium perfringens 10.3 0.78 1.9

STEC, O157 0.67 3.8 1.5

STEC, non-O157 1.2 0.48 0

ETEC and other diarrheagenic E. colib 0.32 0.04 0

Listeria monocytogenes 0.017 2.6 18.9

Mycobacterium bovis 0.001 0.055 0.22

Nontyphoidal Salmonella spp. 10.9 34.6 28.0

Salmonella Typhi 0.019 0.35 0

Shigella spp. 1.4 2.6 0.74

Staphylococcus aureus 2.6 1.9 0.45

Streptococcus spp. group A 0.12 0.002 0

Vibrio spp.c 0.56 0.50 3.6

Yersinia enterocolitica 1.0 0.95 2.2

Subtotal bacterial agents 38.8 64.0 63.7

Cryptosporidium spp. 0.61 0.38 0.30

Cyclospora cayetanensis 0.12 0.020 0

Giardia intestinalis 0.82 0.40 0.15

Toxoplasma gondii 0.92 7.9 24.2

Trichinella spp. 0.002 0.011 0

Subtotal parasitic agents 2.5 8.7 24.6

Hepatitis A virus 0.017 0.18 0.52

Norovirus 58.2 26.2 11.0

Rotavirus, Sapovirus, Astrovirusd 0.49 0.94 0

Subtotal viral agents 58.7 27.3 11.6

Total of 31 known causative agentse 100 100 100

aRelative contribution calculated using the mean estimates stated in Scallan et al. (2011b) and the US population size 
of 2006 (299 million persons, Scallan et al., 2011b). Bold numbers indicate the most relevant causative agents (>5%).
bThe agents “ETEC” and “diarrheagenic E. coli, other than STEC and ETEC” from (Scallan et al., 2011b) are listed 
together as one causative agent “ETEC and other diarrheagenic E. coli.”
cThe four Vibrio agents from Scallan et al. (2011b) are listed together as one causative agent “Vibrio spp.”
dThe agents Rotavirus, Sapovirus, and Astrovirus are listed together as less than 1% of these viruses is estimated to be 
transmitted by the foodborne route.
eThe 100% in this table refers to an estimated 31,000 of illnesses, 190 hospitalizations, and 4.5 fatalities per million 
persons caused by the 31 known causative agents listed in this table (Scallan et al., 2011b).
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set for one stage, this can again be distributed over various process steps. This defines the performance criterion (PC). 
For example, a reduction step (pasteurization) may require a 6 log reduction. With this criterion, process criteria can be 
defined that will attain this reduction (eg, 71.5°C, 15 s). This is indicated in Fig. 4.6, which shows the relation with criti-
cal limits as established in HACCP. The advantage of this concept is that limits can be changed in one stage, as long as 
one equalizes this in another, providing for flexibility. For example, a process criterion can be changed from 6 log to 5 log 
reductions if this factor of 10 is balanced in another process step, or even in another stage in the chain.

One of the problems in setting FSOs, and in relating FSOs to ALOPs, is that the occurrence and severity of illness is 
often related to the dose of pathogen consumed (see, eg, Coleman and Marks, 1998). This implies that it is not the food 
products containing contamination levels near the FSO that determine the health burden, but food products containing 
highly elevated levels of contamination. This can be illustrated by a very large survey published by Gombas et al. (2003) 
in which 31,700 ready-to-eat foods were sampled for Listeria. Of these samples, 1.8% were contaminated with Listeria 
(577 samples). Only two out of the 577 positive samples (0.006% of the 31,700 products) contained more than 105 organ-
isms per gram. If we determine the total amount of all Listeria in these products, these two samples alone represented 
97.5% of the total amount of Listeria in the 31,700 products, because of their high contamination level. These samples 
are far above every FSO that should be set. Therefore, it could be argued that in the case of pathogens for which many 
cells are required to induce illness, it is not so important where to set the limit, but how compliance should be controlled, 
and how these low-frequency, extreme levels of contamination can be detected and, more importantly, be prevented.

4.7  QUANTITATIVE METHODS

To estimate the values in the FSO equation, microbiological methods or quantitative microbiology can be used. 
Characteristic numbers (Zwietering, 2002) showing the change in log numbers can immediately provide the necessary 
numbers for Eq. (4.1) for every stage in the supply chain. The first characteristic number is the step characteristic (SC), 
which can be used for growth (GC) or inactivation (RC):

	
SC

kt
5

ln( )10 	
(4.2)

in which k is the specific growth rate or inactivation rate (depending on the temperature and other factors) and t is the time.

TABLE 4.3  Definitions and Examples of a Food Safety Objective (FSO), Performance Objective (PO), and Performance 
Criteria (PC) (FAO/WHO, 2015)

Food safety objective (FSO): The maximum frequency and/or concentration of a hazard in a food at the time of consumption that provides 
or contributes to the appropriate level of protection (ALOP) (eg, the level of L. monocytogenes is <105 CFU/g in 99% of the product units at 
the moment of consumption)

Performance objective (PO): The maximum frequency and/or concentration of a hazard in a food at a specified step in the food chain 
before the time of consumption that provides or contributes to an FSO or ALOP, as applicable (eg, the level of L. monocytogenes is  
<103 CFU/g in 99% of the product units at retail)

Performance criteria (PC): The effect in frequency and/or concentration of a hazard in a food that must be achieved by the application of one 
or more control measures to provide or contribute to a PO or an FSO (eg, the reduction of L. monocytogenes is >6D during pasteurization)

FIGURE 4.6  The food safety objective (FSO) links limits in primary production and food industry with the health protection.
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An example of an SC is a 6D reduction. SC is, thus, only “condition”-dependent, that is, the effect of a heat treatment 
remains the same whether the initial level of microorganisms is 103 organisms/g or 1 organism/g. Therefore, growth and 
inactivation are “additive” on a logarithmic scale. If growth and inactivation processes are considered to follow first-order 
kinetics, it is possible to express a process without recontamination as:

	 N N e e e ek t k t k t k t5 0
1 1 2 2 3 3 4 4( )( )( )( )	

(4.3)

with k as the specific growth or inactivation rate, depending on the actual conditions in the stage i.
On a log scale these kinetics become additive:

	
log( ) log( )

ln( ) ln( ) ln( ) ln( )
N N

k t k t k t k t
5 1 1 1 10

1 1 2 2 3 3 4 4

10 10 10 10
55 1 1 1 1H SC SC SC SC0 1 2 3 4

	
(4.4)

If, for example, SC2 is an inactivation, and the other SCs are three growth characteristics, ΣG SC SC SCC5 1 11 3 4 
and RC = SC2. In principle, the outcome will be equal if process steps are interchanged. It does not matter if first a 4 log 
growth and then a 6 log reduction takes place, or first a 6 log reduction and then 4 log growth: in both cases the result will 
be an overall 2 log reduction. This can also be seen from the fact that in Eq. (4.2) the effect is dependent only on k and not 
on the actual level.

There are three exceptions:

1.	 If within growth the stationary phase is reached, but this is generally not the case for pathogens (and should not be);
2.	 If the number of organisms in a product unit becomes smaller than 1. Even then, this does not have an overall effect 

on the outcome of the risk estimate in the case that large numbers of product units are produced and proportional 
dose–response relations without threshold are appropriate (Zwietering, 2009);

3.	 Historical effects may make stages interdependent, for instance heating may cause injury, which might result in a lag 
phase before subsequent growth.

In order to incorporate contamination in the calculations, the second characteristic number, the contamination charac-
teristic (CC) can be used for (re)contamination:

	
CC
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N
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	 (4.5)

in which Nin is the numbers entering the stage and Rc is the (re)contamination rate (in CFU/g).
CC is not only condition-dependent but also state-dependent, depending on the number of entering microorganisms. 

Contamination is “additive” on a linear scale and not on a logarithmic scale. If in all stages of the process both growth or 
inactivation and contamination can take place, the contamination at the final stage is given by:
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	 (4.6)

In this case the final effect can be totally different if contamination occurs at stage 1, 2, 3, or 4 (eg, before or after pas-
teurization). This can also be seen from Eq. (4.5) where the characteristic number depends on the recontamination level 
(Rc) and on the actual state (Nin). A recontamination with 1 cell per gram is much more important if the actual concentra-
tion is 1 CFU/g than if it is already 100  CFU/g.

This is illustrated in the following example. An imaginary production process is chosen and S. aureus is selected as 
the pathogen that can be present in the product. The product (pH, aw) and process parameters (temperature, time, recon-
tamination) are described in Table 4.4.

The temperatures used in the process affect the S. aureus present. Some temperatures allow growth and then the 
specific growth rate is estimated using the Gamma model (Zwietering et al., 1996) and the growth parameters listed in 
Table 4.5 (ICMSF, 1996). Other temperatures cause inactivation and then the inactivation rate is calculated using the D/z-
concept (van Asselt and Zwietering, 2006) and the inactivation parameters in Table 4.5.

Assuming the fictive process starts with a contamination level of 1 CFU/g, the resulting contamination level and char-
acteristics numbers are calculated using Eqs. 4.1, 4.2, and 4.5 (Table 4.6). In the whole process H0 = 0 (or 1 CFU/g), 
∑GC = 0.92 + 0.05 + 0.05 + 0.21 + 6.36 = 7.59, ∑RC = −6.40, ∑CC = 0.05 + 5.38 = 5.43, resulting in an exposure 
of 0 + 7.59 − 6.40 + 5.43 = 6.61 log CFU/g (see log N in the storage step in Table 4.6).
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During the first production step (mixing) growth is an important factor causing an increase of about 1 log CFU/g 
(GC = 0.92). When contamination takes place in the next step (homogenizing) with 1 CFU/g, this does not give a high 
increase in the total number of S. aureus cells, since the concentration after the mixing step was already 0.92 log CFU/g 
(or 8 CFU/g). At the heating step, there is a large reduction of cells (RC = −6.4 log units). When contamination takes 
place after this heating step (packaging) with 1 CFU/g, this becomes a very important step (CC = 5.4 log units). During 
the heating step, almost all S. aureus cells are inactivated and additional contamination, although at a low level, thus 
causes a high increase in concentration. When growth is possible during storage, the product can end up with a high num-
ber of bacteria (GC = 6.4 log units).

This example shows that the relevance of recontamination strongly depends on the number of microorganisms already 
present on the product, the presence of reduction steps after the recontamination, and thus on the process stage (Fig. 4.7). 
Please note that in the case of extensive growth of toxin-producing bacteria, such as S. aureus, toxin formation before 
heat treatment should be taken into account.

TABLE 4.4  Product and Process Parameters for Each Step of the Fictive Process

Process
Step

Initial
0

Mixing
1

Homogenizing
2

Heating
3

Packaging
4

Cooling
5

Storage
6

pH 7 7 7 7 7 7 7

aw 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Temp (°C) 35 35 80 35 30 20

Time (h) 1.5 0.083 0.017 0.083 0.5 48

Time (min) 90 5 1 5 30 2880

Rc (CFU/g) 0 1 0 1 0 0

TABLE 4.5  Microorganism Parameters Used to Calculate Specific Growth Ratea and Inactivation Rateb of  
S. aureus in the Fictive Process

kopt (h−1) Tmin (°C) Topt (°C) Tmax (°C) pHmin pHopt pHmax awmin log D70 (min) z (°C)

2.3 7 37 48 4 7 10 0.83 0.33 8.8

aThe growth parameters are based on ICMSF (1995), kopt is based on the minimal generation time reported.
bInactivation parameters from van Asselt and Zwietering (2006), using a conservative estimate of inactivation (95% CI estimate of D).

TABLE 4.6  Contamination Level and Characteristic Numbers Throughout the Fictive Process

Process
Step

Initial
0

Mixing
1

Homogenizing
2

Heating
3

Packaging
4

Cooling
5

Storage
6

Log N 0 0.92 1.02 −5.38 0.05 0.26 6.61

N (CFU/g) 1 8 11 0 1 2 4.1 × 106

GC 0.92 0.05 0.05 0.21 6.36

RC −6.40

CC 0.05 5.38
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4.8  QUANTIFICATION OF RECONTAMINATION

Growth and inactivation can be modeled using various predictive models, such as the first-order models as presented in Eq. 
(4.3). Recontamination, however, is more difficult to quantify. Nevertheless, attempts should be made to incorporate this factor 
in the FSO equation so that the relevance of recontamination can be compared with growth and inactivation. Recontamination 
of the product can take place at several stages between production and consumption. Examples of these are:

1.	 The kitchen at consumer level;
2.	 Process lines containing biofilms;
3.	 Process lines in which products are exposed to air.

The kitchen at a consumer level provides ample opportunities for contamination events; for example, if a con-
sumer cuts chicken on a cutting board followed by the preparation of a salad on the same cutting board. In this case, 
cross-contamination depends on the transfer rate of microorganisms from one surface to the next. Transfer rates from 
chicken to stainless steel vary between 0% and 10% with a mean of 1.6% for Salmonella and 2.4% for Campylobacter. 
Transfer from stainless steel to cucumber has a larger variation (between 0% and 100%) with a mean of 34.8% for 
Salmonella and 42.5% for Campylobacter (Kusumaningrum et al., 2003). This means that when a chicken is contami-
nated with Campylobacter at a concentration of 4 log CFU/cm2 (or 104 CFU/cm2), the mean number of microorgan-
isms transferred from the chicken to the stainless steel surface will be 2.4 log CFU/cm2 (or 240 CFU/cm2 = 2.4% of 
10,000). The cucumber salad will then be contaminated by the cutting board with 2 log CFU/cm2 (or 102 CFU/cm2 
since 42.5% of 240 = 102). This means that when about 50% of the cells are transferred, on a log scale this means 
that both surfaces end up with about the same concentration (initially 2.4 log (240 CFU/cm2), after transfer 2.13 log 
(140 CFU/cm2) left on the surface (57.5% of 240 CFU/cm2) and 2 log on the cucumber (42.5% of 240 CFU/cm2)).

Biofilms in production lines can also be an important source of contamination, as demonstrated experimentally for pig 
slaughter machinery (van Hoek et al., 2012). Several models are available to quantify the various recontamination routes 
in the production process (den Aantrekker et al., 2003b).

A relatively simple model to quantify recontamination via the air was developed by Whyte (1986):

	
R

C v At

Wc
air s5

	
(4.7)

where Rc is the contamination of the product (CFU/g), Cair is the concentration of microorganisms in the air (CFU/m3), 
vs is the settling velocity (m/s), A is the exposed product area (m2), t is the exposure time (s), and W is the weight of the 
product (g).

This model can be used to give a plausible estimate for recontamination in process calculations similar to those 
described in Fig. 4.7.

For example, during the production of sliced meat, the product with A = 140 cm2 and W = 17 g is exposed to the air 
for 45 s (Cair is 3.39 log CFU/m3 and vs is 2.6 mm/s), resulting in a recontamination level of 4 CFU/product or 0.2 CFU/g 
(den Aantrekker et  al., 2003a). This means that when the product is sterile, contact with contaminated air causes an 
increase in concentration of 0.2 CFU/g. This seems like a small contamination, but 4 CFU/product may grow out to large 
numbers if the product characteristics and storage conditions allow growth.

FIGURE 4.7  The impact of recontamination depends on the contamination level already present.
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Although the simple recontamination models do not incorporate all factors that may be of relevance, they can be used 
to provide an indication of the importance of recontamination compared with the initial contamination of the product and 
possible growth and inactivation during the production process.

4.9  CONCLUSIONS

Foodborne illnesses can be caused by a wide range of microorganisms. Data analysis can help to determine which micro-
organisms give the highest contribution to the number of foodborne illnesses. This helps to decide which pathogen(s) 
to focus on in order to reduce the number of illnesses. The same accounts for the products that are related to foodborne 
illnesses. Quantitative microbiology can be used in assessing food safety in a farm-to-fork approach. Evaluating the esti-
mated effect of various control strategies can help to decide which combination of strategies in the chain is most effec-
tive and efficient to achieve a certain food safety objective. The potential of data analysis and quantitative microbiology 
is clear, yet more work needs to be done to incorporate recontamination in predictive models. The models available at 
the moment, although simple, can already be applied to determine the importance of (re)contamination compared with 
growth and inactivation of pathogens.
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5.1  BIOFILM FORMATION AND DETECTION

This chapter deals with biofilm formation, sampling and detection methods, pathogenic microbes (referred to as “patho-
gens”) in biofilms, persistent and nonpersistent microbes, prevention of biofilm formation and biofilm removal, as well as 
future trends in biofilm control in the food industry. Biofilms are multilayered cell clusters embedded in organic polymer 
matrices, which protect microbial cells from environmental stresses, as well as from antibiotic and disinfectant attacks 
(Wirtanen, 1995; Vogeleer et  al., 2014). Microbes that inhabit contact and environmental sites in food processing are 
mostly harmful because microbial communities in the wrong places lead to contamination of both surfaces and products 
produced in the process (Characklis, 1981; Costerton et al., 1985; Lundén, 2004; Salo et al., 2006; Wulff et al., 2006; 
Aarnisalo, 2007; van Houdt and Michiels, 2010; Marchland et al., 2012; Lelieveld et al., 2014; Wirtanen et al., 2014). 
Biofilms of various human pathogens are detailed in Section 5.4.2. There are still very few published studies concerning 
yeast biofilms on food processing surfaces and its elimination from surfaces in food equipment and premises (Storgårds 
et al., 1997; Salo and Wirtanen, 2005). Storgårds et al. (1997) studied the tendency of biofilm formation by brewery spoil-
age yeasts. The study showed that the slow-growing yeast strains covered tested surfaces with 2–4% biofilm in 10 days; 
fast biofilm producers had already covered the whole surface in 2 days. Almost all research studies have hitherto been 
performed using single-species biofilms (Abee et al., 2011). In processing environments microbial growth on surfaces is 
seldom due to a single yeast strain and therefore we need information on how strains in mixed biofilms act, for example, 
in chemical treatments (Lindsay et al., 2002; Abee et al., 2011; Wang et al., 2012, 2013; Wirtanen et al., 2014). It is to be 
noted that biofilm formation causes problems wherever organic material is processed in wet conditions. It appears besides 
in food processing also in food-related systems, for example, in industrial water systems as well as in industrial systems 
for production of pulp, paper, and packaging material (Bryers, 2000; Alakomi et al., 2002). We have furthermore included 
some positive applications of biofilms from the food and biotechnology area in this chapter.

5.1.1  Factors Affecting Biofilm Formation

In order to be able to survive hostile environmental factors, for example, heat and chemicals, microbes in microcolonies 
have a tendency to form protective extracellular polymeric substances (EPS), which mainly consist of polysaccharides and 
glycoproteins and are called biofilms (Characklis, 1981; Costerton et al., 1985; Wirtanen, 1995). The microcolony forma-
tion is the first stage in biofilm formation, which occurs under suitable conditions on any surface. Microbes can start up this 
formation when there is water or moisture available (Bryers, 2000). The bacterial attachment on surfaces, both abiotic and 
biotic, is affected by the presence of organic material, EPS and food residues, availability of nutrients, temperature, acid-
ity, and cell-to-cell communication (Dourou et al., 2011). Physical parameters, for example, fluid flow rate, hydrophobic-
ity, roughness, charge, and other properties of the surface material affect the attachment of cells to the surface. In the food 
industry, equipment design has a very important role in combating biofilm formation. The choice of materials and their sur-
face treatments as well as roughness, for example, grinding and polishing, are important factors for inhibiting the formation 
of biofilm and making surfaces easier to clean (Lelieveld et al., 2003, 2014). Surface material treatments can take part in 
active rejection of biofilms or passive removal of biofilm occurrence. The cleanliness of surfaces, training of personnel, and 
good manufacturing and design practices are the most important tools in combating biofilm problems in the food industry 
(Lundén, 2004; Aarnisalo et al., 2006; Salo, 2006; Griffith, 2013; Lelieveld et al., 2014; Wirtanen and Salo, 2014).

The results of Guðbjörnsdóttir et al. (2005) showed that smooth surfaces do not always provide hygiene benefits over 
rougher surfaces. Other hygienic design criteria such as welding, joints, and corners may be of greater importance and equip-
ment should be designed to prevent the accumulation of soil and allow easy cleaning and prevention of biofilm build-up.
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Other factors affecting the formation and development of biofilms can be specific bacteria and environmental para
meters, for example, acidity, nutrient levels, and temperature. Various research studies have shown that biofilm formation 
capacity varies between genera, species, and strains, and is influenced also by other factors. The presence of a mixed 
microbial community adds additional complexity to attachment and biofilm formation (van Houdt and Michiels, 2010; 
Wang et  al., 2012, 2013; Srey et  al., 2013). Cells must overcome the energy-intensive repulsion barrier, which affects 
the particle surfaces (van Loosdrecht et al., 1989). Bacteria with pili could conceivably overcome this barrier to achieve 
microcolonization and biofilm formation (Zottola and Sasahara, 1994). It has been found that temperatures below 50°C 
promote biofilm formation (Miller and Bott, 1982).

5.1.2  Biofilm Formation on Food Processing Surfaces

Microbes prefer attaching to solid surfaces rather than being in the liquid phase and therefore most microbial food con-
tamination is related to biofilm formation (Mizan et  al., 2015). It is also important to remember that about 85–96% 
of a biofilm consists of water, which means that only 2–5% of the total biofilm volume is detectable on dry surfaces 
(Costerton et al., 1981). A biofilm consists of microbial cell clusters with a network of internal channels or voids in the 
extracellular polysaccharide and glycoprotein matrix (Carpentier and Cerf, 1993). This allows nutrients and oxygen to be 
transported from the bulk liquid to the cells (Stoodley et al., 1994).

It has been suggested that the mechanisms of microbial attachment and biofilm build-up occur in two-step, three-
step, five-step, and eight-step processes (Wirtanen, 1995; Bryers, 2000). The two-step process is divided into reversible 
and irreversible biofilm formation. The reversible phase involves the association of cells near to but not in contact with 
the surface. Cells associated with the surface synthesize exopolymers, which irreversibly bind the cells to the surface. 
Characklis (1981) described biofilm build-up using the following five steps: transportation of cells to a wetted surface, 
absorption of the cells into a conditioning film, adhesion of microbial cells to the wetted surface, reaction of the cells in 
the biofilm, and detachment of biofilm from the surface. Bryers and Weightman (1995) divided biofilm build-up into the 
following eight steps: preconditioning of the surface by macromolecules, transport of cells to the surface, reversible and 
irreversible adsorption to the surface, cell replication, transport of nutrients and metabolism, production of extracellular 
polymers, and finally, detachment. Nearly all materials that are commonly used in food processing can support biofilm 
formation and eliminating bacterial colonization from food processing equipment is thus extremely challenging. In order 
to prevent biofilm development on food processing equipment special attention should be paid to hygienic design so that 
microbial adhesion, the first step in biofilm formation, can be hampered (Costerton, 2007). Recent research has provided 
molecular insights into the biofilm formation procedure. The adhesion process involves complex interactions between 
microbes and the substrate, and this process is influenced by the surrounding environment (Mizan et al., 2015). Improper 
cleaning and disinfection procedures of food contact surfaces contribute to many foodborne illness episodes (Mathusa 
et al., 2010; Fouladkhah et al., 2013).

5.1.3  Sampling and Detection of Biofilm Formation in Food Processing Sites

Practical methods for assessing microbes and organic soil on processing surfaces are needed to establish the optimal 
cleaning frequency of the equipment and verify the efficiency of cleaning procedures. However, biofilm is not stable and 
thus not easily measured. Often it is somewhat unclear how the measured quantities correlate with fundamental features 
describing biofilm systems, like rates of biofilm formation, accumulation, and microbial activity (Janknecht and Melo, 
2003). Online monitoring of biofilm formation is needed in some cases. Reyes-Romeroa et al. (2014) have developed a 
dynamic thermal sensor for online monitoring. In the food industry online biofilm monitoring is seldom used, because 
detection of pathogens is more in focus. The first challenge is detaching biofilm for detection purposes. Hygiene moni-
toring is still mainly based on conventional culturing using swabbing, rinsing, or contact plates for sampling (Salo et al., 
2000, 2002). Surface sampling can be improved by wetting the surface in advance (Salo, 2006). In methods that use 
swabs, sponges, nonwoven or microfiber cloths the detachment of surface-bound microbes is a limiting factor. In the cul-
turing of biofilm microbes, it is important for the sample to be detached and mixed properly. Too forceful agitation used 
in the detachment of the biofilm from the surface may harm the cells, making them unable to grow on the agar plates, 
whereas insufficient mixing may result in clumps and inaccurate results. Ultrasonication detaches about 10 times the 
number of cells from the surface as compared with swabbing (Wirtanen et al., 2000).

Methods for studying biofilm formation include microbiological, chemical, microscopical, and molecular biological 
methods (Wirtanen, 1995; Salo et al., 2000, 2002, 2006; Maukonen et al., 2003; Zwolinski, 2007, Flemming et al., 2011). 
Biofilms are composed of different microbes and typically only less than 1% of the total microbial population from 
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environmental samples can be recovered using standard culturing methods. In biofilm detection the planktonic cell counts 
of processing fluids should be interpreted with caution, because especially in badly designed equipment and process lines 
they are not always representative of sessile organisms found on surfaces (Blaschek et al., 2008).

Conventional culturing techniques are used to measure the number of viable cells able to grow on the chosen agar at 
given circumstances. The plates and slides are usually incubated at 25–30°C for 2–3 days. The agars are nutrient agars 
containing, for example, tryptose, yeast, glucose, and agar-agar, or selective agars, which are based on growth inhibi-
tors, for example, nutritional, antibiotic, or acidic compounds. Several types of commercial monitoring tools based on 
microbial growth are available for routine hygiene control. For contact method applications different nutrients (general 
and selective) in different forms, for example, agar plates, dip slides, films, and fabrics are available. According to the 
collaborative study performed by Salo et al. (2000, 2002) the yield was at the same level with contact method and cultur-
ing using swabbed sample. However, the recovery was mainly less than 20% of theoretical yield. Growth of microbes can 
also be detected indirectly from nutrient media using impedance techniques, which are based on an increase in conduct-
ance and capacitance due to the metabolic activity of the microbes, turbidometer, or other visual observation of changes 
in the nutrient broth, for example, changes in color (Wirtanen et al., 2000).

The chemical methods used in the assessment of biofilm formation are indirect methods based on the utilization or 
production of specific compounds, for example, organic carbon, oxygen, polysaccharides, and proteins, or on the biofilm 
microbial activity, for example, living cells and ATP (adenosine 5′-triphosphate) content (Characklis et al., 1982). ATP 
measurement is a luminescence method based on the luciferin–luciferase reaction. The disadvantage of these methods 
is insensitiveness and therefore they are not suitable for hygiene measurements in equipment where absolute cleanliness 
is needed. A count of at least 103 bacterial cells is needed with most of the ATP reagents to obtain a reliable ATP value 
(Wirtanen, 1995; Lappalainen et al., 2000).

Important tools in modern biotechnology-related research are based on microscopical techniques. One advantage of 
microscopical analysis is that it can measure surface-adhered cells, rather than cells which have been detached from the 
surface. However, microscopying the food process lines is not practical yet; only a few portable LED microscopes are 
available. Various microscopical techniques for studying cell adhesion and biofilm formation on surface materials in the 
laboratory are available including: epifluorescence, scanning and transmission electron microscopy, Fourier transforma-
tion infrared spectrometry, quartz-crystal microbalance and infrared spectroscopy, as well as confocal laser scanning and 
atomic force microscopying techniques. Fluorescence is a type of luminescence in which light is emitted from molecules 
for a short period of time following the absorption of light. Fluorescence occurs when an excited electron returns to a 
lower energy orbit and emits a photon of light. Many different fluorochromes have been used for the staining of microbes 
in food samples, biofilms, and environmental samples (Wirtanen, 1995; Maukonen et al., 2000).

In the food industry, the first step is to identify the biofilm problems in a particular process or site. Subsequently, it 
is important to use the best possible methods for isolation and detection of the biofilm for further characterization in the 
laboratory using molecular biology and biochemical methods. These methods can be utilized in the detection and identifi-
cation of microbes in two ways, by performing identification either directly from sample material or indirectly from pure 
cultures obtained from the samples. The three major techniques applied in the molecular detection and identification of 
bacteria are the polymerase chain reaction (PCR), sequencing, and the hybridization technique (Maukonen et al., 2003). 
Next-generation sequencing (NGS) technologies allow deeper layers of investigation of the microbial communities, 
whereas basic PCR technique is typically used for finding selected pathogens. The capability of large-scale sequencing 
techniques to generate billions of reads at low cost with high speed is useful in many applications, for example, whole-
genome sequencing, metagenomics, metatranscriptomics, and proteogenomics (Zwolinski, 2007). Recent developments 
in new sequencing chemistries, bioinformatics, and instruments have revolutionized the field of microbial ecology and 
genomics. Fluorescence in situ hybridization detects nucleic acid sequences by a fluorescently labeled probe that hybrid-
izes specifically to its complementary target sequence within the intact cell. The results can be viewed using epifluores-
cence or confocal laser microscopy or flow cytometry (Maukonen et al., 2003; Zwolinski, 2007).

5.2  PATHOGENS IN BIOFILMS

It is somewhat alarming to know that several pathogens, for example, Listeria monocytogenes, methicillin-resistant 
Staphylococcus aureus (MRSA), Cronobacter sakazakii, enterohemorrhagic Escherichia coli, Salmonella Typhimurium, 
Campylobacter jejuni, Yersinia enterocolitica, Legionella pneumophila, and Candida albicans can produce biofilms on food 
surfaces and pipelines (Juvonen et al., 2001; Wirtanen and Salo, 2005). This causes severe disinfection and cleaning prob-
lems in the food industry, because the biofilms are difficult to remove due to their sticky, slimy structures also referred to as 
EPS, in which these cells are embedded (Characklis, 1981; Costerton et al., 1985; Mattila-Sandholm and Wirtanen, 1992; 
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Hall-Stoodley et al., 2004; Detry et al., 2010; Simões et al., 2010; Wirtanen and Salo, 2014). Peters et al. (1999) reported 
from a biofilm study carried out in high-risk food premises producing ready-to-eat (RTE) and dairy products that Listeria 
spp. was found in 35% of the food contact sites and in 42% of the environmental sites. In the same study Staphylococcus 
aureus was, due to cold circumstances, present only in 7% and 8%, respectively. Listeria is a pathogen that knows how to 
survive and its biofilm formation has been extensively studied since the large outbreak in coleslaw in Canada in the early 
1980s (El-Kest and Marth, 1988) to the outbreaks of rullepølse, a Danish meat deli product, in autumn 2014 (Anon., 2014a) 
as well as of prepackaged caramel apples and of ice cream products in winter 2014–15, which both occurred in the United 
States (Anon., 2015a, 2015b). Despite all efforts there are large outbreaks annually in both Europe and the United States 
(Tompkin, 2002; McLauchlin et al., 2004; Gandhi and Chikindas, 2007; Sauders et al., 2009; Ferreira et al., 2014; Gould 
et  al., 2014; EFSA and ECDC, 2015; Wang et  al., 2015). In these outbreaks many people were hospitalized. Listeriosis 
often has high fatality rates, especially when the hospitalized patients belong to groups of elderly persons, infants and young 
children, immune-compromised people, or pregnant women. Silk et  al. (2012) summarized US population-based surveil-
lance data available in the Foodborne Diseases Active Surveillance Network (FoodNet) for invasive listeriosis from 2004 
through 2009. They identified a total of 762 listeriosis cases during this 6-year period and 18% of all cases were fatal. In the 
European Union (EU) summary report on zoonotic trends and sources (EFSA and ECDC, 2015) a total of 1763 confirmed 
human listeriosis cases were reported with a fatality rate of 10.8% (191 deaths). The increase in listeriosis was 8.6% com-
pare to 2012 and there has been an increasing trend in cases in the EU/EEA area during 2009–13.

Both laboratory studies with biofilms and hygiene surveys on surfaces in the industry have shown that surface-
attached pathogens are more resistant to disinfectants containing, for example, chlorine or quaternary ammonium com-
pounds, which are approved for use in food premises, than the planktonic cells are. Furthermore, these biofilms stick 
to and grow on commonly used materials, for example, elastomers and stainless steel (Wirtanen, 1995; Lundén, 2004; 
Wirtanen and Salo, 2005; Abdallah et al., 2014). In the following subsections there are more examples of biofilm forma-
tion capability of the main foodborne pathogens of both Gram-negative and Gram-positive bacteria as well as of yeasts.

5.2.1  Salmonella Biofilms

Salmonella is a genus within the family Enterobacteriaceae with approximately 2200 serotypes recognized. Salmonella 
enterica subsp. enterica includes at least 1500 of these serotypes. Despite their high genetic similarity they vary in disease 
outcome. Some of these strains are furthermore specifically adapted to hosts and largely restricted to their hosts (Price and 
Tom, 2003b; Bell and Kyriakides, 2009c; Wiedemann et al., 2015). Various types of food poisoning caused by Salmonella 
spp. have been known since 1888, when Salmonella Enteritidis, then named as Bacterium enteritidis, was for the first time 
confirmed to cause fatal food poisoning from cow meat. Today improper processing conditions and cross-contamination 
of RTE products are the main reasons for Salmonella outbreaks. In the EU/EEA area the confirmed annual salmonellosis 
cases have decreased from 110,000 in 2009 to approximately 82,700 in 2013, but there are still too many confirmed salmo-
nellosis cases annually despite improved process hygiene routines (Bell and Kyriakides, 2009c; EFSA and ECDC, 2015).

Salmonella is a nonspore-forming rod-shaped, motile Gram-negative bacterium with nonmotile exceptions, for exam-
ple, Salmonella Gallinarum and Salmonella Pullorum. The growth range for salmonellae is 5.2–46.2°C at pH 3.8–9.5, with 
optimum growth at 35–37°C at pH 6.5–7.5. Salmonellae are not particularly salt-tolerant, although growth can occur in 
the presence of 4% sodium chloride. The lower limit of water activity (aw) permitting growth is 0.93 (Bell and Kyriakides, 
2009c). In their review Bell and Kyriakides (2009c) reported that Salmonella Eastbourne had been found to survive in milk 
chocolate at as low water activity as aw 0.41 for more than 9 months and a mixed culture of Salmonella Agona, Salmonella 
Enteritidis, Salmonella Michigan, Salmonella Montevideo, and Salmonella Typhimurium in peanut butter at aw 0.2–0.3 for 
6 weeks at room temperature. Foods commonly associated with salmonellosis include poultry, pig and cow meats and prod-
ucts, for example, salami, eggs, chocolate, milk, and dairy products. Milkborne salmonellosis is common in places where 
milk is neither boiled nor pasteurized, but it occurs also in developed countries in pasteurized milk and certain cheeses (Bell 
and Kyriakides, 2009c; EFSA and ECDC, 2015).

Biofilm formations by Salmonella have been found on various types of abiotic surfaces, for example, on stainless 
steel, on elastomers, and on concrete, which are commonly used in the food processing industry, as well as on glass 
(Mafu et al., 1990; Ronner and Wong, 1993; Joseph et al., 2001; Møretrø et al., 2012; Steenackers et al., 2012; Karaca 
et al., 2013). Salmonella is also able to form biofilm on food surfaces of, for example, alfalfa sprouts, lettuce, parsley, 
tomato, and cantaloupe (Møretrø et  al., 2012; Steenackers et  al., 2012; Karaca et  al., 2013; Wiedemann et  al., 2015). 
RTE products have been shown to be a risk due to cross-contamination since the slicer blades have been shown to dis-
seminate high numbers of Salmonella to sliced products (Carrasco et al., 2012). Several studies have shown that biofilm 
cells of Salmonella spp. are much more resistant to sanitizers compared to planktonic cells (Ronner and Wong, 1993; 
Mokgatla et al., 1998; Joseph et al., 2001; Stepanovic et al., 2003; Xu et al., 2010a,b; Steenackers et al., 2012; Corcoran 
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et al., 2014). Jakočiūnė et al. (2014) reported that they found a persistent Salmonella Tennessee strain in an egg produc-
tion facility. Thus knowledge on how to treat persistent Salmonella strains in food premises can be important in combat-
ing foodborne salmonellosis, since strains embedded in biofilms are more resistant to disinfectants (Xu et al., 2010a,b; 
Corcoran et al., 2014). Already in 1998, Mokgatla and coworkers studied the resistance of Salmonella sp. isolated from 
a poultry abattoir and found growth in the presence of in-use concentrations of hypochlorous acid. The presence of 
Pseudomonas fluorescens in the biofilm resulted in increased resistance of Salmonella Typhimurium to chlorine (Leriche 
and Carpentier, 1995). Wang et al. (2013) showed that the EPS-producing strains with high biofilm-forming abilities were 
able to establish themselves in mixed biofilms of Salmonella enterica serovar Typhimurium and Shiga toxin producing 
Escherichia coli (E. coli). In studies on mixed biofilms with Salmonella the same amount of two or more strains’ inocula 
has been added to surfaces and after biofilm formation Salmonella has only represented a few percent of the found bio-
film, which means that Salmonella is a weak competitor (Steenackers et al., 2012).

5.2.2  Escherichia coli Biofilms

Escherichia coli is a Gram-negative, rod-shaped bacterium, which often is motile with flagella. Most strains of E. coli are 
harmless, but it has been involved in human illness, for example, diarrhea, hemorrhagic colitis, dysentery, bladder and kidney 
infections, surgical wound infection, septicemia, hemolytic uremic syndrome, pneumonia, and meningitis (Beloin et al., 2008; 
Bell and Kyriakides, 2009b). Verocytotoxigenic E. coli (VTEC) strains, characterized by the production of Shiga toxins, are 
among the most important foodborne pathogens in industrialized countries. Escherichia coli O157:H7 is the predominant and 
most virulent serotype in a pathogenic subset of VTEC, designated enterohemorrhagic E. coli (EHEC) (Clifton-Hadley, 2008). 
In 2010 in the EU there were 4000 confirmed human cases of VTEC infections reported, which yields a community incidence 
rate of 0.83 per 100,000 population (Venkitanarayanan and Doyle, 2003; Álvarez-Ordóñez et al., 2013; Nesse et al., 2014). In 
2013 more than 6000 confirmed cases of VTEC infections were reported in the EU, yielding a notification rate of 1.59 cases 
per 100,000 population. There was a total of 73 VTEC-outbreaks in Europe (EFSA and ECDC, 2015).

The presence of the intestinal bacterium E. coli in water and food indicates a potential hygiene hazard. The pathogenic 
strains are usually classified in two major groups: intestinal E. coli (InPEC) and extraintestinal E. coli (ExPEC). The InPEC 
group is further divided into eight subgroups: Shiga toxin producing E. coli (STEC) which includes enterohemorrhagic E. coli 
(EHEC), the enterotoxigenic E. coli (ETEC), the enteroinvasive E. coli (including Shigella; EIEC), the enteropathogenic E. 
coli, (EPEC) the enteroaggregative E. coli (EAEC), the diffusely adherent E. coli (DAEC), and the adherent-invasive E. coli 
(AIEC) associated with Crohn’s disease. STEC is a zoonotic foodborne pathogen that causes gastrointestinal illness in both 
outbreaks and sporadic cases, ranging from mild diarrhea to hemorrhagic colitis (HC) and life-threatening hemolytic uremic 
syndrome (HUS) (Biscola et al., 2011; Miko et al., 2014). STEC disease outbreaks are typically associated with contaminated 
carcasses, drinking water, and fresh produce (Vogeleer et al., 2014). The terms Shiga toxin (stx) and verotoxin (vtx) are inter-
changeable; they refer to the production of cellular cytotoxins (Mathusa et al., 2010; Yang and Wang, 2014). Growth can occur 
at 7–46°C, with the maximal growth rate at 35–37°C. EHEC has been shown to grow poorly at temperatures of 44°C. The 
minimum aw for growth ranges from 0.94 to 0.97. The optimum pH for growth is approximately 7.0, with growth within the 
pH range 4.5–9.0 (Venkitanarayanan and Doyle, 2003; Bell and Kyriakides, 2009b; Álvarez-Ordóñez et al., 2013).

Escherichia coli has been isolated from a large number of foods, for example, fermented meat sausage, dairy prod-
ucts, vegetables, meat, poultry, and fish products as well as drinks, for example, water, apple cider, and unpasteurized milk 
(Venkitanarayanan and Doyle, 2003; Dontorou et al., 2004; EFSA and ECDC, 2015). Escherichia coli can also survive for 
extended periods of time in several acidic foods, for example, cheese and yogurt. Acid-adapted E. coli O157:H7 has shown 
enhanced survival and prevalence in biofilms on stainless steel surfaces (Venkitanarayanan and Doyle, 2003). The main food 
vehicle in the outbreaks in 2013 was bovine meat products followed by vegetables, juices, and cheese (EFSA and ECDC, 
2015). STEC has emerged in the last three decades to become one of the most important causes of food-associated illnesses 
both in Europe and in the United States (Chen et  al., 2013; Fouladkhah et  al., 2013; Wang et  al., 2013). Understanding 
biofilm regulatory mechanisms is important in reducing pathogen survival on food contact surfaces. The study indicated 
that mlrA prophage insertions and rpoS mutations limited both biofilm formation and curli expression in the non-O157:H7 
STEC. Furthermore, the lack of motility also limited the non-O157:H7 STEC biofilm formation (Chen et al., 2013).

Strains in STEC seropathotype A, for example, O157:H7 and O157:NM (nonmotile), are considered to be the most 
virulent (Karmali et al., 2003). The presence of E. coli O157:H7 on food contact surfaces in beef processing is associ-
ated with its ability to attach, colonize, and form biofilms on these surfaces (Dourou et al., 2011). In non-O157 strains 
the presence of curli and the ability to biofilm formation are associated, for example, with type 1 fimbriae and autotrans-
porter proteins, which most probably contribute to these organisms’ environmental persistence. Knowledge of the bacte-
rial structures involved in biofilm formation by STECs contributes to understanding of the adherence mechanisms and 
thus also the establishment of control measures (Biscola et al., 2011). Escherichia coli O157:H7 is the STEC serotype 
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most often implicated in outbreaks. In recent years STEC strains belonging to serogroup O178 have been commonly iso-
lated from cattle and food of bovine origin in South America and Europe. An outbreak that occurred in Europe in 2011 
linked to sprouts was caused by E. coli O104:H4 that had characteristics of an EAEC but carried the gene that encoded 
for Shiga toxin 2. The EHEC strains belong to STEC and they are all pathogens causing bloody diarrhea. It is to be 
noted that not all STEC strains are pathogens (Mathusa et al., 2010; Biscola et al., 2011; Baranzoni et al., 2014; Miko 
et al., 2014).

STEC seropathotype B consists of serotypes, for example, O26:H11, O103:H2, O111:NM, O121:H19, and O145:NM 
that are able to cause severe illness and outbreaks. Here follows examples of outbreaks in which the serotype O111 has 
been found: in Germany (1986; undetermined source), in Ohio (1990; undetermined source), in Australia (1995; sau-
sage), in Texas (1999; salad bar), in South Dakota (2001; day care), in New York (2004; apple cider), and in Oklahoma 
(2008; restaurant). The serotype O26 in outbreaks in Germany (1999; undetermined and 2000; beef at day care), in 
Minnesota (2001; lake water), in Belgium (2007; ice cream) and in Denmark (2007; beef sausage), O121 in outbreaks 
in Montana (1998; undetermined source), in Connecticut (1999; lake water), in Utah (2006; iceberg lettuce) and O145 in 
outbreaks in Germany (1999, 2001, and 2002; undetermined source) and in Belgium (2007; ice cream). Seropathotype C,  
for example, O91:H21 and O113:H21, is composed of serotypes that are infrequently associated with sporadic HUS but 
not often with outbreaks. Seropathotype D consists of serotypes able to cause diarrhea, and seropathotype E includes all 
the other STEC serotypes that have not been implicated in human disease (Karmali et al., 2003; Mathusa et al., 2010; 
Chen et al., 2013; Baranzoni et al., 2014).

Potentially human-pathogenic E. coli can form biofilm on various surfaces and at several temperatures relevant in 
food production and handling. In cold storage temperature at 4°C an EHEC strain was shown to adhere, survive, and 
increase on food contact surfaces under conditions commonly encountered in beef processing environments, which espe-
cially is of concern in sites where meat and fat soil may remain for long periods (Dourou et  al., 2011). Fimbriae are 
strengthening the irreversible attachment of E. coli on surfaces. Habimana et al. (2010) found that EHEC produced 400 
times more biomass in biofilms with Acinetobacter calcoaceticus compared to monocultures under the same conditions. 
Biofilm as an environment can also serve in the evolution of pathogenic isolates and it was also reported that E. coli can 
become nonculturable when it is in biofilm. When survival of several VTEC strains was studied, significant variation 
in resistance to stress factors, for example, oxidative stress, desiccation, starvation, antibiotic treatment, disinfectants, 
acid, alkaline, heat and, especially, high hydrostatic pressure were observed (Beloin et  al., 2008; Dourou et  al., 2011; 
Flemming et al., 2011; Álvarez-Ordóñez et al., 2013; Fouladkhah et al., 2013; Wang et al., 2013; Nesse et al., 2014).

O157:H7 STEC is an important foodborne pathogen capable of forming both single- and multispecies biofilms (Wang 
et al., 2012; Parks and Brashears, 2015). The EPS-producing strains were able to establish themselves in mixed biofilms 
efficiently. The bacterial EPS components enhanced both the resistance toward sanitizer and also protected companion 
strains in mixed biofilms. STEC O26:H11 strains were able to effectively outgrow O157:H7 strains in both planktonic 
and biofilm phases during coexistence via simultaneous inoculation. In the presence of O157:H7 biofilms, the O26:H11 
strains could still compete with the colonized O157:H7 cells and establish themselves in the mixed biofilms, while sero-
type O157:H7 appeared to be a poor colonizer if there already were O26:H11 cells on the surfaces. The fact that the 
O26:H11 strains can inhibit growth of serotype O157:H7 highlights the potential risk of this non-O157 STEC serotype 
in biofilm formation in food processing facilities’ food and safety. Accordingly, the mixed biofilms and the interspecies 
interactions should be taken into account when designing proper cleaning and disinfection procedures in the food pro-
cessing environments (Wang et al., 2012, 2013).

Despite the development of new strategies to eradicate biofilms formed by foodborne pathogens, no effective solu-
tions to remove STEC biofilms from surfaces have been identified. STEC biofilms were less sensitive than planktonic 
cells to several chemical sanitizers, for example, quaternary ammonium compounds, peracetic acid, and chlorine com-
pounds, and thus STECs in biofilms are likely to contaminate slaughtering and processing surfaces due to increased sani-
tizer resistance (Vogeleer et al., 2014). Both quaternary ammonium compounds (QUATs) and peracetic-based chemical 
decontamination of mixed biofilms pathogenic of E. coli and Salmonella serovars on stainless steel surfaces was low, 
even though these agents had previously been validated to be effective on planktonic cells. The tested pathogens showed 
similar biofilm formation and susceptibility to chemical decontamination, which indicates that a successful cleaning and 
disinfection program validated against E. coli O157:H7 most probably also is effective against the other non-O157 E. coli 
and Salmonella serovars forming the same type of biofilm (Fouladkhah et al., 2013; Wang et al., 2013).

5.2.3  Campylobacter Biofilms

Campylobacter spp. are microaerophilic, very small, curved, and thin Gram-negative rods (Teh et al., 2014). Growth can 
occur in a microaerophilic atmosphere containing 3–15% oxygen and 3–5% carbon dioxide at 30–48°C with a maximal 
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growth rate at 42–43°C. The minimum aw for growth is above 0.987. The optimum pH for growth is 6.5–7.5 within 
the pH range 4.9–9.0 (van Vliet and Ketley, 2001; Teh et  al., 2014). Both Campylobacter jejuni and Campylobacter 
coli share risk factors associated with human gastrointestinal diseases and thus the Campylobacter coli may be under-
reported in human infections (Price and Tom, 2003a; Skarp-de Haan et al., 2014). Connerton et al. (2011) reported that 
Campylobacter jejuni and Campylobacter coli caused the majority of human bacterial gastroenteritis with rather low 
infective doses. In 2013, Campylobacter spp. were the most commonly reported human gastrointestinal bacterial patho-
gen in the EU and have been so since 2005. The number of reported confirmed cases of human campylobacteriosis was 
214,779 with an EU notification rate of 64.8 per 100,000 population, which was at the same level as in 2012 (EFSA and 
ECDC, 2015). In order to detect contamination of Campylobacter jejuni or Campylobacter coli liquid enrichment meth-
ods are normally required before plating on selective media. Furthermore, incubation at 42°C under microaerophilic con-
ditions is required for successful detection (Roberts et al., 1996).

Generally existing studies do not provide strong evidence for biofilm formation by most Campylobacter jejuni strains 
in food-related environments under the combined conditions of atmosphere, temperature, and shear that they are likely to 
encounter, but Campylobacter has been shown to form biofilm at optimum circumstances. Simple attachment to and sur-
vival on surfaces and in existing biofilms of other species are more likely to contribute to the survival of Campylobacter 
jejuni in food-related environments. Biofilms are shown to form zones with low oxygen content in aerobic surroundings 
and thus Campylobacter spp. can more easily survive in biofilms (Teh et al., 2014). Trachoo et al. (2002) showed that 
viable Campylobacter jejuni cells grown on polyvinyl chloride surfaces decreased with time and the greatest reduction 
occurred on surfaces without a preexisting biofilm. The number of viable Campylobacter jejuni determined by using 
a direct viable count was greater than by using culturing techniques, which indicates that Campylobacter jejuni cells 
can form a viable but nonculturable state within the biofilm (Sparks, 2009; Bridier et  al., 2015). In the optimization 
of cleaning and decontamination procedures it is therefore important to take the resistance of viable but nonculturable 
Campylobacter jejuni cells into account, especially in food industrial processes, in which raw meat products are pro-
cessed (Bridier et al., 2015).

5.2.4  Cronobacter spp. Biofilms

Cronobacter spp. belong to Enterobacteriaceae, that is, they are Gram-negative, facultative anaerobic, oxidase-negative, cat-
alase-positive, rod-shaped bacteria. The genus consists of at least six genomospecies, Cronobacter sakazakii, Cronobacter 
malonaticus, Cronobacter turicensis, Cronobacter muytjensii, Cronobacter genomospecies 1, and Cronobacter dublinen-
sis (Iversen et al., 2007). Originally Cronobacter sakazakii was referred to as yellow pigmented Enterobacter cloacae. In 
1980 it was reclassified as Enterobacter sakazakii and in 2007 it was classified as Cronobacter sakazakii. The opportun-
istic Cronobacter pathogens have been isolated from a wide variety of foods, for example, cheese, UHT milk, milk pow-
der, powdered infant milk formula (IMF), vegetables, grains, bread, herbs, spices, meat, and sausages (Shaker et al., 2007; 
Giovannini et  al., 2008; Healy et  al., 2010; Jacobs et al., 2011; Walsh et al., 2011; Kim et  al., 2013). Pava-Ripoll et  al. 
(2012) showed that flies in urban food premises carry Cronobacter spp. and thus are a contamination route.

Cronobacter sakazakii has been linked to life-threatening infections of infants, for example, necrotizing enterocolitis, 
bacteremia, and meningitis, with case fatality rates of 50–80%. Infections among elderly, immunocompromised adults 
have also been reported (Healy et al., 2010). Disinfectants commonly used in food processing environments were shown 
to be effective against planktonic Cronobacter cells but on cells dried or on cells growing on surfaces the disinfectant 
efficacy was reduced (Kim et al., 2007; Healy et al., 2010; Bayoumi et al., 2012). The overall order of efficacy of dis-
infectants in killing Cronobacter sakazakii was planktonic cells > cells inoculated and dried on stainless steel > cells 
in biofilms on stainless steel (Kim et al., 2007). Craven et al. (2010) were sampling Cronobacter spp. in five milk pow-
der factories and they found that more nonprocessing than processing locations were contaminated with Cronobacter, 
87% and 58% respectively. The Cronobacter spp. was found in the following processing areas: in evaporator rooms, at 
entrances to spray-drying areas, in spray-drying areas, in powder service and powder-packaging rooms, as well as in but-
ter and cheese areas.

Kuo et al. (2013) showed that 15 W ultraviolet (UV) light commonly used in the food plant reduced the growth of 
Cronobacter spp. on surfaces when applied from various distances up to 55 cm and for various periods up to 300 s. In 
their experiments with UV irradiation the contamination was completely inactivated after a 300-s long treatment. 
Furthermore, inactivation of Cronobacter sakazakii can be performed with electron-beam irradiation using a dose of 
16 kGy (Hong et al., 2008). However, the studies performed by Kuo et al. (2013), showed that Cronobacter spp. survived 
on surfaces at elevated temperatures (60–70°C) for 120 min. Thus, the contamination of Cronobacter spp. on cleaned sur-
faces cannot be inactivated through usual drying treatments. These results contribute to understanding Cronobacter spp. 
behavior on food processing surfaces and enabling improvements in intervention protocols.
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5.2.5  Listeria monocytogenes Biofilms

According to den Bakker et al. (2014) there are at least 18 Listeria-like species and they are divided into four clades. 
Most of the commonly known Listeria spp., for example, L. monocytogenes, L. marthii, L. innocua, L. welshimeri,  
L. seeligeri, and L. ivanovii, belong to the first clade and are referred to as Listeria sensu stricto strains. In this clade 
we can find both L. monocytogenes and L. ivanovii, which both have been classified as opportunistic pathogens. These 
bacteria are Gram-positive, nonspore-forming rods, which are facultative anaerobes. Listeria monocytogenes, which is a 
nonhost-specific pathogen, is widely distributed in nature and the contamination source to listeriosis can thus be obtained 
from fresh produce, for example, sprouts and melons as well as from cross-contaminated RTE foods, for example, cheese 
and cold-cuts. Of the 13 different L. monocytogenes serotypes, 4 (1/2a, 1/2b, 3a, and 4b) have predominantly been 
involved in human cases with listeriosis (Lyytikäinen et al., 2000; Thévenot et al., 2006; Endrikat et al., 2010; Velge and 
Roche, 2010; Chen and Nightingale, 2013; Ferreira et al., 2014; Martín et al., 2014). Listeria monocytogenes has been 
found to form biofilms both in cold and ambient temperature, on common food-contact surfaces of elastomes and stain-
less steel and also on glass. Hygiene monitoring in food premises, on both food-contact and noncontact surfaces, is thus 
important (Griffiths, 2003; Lundén, 2004; Miettinen and Wirtanen, 2006; Salo et al., 2006; Bell and Kyriakides, 2009a; 
Hoelzer et al., 2011; Dalmasso and Jordan, 2013).

In the food industry L. monocytogenes is recognized as a problem, because of its ability to colonize surfaces and crev-
ices. By forming biofilm, L. monocytogenes can thus be persistent on surfaces in the food premises (Lundén, 2004; Wulff 
et al., 2006; Carpentier and Cerf, 2011). Listeria monocytogenes is able to grow at a low oxygen tensions, in high salt con-
centrations (up to 25.5%), at a wide range of pH (5–9.5), and at temperatures (3–45°C) with an optimum at 30°C (El-Kest 
and Marth, 1988). It may persist in the food processing environment for years, which means that this bacterium can be dif-
ficult to eradicate from the food processing area, once it has reached there. Some examples of Listeria sources in process-
ing plants are conveyor belts, cutters, slicers, brining and packaging machines, coolers and freezers, sinks, as well as floors 
and drains (Wirtanen and Salo, 2004; Wulff et al., 2006; Aarnisalo et al., 2007b; Gandhi and Chikindas, 2007; Sauders 
et al., 2009; Carpentier and Cerf, 2011; Berrang and Frank, 2012; Martin et al., 2014; Henriques et al., 2014).

Listeriosis may occur sporadically or epidemically. Listeria monocytogenes has been isolated from both unpasteur-
ized and cross-contaminated dairy products, for example, raw milk, mastitic milk, pasteurized milk, ice cream, but-
ter, and various types of cheeses. It has also been found in fresh produce (eg, melons), in salads (eg, coleslaw), in 
cross-contamination of RTE meat products (eg, sliced cold meat), and in RTE fish products (eg, rainbow trout roe, 
cold-smoked and gravad rainbow trout, and salmon). Coleslaw was the first known source of a listeriosis outbreak, 
which occurred in Canada in 1981. Other recent epidemic sources are: cheese made from pasteurized milk in Germany 
(2006–07), tuna and chicken salads in the United States (2008), Brie and Camembert cheese in Chile (2008–09), 
quargel cheese in Austria, Germany, and the Czech Republic (2009–10), Cantaloupe melon in the United States (2011), 
fresh cheese in Spain (2012), and cold-cut deli meat “rullepølse” in Denmark (2014). These cases show that heat treat-
ments as well as cross-contamination in food production must be strictly controlled to prevent foodborne L. monocy-
togenes infections. It has also been reported that healthy people can be carriers of L. monocytogenes (Hansen et  al., 
2006; Thévenot et al., 2006; Wulff et al., 2006; Garrido et al., 2009; Koch et al., 2010; Velge and Roche, 2010; Pereira 
da Silva and Pereira de Martinis, 2013; Chen and Nightingale, 2013; Schoder et al., 2013; Anon., 2014a; Ferreira et al., 
2014; Gould et al., 2014).

Many approved disinfectants commonly used in the food industry, for example, quaternary ammonium compounds 
(QACs), chlorine-based, alcohol-based, and peracetic acid-based have been shown to be effective against L. monocy-
togenes cells in suspension, but the biofilm formation as well as the presence of organic material impair the efficacy of 
the disinfectants. The strains of L. monocytogenes can adapt to the disinfectants in places, where the disinfection after the 
cleaning is not effective enough, for example, when the agent is used in suboptimal concentrations at cold temperatures. 
In such cases coolers and freezers are potential habitats and contamination sources for this bacterium (Aarnisalo et al., 
2007a; Minei et al., 2008; Crandall et al., 2012; Hoelzer et al., 2012; Yun et al., 2012). The cleaning procedure of convey-
ors can be improved by using ultrasonic cleaning (Salo and Wirtanen, 2007; Tolvanen et al., 2007). Ha and Kang (2014) 
showed that near-infrared (NIR) heating can be used in minimizing the postcontamination of RTE ham at the slicing 
stage.

5.2.6  Staphylococcus Biofilms

Staphylococcus aureus is a pathogenic Gram-positive, facultative anaerobic, nonspore-forming, catalase-positive coccal 
bacterium growing in grapelike clusters, which can form biofilms on the food processing surfaces. The growth tempera-
ture for this bacterium is 7–48°C, with an optimum around 37°C. Growth has been demonstrated over the pH range 4–10, 
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with an optimum at 6–7. An aw as low as 0.83 permits growth. The cells of Staphylococcus aureus can also tolerate high 
(up to 20%) sodium chloride concentrations (Le Loir et  al., 2003; Medvedová et  al., 2009). Furthermore, they readily 
produce heat-stable enterotoxins that worldwide cause foodborne intoxications (Le Loir et al., 2003). Carriage via skin, 
coughing, and sneezing are frequent vehicles in transporting Staphylococcus aureus to food processing and packaging 
surfaces (Adams, 2009; Xu et al., 2011; Vázquez-Sánchez et al., 2013; Lister and Horswill, 2014; Pazlarová et al., 2014).

Peters et al. (1999) isolated Staphylococcus aureus in a total of 7% of food contact sites and 8% of environmental sites 
from 10 small and medium-sized enterprises producing high-risk RTE and dairy products. The source of Staphylococcus 
aureus almost always originated from food handlers or from utensils previously contaminated by humans. A survey revealed 
that Staphylococcus aureus was involved in 15% of the recorded foodborne illnesses caused by dairy products in eight devel-
oped countries whereas L. monocytogenes was involved in 22% (Benkerroum et al., 2002). Several studies have shown the 
attachment of Staphylococcus aureus on work surfaces of stainless steel and various plastics, for example, polystyrene and 
polypropylene (Luppens et al., 2002; Lee et al., 2014; Di Ciccio et al., 2015). Changes in surface physicochemical proper-
ties, substratum topography, and environmental factors, for example, osmolarity, nutrient content, and temperature, may lead 
to development of staphylococcal biofilm and persistent strains. Vázquez-Sánchez et al. (2013) investigated the persistence of  
26 natural Staphylococcus aureus isolates and two type strains on polystyrene surfaces. The initial adhesion of these strains to 
polystyrene surfaces was studied at two different ionic strengths of sodium chloride (1.5 and 150 mM). The initial adhesion was 
increased at the higher ionic strength for 26 out of 28 strains and the other 2 strains showed adherence ability at both low and 
high ionic strength conditions. The biofilm formation on polystyrene of Staphylococcus aureus, when magnesium chloride was 
added, was increased only after an incubation of 2 days. However, this finding can affect biofilm formation of Staphylococcus 
aureus in situations, where seawater is used instead of fresh water, for example, in seafood processing premises. The presence 
of glucose also increased biofilm formation of all tested Staphylococcus aureus, thus fisheries producing preserved herring, 
surimi, and smoked fish should be aware of the possibility of increased biofilm formation. The application of proper cleaning 
and disinfection procedures to food contact surfaces is essential to ensure food safety. Furthermore, the maintenance of cold 
processing conditions reduces the bacterial growth both on processing surfaces and in food products (Vázquez-Sánchez et al., 
2013; Lee et al., 2014; Osaili et al., 2015).

The opportunistic pathogen Staphylococcus aureus, including MRSA strains, affects the quality and safety of RTE and 
dairy products. It has been found in many products, for example, ham and cheese sandwiches, RTE meat products includ-
ing cooked ham, summer sausages, and frankfurters, RTE fish and seafood products including shrimps, salted fish, smoked 
fish, nonfrozen surimi, and fish roes, as well as RTE dairy products including raw and pasteurized milk, cream, cheese, and 
yoghurt (Benkerroum et al., 2002; Lamb et al., 2002; Sommers and Boyd, 2006; Cabeza et al., 2010; Imani Fooladi et al., 
2010; Porto de Oliveira et al., 2011; Mejlholm et al., 2012; Vázquez-Sánchez et al., 2012; Campbell et al., 2014; Sergelidis 
et al., 2014). Luppens et al. (2002) showed that Staphylococcus aureus biofilm formed on stainless steel, polystyrene, and 
glass in a nutrient flow needed concentrations of benzalkonium chloride that were 50 times higher and concentrations of 
hypochlorite that were 600 times higher to achieve 4-log killing of Staphylococcus aureus compared with cells in suspen-
sions. The review written by Speziale et al. (2014) contributes with information on proteins in Staphylococcus aureus and 
Staphylococcus epidermidis biofilms, which can be used in designing inhibitors for staphylococcal biofilm. Staphylococci 
are active in a broad range of diseases in humans (Le Loir et al., 2003; Lister and Horswill, 2014; EFSA and ECDC, 2015).

5.2.7  Bacillus cereus Biofilms

Bacillus cereus is a Gram-positive, aerobic, spore-forming rod, normally present in soil, dust, and water. It produces a num-
ber of toxins with distinct diarrheal and emetic syndromes (Blackburn and McClure, 2009). Different Bacillus spp., and 
among them B. cereus, have been found on liquid packaging boards and blanks (Svensson et  al., 2004). Daelman et  al. 
(2013) stated that the personnel can spread B. cereus as postcontamination, because they found that 2 out of 92 sets of gloves 
sampled were positive for B. cereus. The following foods, both heat-treated dishes and fresh produces, have been involved in 
B. cereus outbreaks: stews, fried rice, pasta dishes, sprouted seeds, and fruit juices (Carlin and Nguyen-The, 2013).

The growth temperature for B. cereus is 5–50°C, with an optimum around 28–35°C. Growth has been demonstrated 
in the pH range 4.9–9.3 (Sutherland et al., 1996). Bacillus cereus cells are large and motile and it has been shown that the 
flagella of B. cereus play a major role in biofilm formation due to motility (Blackburn and McClure, 2009; Houry et al., 
2010). The spores of B. cereus are reported to possess a pronounced ability to adhere to stainless steel surfaces commonly 
used in food processing. Hayrapetyan et al. (2015) reported that B. cereus formed more biofilm on stainless steel than on 
polystyrene surfaces due to the availability of free iron in stainless steel surfaces. In studies by Hornstra et al. (2007) it was 
suggested that implementation of a germination-inducing step in the CIP protocol could help in reducing B. cereus on the 
surfaces. The predictive models developed by Luera Peña et al. (2014) have been shown to be a good tool in assessing the 
adhesion of B. cereus to stainless steel. These models can be used in either milk processing or cleaning operation phases.
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Lindsay (2001) found that mixed biofilms of Bacillus and Pseudomonas species attach firmly to liquid food processing 
equipment surfaces. Some of the cells in these mixed biofilms survived after treatments with iodophor, peracetic acid, hydro-
gen peroxide, and chlorhexidine gluconate-based disinfectants (Lindsay, 2001; Lindsay et al., 2002). Biofilms formed by 
both B. cereus and thermophilic bacilli in the food industry on stainless steel surfaces are also problematic due to spore for-
mation (Lindsay et al., 2006; Burgess et al., 2010). Pagedar and Singh (2012) stated that surface-attached B. cereus cells in 
lag-phase were very resistant to cleaning but Peng et al. (2002) showed that the 10 min long hot CIP procedures they tested 
removed B. cereus biofilms. They also demonstrated that B. cereus cells in biofilms are more resistant to various chemical 
sanitizers than surface-attached single cells. Ryu and Beuchat (2005) reported that both chlorine and chlorine dioxide are 
effective in reducing the resistance of B. cereus in wet heat. Kreske et al. (2006) showed that chlorine was more effective 
than chlorine dioxide in killing both suspended and surface-attached spores of B. cereus and B. thuringiensis. In studies per-
formed by Li et al. (2014) it was shown that quaternary ammonium compounds and amphoteric surfactants can reduce adhe-
sion of B. cereus to ceramic surfaces. Furthermore, Hong et al. (2008) showed that the electron-beam irradiation at 8 kGy 
inactivated B. cereus in powdered weaning food without affecting the product quality, for example, color and flavor.

5.2.8  Clostridium Biofilms

Clostridium spp. are strictly anaerobic, Gram-positive, spore-forming rods, which are widely distributed in soils, fresh 
water, and marine sediments (Gibbs, 2009; Lindström et  al., 2010). The frequency of occurrence of the pathogenic 
Clostridium botulinum in soils and sediment samples varied from 3% to 6% (MPN/kg = 1–3) in, for example, the United 
Kingdom and Italy to approximately 50% in, for example, China, Japan, and New Zealand and to 100% (MPN/kg = >500) 
in Scandinavian and Dutch coastal sediments (Gibbs, 2009). Foods contaminated with clostridia include fish, cattle meat, 
poultry, vegetables, honey, canned food, and dairy products (Gibbs, 2009; Lindström et al., 2010). Strains of Clostridium 
botulinum produce highly potent botulinum neurotoxins, which are completely odorless and tasteless. Thus the contami-
nated food may not transmit any warning signs to the consumer. These toxins are divided into seven toxinotypes (A–G) and 
they are only destroyed through heating, for example, at 80°C for 20 min or at 85°C for 5 min (Lindström et al., 2010). There 
are five types of Clostridium perfringens: A, B, C, D, and E, which produce different types of toxins. Some strains’ spores 
are resistant to temperatures of 100°C for a period of more than l hour (Labbé, 2003). In view of the widespread presence of 
Clostridium perfringens in moist soil, its presence in air and dust in kitchens, catering, and food processing environments is 
thus not surprising (Labbé, 2003).

There are only a few papers covering clostridial biofilms or their growth on product surfaces (Lindström et  al., 
2010; Charlebois et  al., 2014; Pantaléon et  al., 2014). Most of the described clostridia, both pathogenic and nonpatho-
genic species (eg, Clostridium botulinum, Clostridium difficile, Clostridium perfringens, Clostridium thermocellum, and 
Clostridium acetobutylicum) can form biofilms preferably together with other microbes. Strong, multispecies biofilms of 
both Clostridium perfringens and Clostridium difficile were reported by Pantaléon et al. (2014). Lindström et al. (2010) 
reported that mold had been found to provide growth conditions for Clostridium botulinum on mold-ripened cheese sur-
faces with increased pH in the cheese rind. Pantaléon et al. (2014) reported survival of Clostridium perfringens in the pres-
ence of oxygen in a multispecies biofilm suggesting that Clostridium spp. may take advantage of already-existing biofilms 
for growth. This observation highlights how clostridia as anaerobes can grow in, for them, unusual, aerobic environments.

5.2.9  Legionella Biofilms

Legionellosis is a public respiratory illness transmitted through aerosols contaminated with Legionella cells from bio-
films formed in water reservoirs in industrial systems, for example, air-handling systems, humidifiers, and air distribu-
tion ducts. Legionellosis is acquired by inhaling droplets contaminated with airborne Legionella, which is growing at 
20–50°C using nutrients available in the water system. Legionella pneumophila is the major cause in outbreaks. The case 
fatality rate of legionellosis ranges from 5–30% for treated cases to 40–80% for untreated immunosuppressed patients. 
Prevention of biofilm formation is thus the strategy to reduce water system contamination (Mallegol et al., 2012; Abdel-
Nour et al., 2013; López-Gómez et al., 2013).

Mallegol et al. (2012) revealed that Legionella collagen-like protein plays a crucial role during the attachment phase 
in biofilm formation, it is important in the cell–cell and the cell–matrix interactions of the three-dimensional structures in 
biofilms and it may also participate in the detachment and dispersal of matured biofilms. Their report is one of the first 
to address the role and regulation of a matrix-associated protein in biofilm formation. This finding may lead to design of 
alternative, more efficient disinfection strategies in prevention of Legionella biofilms in manmade water systems.
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5.2.10 Yeasts

In the food industry yeasts are mostly known for their beneficial role in the production of fermented products and bread. 
The most important intrinsic factors determining the susceptibility of a product to yeast spoilage are water activity, nutri-
ents, and acidity (Déak, 1991). Yeasts are commonly found in soil and water and on plants, animals, and insects. Thus 
it is not surprising that we can find yeasts in a range of fresh and processed food products, for example, dairy products 
(cheese, butter, cream, and yoghurt), sugar, syrups, honey, as well as berries, fruit, and vegetables. An abundant growth of 
unwanted yeasts, which mainly reproduce asexually by budding, in processing can lead to problems in both quality and 
safety. The most common spoilage effects are off-flavor (eg, souring), gas production, discoloration, swelling of contain-
ers and changes in texture (Loureiro and Querol, 1999; Salo and Wirtanen, 2005; Vallejo et al., 2013).

Storgårds et  al. (1997) showed that yeast contaminants found in brewery environment include Candida krusei var. 
krusei, Rhodotorula mucilaginosa, Pichia anomala, Pichia membranaefaciens, and Saccharomyces cerevisiae. They 
readily produce biofilms on stainless steel surfaces, where sugar is added. The main yeast species isolated from dairy 
processes belonged to Rhodotorula spp. and Candida spp. Zygosaccharomyces rouxii was isolated from sugar product 
processes. Yeasts isolated from vegetable and fruit processes were mostly Candida spp. Studies have shown that con-
taminated raw materials, and improperly sanitized processing equipment and transporting containers can transmit harm-
ful yeast to the food processing area and these yeasts can proliferate as biofilms. These yeast cells are protected against 
sanitizing agents (Storgårds et al., 1997; Buxhoeveden et al., 2001; Juvonen et al., 2001). Furthermore, studies on yeast 
biofilm of Candida tropicalis with bacterial pathogens (eg, Salmonella sp. and E. coli O157:H7) on stainless steel in 
apple juice showed that the pathogen counts rose in the dual-strain biofilms. These results suggest that the yeast biofilm 
of Candida tropicalis can act as a potential route for increased survival of pathogens, for example, of E. coli O157:H7 or 
of Salmonella enterica in juice processing environments (Tarifa et al., 2015). Wild yeasts were also found to be a com-
mon contaminant on starter cultures (Dayyani Dardashti et al., 2001).

At least 200 species of yeasts have been found in food, but only some are significant food spoilage organisms (eg, 
Brettanomyces bruxellensis, Candida krusei, Candida parapsilosis, Debaryomyces hansenii, Kloeckera apiculata, 
Pichia membranaefaciens, Rhodotorula mucilaginosa, R. glutinis, Saccharomyces cerevisiae, Schizosaccharomyces 
pombe, Torulopsis holmii, Zygosaccharomyces bailii, Z. bisporus, and Z. rouxii). Some of the yeasts (eg, Candida sp. 
and Cryptococcus sp.) have been classified as opportunistic pathogens (Déak, 1991; Pitt and Hocking, 1997; Loureiro 
and Querol, 1999; Barnett et al., 2000; Pfaller and Diekema, 2004; Bonhomme and d’Enfert, 2013). Generally, foods are 
not believed to transfer yeast infections, although there are some reports on gastroenteritis and allergic reactions in which 
yeasts were assumed to be the causative agent. Most of the recent studies on yeast biofilms have been performed in clini-
cal microbiology (Cuéllar-Cruz et al., 2012; Iñigo et al., 2012; Kabir et al., 2012; Bonhomme and d’Enfert, 2013).

Bundgaard-Nielsen and Nielsen (1996) tested the efficacy of commercially available disinfectants on six yeast strains 
and the results showed that disinfectants containing 0.5% dodecyl diethyl nitro amine acetic acid, 1% chloramin-T, 2.0% 
formaldehyde, 0.1% potassium hydroxide, 3.0% hydrogen peroxide, or 0.3% peracetic acid were not yeasticidal. Salo 
and Wirtanen (2005) reported that the alcohol-based disinfectants were the most effective against suspended vegetative 
yeast cells. The disinfectant containing peracetic acid and hydrogen peroxide also worked well on vegetative cells except 
for the Candida strains tested. The biofilm test showed that the alcohol-based disinfectant was effective against yeasts 
in biofilms already after a contact time of 5 min at room temperature. When tenside-, peracetic acid hydrogen peroxide-, 
and chlorine-based agents were tested at the same conditions they were all ineffective against the tested yeasts in biofilm. 
When the contact time was increased to 15 min and the concentration risen to 1%, almost all tested yeasts in biofilms 
were reduced with more than 4-log units except for two of the five Candida strains tested (Salo and Wirtanen, 2005).

5.2.11  Norovirus

Viruses are dependent on their host cells to replicate and newly formed viral particles have to reach the surface of non-
infected target cells to start a new viral replication cycle. Therefore, the extracellular state is a crucial step, because viral 
particles are exposed to extracellular constraints (Thoulouze and Alcover, 2011). According to their opinion the viruses 
can form extracellular assemblies that resemble bacterial biofilms in composition, organization, and dissemination.

Human noroviruses (HuNoVs) are the most common cause of nonbacterial gastroenteritis worldwide. In 2002, over 
1000 HuNoV infection outbreaks were reported in the EU (Goodgame, 2007; Rönnqvist et al., 2013; EFSA and ECDC, 
2015). HuNoVs are transmitted from person to person mainly through the fecal–oral route, either directly or indirectly 
via water, food, or contaminated surfaces (Rönnqvist et al., 2013). HuNoVs are very resistant to environmental stresses 
(Sanglay et al., 2011). The presence of RNA from HuNoV has been detected on surfaces in staff lounges on, for example, 
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equipment, light switches, door handles, and toilet taps as well as on gloves of a food worker working in food process-
ing companies (Goodgame, 2007; Rönnqvist et  al., 2013). The methods used in detection of HuNoVs from surfaces 
should be both sensitive and reliable since environmental and food surfaces usually contain very low levels of HuNoVs. 
Sampling using microfiber cloth swabs has been shown to be efficient in norovirus sampling from surfaces (Rönnqvist 
et al., 2013).

5.2.12  Other Foodborne Pathogens Forming Biofilm

Bacterial biofilms can also be a source in contaminating food and water with rarely detected pathogens. When Langsrud 
et al. (2012) reviewed literature on various food processes they listed that Serratia sp. had been found in red meat and 
poultry deli products, Shigella sp. in milk lines for both raw and pasteurized milk, and Vibrio sp. in smoked salmon, 
conserved herring, and caviar. Vibrio sp., which are Gram-negative rod- or curved-shaped, facultative anaerobic bacteria, 
can become nonculturable in biofilms and are thus not always detected. However, these Vibrio spp. can survive for long 
periods in marine biofilm formations. They are able to retain the ability to cause infections during their harborage in bio-
films (Alam et al., 2007; Su and Liu, 2007; Percival and Williams, 2014b). Wong et al. (2002) showed that Vibrio para-
haemolyticus readily attached both to stainless steel and to glass surfaces. It is a vulnerable microbe, but when it grows in 
biofilms it can be hard to inactivate with cleaning agents and disinfectants. They showed that sodium hypochlorite-based 
agents were effective in inactivating V. parahaemolyticus, but there are also more recent publications stating that the con-
trol strategies must be reevaluated, because cells growing in biofilms exhibit extreme resistance against common disin-
fectants (Wong et al., 2002; Yang-En Tan et al., 2014).

Mycobacteria are weakly Gram-positive, nonmotile, slender, nonspore-forming, aerobic rods (Payeur, 2000). They are 
widely distributed in nature and have been isolated from natural and piped waters, wet soil, mud, compost, grasses, veg-
etables, unpasteurized milk, and butter (Collins and Grange, 2003). Many of the environmental mycobacteria are oppor-
tunistic pathogens and they may be the first colonizers of surfaces, because among the bacteria they have a very high cell 
surface hydrophobicity (Falkinham III, 2009). For the slowly growing mycobacteria that are poor competitors, growth in 
biofilms leads to increased virulence and antibiotic resistance and possibly to antibiotic production (Falkinham III, 2009). 
Tuberculosis due to Mycobacterium bovis is a rare infection in humans in the EU, with 134 confirmed human cases 
reported in 2013. The case numbers in the EU have been stable in the last 2 years (EFSA and ECDC, 2015).

Serratia marcescens and Serratia liquefaciens are important emerging opportunistic pathogens, which belong to the 
Enterobacteriaceae family. They form porous, filamentous biofilms, which are dependent on the availability of nutrients 
(Rice et  al., 2005). Xu et  al. (2011) showed in their studies that when Serratia liquefaciens was cultivated in broth at 
pH 6 the biofilm formed was firmer than when cultivated at pH 7. Serratia liquefaciens belongs to those species being 
strong biofilm formers. In stress-related conditions the cells in biofilms can change both adhesion and detachment proper-
ties, which in turn can result in dispersals causing cross-contamination (Xu et al., 2011). When Cleto et al. (2012) were 
sampling the milk processing line surfaces in a sanitized dairy they found culturable bacteria, which predominantly were 
strong biofilm formers of Pseudomonas and also of Serratia spp. The Serratia spp. isolates produced spoilage enzymes, 
which lowered the milk quality (Cleto et al., 2012).

The Yersinia genus consists of 17 species of Gram-negative rod-shaped bacteria in the family Enterobacteriaceae. 
Yersinia enterocolitica and Y. pseudotuberculosis cause both foodborne and waterborne enteric diseases (Percival and 
Williams, 2014c). Biofilm formed by Y. ruckeri from fish farm sediments has been found on wooden supports. Yersinia 
ruckeri, which is a fish pathogen, has been found to adhere on materials of wood, concrete, polyvinyl chloride, and fiber-
glass used in fish farms (Coquet et al., 2002). Yersinia pestis, which is a pathogenic species within the Yersinia genus, 
causes plague. This is primarily a disease of rodents transmitted via fleas as vectors. Biofilm development by Y. pestis is a 
recognized feature in the transmission (Chouikha and Hinnebusch, 2012). The same structural genes are involved in bio-
film formation by Y. pseudotuberculosis as by Y. pestis (Zhou and Yang, 2011).

Shigella spp. are Gram-negative, nonmotile rod-shaped bacteria belonging to the Enterobacteriaceae. Shigella sp. has 
been found on surfaces in both raw and pasteurized milk lines (Langsrud et  al., 2012). Xu et  al. (2011) reported that 
Shigella boydii belonged to the weak biofilm formers in their study. Yang-En Tan et al. (2014) stated that Shigella among 
other rare biofilm formers can be in a viable but nonculturable state in biofilms. Thus Shigella must be converted into a 
culturable state before measurements can be performed successfully. In an ice cream plant Gunduz and Tuncel (2006) 
isolated Shigella both from the inlets and outlets of milk line coolers, from the pasteurization and balance tanks and from 
the milk pipelines. They stated that this type of contaminant indicates poor personnel hygiene at sites, where the bacte-
rium was found. Khiyami et al. (2011) isolated Shigella from vegetable deli salads (eg, mutable, hummus, and tabbouleh) 
in Riyadh city. But it must be stated that little is known about the ability of Shigella species to survive on surfaces. The 
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processing conditions can affect cell adhesion and biofilm detachment capabilities and species can thus spread in food 
processing through dispersals (Xu et al., 2010a,b; Percival and Williams, 2014a). Therefore more information on certain 
foodborne pathogens is needed.

5.3  PERSISTENT AND NONPERSISTENT MICROBIAL CONTAMINATION  
IN FOOD PROCESSING

Harmful microbes may enter the manufacturing process and reach the end-product in several ways, for example, through 
raw materials, air in the manufacturing area, water and chemicals employed, process surfaces, or factory personnel. 
The microbial adherence to both contact and noncontact surfaces is often due to the complexity of certain processing 
machines, which collect residues and are hard to clean. The adaptation to disinfectants often depends on poor structures 
in the processing area, in which disinfectant solutions of sublethal concentrations are collected and in there affect the 
microbes. Thus the resistance in these harbored microbes is increased. This may lead to persistent contamination in the 
premises. Attention should also be paid to the quality of additives and raw materials as well as of processing water and 
steam, because use of poor-quality materials leads to spoilage of processed products (Wirtanen and Salo, 2005; Aarnisalo 
et al., 2006, 2007b; Griffith, 2010).

Prolonged or persistent contamination of microbes means that they have caused food plant contamination for long 
periods of up to several years, such contamination has been reported in several food industry areas (eg, meat, poultry, 
fish, dairy, and fresh sauces) (Lundén, 2004; Craven et al., 2010; Carpentier and Cerf, 2011; Ferreira et al., 2014). Once 
a biofilm is formed, either on food contact or environmental surfaces, it can be a source of contamination for foods pass-
ing through the processing line. Listeria monocytogenes, Staphylococcus aureus, E. coli, and Cronobacter sakazakii are 
difficult to remove from the factory environment once they have settled on the surfaces and become a part of the house 
microbiota (Holah et al., 2004; Lundén, 2004; Hansen et al., 2006; Wulff et al., 2006; Craven et al., 2010; Carpentier and 
Cerf, 2011; Vázquez-Sánchez et al., 2013; Ferreira et al., 2014; Wang et al., 2015). Therefore, it is especially important 
to prevent persistent growth of pathogenic and harmful microbes in the food processing line by all cleaning and disinfec-
tion means available. In the food industry, equipment design and the choice of surface materials are important in fighting 
microbial biofilm formation (Detry et al., 2010; Rizzello et al., 2013; Suppi et al., 2015). The cleanliness of surfaces, the 
training of personnel, and good manufacturing and design practices are important in combating biofilm problems in the 
food industry (Aarnisalo et al., 2006; Griffith, 2013; Lelieveld et al., 2014).

Persistent L. monocytogenes strains were observed to adhere to stainless steel surfaces in higher cell numbers than 
nonpersistent strains after short contact times. If the adherence period of strains was prolonged then the adherence level 
of nonpersistent strains was close to the adherence level of persistent strains (Lundén, 2004). The initial resistance of 
persistent and nonpersistent L. monocytogenes strains to disinfectants varied, and the increase in resistance was simi-
lar for both persistent and nonpersistent strains. Holah et al. (2004) reported that the resistance of persistent strains of 
L. monocytogenes and E. coli found in the food industry were not significantly different from the laboratory control strain 
to the most commonly used disinfectants. Abdallah et  al. (2014) stated that biofilm formations on abiotic surfaces of  
Pseudomonas aeruginosa and Staphylococcus aureus present a persistent source of pathogenic microbes that can lead to 
foodborne infections with great public health concerns.

Vázquez-Sánchez et  al. (2013) investigated the persistence of 26 natural Staphylococcus aureus isolates on pol-
ystyrene surfaces. The initial adhesion increased at the higher ionic strength for 24 of the strains, whereas the others 
adhered well at both ionic strength conditions. The presence of glucose also increased biofilm formation of all tested 
Staphylococcus aureus strains. Vázquez-Sánchez et  al. (2013) showed that natural Staphylococcus aureus strains have 
a high ability to adhere and form biofilms on polystyrene surfaces, which thus can act as a reservoir for Staphylococcus 
aureus in the food industry unless appropriate food safety procedures are applied. The results also support that staphylo-
coccal biofilm formation is influenced by environmental conditions relevant in the food industry (eg, nutrients and osmo-
lality). These findings are relevant in food safety, especially in fisheries producing preserved herring, surimi, and smoked 
fish, when choosing appropriate materials and safe environmental conditions (Vázquez-Sánchez et al., 2013).

5.4  PREVENTION OF BIOFILM FORMATION AND BIOFILM REMOVAL

The aim of microbial control in a process line is twofold: to reduce or limit the number of microbes in liquids and prod-
ucts, as well as to reduce or limit their activity and to prevent and control the formation of biofilms on surfaces. At pre-
sent the most efficient means for limiting the growth of microbes are good production hygiene, a rational running of the 
process line, that is, with inserted service breaks in which trained personnel are performing maintenance and cleaning, 
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and a well-designed cleaning and decontamination processes (Lundén, 2004; Salo, 2006; Aarnisalo, 2007; Gião and 
Keevil, 2012; Wirtanen and Salo, 2014).

5.4.1  Hygienic Design of Equipment and Process Lines

The hygienic design of process equipment and process lines is important in improving the hygiene of process equipment 
and process lines and in preventing biofilm formation on both contact and noncontact process surfaces (Lelieveld et al., 
2003, 2014). Performance, running cost, food safety, and other quality requirements must be considered in the design of 
processing equipment and process lines used in food and biotech industries (Blel et al., 2008; Costa et al., 2013; Lelieveld 
et  al., 2014). Costa et  al. (2013) established 85 criteria in the 6 classes on processes, materials, geometry, accessories, 
sealing, and others to organize knowledge on hygienic design in a Brazilian company producing concentrated fruit juice. 
The hygienic design criteria used in food processes are based on harmonized legislation, on EC Regulations 178/2002, 
852/2004, and 853/2004 (Anon. 2002, 2004b, 2004c), on Food processing machinery standard—Basic concepts—Part 2: 
Hygiene requirements EN 1672-2+ A1:2009 as well as on European Hygienic Equipment & Design Group (EHEDG) 
guidelines. Both the EHEDG Guidelines in basic design rules nos 8, 10, 13, and 34 (European Hygienic Equipment & 
Design Group 2004a, 2004b, 2006, 2007), as well as the machine standard EN 1672-2, draw particular attention to dead 
spaces, corners, crevices, cracks, gaskets, seals, valves, fasteners, and joints, which due to improper design harbor micro-
organisms and thus subsequently can affect process conditions (Lelieveld et al., 2014). Equipment that causes problems in 
food processing are conveyors, plate heat exchangers, tanks with pipelines, slicing and cutting equipment, as well as filling 
and packing machines (Alakomi et al., 2002; Wirtanen and Salo, 2004; Wulff et al., 2006; Tolvanen et al., 2007; Crandall 
et al., 2012; López-Gómez et al., 2013; Lelieveld et al., 2014). These types of equipment can cause safety problems due to 
biofilms of spoilage microbes (eg, lactic acid bacteria) and/or pathogens (eg, L. monocytogenes and B. cereus).

5.4.2  Biofilm Removal

Sanitation (ie, cleaning and disinfection) is carried out in food processing plants so that the factory can produce safe 
products with an acceptable shelf-life and quality. The elimination of biofilms is a difficult and demanding task. Many 
factors, for example, temperature, time, mechanical forces, and chemical power, affect the detachment of microbial soil 
(Wirtanen and Salo, 2004; Simões et al., 2010). The personnel must also be properly trained and responsible to maintain 
a good level of process hygiene in the food factory. The key to effective cleaning in a food factory is that the personnel 
understand the nature and type of soil, (eg, fat, proteins, carbohydrates, sugar, and salts), including microbes they must be 
removed from the surfaces. The mechanical and chemical, temperature, and contact time in the cleaning regime should 
be carefully chosen to achieve a proper cleaning effect (Wirtanen, 1995; Lelieveld et al., 2014; Wirtanen and Salo, 2014). 
The cleaning efficacy is also affected by the accessibility to and type of equipment cleaned.

An efficient cleaning procedure consists of a sequence of detergent and disinfectant applications at effective concentra-
tions and correct temperatures as well as water rinses. The basic task of the detergents is to reduce the interfacial tensions 
of soils so that the soil including biofilms attached to surfaces becomes miscible in water. The effect of the surfactants 
is increased by the mechanical effect of turbulent flow or water pressure, or by abrasives, for example, salt crystals 
(Wirtanen et al., 2002; Wirtanen and Salo, 2014). Prolonged exposure of the surfaces to the detergent makes removal more 
efficient. The task of disinfectants is to kill microbes left on the surfaces after cleaning. Residues of disinfectants must not 
be left on the process surfaces, they must be rinsed off the surfaces with water of potable quality. Furthermore, disinfect-
ants left on surfaces for long periods or used in sublethal concentrations can cause microbial resistance to antimicrobial 
agents. There is a photobacterial test, which can be used, to test that rinsing of disinfected surfaces has been performed 
properly. The photobacterial test is a luminescence inhibition method using Vibrio fischeri. It is based on the reduc-
tion in light output due to interactions between bacteria and toxic compounds, that is, cleaning agents and disinfectants 
(Lappalainen et al., 2000). Finally, the equipment and process lines should be left to dry in well-ventilated areas, because 
microbes do not grow on dry, clean surfaces. An intelligent integration of decontamination programs in the manufacturing 
is essential to achieve both successful food process safety through sanitation and also business profit from the production 
(Lelieveld et al., 2003; Tumah, 2009; Królasik et al., 2010; Jaglic et al., 2012; Threlfall, 2013; Wirtanen and Salo, 2014).

The elimination of biofilms in open systems is performed through common cleaning procedures as follows: gross soil 
should be removed by dry methods, for example, brushing, scraping, or vacuuming and, if the process is wet, the visible 
soil can be rinsed off with low-pressure water. If the equipment is hard to clean, an effective elimination of biofilms from 
open systems can be achieved by dismantling the equipment in the process line. The cleaning is then carried out using 
either foam or gel. Foams are effective in situations where contact with the soil for an extended contact time is necessary. 
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Detergents to be used in the cleaning of open systems are formulated to be effective at ambient temperatures. Too high 
temperature should not be used in open processing areas, because then fog is formed and the few microbes surviving the 
sanitizing will start to grow on the moist surfaces. The surfactants, which suspend the adhered particles and microbes 
from the surfaces in the water, are added to increase the cleaning effect, which is also increased by using water of suf-
ficient volume at the correct temperature and pressure. The dismantled equipment and utensils should thereafter be stored 
on racks and tables and not on floors. The cleaning in open areas is mostly carried out in combination with a final dis-
infection, because viable microbes left on the surfaces and in crevices must be killed, because otherwise they are likely 
to harm production (Wirtanen and Salo, 2003; Kašková et al., 2007; Tumah, 2009; Królasik et al., 2010; Lelieveld et al., 
2014; Wirtanen and Salo, 2014).

In the cleaning regime for closed processes, prerinsing with cold water is carried out to remove loose soil. CIP treat-
ment is normally performed using hot cleaning solutions, but cold solutions can also be used in systems processing fat-
free products. Commercially available detergents for closed systems are formulated to be used at temperatures in the 
range of 60–80°C. In removing organic soil from closed systems the warm alkaline CIP agent normally contains 1–2% 
sodium or potassium hydroxide. The solution is heated to 75–80°C and the cleaning time is set to 15–20 min. The equip-
ment is rinsed shortly with cold water before the acid treatment, with which inorganic stone formations are removed, is 
performed at approximately 60–70°C for 5 min and a final rinse with cold water for 3–5 min. Cleaning solutions should 
only be reused for prewashing, because the reuse of old cleaning solutions in the main cleaning phase can contaminate 
the equipment surfaces and thus destroy the cleaning result. Single-phase CIP cleaning is commonly used because the 
processing industry wants to save time. This type of cleaning is carried out with caustic blend cleaners containing chelat-
ing, sequestering, and/or wetting agents. Thus time and material for an additional rinsing step and the acid-cleaning step 
can be saved (Wirtanen and Salo, 2005; Bremer et al., 2006).

5.5  FUTURE TRENDS AND ADVICE IN BIOFILM CONTROL FOR THE FOOD INDUSTRY

The food and drink industry is the leading manufacturing sector in Europe. In 2012 it had a turnover of 
1048 billion € (an increase of 3.1% compared to 2011), an external trade with an export turnover of 86.2 billion € (a rise 
of 13.2% from 2011), and an import turnover of 63.2 billion € (a rise of 0.4% from 2011). It is the leading employer in 
the EU, with 4.2 million persons employed in almost 300,000 companies, of which approximately 60% are SMEs (Anon., 
2014b). These figures illustrate the major economic role of the food and drink industry, which is a very diverse sector that 
is characterized by the variety of its activities, its elaborated products, and its structures.

5.5.1  Future Trends

Microbiological and chemical issues will be especially important for the safe production of feed, food, and packaging 
material in the future. A number of recent outbreaks with pathogens, especially L. monocytogenes, but also other path-
ogens such as B. cereus, Salmonella sp., and enterohemorrhagic E. coli have during the last 10 years seriously dam-
aged both European and American consumers’ trust in food safety (Thévenot et al., 2006; Gandhi and Chikindas, 2007; 
Garrido et  al., 2009; Sauders et  al., 2009; Koch et  al., 2010; Velge and Roche, 2010; Pereira da Silva and Pereira de 
Martinis, 2013; Chen and Nightingale, 2013; Schoder et al., 2013; Anon., 2014a; Ferreira et al., 2014; Gould et al., 2014; 
EFSA and ECDC, 2015; Wang et al., 2015). The development of optimal pathogen management strategies in food facto-
ries requires knowledge of pathogen contamination routes and how the food (eg, salads, deli meat, or stews) becomes a 
vehicle for disease transmission. In the food industry the hazards, which are agents or conditions with potential to cause 
adverse health effects, can be of microbial (eg, biofilm formation), biological, chemical, physical, or informational origin 
(Anon., 2003). An important issue in risk assessment at the manufacturing level is that more quantitative and systematic 
procedures should be used and it should be based on scientific knowledge. Training is therefore needed to refresh person-
nel about food safety and hygiene issues in food processing (Aarnisalo et al., 2006; Worsfold and Griffith, 2010; Griffith, 
2013).

In improving the process hygiene cleaning techniques, ultrasonication can be used to efficiently clean difficult con-
structions like conveyor belts (Salo and Wirtanen, 2007; Tolvanen et  al., 2007). Furthermore, dry-ice cleaning, ozone 
treatments, and UVC irradiation can be used to improve hygiene in food processing (Bernbom et al., 2011; Otto et al., 
2011; Nicholas et al., 2013). The NIR heating technique can, when based on predictive modeling of microbial killing, 
be used in inactivating microbes in slicing of, for example, deli ham (Ha and Kang, 2014). The efficacy of disinfectants 
used in food processing and in hand hygiene rubs can be improved by using compounds from essential oils (Lang and 
Buchbauer, 2011; Rhoades et  al., 2013). Improvements in hygienic design can be carried out using new materials and 
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new techniques based on, for example, 3D printing. The 3D printing can be used at an affordable price both in planning 
new, hygienic process solutions and also in making new copies of nozzles, which are hard to keep clean (Rastogi et al., 
2013). Biofilm growth on surfaces can also be reduced when using new nanomaterials in which, for example, silver or 
copper has been incorporated (Grass et al., 2011; Hajipour et al., 2012; Araújoa et al., 2013; Rizzello et al., 2013; Anon., 
2014c; Zarei et al., 2014; Suppi et al., 2015). The major issue with these materials is that they must be properly studied to 
show that they are safe to use in food processing. The framework Regulation (EC) No. 1935/2004 (Anon., 2004a) applies 
to all food contact materials in Europe. The same concerns the use of essential oils.

5.5.2  Further Information and Advice

The food and drink industry should offer a wide range of safe, wholesome, and nutritious products to more than 700 
million consumers in an enlarged Europe. At a time when quality is being subjected to evaluation by the market and to 
regulatory prescriptions, the production of safe food products is being subjected to great stress. Any food safety obliga-
tion must be respected by all the links in the food chain, including farmers and animal feed producers. In the regulation 
(EC) No. 178/2002 the general principles, the requirements of the European food law and the food safety procedures 
in the whole chain from farm to fork are specified. The hygiene rules in the EC regulations 852/2004 on the hygiene of 
foodstuffs, 853/2004 on specific hygiene rules for food of animal origin, and 854/20014 on specific rules for the organi-
zation of official controls on products of animal origin intended for human consumption were adopted in April 2004 and 
they became applicable from the beginning of 2006 (Anon., 2004b–d). Furthermore, the EC regulation No. 882/2004 
on official controls ensuring compliance with feed and food law, animal health, and animal welfare rules is in force 
(Anon., 2004e). These hygiene rules, which evolve with time, state that the primary responsibility in food safety is by 
the food business operator and that the food safety shall be ensured from farm to fork and be implemented based on the 
HACCP principles. There are also further specifications for certain food categories and how the registration/approval of 
certain food establishments shall be performed. In the standards, for example, ISO 22000, the British Retail Consortium 
Standard, the Danish Standard (2009), and the Dutch Standard, there is more information on how to produce safe food in 
a secure environment based on documented and effective quality management.

EHEDG is producing guidelines on hygienic procedures. At the beginning of 2015 there were 43 guidelines available. 
The most fundamental EHEDG guidelines in hygienic integration are: Document 8 “Hygienic equipment design criteria,” 
Document 10 “Hygienic design of closed equipment for the processing of liquid food,” Document 13 “Hygienic design of 
equipment for open processing,” Document 22 “General hygienic design criteria for the safe processing of dry particulate 
materials,” and Document 26 “Hygienic engineering of plants for the processing of dry particulate materials.” Neither the 
standard EN1672-2 nor the HACCP principles are replaced by these guidelines. In the newest guideline, Hygienic Design 
Principles for Food Factories (No. 44), which was published in December 2014, there is information on how a building 
should be designed so that the minimum hygienic building design standards are applicable. Note that this document does 
not consider any international or national building standards or safety standards (eg, fire). Hygiene in the construction 
process shall be provided via maintenance procedures published in directives, international standards, and EHEDG guide-
lines. This document No. 44 assumes that the buildings will be constructed following general best practices in civil engi-
neering (European Hygienic Equipment & Design Group, 2014).
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6.1  INTRODUCTION

Aerosols consist of particles dispersed in air. The particles may be liquid droplets or solid particles or include both types 
of matter. The aerosols of most concern in food premises are those that include microorganisms. Aerosols may enter pro-
duction areas through many routes including doorways, hatches, drains, and any other opening that connects low- and 
high-care areas (Burfoot et al., 2001). Aerosols can come from many sources including raw materials, people, packag-
ing, and moving or rotating equipment. Holah et al. (1995) showed that cleaning operations are major sources of aerosols 
which may include microorganisms. Cleaning operations such as boot washing, equipment cleaning, floor scrubbing, and 
hand washing and drying are all sources of aerosol that disperse, as demonstrated by Burfoot et al. (2003a), Harral and 
Burfoot (2005), and Margas et al. (2013).

The best approach to reducing contamination via the airborne route is to restrict the generation of aerosols. Once par-
ticles are airborne it is difficult to control the movements of every particle because various mechanisms, such as advec-
tion, turbulent dispersion, and gravity, affect particle motion (Reynolds et al., 1998). However, correct specification and 
implementation of air handling equipment can ensure that many of the airborne particles do not contaminate exposed 
foods. Burfoot et al. (2001) provide best practice guidelines on air flows in high-care and high-risk areas (now defined 
as high-hygiene areas). Air handling systems rely on three approaches: (1) using sufficient air exchange rates and filtra-
tion to remove the particles from the air; (2) providing sufficient air to maintain a positive pressure in the high-hygiene 
area and restrict the flow of air from low- or medium-hygiene areas; (3) ensuring air flows do not create lower-pres-
sure regions near to doorways, hatches, and other openings that can lead to contamination entering from nearby low- or 
medium-hygiene areas. These approaches have been developed significantly in sectors that use clean rooms, such as those 
for the manufacture of electronics and medical devices. Food production areas differ from such environments in that they 
are often wet, include many more sources of aerosol, including more people, and the food sector is more concerned with 
microbial contaminants rather than total particle contaminants. Nonetheless the general approaches identified above are 
adopted by the food industry but often at a lower level of control than in other sectors.

It is interesting to compare the particle concentrations found in clean rooms and high-hygiene food production areas. 
Clean rooms are classified according to various standards (Möller, 1999) with the Federal Standard 209E being one of the 
most commonly used. In this standard, each cubic foot of air in a Class 100 environment would contain no more than 100 
particles of 0.5 µm diameter or larger. Similarly, the air in a Class 100000 environment, often known as a “white room,” 
would contain no more than 100,000 particles per cubic foot with diameters of ≥0.5 µm. Other clean room standards (ISO 
14644 and BS 5295) are based on particle numbers in a cubic meter of air. It is important to recognize which standard is 
being used. The concentrations would usually be measured without operators in the room. In comparison, Burfoot and 
Brown (2004a) found particle concentrations up to 230,000 ft−3 (8,100,000 m−3) near to an operating boot scrubber in 
a high-hygiene sandwich assembly area and down to 9000 ft−3 (330,000 m−3) during a period of no activity in the same 
area. Particle concentrations up to 600,000 ft−3 (21,000,000 m−3) were measured in a chilled dessert filling area.

Filtration is one of the major factors in controlling the concentration of airborne particles in rooms. A large range of 
filters and classification schemes have been developed and many of those of relevance to the high-hygiene/risk chilled 
food industry are described in a guidance document produced by the European Hygienic Engineering and Design Group 
(EHEDG, 2015). This document refers to the air filter classifications BS EN779 and BS EN 1833. Generally, air handling 
systems for high-hygiene areas would be fitted with F9 to high-hygiene H11 filters whereas clean rooms would use H13 
or even higher levels of filtration. F9 filters remove almost all particles of 1 µm diameter and above, H11 filters remove 
particles of 0.5 µm and above, and H13 filters remove almost all particles above 0.3 µm.
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6.2  IMPORTANT FACTORS

The risk of food contamination in high-hygiene environments depends on many factors including the rate of generation 
of airborne particles, particle sizes and speeds, the number of particles that include organisms, the direction of the air 
flow in the room, and the exposure time and surface area of the food. These factors are important because they control 
the distance traveled, flight time, and spatial distribution of the concentration of the organisms as described by Harral and 
Burfoot (2005). Methods are available to measure each of these important factors. In the remainder of this chapter, the 
term “particle” will be used to refer to both droplets of liquid and solid particles as often an aerosol may contain both.

6.2.1  Droplet Generation, Size, and Speed

Most of the methods of measuring droplet generation, size, and speed are based on laser technology. Phase-Doppler ana-
lyzers have been used to measure the sizes of very small particles, up to 40 µm, at high concentration near to cleaning 
operations (Burfoot et al., 2003a,b; Harral and Burfoot, 2005). These devices utilize two laser beams and light is scattered 
at the intersection of the beams. Analysis of the scattering can be used to assess the particle size distribution, flux, and 
velocity. Image-based systems use a laser and high-speed camera and they are used to measure the size and velocity of 
particles beyond the size range studied with a phase-Doppler analyzer. Air particle counters are commonly used in clean 
rooms and these are also based on laser technology. They extract a sample of air for analysis rather than analyzing the 
aerosol in situ. Further information on particle size analyzers is given by Mitchell (1995).

6.2.2  Number of Organisms

Microbiological agar settle plates can be used to assess the deposition of airborne organisms. Other equipment is avail-
able from various manufacturers that allows measurements of the concentrations of airborne organisms. Most of those 
used in the food sector rely on the impaction of the organisms onto solid media in a Petri dish as factory air is drawn 
across the dish. Calibrations are then used to convert the number of organisms on the dish to an airborne concentration. 
The Andersen (1958) sampler is widely used for research as, by using multiple dishes arranged in stages, it can provide 
information on particle size distribution. Crook (1995) describes various samplers though those constructed from glass 
would generally be considered unsuitable for use in food production areas.

6.2.3  Air Flow

The speed and direction of the air flow in the production area is important as it can move contamination around a factory. 
Examples of air flow patterns in food production areas are shown by Burfoot (2007). Air speed can be measured using 
hot wire anemometers while vane anemometers provide speed data and some indication of flow direction, although care 
is needed. Both of these devices can be used in conjunction with a “windicator” such as a small length of freely hanging 
fabric filaments to indicate the direction of the air flow (Burfoot et al., 2001). Smoke tests may be applicable in some 
areas. Ultrasonic anemometers are relatively expensive but allow the measurement of air speed, direction, and fluctuation 
as demonstrated by Harral and Burfoot (2005).

6.3  AEROSOL GENERATION

Burfoot et  al. (2003a) examined the generation of particles by four cleaning operations: low-pressure hosing (100 psi, 
hose type), boot scrubbing (mechanical walk through), hand washing, and floor scrubbing (mechanical with brushes, 
squeegee, and vacuum). Hosing was found to produce a very high particle flux of 144,000 particles per square centimeter 
per second below 40 µm diameter. This flux, which was measured 15 cm from the impact point of the water jet on a sur-
face, led to particularly large increases in the number of airborne droplets nearby. Fig. 6.1 shows the particle concentra-
tions measured about 1 m from the various cleaning operations, including the hose, relative to a zero background count. 
The hose led to around 12 million particles per cubic meter, whereas the concentrations resulting from the other cleaning 
operations were around 20 times lower. All of the cleaning operations produced particles over a wide size range with 
most of the particles being small and the number decreasing with increasing size; Fig. 6.2 shows the trend for a hose.

Burfoot and Brown (2004a) report on the number of organisms in the air in four food factory environments: high-
hygiene sandwich assembly area, chilled dessert filling area, chilled pie and quiche production, and a changing area con-
nected to a high-hygiene meat production room. The concentration of airborne organisms measured in each area varied 
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from 42 m−3 in the sandwich area to 2508 m−3 in the changing area. The number of particles containing an organism rela-
tive to the total number of particles varied from 1 in 200 near to staff during hand washing to 1 in 30,000 in periods of 
inactivity in a well-designed production area. The highest concentrations of organisms and of total particles were found 
near to cleaning operations. The greatest ratios of organisms to total particles were found next to cleaning operations and 
next to staff.

6.4  AEROSOL DISPERSAL

Large particles, above 100 µm, can settle near to the cleaning operation. Medium-sized particles may settle near to the 
cleaning operation or evaporate to become smaller particles, below 20 µm, that can disperse easily around the production 
area.
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FIGURE 6.1  Concentration of droplets above 1 µm diameter measured in air around 1 m from four cleaning operations. Taken from Burfoot, D., 
et al., 2003b. Guidance to reduce food contamination from cleaning operations. Report from Silsoe Research Institute. Available from Campden BRI, 
Chipping Campden GL55 6LD UK.
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FIGURE 6.2  Particle sizes produced by a low-pressure (100 psi) trigger-type hose. Taken from Burfoot, D., et al., 2003b. Guidance to reduce food 
contamination from cleaning operations. Report from Silsoe Research Institute. Available from Campden BRI, Chipping Campden GL55 6LD UK.
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The airborne particles of most interest in food factories are those containing bacteria, such particles have a diameter 
of 1 µm or more. Tests have been carried out in which surfaces were smeared with a solution of Bacillus subtilis var. glo-
bigii and then cleaned and the airborne dispersal of the organisms around a room was detected using settle plates (Burfoot 
and Brown, 2004b). These tests showed that contamination is easily spread by hosing (Fig. 6.3a), with contamination 
traveling many meters. In this example, plates directly in front of the hose became so wet that they could not be used to 
assess microbial contamination. The counts on such plates were expected to have been very high. Much of the contami-
nation from a boot scrubber (Fig. 6.3b) settled within 2 m and from hand washing (Fig. 6.3c) within 1 meter of the sink. 
Contamination from a floor scrubber with a vacuum was very low and was detected only next to the scrubber (Fig. 6.3d). 
In all cases, much of the contamination fell close to the cleaning operation but there was always some contamination 
spread throughout the room, as evidenced by the low counts away from the main sources in Fig. 6.3. This spread results 
from the dispersal of small particles.

Measurements in factories and controlled environment rooms and the use of computer models have led to some 
important conclusions:

1.	 The risk of product contamination is greatest when the direction of the air flow is from a source of contamination 
toward the food.

2.	 The smaller the particle the greater the flight time and the distance it may travel.
3.	 Generally, in high-hygiene production areas, less than 1% of the particles generated will settle. Most will be removed 

by the filtration system or escape through doorways and hatches.
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4.	 The temporal change in concentration of very small particles, around 1 µm diameter, is affected by the air exchange 
rate, the efficiency of the filtration, the rate of generation of particles and the leakage of the room.

5.	 Increasing the air change rate or the filtration efficiency reduces the clearance time of the particles. Clearance times of 
10–30 min are typical for most high-hygiene areas.

6.5  WAYS TO REDUCE THE RISK FROM AIRBORNE CONTAMINATION

Methods to reduce the risk of food contamination from the airborne route fall into five categories: factory design and fac-
tory operation, equipment design and equipment operation, and monitoring. Much has been written about the hygienic 
design and operation of food factories including guidelines from the European Hygienic Engineering and Design Group 
(EHEDG, 2014) and the various contributions elsewhere in this book. Here we concentrate on the management of the air 
and the design and operation of open cleaning operations.

6.5.1  Management of the Air

There are many requirements for the correct management of the air in a high-hygiene area.

1.	 Ensure that adequate air is blown into the room to maintain a positive pressure. A minimum of 10 air changes per hour 
is recommended.

2.	 Ensure that air extraction is not so great that it reduces the pressure in the high-hygiene area below that in neighboring 
rooms.

3.	 Allow for air leakage from the high-hygiene area at the design stage. Consider what will be the effect of opening 
doorways, etc. once the factory is in operation.

4.	 Provide additional air if further air extracts or hoods are subsequently added to a production area following the intro-
duction of new equipment, for example.

5.	 Try not to position air extracts in high-hygiene areas close to hatches or doorways connecting to low-care areas.
6.	 Keep the return side of ceiling-mounted chillers away from the hatches and doorways leading to low-care areas.
7.	 Design for the air handling and delivery system to be accessible and easily cleaned and maintained. The system 

should not be a source of contamination. Ben Othmane et al. (2011) described a model for predicting the cleaning fre-
quency for air delivery ducts and indicate periods of 1–9 years for the specific factories where they carried out testing. 
The cleaning period for the air handling and delivery systems depends on quality and number of filters, fresh air and 
recycled air quality, air velocity, temperature and humidity, and the standard of hygiene required. A regular program 
of inspection and monitoring to decide on cleaning times is advised by EHEDG (2014).

8.	 Think about future changes to the factory, such as expansion.

6.5.2  Design and Operation of Open Cleaning Operations

Earlier data have shown that cleaning operations can be major sources of airborne contamination. Good design and oper-
ating procedures, such as the following examples, can help to minimize their impact:

1.	 Poorly cleaned equipment can become a significant source of contamination. Cleaning equipment should be cleaned 
and sanitized according to a defined schedule. An area for cleaning should be provided outside the production area.

2.	 Hosing creates high concentrations of aerosol and the use of this practice during production should be discouraged. If 
cleaning is essential during production, methods that produce the least generation of aerosols should be considered, 
for example using a “scraper blade” or cloth may be adequate and produce far less aerosol than hosing.

3.	 Compressed air lines are sometimes used to dislodge contamination and this can also generate aerosols (Holah et al., 
2004). The use of this practice during production should also be discouraged.

4.	 Avoid areas in equipment design where water could collect, for example, in the reel casing of a retractable hose.
5.	 Provide facilities for the disposal of water from cleaning operations such as the wash water from the tank of a 

mechanical floor scrubber.

These are just examples that illustrate the general principles of good design and operation of open cleaning operations. 
Obviously, factory layout and operation can also have a very significant impact on the dispersal of aerosols and again good 
practice is essential. Ensuring that cleaning is well away from production and that both product and packaging are exposed 
for only short periods are examples of good practice. Obviously, since deep cleaning operations produce high concentrations 
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of aerosol, it is essential that aerosols are allowed to settle or be removed by the air handling system after deep cleaning. 
Ideally, the air handling system would not be used during deep cleaning or otherwise bacteria, made airborne during the 
cleaning operations, could be collected on the cooling coils of the refrigeration system. Operating the air handling system at 
full extract after deep cleaning, followed by chemical fogging and a settling period, is good practice if possible.

6.6  FUTURE TRENDS

The development of the high-hygiene ready-to-eat food sectors has seen an increase in the use of zoning in factories and 
more recently, for some factories, the use of cleanroom technologies. Guidelines on defining risk zones, including ambient 
high-hygiene zones, has been published by the EHEDG (2014) and the British Retail Consortium (2015). Both of these 
topics are covered elsewhere in this book. The concept of having increasingly cleaner environments closest to the food is 
a good concept. The question arises as to the length scale on which the graduation or zoning is carried out. Currently, in 
most chilled food factories in the UK, manufacturing short shelf-life products, the main zones are high-hygiene/risk areas 
and low- or medium-hygiene areas. Some factories have also installed localized air delivery systems that provide air at an 
even higher quality than is usual, directly toward the food. Burfoot et al. (2000) show a number of alternative designs that 
have been considered for this purpose and these have been shown to reduce the airborne contamination of foods. A further 
advantage of these systems is that they could provide a potential energy saving if cold air is supplied locally allowing the 
factory to be run at a higher temperature (Burfoot et al., 2004). Also, by maintaining the food temperature they reduce the 
need to cool the products after they leave the production area. However, for this approach to provide high energy savings, 
most ingredients need to have been cooled prior to entering the high-hygiene area.

At the time of writing the first edition of this book, the use of localized air delivery in the chilled food sector was being 
considered by many food manufacturers but large-scale take-up of the technology has not occurred in that sector and there 
are several reasons. Many of the localized air delivery systems were designed to maintain high-quality clean air, often at 
low temperature, around conveyors (see, eg, the patent by Duke et al. (2003)). However, many of the ingredients for the 
food being assembled onto the conveyors were located next to, and not on, the conveyors. Consequently, some means 
of maintaining those ingredients in clean air, and perhaps at low temperature, was also required. The patent by Burfoot 
(2004) describes a sterile air trolley designed for the purpose. Chilled food manufacturers saw this type of approach as 
potentially cumbersome. Also, for products such as prepared salads that have significant microbial load, or products that 
have very short shelf-life due to quality degradation rather than microbial spoilage, providing cold ultraclean air close to 
the product has less application than in the case of some other products. Indeed, most of the implementation of localized 
air delivery systems has been to products where an extension of shelf-life was a major goal. Localized air or gas flows are 
being used in applications such as pot or bottle filling, extending the shelf-life of sliced ham, and to protect bread from 
airborne contamination after cooling. However, the need for good design and operation of equipment, including cleaning 
processes, remains essential. Furthermore, although this chapter has focused on the importance of air flow as a transmis-
sion route of the contamination, finding and reducing the source of the contamination is important.

6.7  SOURCES OF FURTHER INFORMATION AND ADVICE

There are many sources of information and advice relating to airborne contamination and air handling. Other chapters 
in this book clearly provide associated information. Campden BRI (www.campdenbri.co.uk) is a recognized source of 
advice on hygienic design and operation of food factories. Trade and professional bodies are also important sources of 
information such as the Heating and Ventilating Contractors’ Association (www.hvca.org.uk) in the United Kingdom and 
the American Society of Heating Refrigeration and Air Conditioning Engineers (www.ashrae.org) in the United States. 
The ASHRAE handbooks and standards are particularly useful. The European Hygienic Engineering and Design Group 
(www.ehedg.org) provides guidelines on a range of hygienic design topics. The internet provides links to many manufac-
turers and suppliers of equipment for measuring the sizes and concentrations of particles and air speeds.
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7.1  INTRODUCTION

Chemical hazards have been recognized as a potential food-safety issue since ancient times, both in terms of regulation 
(Sumar and Ismail, 1995) and analytical methods for their detection (Accum, 1820). As will be discussed, these hazards 
can arise in different forms and as a consequence of various events. An overview of the different types of chemical haz-
ards that might be faced by an agri-food businesses is provided in Table 7.1. This chapter considers the principles under-
pinning successful risk management of chemical hazards by agri-food businesses, describes some of the principal hazards 
requiring risk management, and discusses some of the challenges faced in these management processes.

7.2  RISK MANAGEMENT OF CHEMICAL HAZARDS: PRINCIPLES

At a generic level, risk management has been described as the, “coordinated activities to direct and control an organiza-
tion with regard to risk” (British Standards, 2002). Successful risk-management of chemical hazards begins with recog-
nition of Paracelsus’ (1493–1541) dictum “The dose makes the poison” (Borzelleca, 2000). From this it follows that the 
ability of a compound to exert a toxic effect is dependent on both the quantity and frequency of intake. Broadly speaking, 
toxicity can therefore be either acute, where a reaction is elicited after a single or small number of (relatively) high doses 
(eg, paralytic shell-fish poisoning), or chronic, where an adverse effect occurs after long-term exposure to (relatively) low 
doses (eg, skin cancer induced by dietary arsenic). In terms of risk management, Paracelsus’ dictum provides for a limit 
value, which differentiates between safe and unsafe consumption. Such values are developed through risk assessment 
processes which have been described by Benford (2012). These values can then be used to inform regulatory limits. Agri-
food businesses therefore have a moral and, in most jurisdictions, legal obligation not to place food on the market which 
is unsafe (European Parliament and Council, 2002). International best practice considers that this is best achieved through 
a risk-based management approach. Furthermore, where unavoidable, as a broad principle and even when no appreciable 
risk to the consumer is provided, limits for chemical contaminants should conform with the ALARA (as low as reason-
ably achievable) principle (Food and Agriculture Organization, 1997). This principle is usually applied when setting regu-
latory limits for particular contaminants and is often also enshrined in regulation in respect of contaminants for which no 
such limit exists (Council of the European Communities, 1993).

Consideration of standard BS ISO 31000:2009 (British Standards, 2009) indicates that within a (food-)business con-
text, risk-management takes into account not only the aspects of the hazard and the probability of it occurring; but also 
all business operations and the mechanisms necessary to ensure that risk can be kept to an acceptable level. This requires 
a farm-to-table approach. As discussed by Alldrick (2012); such an approach requires knowledge of: how and where the 
contaminant occurs in the food chain; the effects of industrial processing; how the food is handled following purchase 
and, finally; who eventually consumes it. Risk management of chemical hazards therefore not only requires a robust food 
safety management system which includes focus on operational prerequisite programs, such as supplier quality assur-
ance and inventory control as a well as HACCP but, given the potential for chemical hazards to arise as a result of adul-
teration (either for economic or malicious reasons), also on the company’s food defense programs with particular regard 
to the application of “CARVER + SHOCK” (US Food and Drug Administration, 2009) and TACCP principles (British 
Standards Institute, 2014).

The size of the issue presented by chemical hazards in food can be appreciated through consideration of data for 2014 
obtained from the European Union Rapid Alert System for Food and Feed (RASSF) (European Commission, 2015a). 
During this year, 3187 entries were recorded within the system, of which 1674 (53%) were associated with chemical con-
taminant issues (Fig. 7.1). Further consideration of these data also highlights the need to use a farm-to-table approach and 
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TABLE 7.1  Types of Chemical Hazards Potentially Associated With Food

Origin Types Examples References

Inherent (produced in 
raw material)

Phytotoxins Lectins in kidney beans; solanine in  
potatoes

D’Mello et al. (1992)

Phycotoxins Saxitoxins in shellfish; ciguatoxins in fish Etheridge (2010)

de Fouw et al. (2001)

Contaminants 
(Naturalphenomenea)

Geological Arsenic in rice and rice products Meharg et al. (2008)

Fungal (mycotoxins) Aflatoxins in developing peanuts Hill et al. (1983)

Primary production 
activities

Pesticides Cross-contamination of foods due to 
improper storage; residues in plants, and 
products of animals consuming those  
plants (eg, milk)

Weeks (1967)

Salas et al. (2003)

Veterinary drugs Adverse effects due to bioaccumulation  
in meat and other animal products

Pulce et al. (1991)

Food manufacture Process food  
toxicants

3-Monochloropropane diol in hydrolyzed 
vegetable protein; acrylamide in 
carbohydrate-rich foods, processed at high 
temperature

Velišek (2009); Svensson et al. (2003)

Additives and 
micronutrients

Hypervitaminosis D in overfortified milk; 
choking hazard in children’s sweets 
associated with Konjac gum

Blank et al. (1995); US Food and 
Drug Administration (2011)

Criminal acts Fraudulent addition Melamine in milk powder; dyes in spices World Health Organization (2009); 
Sudershan and Bhat (1995)

Sabotage Methamidophos contamination of frozen 
dumplings

British Broadcasting Corporation 
(2014)

FIGURE 7.1  Categorization of notifications in 2014 to the European Rapid Alert System for Feed and Food (RASSF); (European Commission, 
2015a).
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to recognize the global implications of the agri-food business since 60% of the alerts related to raw materials/food prod-
ucts originating from outside of the European economic area.

The rest of this chapter considers the major groups of food contaminants identified in Table 7.1, where they occur 
within the food chain and the steps that can be taken to mitigate any risk they present to the consumer.

7.3  INHERENT TOXICANTS

The term inherent toxicants applies to chemical hazards which are a component of the food itself. In terms of food safety 
the two main groups of chemical contaminants falling under this heading are phytotoxins and phycotoxins.

7.3.1  Phytotoxins

Many plant-derived foods contain pharmacologically active substances, which in some cases may be specifically con-
sumed for the effects that they induce (eg, caffeine in coffee). In light of this in some jurisdictions (eg, the European 
Union), where the purified compound might be used in a food, additional information may have to be provided to the 
consumer. For example within the European Union for beverages containing in excess of 150 mg/L caffeine (European 
Commission, 2002). In other cases, plant-based foods have the potential to contain pharmacologically active compounds 
for which even relatively low exposure can lead to illness or death. Such substances are referred to as phytotoxins and 
they are often secondary metabolites (eg, alkaloids, terpenes, and phenolics); however they can also be structural mole-
cules such as proteins as in the case of lectins in certain legumes (D’Mello et al., 1992). Significant phytotoxin poisoning 
episodes within the developed world are rare but have included glycoalkaloid poisoning associated with potatoes eaten 
during a school lunch by schoolboys (McMillan and Thompson, 1979) and hemagglutinin poisoning associated with raw 
or poorly cooked kidney beans (Rodhouse et  al., 1990). Both of these cases reflected acute exposure to a phytotoxin, 
however chronic exposure may also be an issue. For example the German Bundesinstitut für Risikobewertung (BfR) con-
sidered the question of these compounds in herbal teas, and concluded that in circumstances of long-term consumption of 
products containing high levels of pyrrolizidine alkaloids, certain groups of consumers (children, pregnant women, and 
breastfeeding mothers) were particularly at risk (Bundesinstitut fur Risikoberwertung, 2013).

Pyrrolizidine alkaloids can also be used as an example of how consumers can be exposed to phytotoxins as a result of 
eating foods in which the producing plant is unintentionally admixed or bioaccumulated. 1,2-Unsaturated pyrrolizidine 
alkaloids have been identified as the causative principle of hepatic venoocclusive disease, which in its acute form has 
a high mortality incidence and in the chronic form exhibits itself as cirrhosis of the liver (World Health Organization, 
1988). Poisonings attributed to these compounds have been associated with contamination of cereal crops with seeds of 
Heliotropium species in various parts of the world, for example, Afghanistan (Mohabbat et  al., 1976). Toxicologically 
significant contamination with foreign plant matter is not restricted to the seeds of plants. Studies in Germany revealed 
the presence of leaves and blossoms of the common groundsel (Senecio vulgaris), which may also contain pyrrolizidine 
alkaloids as a contaminant of mixed salad preparations, and the BfR recommended that levels of these compounds from 
S. vulgaris should be kept ALARA (Dussemund et al., 2010). Bioaccumulation of phytotoxins in other foods may also be 
an issue. These compounds have also been detected in, for example, milk (Panter and James, 1990) and certain types of 
honey (Deinzer et al., 1977). The European Food Safety Authority (EFSA) recently risk-assessed the presence of these 
compounds in honey (European Food Safety Authority, 2011) and concluded that while generally speaking the presence 
of these compounds in honey would not be an issue for most of the population, there was a possible health concern for 
those toddlers and young children who were high honey consumers.

Agri-food businesses therefore have to adapt their food-safety management systems to take into account the raw mate-
rial and intended market segment (eg, honey products directed at young children). Thus, depending on the circumstances, 
different risk-management strategies will be involved. In the cases where the phytotoxin is directly associated with the plant 
consumed, risk management may take the form of one or a combination of: varietal selection for cultivars naturally produc-
ing lower levels of the chemical contaminant; cultivation and postharvest handling of the plant in a manner which minimizes 
phytotoxin production or removal of the contaminating botanical material; as well as processing to denature or remove the 
contaminant from the food. Examples of the above include: the development of varieties of rapeseed (eg, Canola) produc-
ing low levels of both erucic acid and glucosinolates (Canola Council of Canada, 2014); maintaining low glycoalkaloid 
(solanine and chaconine) levels in potatoes though “banking” plants with soil to minimize light exposure of the developing 
tubers and their subsequent postharvest storage under reduced light conditions (Potato Council, 2015) and; the removal of 
cyanogenic glycosides (linamarin and lotaustralin) from cassava, for example, through drying, soaking, and fermentation 
(Padmaja, 1995) or the thermal denaturation of lectins (phytohemagglutinins) in certain legumes (Almeida et al., 1991).
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Reliance on regulatory limits is often practiced when setting action and critical values for a business food safety man-
agement system. Some jurisdictions have set limits for particular compounds, for example, Canada has set a limit in  
potatoes for glycoalkaloids of 200 mg/kg (Health Canada, 2012) and the European Union has set limits for erucic acid 
of 50 g/kg (calculated on the total level of fatty acids in the fat component in food) in vegetable oils and fats, as well 
as foods containing added vegetable oils together with 10 g/kg in infant formulae and follow-on formulae (European 
Commission, 2006). However it should be borne in mind that these are exceptions to the rule and for many phytotoxin–
plant combinations, no limits have been set at either a Codex Alimentarius or a regulatory level. Consequently, food busi-
nesses need to be aware of the potential for foods of plant origin to contain these compounds and ensure through the 
approaches described above that levels of such compounds are as low as reasonably achievable (ALARA principle) in 
order to ensure that they do not present a threat to consumer safety.

7.3.2  Phycotoxins

These compounds are produced by cyanobacteria and, as in the case of phytotoxins, are of diverse chemical structure 
and exhibit different pathologies. They usually present a hazard to the consumer by virtue of the fact that they bioac-
cumulate in both aquatic animals which eat the algae and also their predators—both of which can enter the human food 
chain (Etheridge, 2010). Arguably the most notable are those associated with shellfish which were originally named in 
accordance with the symptoms they induced. Examples include paralytic shellfish poisoning (PSP) toxins (eg, saxitox-
ins), diarrheic (DSP) toxins (eg, okadaic acid), neurotoxic (NSP) toxins (Brevetoxins), and amnesiac (ASP) toxins (eg, 
domoic acid). Phycotoxins can also be an issue in seafish as in the case of ciguatoxins. Ciguatoxins are often produced 
by the dinoflagellate Gambierdiscus toxicus, which tends to inhabit tropical and subtropical (32° N to 32° S) waters and 
is most prolific in shallower waters away from terrestrial influences (de Fouw et  al., 2001). The organism is eaten by 
herbivorous fish, who are in turn eaten by carnivorous fish, for example Spanish mackerel (Scrombermorus maculatus) 
and swordfish (Xiphius gladius) (Farstad and Chow, 2001), with the toxins being subsequently biotransformed and accu-
mulated within the muscle tissue of the predators (Lewis, 2001). Although previously restricted to communities living in 
indigenous coastal communities located in the tropics and subtropics; the growth of the international seafood trade and 
travel, has led to an increase in incidents being reported outside of this area, for example, Canada (Pilon et al., 2000) and 
Germany (Zimmermann et al., 2015). Cyanobacteria present in fresh water can also produce phycotoxins (eg, the hepato-
toxic microcystins). Drinking water contaminated with these compounds has been associated with toxicoses in livestock 
(Fitzgerald and Poppenga, 1993), humans (Pouria et al., 1998), and their companion animals (Lürling and Faassen, 2013).

Risk management systems to protect the consumer from the adverse effects of phycotoxins and other threats to health 
are often set in law. For example, within the European Union, Annex III, Section VII of Regulation 853/2004 (European 
Parliament and Council, 2004a) specifies the hygiene requirements for the propagation, harvesting, and processing of 
bivalve mollusks. Within this section limits are set for particular phycotoxins. Risk management is further enhanced by 
regular monitoring of fisheries by the regulatory authority. For example, in England and Wales, the Food Standards Agency 
performs a weekly survey of fisheries to determine both levels of phycotoxins in shellfish and also levels of toxin-producing 
algae (Food Standards Agency, 2015). Such monitoring systems permit enforcement agencies to give producers early warn-
ing of the risk of unacceptable levels of contamination and the ability to close fisheries in the event that limits are exceeded. 
With regards to ciguatoxins, a recent review of legislation (European Food Safety Authority, 2010) found that few jurisdic-
tions had set limits. In many cases what legislation existed required enforcement agencies to make checks to ensure that fish 
containing ciguatoxins were not placed on the market. Some authorities have provided guidance on reducing risk by speci-
fying maximum weights for particular fish placed on sale (the heavier the fish, the greater the risk of the toxin being pre-
sent) and there are anecdotal reports that this approach has been put on to a legal basis by individual authorities (Lanzarote 
Information, 2012). Further risk management includes currently advising consumers to avoid or limit consumption of at-
risk fish and to avoid fish body-parts such as the liver, intestines, roe, and head, which are known to have particularly 
high levels of the toxins (Ansdel, 2014). In terms of microcystins in drinking water, the World Health Organization has put 
forward a guidance limit of 1 μg/L (World Health Organization, 2011) and advice is also available on the management and 
removal of the toxin from fresh-water drinking sources (US Environmental Protection Agency, 2014a).

7.4  CONTAMINANTS OF NATURAL ORIGIN

7.4.1  Heavy Metals

This term describes a group of metals that are typically acquired from the environment and bioaccumulated either by 
the source organism (as in the case of plants) or through the food chain (eg, fish and livestock). Metals of environmental 
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origin and of potential interest are arsenic, cadmium, lead, and mercury. The toxicity of these elements can depend on 
their molecular form. For example, while inorganic arsenic is considered to be the more toxic than the organic form 
(European Food Safety Authority, 2009); the reverse is true of mercury where organo-mercury compounds are consid-
ered to be the more toxic (European Food Safety Authority, 2012). These metals can be released into the environment 
as a result of either natural phenomena such as erosion and volcanic action, as well as anthropogenic activities including 
industrial pollution and agricultural practices.

The significance of anthropogenic activities as risk factors can be seen from human diseases such as Minamata dis-
ease (mercury poisoning due to consumption of contaminated fish as a result of local industrial pollution of coastal 
waters) (Kurland et al., 1960), and Itai Itai disease as a result of cadmium poisoning due to bioaccumulation of the metal 
in rice as a consequence of water-pollution from mining and metal-smelting works (Kijima, 1968). Cadmium contami-
nation of rice has also been associated with use of contaminated fertilizers (Bandara et al., 2010). On a more positive 
note, adoption of more stringent environmental protection regulations (eg, prohibition of the use of leaded gasoline) has 
led to a reduction in the levels of lead in the atmosphere, which have been associated with a concurrent reduction in the 
amounts of lead found in plant-derived foods such as cereals (Kabata-Pendias and Mukherjee, 2007).

Although anthropogenic factors have a key role to play in the risk management of these metals, the role of geology can-
not be ignored; this can be exemplified by the case of arsenic. Dietary exposure to arsenic very much depends on the location 
of the consumer and is affected through drinking water and/or the food itself, reflecting local geology. Thus in some parts 
of the world (eg, parts of Argentina, Bangladesh, Chile, China, India, Mexico, and the United States of America) ground-
water sources can be naturally contaminated with high levels of arsenic. Sources of human exposure are therefore drinking 
contaminated water or eating crops irrigated with and/or cooked in contaminated water (World Health Organization, 2012). 
Significant sources of dietary arsenic include cereal-based foods and in particular those made from rice, which has a greater 
propensity than other cereals to accumulate the element (US Environmental Protection Agency, 1982). At the time of writ-
ing (2015), Codex Alimentarius was considering recommending maximum levels for (inorganic) arsenic of 0.3 mg/kg and 
0.2 mg/kg for raw and polished rice, respectively (Codex Alimentarius Commission, 2014). Exposure to arsenic is a risk not 
only to indigenous populations in areas with high environmental levels of arsenic, but also those in other parts of the world 
who import food produced in high-risk areas. One example concerns rice imported into the European Union. Estimates pub-
lished by the European Food Safety Authority (2009) suggest that high rice consumers (eg, certain ethnic groups) may be 
exposed to arsenic levels which exceed the health-based guidance value. Two other potentially high-risk groups are babies 
and toddlers who often have a heavy reliance on rice-based foods during weaning (Meharg et al., 2008). This was particu-
larly true of rice milk preparations (often used as a substitute in cases of milk intolerance) leading to public health advice to 
the effect that rice milk should not be given to children under the age of 5 years (National Health Service, 2013).

7.4.2  Mycotoxins

These are the poisonous metabolites of certain fungi. Their chemical diversity means that they have an equally diverse 
range of both acute and chronic toxic effects. Although usually associated with plant-based foods, including commodities 
such as cereals, coffee, tree nuts, peanuts as well as pomme and dried-vine fruits together with their products; mycotoxins 
can also be transferred through the food chain as in the case of aflatoxin M found in the milk of livestock that have eaten 
aflatoxin-contaminated feed (de Iongh et al., 1964). They can be broadly classified on the basis of when they are formed 
in the life of the crop, either during growth and development (field) or postharvest (storage) (Miller, 1995) There are 
exceptions to the rule, thus some “field” mycotoxins can also be formed postharvest, for example, fumonisins (field) have 
also been observed to be produced on occasion in maize postharvest (Ono et al., 2003) and vice versa, for example afla-
toxins (storage) in developing peanut kernels (Hill et al., 1983). Mycotoxigenic fungi have evolved to inhabit particular 
environmental niches and their ability to survive and produce mycotoxins is in some part dependent on the locale, with 
climate being an important factor (Coty and Jame-Garcia, 2007).

It has been estimated that approximately 25% of the world’s crop production is contaminated with mycotoxins 
(Charmley et  al., 1995) and they are arguably the most heavily regulated naturally produced food contaminants in the 
world (Van Egmond and Jonker, 2004). Unsurprisingly, considerable attention has been directed at identifying practices 
aimed to reduce their occurrence in food. Irrespective of whether or not mycotoxins are classified as “field” or “storage,” 
these codes of practice have been developed based on a philosophy of prevention (Battaglia et al., 1996). Codes of prac-
tice have been produced both internationally and nationally. At an international level these include codes of practice for 
managing the risk of: patulin in apple juice and related products (Codex Alimentarius Commission, 2003a); mycotoxins 
in cereals (Codex Alimentarius Comission, 2003b), aflatoxins in tree nuts (Codex Alimentarius Commission, 2005a), and 
peanuts (Codex Alimentarius Commission, 2004), as well as ochratoxin A in coffee (Codex Alimentarius Commission, 
2009) and wine (Codex Alimentarius Commission, 2005b).
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7.5  PRIMARY PRODUCTION

The chemical hazards discussed above are either inherent to the food or arise as a result of adventitious contamination. 
The remaining chemicals considered in this chapter, arise as a direct result of activities related to food business activities. 
This section considers two groups of compounds associated with primary production, pesticides and veterinary drugs.

7.5.1  Pesticides

This term, as defined by the Food and Agriculture Organization (2002), describes a broad range of compounds used to 
protect a crop against external elements (eg, predators, fungi, and weeds) as well as modifying other aspects of plant pro-
ductivity (eg, plant growth regulators, defoliants, and desiccants). By intent, pesticides are metabolically active and have 
targets, that frequently are biochemically similar in both the target and man. For example, neurotoxic organophosphorus 
compounds, which are often used as insecticides. Most reports relating to illnesses arising as a result of exposure to pes-
ticides in food do not reflect residues following their use in agriculture. Rather, they reflect issues relating to improper 
transport and storage with food intended for direct consumption (Weeks, 1967), misapplication in food-production facili-
ties (Chaudhry et al., 1998), consumption of treated material (eg, seed stock) not intended for human consumption (Bakir, 
et al., 1973), and re-use of pesticide containers for food storage (Krause et al., 2013). Some pesticides also have the abil-
ity to bioaccumulate through the food chain, for example in eggs (Holmes et al., 1969) and milk (Salas et al., 2003).

Pesticides are arguably one of the most extensively regulated group of compounds in terms of food-based chemical 
hazards. Such regulations, for example European Union Regulation 396/2005 (European Parliament and Council, 2005) 
specify which pesticides may be applied to which crops and the amounts of residues permitted in food intended for con-
sumption. Given the large number of possible pesticide crop/pesticide combinations these are supported by a database to 
assist in determining compliance (European Commission, 2015c). The risk presented by pesticide use is in part reduced 
by the advice provided by responsible pesticide manufacturers to end-users. This will include details of which crops the 
pesticide is permitted to be used for and recommended rates of application. The consequent treatment regimens are there-
fore designed not only to achieve the appropriate level of crop protection but also to ensure that any residues are below 
the maxima set in local legislation. Compliance with such advice is further enhanced through primary producers comply-
ing with commercial standards of agricultural best practice which require those certified to them to apply pesticides in 
an appropriate manner. For example, within the United Kingdom, flour-millers require their grain suppliers to be certi-
fied under an approved scheme, for example the “Red Tractor Scheme” (Red Tractor Assurance, 2014) and that deliver-
ies of individual grain lots should be accompanied by a “grain passport,” which details its pesticide application history 
(National Association of British and Irish Millers, 2014).

7.5.2 Veterinary Residues

These arise following administration of pharmaceutical products to livestock. The drugs themselves are usually admin-
istered for one or a combination of three reasons: therapeutic (to cure the animal of a particular illness), prophylactic 
(to prevent contraction of a particular disease state), or directly to promote growth. The primary hazard presented to the 
consumer relates to the unintentional consumption of pharmacologically active residues with the potential to cause harm. 
As in the case of plant protection products, many jurisdictions have developed regulations which require that veterinary 
medicines can only be used, following specific approval by a regulatory body, for example in the European Union the 
European Medicines Agency (European Parliament and Council, 2009), and that residues in food must not exceed spe-
cific regulatory limits.

Some jurisdictions enforce a total ban on the use of certain drugs in all or some groups of animals. For example, the 
EU has specified a list of prohibited drugs for which no maximum residue limit (MRL) exists (European Commission, 
2010). While in the United States, FARAD (US Department of Agriculture, 2015) provides a list of drugs which are pro-
hibited for all livestock (Group I) and an additional list of drugs prohibited for cows producing Grade A milk (Group III).  
In contrast to regulations for pesticides many jurisdictions also place additional risk-management requirements on 
agri-food businesses using veterinary drugs. For example, some jurisdictions (eg, the EU) require pharmaceutical com-
panies to specify withdrawal periods (where appropriate) for specific drug/food-product combinations, where the deri-
vation of specific withdrawal periods is part of the medicines approval process (European Parliament and Council, 
2004b). Regulatory authorities often also operate databases to provide advice to inform decisions about the correct use 
of veterinary medicines and the withdrawal periods which should be applied, for example, FARAD (US Department of 
Agriculture, 2015).
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Issues relating to the risk management of pharmaceuticals in general and veterinary drugs in particular usually reflect 
one or a combination of: failures in best practice; importation of meat containing veterinary residues permitted in the 
exporting but not the importing country; or use of non-permitted drugs to secure an unfair competitive advantage. In 
terms of not complying with best-practice issues include failure to use the correct withdrawal period, deviations from 
recommended treatment protocol (eg, increased dosage); and, in the case of milk, failure to quarantine milk from treated 
animals together with withholding milk from treated quarters only (Croubels and Daeseliere, 2012). The use of veteri-
nary preparations to improve productivity can be a contentious issue. At one level this can reflect differences in regula-
tion between different jurisdictions. One example of this concerns the use of growth promoters with hormonal activity. 
Historically, use of these compounds has and continues to be prohibited within the European Union, however their use is 
to one degree or another permitted in the United States and Canada. Consequently the import into the European Union 
of meat from animals treated with these drugs is prohibited. This prohibition was the subject of a complaint to the World 
Trade Organization and was finally resolved by the introduction of new legislation (European Parliament and Council, 
2003), which continued to enforce the ban but in a manner that met the European Union’s obligations under the World 
Trade Organization Agreement on the Application of Sanitary and Phytosanitary Measures. Other drugs, however, have 
been occasionally used illegally to increase feed efficiency and promote growth. One such example is the use of the 
β-agonist clenbuterol. This drug has been prescribed for the treatment of pulmonary diseases, for example asthma (Boner 
et al., 1987). Administration of this drug at supertherapeutic levels leads to accelerated gain in muscle mass (Williams 
et al., 1987), but also the bioaccumulation of pharmacologically active residues in the carcass. Its use is associated with 
animals intended to be slaughtered at relatively short periods after weaning, for example veal calves, lambs, and pigs. 
This has led to acute poisoning incidents, with the hospitalization of consumers in a number of countries including France 
(Pulce et al., 1991), Spain (Salleras et al., 1995) Italy (Brambilla et al., 1997), and Portugal (Barbosa, et al., 2005).

7.6  CONTAMINANTS ARISING DURING FOOD MANUFACTURE

7.6.1  Food Process Toxicants

This term has been coined to describe chemical hazards arising as a direct result of the food processing operation itself 
(Lineback and Stadler, 2009). Typically they are produced as a result of chemical reactions taking place as a result of 
thermal processing (discussed below) or microbial activity during processing and/or storage (eg, ethyl carbamate in fer-
mented products and histamine in fish). Some can also arise as environmental pollutants (eg, polyaromatic hydrocarbons 
and dioxins) and when present in either drinking water or animal feed have the potential to be bioaccumulated and be 
present in significant quantities in fish, meat, and other animal products (eg, milk and eggs). In addition to being a public 
health issue, incidents of this type of origin can result in substantial economic loss, as seen in 2008 both with respect to 
the effects of dioxin contaminated water in Campania and subsequent contamination of buffalo milk mozzarella cheese 
(Mozzarella di Bufala) (Borrello et al., 2008) as well as consumption of dioxin contamination of animal feed in Ireland 
and its effect on that country’s beef and pork industries (Tlustos, 2009). In terms of those compounds produced ther-
mally, these can arise as a result of one of two general mechanisms. The first is incomplete combustion of the cooking 
fuel (polyaromatic hydrocarbons), for example during smoking operations (Gomaa et al., 1993), or to domestic cooking, 
for example fat combustion on the fuel during barbecuing (Lijinsky and Ross, 1967). A second mechanism is as a con-
sequence of chemical reactions taking place within the food due to the cooking process itself. Examples of this second 
group include acrylamide, chloropropanols, and heterocyclic aromatic amines.

For certain chemical/food combinations regulatory limits exist. Thus within the European Union, limits have been 
set for the presence of the chloropropanol 3-monochloropropane-1,2-diol (3-MCPD) in hydrolyzed vegetable protein and 
soy sauce; the polyaromatic hydrocarbons benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, and chrysene in a 
number of food products of both plant and animal origin; and dioxins in products of animal (eg, meat, eggs, and milk) and 
fish origin (European Commission, 2006). Regulatory limits also exist for the presence of histamine in fishery products 
(European Commission, 2013a) and certain heterocyclic aromatic amines in meat flavorings (European Parliament and 
Council, 2008a), while indicative values exist for levels of acrylamide in particular foods (European Commission, 2013b).

Risk management of these compounds rests in part on what is known about their chemistry of formation and the 
influence of processing on those reactions. For example, chloropropanols are produced during the (hydrochloric) acid 
hydrolysis stage of preparing hydrolyzed vegetable protein. Production of this group of compounds can be mitigated 
through a number of strategies including careful control of the acid hydrolysis step, secondary alkaline treatment of 
the hydrolysate (as opposed to simple neutralization after acid hydrolysis), and removal of chloride ions (a necessary 
precursor) through the replacement of hydrochloric acid with sulfuric acid (Velišek, 2009). Another example concerns 
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acrylamide. Significant sources of dietary acrylamide are usually foods with a relatively high carbohydrate content, which 
have been prepared at high temperatures; typically, these include coffee, baked farinaceous foods, and fried potato prod-
ucts (Svensson et al., 2003). Extensive research has led to the identification of mitigation steps, for a number of poten-
tially high-risk foods. One source of information in this area is the “Acrylamide Toolbox” (Food Drink Europe, 2014). 
This toolbox operates on the ALARP (as low as reasonably practicable) principle and considers the farm-to-table con-
tinuum. It addresses questions as to how precursors are formed or can be removed prior to processing as well as process-
ing options to reduce acrylamide formation. The document emphasizes that it may not be necessary to introduce all of the 
steps recommended for a particular product or process and that the introduction of mitigation steps needs to be performed 
in a manner to avoid adversely affecting other attributes related to consumer acceptability (eg, color and flavor) as well as 
potentially increasing the potential of other (eg, microbiological) hazards occurring.

7.6.2  Food Additives and Nutrients

Many processed foods contain food additives and/or additional nutrients (eg, vitamins and minerals). Generally speaking 
their use in food is subject to legislation, which varies by jurisdiction. Restrictions on food additive use can be from the 
point of view of avoiding deception or for safety reasons. Examples of the latter include the prohibition of Konjac gum in 
children’s confectionary as a result of there being a potential choking hazard (US Food and Drug Administration, 2011) 
and the use of aluminum-based leavening agents in noodles (Laboratory of the Government Chemist, 2011). Some food 
additives may also have pharmacological activity if consumed in sufficient quantities by the population or a specific sub-
population. Examples include the laxative effects of polyols and the adverse effect of aspartame (a source of phenylala-
nine) toward persons suffering from phenylketonurea and for this reason foods containing them may be required to carry 
consumer warnings (European Parliament and Council, 2008b)

In terms of micronutrients, such as vitamins and minerals, safety concerns also exist since Paracelsus’ principle 
equally applies. Although diseases associated with vitamins are usually associated with deficiency syndromes (eg, vita-
min C and scurvy); excessively high intakes of vitamins or minerals can also lead to adverse health effects. Consequently 
guidance as to what would constitute tolerable upper limits of intake exists (European Food Safety Authority, 2006). 
Although micronutrient toxicoses are usually reported as a result of acute overconsumption of vitamin or mineral prepa-
rations, for example, iron tablets by children (Anderson, 1994), mismanagement of micronutrient addition in fortified 
foods can also be an issue. For example, Blank et al. (1995) reported an outbreak of hypervitaminosis D in Boston, USA, 
with clinical outcomes which included hospitalization and death. The outbreak was, to a large degree, attributed to forti-
fied milk containing 70–600 times the legal limit for the vitamin. Between 1987 and 1991, the dairy concerned was found 
to have purchased 30–35 times the necessary amount of the vitamin concentrate to meet regulatory fortification require-
ments. Subsequent inspection of the dairy revealed that the measuring device used to add the vitamin was broken and that 
the cause for the high levels of the vitamin in milk was its unmeasured addition.

7.7  ISSUES ASSOCIATED WITH CRIMINALLY RELATED ACTIVITIES

Chemical hazards can be introduced into food as a result of criminal activities. As discussed below, motivation can be 
either economic (fraud) or grievance (sabotage) and the actual act may be perpetrated at any point within the supply 
chain.

7.7.1  Fraud

Table 7.2 lists some significant food frauds perpetrated since 1980, together with their economic and/or public health 
consequences. Food fraud usually involves one or more of the following, enhancement of a desired attribute (as in the 
cases of the diethylene glycol in Austrian wine, melamine in US pet food, and the Sudan dye incidents); partial (or in  
the case of the Spanish toxic oil syndrome and Estonian alcoholic spirits episodes, total) substitution with a toxic ana-
logue; disguising the effects of other activities, for example, dilution of milk with water as in the case of the Chinese 
milk melamine incident). The public health consequences of these activities can be severe, as witnessed by the Spanish 
toxic oil syndrome outbreak in the 1980s, which affected over 20,000 individuals (World Health Organization (Europe), 
2004), the Chinese melamine in milk incident that affected approximately 300,000 infants (World Health Organization, 
2009), and the Estonian methanol poisoning incident with 154 individuals affected and 64 deaths (Paasma et al., 2007). 
Economic costs can also be substantial, detection of diethylene glycol in a limited number of Austrian wines led to the 
collapse of the overall export market which took over a decade to recover (Holmberg, 2010). Similarly, Sudan I dye 
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contamination of chilies used to make a Worcester-sauce ingredient led to the recall of approximately 600 products and 
an uninsured loss of 2.4 million pounds sterling (Premier Foods plc, 2006). Chemical hazards may also be introduced 
indirectly into the food chain, as in the case of the negligent sale of PCB-contaminated transformer oil as fuel to an ani-
mal feed producer in Ireland (British Broadcasting Corporation, 2010). Considered to be the root cause of the Irish dioxin 
in meat incident in 2008, this incident cost the Irish government (Marnane, 2012) between one and two hundred million 
euros in ex gratia payments.

Food fraud can be designed to exploit defects in food-safety management systems, as shown in the Chinese melamine 
in milk incident. Melamine (66% nitrogen) was added to milk which had been adulterated with water. This act disguised 
the resultant reduction in the milk’s nitrogen (and by inference protein) content. The actual fraud relied on the observa-
tion that the Chinese dairy market generally operated and traded in a manner different to other dairy economies and was 
relatively free from official controls. In terms of dairy QC checks, protein (as opposed to, for example, fat) was a key 
parameter on which milk was traded and furthermore quality checks at dairy intake were lax (Pei et al., 2011). As in the 
case of many other chemical contaminants the concentration increased with further processing as in the case of the pro-
duction of skimmed milk powder, an ingredient for infant formula.

Deficiencies in risk/food-safety management systems can also exacerbate the consequences of the fraud. Thus, in the 
case of the Sudan dye incident, despite the fact that use of illegal dyes to enhance spice color had been recognized since 
the mid-1990s (Sudershan and Bhat, 1995) and regulatory activity both in the form of controls (European Commission, 
2003) and advice (Food Standards Agency, 2007) was in operation; ongoing QC checks failed to detect the presence of 
the dye in the particular shipment of chili powder. Similarly, the case of the Irish dioxin incident revealed deficiencies 
not only in awareness of the issues relating to dioxins and animal feed manufacture at both the manufacturing and local 
enforcement levels but also the traceability systems operated by the relevant meat-processing plants (Joint Committee on 
Agriculture, Fisheries and Food, 2009).

7.7.2  Sabotage

The second criminal route by which illegal activities can contribute to the presence of chemical hazards is as a conse-
quence of premeditated sabotage. Motivations include extortion, terrorism, and employee grievance. The potential for 
chemical hazards to be introduced into the food chain by illegal activities has been considered at an international level 
(World Health Organization, 2002); while the potential for cyanide and other chemical compounds including ricin (a 
lectin derived from castor beans) and the paralytic shellfish poison, saxitoxin, to be weaponized and delivered through 
the food chain has also been discussed (Lee et al., 2003). Although use of microorganisms appears to be the preferred 
route for external acts of sabotage, examples of chemicals being implicated exist. For example, a threat in 1989 to con-
taminate Chilean grapes with cyanide led to a temporary ban on their import into the United States (Koshland, 1989), 

TABLE 7.2  Examples of Food Fraud With Significant Health and/or Economic Consequences

Year/Country Food Chemical Consequences Reference

1981/Spain Olive oil for  
cooking purposes

Substitution with denatured 
rapeseed oil intended for 
industrial use

20,000 persons suffering from 
“Spanish toxic oil syndrome”

World Health 
Organization (2004)

1985/Austria Wine Addition of diethylene  
glycol to “sweeten” wine

Collapse of Austrian wine  
exports (>10-year recovery 
period)

Holmberg (2010)

2001/Estonia Alcoholic spirits Methanol substitution Over 60 deaths Paasma et al. (2007)

2005/UK Worcester sauce 
(ingredient)

Use of Sudan I contaminated 
chili in recipe

Approximately 580 products 
made with Worcester sauce 
withdrawn from market

Food Standards 
Agency (2007)

2007, 2008/China Milk and milk  
powder

Use of melamine to disguise 
reduced protein due to 
“extension” of milk with water

>250,000 babies and infants 
affected, >50,000 hospitalized, 
6 deaths

World Health 
Organization (2009)
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while in 2008 a man was convicted in respect of an attempt to blackmail a major UK food retailer using threats which 
included contamination of yogurt products with sodium hydroxide (Orr, 2008). Sabotage can also be performed by 
employees. It has been estimated that in some businesses, between 75% and 90% of employees behave in a manner which 
can be described as deliberately dysfunctional or deviant to business operations (Harris and Ogbonna, 2006). At its most 
extreme such behavior can lead to product sabotage with public health implications. Such was the case in 2008 when 
10 Japanese consumers were poisoned after eating frozen dumplings contaminated with the organophosphorus pesticide 
methamidophos, originally produced in China. Subsequent investigation revealed that the pesticide had been injected 
into the dumplings by a production worker as a result of frustration with his wages and colleagues (British Broadcasting 
Corporation, 2014).

In common with food fraud, risk management of these issues should be integrated into more holistic approaches to 
manage threats in terms of prevention, response, and recovery. Advances in management of risk from diverse sources has 
led to the development of risk-mitigation tools such as TACCP (Threat Analysis Critical Control Point). This has been 
defined as the “systematic management of risk through the evaluation of threats, identification of vulnerabilities, and 
implementation of controls to materials and products, purchasing, processes, premises, distribution networks and business 
systems by a knowledgeable and trusted team with the authority to implement changes to procedures” (British Standards 
Institute, 2014). Another complementary tool is the CARVER + SHOCK (Criticality, Accessibility, Recuperability, 
Vulnerability, Effect, Recognizability + Shock or impact) approach developed by the US Food and Drug Administration, 
and described as “An offensive targeting prioritization tool that has been adapted for use in the food sector. This tool can 
be used to assess the vulnerabilities within a system or infrastructure to an attack” (US Department of Agriculture and US 
Food and Drug Administration, 2009).

7.8  DISCUSSION

This chapter has demonstrated that chemical hazards can be introduced into foods at all stages in the supply chain, 
including production and retail. Furthermore, levels of contamination can increase through the supply chain as a conse-
quence of subsequent actions. The mechanisms by which these occur may be of natural origin, for example bioaccumula-
tion, but also as a result of particular technologies (eg, concentration of melamine as a result of skimmed milk powder 
production). The situation with regards to chemical hazards in food is constantly evolving both with the reassessments 
of the risk presented by known hazards and new assessments of compounds hitherto not considered. For example, at the 
time of writing the European Commission were actively conducting investigations into the significance of perchlorates, 
acrylamide, organotins, furan, ethyl carbamate, (per)fluorinated organic surfactants, various plant toxins, and mycotoxins 
(European Commission, 2015b).

Successful risk management of chemical requirements therefore has two objectives. Paramount is the production of 
food which does not contain chemical contaminants at levels which compromise consumer health. However a second 
and still important objective is that where contamination is inevitable, levels of contamination should not only be safe but 
also ALARA. Successful risk management of chemical hazards therefore requires recognition of Paracelsus’ principle to 
ensure that appropriate limits can be set, a holistic understanding of the farm-to-table continuum as well as the food busi-
ness’ place in it, together with the appropriate tools to respond to an ever-changing environment. In terms of the day-to-
day operation of a food business the last two points are probably the most relevant and are integrated within approaches 
such as TACCP and CARVER + SHOCK, which not only deal with risk management processes but also those processes 
necessary for a food business to recover in the event that risk management fails and consumer health as well as business 
continuity are compromised.
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8.1  INTRODUCTION

One of the most important assets of a food company is the trust of its customers and consumers. As such, over and above 
being a legal obligation, food safety constitutes one of the most fundamental and vital aspects of any food operation. It is 
the backbone of consumer trust.

However, ensuring food safety in today’s world has become a daunting task as, on the one hand, the food industry is 
confronted with a very broad range of chemical, microbiological and physical hazards that may find their way into the 
food supply at any stage of the food chain. On the other hand, measures taken to protect consumers are often intertwined 
with other considerations. In addition to food safety, a successful food business must also meet an array of other expecta-
tions. These vary with lifestyle, values, culture, and level of education and perception of a population.

For most consumers, in addition to fulfilling their nutritional needs, food is also a pleasure and an emotional experi-
ence. With the change of lifestyle and family structure in modern society, consumers expect and also need food that is 
more convenient in terms of accessibility, transportation, storage, preparation, and use. They give preference to foods that 
suit their cultural and traditional values. Many also attach importance to its attractiveness, for example, color of the prod-
uct or its packaging. For many consumers, price is an important determining factor and they seek foods that offer the best 
quality–price value. Additionally, in the last two decades, many consumers have given particular attention to the safety 
and nutritional quality of foods. Other factors which may also impact consumers’ decisions with regard to their prefer-
ence for one brand over another are issues related to environment, animal welfare, ethical practices, and in general their 
perception on the behavior of a business.

Despite these challenges, the food industry, supported by measures taken at governmental level, has succeeded in 
achieving a high degree of food safety and has progressively strengthened its food safety measures (Box 8.1). This chap-
ter aims at describing the modern approach to the food safety management system in the food industry,1 and its different 
elements. For an in-depth review of these the reader is referred to the book “Food Safety Management: A Practical Guide 
for Industry” (Motarjemi and Lelieveld, 2014a).

8.2  FOOD SAFETY DEFINITION AND CONCEPT

As explained in the introductory chapter, in recent years, the concept of food safety has greatly evolved. Today, it has 
become a discipline in its own right.

A formal definition was developed by the Codex Alimentarius Commission (CAC) in 1997.2 Accordingly, “food safety is 
the assurance that food will not cause harm to the consumer when it is prepared and/or eaten according to its intended use.”

This definition embodies several important notions:
The notion of harm which separates safety aspects of food from other quality aspects that make food unfit for human 

consumption without necessarily presenting a danger to health. The aspects of food which make it unfit for human 
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consumption, even though it is safe, are referred to by CAC as “food suitability.” For more details on food suitability, 
please refer to chapter “The Starting Point: What Is Food Hygiene?”

1.	 The concept of assurance means that the management of food safety should be based on preventive measures. In other 
words, safety of foods should be judged on the basis of the conditions in which food is produced and prepared, and 
not on the results of end-product testing, which, for many contaminants, in particular biological hazards, cannot be a 
reliable method of food safety assurance. In the case of biological hazards, or toxins derived from biological agents, 
end-product testing is not a reliable method of food safety assurance because often a very large and unfeasible number 
of product testing is required to obtain a statistical degree of assurance of safety. Also, microbiological agents may be 
present at a very low number, thus undetectable, but following a time-temperature abuse grow to disease-causing levels.

2.	 Preparation and/or use of a food product should be considered in the design of its safety, and vice versa, that is, a food 
product is safe as long it is prepared and/or used according to its intended use. Consequently, the intended use should 
be considered by the producer, manufacturer or those selling the product, in the design of the product as well as in the 
information given on the label or the warning that is given to customers/consumers. Customers/consumers must also 
follow the instructions of manufacturers.

The latter point highlights an important, but often neglected aspect of food safety management. That is, when under-
taking a hazard analysis of the product, the consumers’/customers’ conditions of use, their practices, their food habits, 
inclusive of their risk perception need to be considered. It may ensue that the information provided on the label, for 
example, age of consumption, instructions on the conditions of preparation, use and storage, and any safety warning, are 
important control measures. Consumers’ practices may even, in some instances, be considered as critical for the safety of 
the product. This is for instance the case when the product reaching consumers may still have a residual risk of contami-
nation consumers are expected to control these.

Therefore, in planning instructions for use, or any other safety information, food businesses should (1) examine the 
knowledge and perception of consumers on food safety issues, (2) examine their food habits, practices, and environ-
mental conditions, and (3) validate their communication to consumers so that their communication is, as far as possible, 
clear, understandable and feasible. The due diligence principle requires that food operators test their message through 
focus groups. In 2009, a multistate outbreak of Escherichia coli O157:H7 was reported from 30 states of the United 
States. A total of 77 persons suffered from the illness and 35 were hospitalized; in 2013, one of the patients died, alleg-
edly as a consequence of the illness. The investigation linked the outbreak to consumption of raw refrigerated, prepack-
aged cookie dough. The implicated food company had overlooked the habit of American consumers of eating raw cookie 
dough. However, a study on the eating behaviors of students in 2008, had shown that 53% of students consumed unbaked 

BOX 8.1  Some Major Developments in Food Safety Management in the Last Two to Three Decades  
(Motarjemi and Lelieveld, 2014b)

	 1.	 Increased general awareness about food safety.
	 2.	 Research on pathogens, chemical contaminants and technologies, and increased scientific and technical know-how.
	 3.	 Development and emergence of high-performing food technologies and analytical methods.
	 4.	 Increased availability of epidemiological and scientific data on foodborne pathogens and chemical contaminants.
	 5.	 Improvement in the procedures for risk assessment and risk management.
	 6.	 Strengthening of national legislation (standards, codes of practices) and its enforcement (inspection, monitoring).
	 7.	 Strengthening of the international requirements (Codex Alimentarius, Agreement of the Sanitary and Phyto-sanitary 

Measures of the World Trade Organization, ISO 22000).
	 8.	 Increased preventive measures at the primary industry.
	 9.	 Improved waste management, protection of the environment and of water and sanitation facilities.
	10.	 Improvements in quality assurance systems, including strengthening prerequisite programs such as hygienic design of 

equipment, automation of plant control systems, application of the HACCP system.
	11.	 Strengthening the foodborne disease and food contamination surveillance systems, alerts, traceability, and incident 

management.
	12.	 Increased training of professionals involved in food safety (governments, food industry, and food service sector).
	13.	 Recognition of the importance of risk perception and good risk communication.
	14.	 Educational campaigns for consumers and the general public.
	15.	 Harmonization and strengthening of retailer-based food safety audits, coordinated by the Global Food Safety Initiative.
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homemade cookie dough (Byrd-Bredbenner et al., 2008). During the outbreak investigation, several patients reported that 
they bought the dough with the intention of only eating it unbaked; they had no plans to actually bake cookies.

If the hazard analysis shows that the conditions of use are such that safety of the product cannot be guaranteed, labe-
ling of the product and providing a safety warning is of little use. In such a case marketing such a product is simply 
unethical. A case in point is marketing of infant formula in populations who do not have access to safe water and sanita-
tion, and may not be even able to read the labels.

8.3  MANAGEMENT OF FOOD SAFETY IN FOOD INDUSTRY OPERATIONS

Management of food safety in the food industry has greatly evolved during the last two decades. As explained in chap-
ter “The Starting Point: What Is Food Hygiene?,” it has shifted from a “food control” approach, that is, application of 
codes of practice and end-product testing, to an integrated system of food safety management. This means that in addition 
to applying some basic good hygienic practices, a risk-based system, often referred to as Hazard Analysis and Critical 
Control Point (HACCP) system is applied.

Today, a wide range of measures are applied in food industries to assure food safety. These measures can take place 
at different levels including: product development and research, supplier management (eg, auditing suppliers, developing 
specifications), management of people (training, job description, performance evaluation, and career path), production, 
consumer and customer contacts, marketing and distribution (eg, auditing transporters and retailers), incident and crisis 
management, and management review.

To give a total perspective of these measures, ISO has developed specific standards for management of food safety 
referred to as ISO 22000 standards (Petró-Turza, 2014). These standards, as well as a number of other Global Food Safety 
Initiative standards (http://www.mygfsi.com/) such as British Retail Consortium and International Featured Standards, are 
valuable tools for certification purposes (Newslow, 2014).

In the following some of the key elements of food safety management, with a focus on microbiological hazards is 
described. Preventive measures are best described in three lines of defense (Fig. 8.1).

8.3.1  Basic Principles of Food Hygiene

The first line of defense is the implementation of codes of good hygienic practices. These are sets of general rules, pro-
cedures, and practices that have been established as a result of previous experiences. They provide guidance on generally 
applicable and necessary practices to ensure food safety, food suitability, and wholesomeness of foods. The prescriptions 
provided by these general requirements may also be strengthened by newly acquired scientific data and risk evaluations 
(Holah et al., 2011, 2012; Holah, 2014). The key feature of these codes is that they are generic requirements and that, 
with some adaptation, they are applicable to all categories of foods and products and/or establishments regardless of loca-
tion, specific conditions, and types of businesses. Depending on the sector of the food chain, they are referred to as Codes 
of Agriculture Practice, Codes of Animal Husbandry, Codes of Food Manufacturing Practice, Codes of Good Transport 
or Storage Practice, etc. Such codes may be voluntary, developed by the private sector, or be established by regulatory 
authorities as a legal obligation. Fig. 8.1 shows the content of the Codes of Good Manufacturing Practices in the food 
processing and manufacturing sector, as an example.

The CAC has developed a large number of such codes of practices. For instance, the recommended International Code 
of Practice: General Principles of Food Hygiene is one of the horizontal codes that has wide application in the food 
industry (CAC, 2001). For given categories of food products there are also product-specific codes. These provide guid-
ance for a particular group of products.

To emphasize the importance of these requirements as basic measures for ensuring food safety as well as food suit-
ability (in other words, food hygiene in general), they are often also referred to as “prerequisite” requirements. Their 
implementation prior to application of HACCP is fundamental. Short of this, the number of risks that need to be con-
trolled through the HACCP system will be greater, and eventually unmanageable.

8.3.2  HACCP System

The second line of defense is the application of the HACCP system. The HACCP system is a scientific, rational and 
proactive approach for identifying, evaluating, and controlling hazards which are significant for product safety. A key 
difference of the HACCP system with the basic good hygienic practice, mentioned above, is that in applying the HACCP 
system, the system focuses on particular hazards specific to the product and/or the process. As stipulated by the Codex 
Guidelines on HACCP, the HACCP system is comprised of seven principles as outlined in Box 8.2.

http://www.mygfsi.com/
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BOX 8.2  Principles of the HACCP System According to Codex Alimentarius Commission (CAC, 2003)

Principle 1: Conducting a hazard analysis.
Principle 2: Determining the critical control points (CCPs).
Principle 3: Establishing critical limits (CLs).
Principle 4: Establishing a system to monitor control of the CCPs.
Principle 5: Establishing the corrective action to be taken when monitoring indicates that a particular CCP is not under control.
Principle 6: Establishing procedures for verification to confirm that the HACCP system is working effectively.
Principle 7: Establishing documentation concerning all procedures, records appropriate to these principles and their application.

Traceability, recall procedures, crisis management

Management commitment, human resource management, and training

FOOD SAFETY ASSURANCE SYSTEM

Layout and building design

Processing equipment

Maintenance and services

Incoming materials handling

Processing

Cleaning and disinfection

Personal hygiene

Pest prevention

Security measures

Good hygienic
practices

Conducting hazard analysis

Determining Critical Control 

Points (CCPs)

Establishing Critical Limits (CLs)

Establishing monitoring 

Establishing corrective actions

Establishing  verification

procedures

Establishing documentation
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HACCP

Raw material &

product testing

Environmental monitoring

Maintenance checks

Release of products

Audits

Consumer complaint handling

Verifications

Storage, transport, & distribution

FIGURE 8.1  Overview of the integrated food safety management in the food industry (Motarjemi and Lelieveld, 2014b).

To ensure the most effective outcome, the application of the HACCP system is carried out in a number of steps. The 
Codex Guidelines outline 12 steps covering (1) the conduct of a HACCP study and (2) establishing a HACCP plan. These 
are described in chapter “Consumer Perceptions of Risks From Food” as well as elsewhere (Motarjemi, 2014a; Motarjemi 
et al., 2009). However, it needs to be emphasized here that steps such as involving a multidisciplinary team of experts, 
describing the product and its intended use can play a decisive role in the success or failure of the HACCP implementa-
tion. The frequent misconceptions and failures in the application of HACCP are described in Motarjemi et al. (2014).
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Below, the essentials of the system are succinctly described.
During the HACCP study, at each step of the food operation, from the raw material to consumption of the product, 

hazards specific to the product and/or the process, as well as corresponding control measures are identified. Considering 
the state of the prerequisite program in place, the risks posed by identified hazards are evaluated. For hazards which are 
considered significant a HACCP plan is then developed.3 To this end, steps that are considered critical for ensuring the 
safety of the product and thus that need to be monitored, are determined. These are referred as “CCPs.” For each CCP, it 
is important to identify parameters which characterize the control measures and decide on CLs. These are criteria which 
separate acceptability from unacceptability. A product is considered safe, when monitoring the control measures at the 
CCPs indicates compliance with the CLs. For instance, in pasteurization, heating is the control measure, time and tem-
perature are the monitoring parameters, and the minimum time and temperature required to achieve pasteurization of the 
product are referred to as the CL. During the HACCP study, corrective actions are also foreseen. In the case that the CLs 
are violated, corrective actions are applied to prevent a potentially contaminated product reaching consumers.

The HACCP system also requires application of verification measures. For the purpose of this chapter, these are pre-
sented as the third line of defense.

The outcome of the HACCP study is a HACCP plan. This is a document that outlines the decisions with regard to 
CCPs, monitoring parameters, CLs, corrective and verification measures.

In conducting a HACCP study and developing a HACCP plan, any regulatory requirements (such as regulatory limits, 
codes of practices or national standards, food safety objectives (FSOs), sampling plans) as well as customer requirements 
(eg, specifications, performance criteria for intermediary processes), need to be considered during the hazard analysis and 
respected during implementation of the HACCP plan.

An essential element of the HACCP system is validation of the elements of the HACCP study. Codex Alimentarius 
defines validation as obtaining evidence that the elements of the HACCP plan are effective. In other words, validation 
consists of demonstrating that decisions taken during the HACCP study have a scientific and/or technical basis and/or are 
based on accepted practices.

In validating a HACCP study consideration should be given to the need for validating the various elements of the 
system, that is, validating the hazard analysis, control measures, monitoring parameters, CLs, corrective actions, and veri-
fication measures. The validation process provides assurance in the food safety management system, short of this the 
HACCP study will become a simple paper exercise.

In validating the elements of the HACCP study, at each step it is important to consider three aspects (Fig. 8.2):

1.	 The scientific and technical aspects of operations. This means that the scientific and technical data are correct and 
conform with science or regulatory requirements.

2.	 The equipment used. That is, the equipment will meet the expected performance.
3.	 The personnel. This means to ensure that the personnel are trained and competent for their jobs and can effectively 

implement the decision.

Validation
Accurate
design

Verification
Adequate 

implementation

Scientific and
technical aspects

Human
aspects

Equipment/method
aspects

FIGURE 8.2  In validating a decision, three aspects need to be considered: equipment/method; scientific and technical data; and human aspects. The 
figure also shows that the two subjects of verification and validation, although different, overlap on some aspects, that is, verification measures need to 
be validated but also the validation process can be based on data obtained through verification (ie, historical records) (Motarjemi, 2014a).

3. A HACCP plan is defined by CAC as a document prepared in accordance with the principles of HACCP to ensure control of hazards which are sig-
nificant for food safety in the segment of the food chain under consideration.
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The application of the HACCP system also entails records and documentation on the application of the system, cover-
ing: (1) the study, (2) the implementation of the plan, and (3) verification. Very often, the documentation required as part 
of HACCP has given the HACCP system the negative image of being burdened by paperwork. However, through the doc-
umentation and records, the system provides a retrospective as well as prospective insight into the food safety manage-
ment of the operator. The documentation and records are also an important support material for communication between 
members of the HACCP team and/or with time, for the maintenance of the plan, that is, for the HACCP team to be able to 
consider the need for any change in the plan and thus ensure that the system remains valid and up-to-date. Also, records 
are required to provide evidence to customers and/or inspectors of the adequacy of measures.

As such HACCP provides an invaluable tool for examining how a food operator has planned to manage safety of its 
products: which hazards are considered, and how well the system is implemented.

Partly due to the need for documentation and records, partly due to the scientific nature of the HACCP exercise and the 
need for expertise, the application of the system has been a challenge to small and/or less developed businesses. A strategy 
that has been used by some governments to overcome this problem and to assist small or less developed businesses is to 
develop HACCP-based codes of practice for specific categories of food products. Such an approach combines both the gen-
eral principles of food hygiene and risk-based approaches for developing requirements specific to a given food sector.

Frequently, the question is raised about the difference between the code approach to food safety assurance versus the 
HACCP system, and their respective benefits. Originally, a code approach was viewed as a general and prescriptive sys-
tem of management of food safety in a business. Subsequently, HACCP was recommended by public health authorities to 
promote a preventive approach based on the analysis of hazards in foods or processes, before these lead to an incident. As 
indicated before, HACCP focuses on hazards specific to a particular food product, process, and to the conditions in which 
the food is prepared. Subsequently, control measures are specifically designed and validated for a particular hazard; 
whereas the codes approach is more of a generic approach putting emphasis on good practices in general. Experience has 
shown that both approaches have their respective value, and that HACCP would be more efficient if some basic hygienic 
conditions and preventive measures are in place. Therefore, these are today referred to as prerequisite activities. It is rec-
ognized that it is by combining both approaches that the optimum conditions of food safety management are attained.

8.3.3 Verification

The third and last line of defense is verification activities. Verification includes all tests and other data collected to verify 
that preventive measures achieve the set objectives. The purpose of these activities is to confirm, as opposed to control, 
that preventive control measures are effective and carried out correctly. It is important to make a distinction between 
verification measures and control measures. Data collected through verification are only indicators of the good imple-
mentation of control measures and per se are not an indication of safety. This is particularly the case with regard to micro-
biological hazards which are difficult to control through microbiological testing. Also, verification should not be mistaken 
for validation of control measures. As mentioned above, validation of control measures is a process to ensure that control 
measures are “effective” at achieving the objectives desired (CAC, 2008b). The validation process is usually implemented 
during the product and process design stages, or when a change has been made in the design or during the manufacturing 
of the product (Fig. 8.3).

In principle, where codes of good practice and the HACCP system are optimally implemented, a high degree of safety 
can be assured. Nevertheless, verification measures are important to detect any flaw in the system. They also provide 
evidence of compliance with the food safety standards and regulatory norms. Therefore, verification measures should not 
be stopped on the grounds that data on contamination are negative, as, at all times, such data are needed for providing evi-
dence of the performance of the food safety assurance system.

Examples of verification measures are:

●	 Raw material and end-product testing;
●	 Environmental monitoring and other cleaning and disinfection verification;
●	 Calibration and other maintenance checks;
●	 Release of products;
●	 Audits;
●	 Consumer complaints handling.

Data collected through verification could be reutilized in the system for validating the hazard analysis and evalua-
tion of risks. For instance, should environmental monitoring or raw material testing show an unsatisfactory situation, this 
should be taken as an indication of some shortcomings in the preventive measures. For instance, it may be that (1) the 
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cleaning of the environment is not well designed or implemented, (2) there are issues with zoning allowing contamina-
tion entering the food processing facility/high hygiene areas, for example, by people, air, equipment, raw material, and 
(3) there is a persistent microbial strain or presence of harborage sites. Similarly, if testing of the raw material shows 
contamination, this may be an indication of problems at the supplier level, and should prompt the operator to require 
improvements at the supplier level, change its supplier, or install additional control measures (eg, a microbicidal process) 
in its own operations.

Where verification data indicate noncompliance, in the first place, the adequacy of the implementation of the HACCP 
system and the prerequisites must be examined. In absence of any failure in implementation, then the validity of the ele-
ments of the HACCP study (ie, their design) should be questioned (Fig. 8.4).

As mentioned above, a range of measures can be implemented to verify the adequacy of the management system, 
they depend on the product, processes and the overall system. However, some common verification measures are listed in 
Sections 8.3.3.1–8.3.3.3.

8.3.3.1  Microbiological Testing
It is reemphasized here that, by itself, microbial testing is not a method of food safety assurance, as it does not control the 
conditions that lead to contamination. It is most useful, in combination with prerequisite programs (eg, cleaning, zoning) 
and application of the HACCP system. In such contexts, they are important for (1) validation and (2) verification of the 
food safety assurance system. The subject is addressed in detail by Tim Jackson (2014). Some highlights of his guidance 
are provided below.

As a validation measure, microbiological testing can be used in the design of the food safety assurance system for 
examining the survival and growth of target microorganisms in the production environment or evaluating the efficiency 
of microbiocidal processes. To enable operators to validate the food safety assurance system, as part of risk management, 
regulatory authorities need to determine the FSOs for the target microbial hazards.

Food safety objectives are the maximum frequency and/or concentration of a microbial hazard in the foodstuff at the 
time of consumption in order to meet a public health goal, such as the Appropriate Level of Health Protection (ALOP). 
(CAC, 2007).

Regulators or stakeholders may also need to establish “performance objectives,” which are values equivalent to FSOs 
but at an earlier step in the food chain. They are defined as the maximum frequency and/or concentration of a hazard in a 
food at a step in the food chain before the time of consumption, in order to meet a food safety objective. Likewise, other 
metrics such as performance criterion may be established to set the required outcome of a control measure, or a series of 
control measures. These metrics allow operators to design the food safety assurance system and specifically validate the 
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FIGURE 8.3  The process of validation and maintenance (Motarjemi, 2014a).
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performance of control measures to ensure that performance and FSOs are achieved. To design the food safety control 
assurance system to meet FSOs, the following model is used.

H R I FSO0 G RC( )2 1 1∑ ∑ ≤

where FSO, Food Safety Objective; H0, initial level of the hazard; ∑R, the cumulative (total) decrease in level; and ∑I, 
the cumulative (total) increase in level. FSO, H0, R, and I are expressed in log10 units.

I (increase) is determined by growth (G) as well as by recontamination (RC). As a verification measure, microbiologi-
cal testing may be used to evaluate the hygienic status of the raw material. In principle, such testing is a verification of 
the supplier. This is particularly important for those raw materials that do not undergo a lethal process, for example, a 
dry mix operation, or where an ingredient is added after a lethal process. Testing may also be needed to verify a possible 
recontamination during the operation.

A finished product testing program is also important. It allows the verification of the overall functioning of preventive 
control measures (prerequisite measure, HACCP) including an eventual recontamination after microbicidal process or a 
failure in the system.

Additionally, environmental monitoring is used to verify that cleaning and disinfection have been carried out prop-
erly. Such monitoring is important for raw material, in-process or finished products which are exposed to the production 
environment without undergoing further microbicidal process. Environmental monitoring may also be done for other pur-
poses, for instance for troubleshooting, to collect information about the factory environment, and to identify sources and 
routes of microorganisms.

Microbial testing is also used in the case of incidents or the investigation of potential process failures.

8.3.3.2  Assessment or Audits of Food Safety Management Systems
The term assessment refers to an industry, or governmental activity, to “verify” that the food safety management system 
is implemented correctly and effectively, and is maintained. In industry, the term is better known as “audits” (Motarjemi, 
2000; Motarjemi and Mortimore, 2014).

The primary reason for assessing, or auditing, a food safety management system is to establish whether the food busi-
ness has the ability to consistently produce, manufacture, or distribute “safe” food and to ascertain that the food safety 
management system provides adequate assurance.
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FIGURE 8.4  The figure shows how verification data could be used for the evaluation of the HACCP implementation and its efficacy (Motarjemi, 2014a).
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There are two different types of assessments:

1.	 Internal assessment carried out by the operating company itself as a self-verification measures;
2.	 External assessments carried out by either regulatory agencies (also known as inspection), or a third party such as a 

customer or a certification body.

Regardless of who is carrying out the assessment, the results are a reflection of the status of the food safety manage-
ment system, or its eventual flaws or potential risks. The results or observations made during assessment should be used 
to bring about improvements. The data should also be fed into the hazard analysis and evaluation of risks. Should this 
latter mentioned exercise indicate a heightened risk, then control measures should be installed either as part of the pre-
requisite program, for instance improving the hygienic design of equipment which may be the source of microorganisms, 
or as part of the HACCP plan, for instance introducing a pasteurization step in the case that the raw material may present 
microbial risks.

Other than the confirmation of the compliance with internal rules and/or regulatory requirements, assessment may 
also be applied for other purposes, such as:

●	 Evaluating the ability of a supplier or a contractor to produce, manufacture, or transport a food according to the set 
requirements. This can happen when choosing a supplier, a contract manufacturer, or even purchasing a new business.

●	 Investigating violations or incidents, for example, investigating a recurring CCP-related violation, employee com-
plaints, alerts by internal whistleblowers, frequent consumer complaints, or a fully fledged incident. This also includes 
incidents which happen externally within the same industry, for example, outbreaks caused by the same food products 
produced by competitors.

●	 Obtaining a certificate of assurance for customers that their requirements are met. This may be with customers nation-
ally or internationally.

●	 Benchmarking or analyzing gaps in view of identifying the need for improvement, including the need for technical 
assistance, training and guidance on competences, and/or improving the infrastructure (equipment, design of prem-
ises), etc. This can happen when a new factory or business is purchased, or when companies are merged. Experience 
has shown that small- or medium-sized businesses are often not resourceful enough to know the regulations, that they 
often learn about when they are visited by an inspector or assessed by a customer or the representative of a certifica-
tion body. In such a situation, to avoid conflict of interest it is important that those involved in guiding the business are 
not the same individuals who will also assess it for compliance.

Assessment can include a variety of elements, such as:

●	 Management commitment, organizational structure, corporate governance and its impartiality and resources;
●	 Management of people (including training);
●	 Awareness and infrastructure for monitoring the regulatory requirements of the country where products are produced 

and/or marketed;
●	 Product traceability, recall, and incident and crisis management;
●	 Product development;
●	 Raw materials and supplier management; this should also include any possibility of fraud or adulteration;
●	 Good hygienic practice;
●	 HACCP system and its implementation;
●	 Verification activities (consumer complaints, pathogen and environmental monitoring, review of noncompliances, and 

their root cause analysis).

The decision on the scope and frequency of audits will depend on a number of considerations, in particular whether 
the audit is a first audit or a follow-up audit and the amount of available resource. Whether a full or a partial audit is car-
ried out will depend on the original purpose of the audit. For example, partial audits might be appropriate for closing out 
noncompliances, for investigatory purposes after an incident, or where a previous audit has confirmed that a sound sys-
tem is in place.

Classification of risks is an important criterion for prioritizing and deciding on the frequency, that is, having more fre-
quent audits at higher-risk premises or suppliers of high-risk material. The following information can be considered in the 
classification of risks and in deciding on the frequency and scope of the audits:

1.	 The potential hazards known to be associated with the product and/or process, including the previous records of safety 
of the product;

2.	 The history or level of previous compliance;
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3.	 The state of the food safety management systems and other management systems that may be in place, for exam-
ple, ISO quality management systems and certification, total quality management, as well as the level of in-house 
expertise;

4.	 Other considerations such as processing methods, intended use and population at risk, size of operation (eg, number 
of employees, volume of production, and turnover), type of products and processes, complexity of operation, quantity 
of product affected by the raw material used, market, or trade requirements.

A change in the system (process, formulation, etc.), or the aftermath of a natural accident or disaster, for example, fire 
and flood can also justify an audit. As mentioned previously, audits may also be triggered as results of a previous food 
safety incident.

Subsequent frequencies for audits and their scope can be considered in the light of such findings.

8.3.3.3  Consumer and Customer Complaints Handling
Users of products, customers or consumers, can provide valuable feedback on a product’s quality. With regard to micro-
bial hazards, they may report signs of spoilage, illness, injury, distress or an unhygienic condition such as presence of 
filth, hair, and insects. Any information, even when not causing illness, should prompt an immediate investigation and 
incident handling. As for other types of data collected through verification, they should lead to checking the implementa-
tion of the food safety assurance system and if necessary its validation. Consumer complaints have to be considered seri-
ously, and the consumer service department should be well briefed and trained how to communicate with consumers and 
to record their complaints. To facilitate consumer contacts a hotline number can be provided on product packaging.

Where multiple cases of illness are reported with a given product, the possibility of an outbreak needs to be consid-
ered. Subsequently, authorities need to be alerted in order to carry out a thorough investigation. Examples of data that 
could be collected include: time/date of the complaint, name of complainant, contact details, nature of complaint and 
symptoms, if any, time of consumption of the product, and, if applicable, time of appearance of symptoms, other people 
affected in the family, how the food was prepared and handled before consumption, unusual taste/flavor and how much 
food was consumed by each person exposed, geographic region, actions by the complainant, and return of the product(s) 
associated with the complaint and/or information on the code, if available, unusual signs upon opening the pack. Any 
leftover product or similar product purchased at the same consumer and customer feedback should also be subject to con-
tinuous monitoring to assess the trend and the general status (McClure, 2014).

Complaints may also come from other sources such as customers or traders, or even regulatory authorities. Their com-
plaints should also prompt an immediate response and verification of the food safety assurance system. Documentation 
and records such as HACCP plan, monitoring records, and verification data such as reports of periodic assessment of the 
food safety management system will be invaluable to investigate a potential implication of the product, source of con-
tamination, or provide evidence of safety. For additional guidance on this subject readers are referred to McClure (2014).

8.3.4 Traceability

At times, in spite of all measures, a contaminated raw material may be accidently used in a product. Through a trace-
ability system, that is, through information on the source of the raw material, or on the customers who have received 
the product, a contaminated product can be traced and recalled. Regulatory authorities in some countries require that 
the traceability system of an establishment should ensure that information on the source of a raw material or destina-
tion of a final product be available for one step up or one step down. With the globalization of the food supply and the 
passing of food ingredients through various traders, it is sometimes difficult to ensure precise or valid information on 
the condition of the production of raw materials. Where information on traceability is lacking, the investigation of out-
breaks and the identification of the implicated food become more difficult as observed in an outbreak of Salmonella 
Saintpaul in the United States in 2008 (CDC, 2008). Originally, the outbreak was attributed to tomatoes until it was dis-
covered that the main vehicle was jalapeño and serrano peppers. The outbreak lasted from April to August and some 
reported 1442 persons fell ill. There was a similar situation of confusion with the outbreak of E. coli O104:H4 which 
swept Germany in 2011 and had some 4321 victims, of whom 50 died (EFSA, 2011; Motarjemi, 2011).

The weaker the traceability, the larger the scale of the outbreak or product loss. This was demonstrated in the dioxin 
incident in Ireland where a full product recall was conducted for pork meat, whereas for beef meat it was possible to limit 
the recall to the contaminated product because after the bovine spongiform encephalopathy crisis, a traceability system was 
established for beef products (Casey et al., 2010). Similarly, in the food manufacturing industry, the finer the traceability, for 
example, indicating the date and time the product was produced, the smaller the quantity of product wasted in case of recall.
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Over and above safety issues, traceability may also be needed in case of political conflicts in some countries. For 
instance, in 2014, Russia required Switzerland to provide evidence that its exported fruits and vegetables were not 
sourced from the European Union, which was under an embargo from Russia.

8.3.5  Incident Investigation, Recall, and Root Cause Analysis

Although all efforts should be made to prevent contamination of products, accidental contamination may occur occasion-
ally. Therefore, to prevent defective products reaching the market, or to limit the exposure of consumers to contaminated 
products, the food safety management system should be further supported by strict procedures for investigation of inci-
dents and recall (Motarjemi and Wallace, 2014).

In most countries, there are specific procedures for notifying authorities, in particular when a product becomes a threat to 
consumers or may have caused an outbreak. In any case, jointly with competent authorities, decisions on the course of action 
will need to be taken. In some cases it may be necessary to recall a product; in another cases, for example, a spoilage or qual-
ity failure, a withdrawal at the retail level may perhaps be sufficient. In the case of allergens, occasionally, instead of a prod-
uct recall, some authorities have agreed to an announcement advising allergic consumers to avoid the product in question.

Over and above protecting consumers and establishing responsibilities, investigation of incidents is important in order 
to determine the immediate actions, for instance to:

●	 Confirm that an incriminated product is indeed the source of an incident;
●	 Determine the distribution channel of a contaminated product to enable its recall;
●	 Identify the source of contamination, for example, the failures which have led to the contamination. This information 

is important for determining the extent of a recall;
●	 Determine the nature and possible health consequences of the food contamination. This is important to understand the 

nature of recall (public recall, or withdrawal of the product).

The decision on public recall, withdrawal, or leaving the product on the market will depend on whether there is a 
health risk to consumers or not. For estimating the risk, a range of information would be needed. These include: the 
nature of contaminant, the extent of contamination, the population exposed and its eventual vulnerability to the agent, 
the nature of the food and its matrix as well as factors which may mitigate the risks, such as cooking by consumers. In 
2006 in the United Kingdom, a chocolate manufacturer marketed contaminated products which were contaminated with 
Salmonella (Carroll, 2009). The product caused illness in a number of people. The manufacturer claimed that it was not 
aware that Salmonella can cause illness at low doses. However, previous records of outbreaks had shown that, in fatty 
matrices or low-water-activity foods exposure to low doses of Salmonella can lead to illness.

Another factor which also needs to be considered is an evaluation of the possible risks which may ensue from an eventual 
withdrawal or recall. For instance, when the European authorities discovered that worldwide jars of baby food may be con-
taminated with semicarbazide due to a default in the lids, it was decided to maintain the product on the market and allow the 
manufacturer to conduct necessary testing and research for developing alternative types of lids. The decision was taken on the 
grounds that (1) the health risk was very low if at all, (2) banning the product from the market may lead to nutritional and other 
type of problems, and (3) a hasty change of the lids may lead to insufficiently secured lids and cause microbiological risks.

Following the primary investigation of an incident, or a near-miss situation, it is important to carry out a root cause 
analysis of the incident. This is to understand the underlying factors of the incident, so that necessary measures can be 
brought to improve the system and to prevent reoccurrence of the incident.

To explain the concept of root cause analysis, it is necessary to understand the way incidents occur. This has been 
described by James Reason (1997) in his analysis of organizational accidents.

As explained earlier, in food safety assurance, a series of measures are foreseen to control hazards. These include 
basic good manufacturing practices, HACCP, and verification measures. When incidents occur, usually they are the result 
of one, or rather a series of gaps or failures in these measures. A gap or a failure in any of the above-mentioned measures 
creates a weakness in the food safety management system and causes a threat situation which, if investigated and cor-
rected immediately, prevents an incident from recurring. However, if a gap is not addressed, with time, combined with 
other gaps, it may potentially lead to an incident. An example of the additive effect of gaps in systems was an incident 
caused by vitamin B1 (thiamine)-deficient infant formula (Israel, 2003). In this incident, a reported 15 babies suffered 
damage to the nervous system and two died. The cause of the incident was an error in product formulation, but a second 
failure was in the verification of the composition of the product before its release. Similarly, in 2005, in Venezuela some 
hundreds of dogs and cats were intoxicated with aflatoxin from pet food products of Nestlé Purina. The investigation 
showed a failure in supplier management as well as failure in verification, that is, the results of aflatoxin testing on the 
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final product. Such a situation where gaps of different levels and nature can combine to cause an incident is referred to as 
the “Swiss cheese model” (Fig. 8.5).

A second concept that must be understood is the concept of active and latent failures relating to people and manage-
ment (Fig. 8.6). Behind any control measure, there are people who have to implement the control measures or verify that 
they are correctly implemented. These can be a worker on the production line or on the farm, an operator monitoring the 
temperature recorder, a truck driver who has to manage the temperature during transportation, a food handler who has to 
wash his hands before preparing food, etc. Their failure to perform their work is referred to as active failures since their 
actions will have a direct and immediate bearing on the safety of products (Fig. 8.6). These are the types of failures that 
are usually investigated in the case of an incident or near-miss.

In a root cause analysis the task is, through specific methods, to go deeper into the investigation and understand the 
conditions that have led to primary failure, that is, the noncompliance of the person implicated in the incident. Such a 
noncompliance or failure may be an error or a violation.

Incidents

FIGURE 8.5  Swiss cheese model (Reason, 1995).
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FIGURE 8.6  Type of failures leading to an incident. The figure shows how latent failures in a system of management can lead to incidents. From 
Reason, J.T., 1995. Understanding adverse events: human factors. Qual. Health Care 4, 80–89.
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It is noteworthy that human errors are different from violations. Violations are deviations from the rules, procedures, 
policies, and standards. They are related to a deliberate action or intention. They should not be tolerated unless the viola-
tion is due to factors beyond the control of the person involved, for instance when the instruction is inappropriate and it is 
unfeasible to do a job without violating the rule. However, human errors are involuntary, related to a failure in intention 
(eg, misjudgment) or in execution (Motarjemi, 2014b). Box 8.3 shows some frequent active failures.

Worldwide, studies indicate that factors leading to active failures are often related to the working conditions, for 
example, time constraints, lack of clear instructions, failure in defining the responsibility or authority of the person or 
providing adequate training and coaching, or creating a culture of fear or demonization. Such situations are latent condi-
tions which result from management decisions. Thus, failures of the management in creating conditions that are optimal 
for managing food safety are referred to as latent failures. Latent failures may not have an immediate impact, but they 
weaken the food safety management and increase the probability of active failures, and thus of incidents. Latent failures 
have been the cause of numerous accidents in the petrochemical, transport and food industries and in financial institu-
tions. A poor organizational culture based on management by fear is an example of latent failure. Fear culture has been 
the underlying factor for a number of food safety incidents, for example, Snow Brand staphylococcal intoxication in 
Japan in 2000 (Asao et al., 2003) or melamine in China in 2008 (Motarjemi, 2014c). A food company which is commit-
ted to food safety will conduct a root cause analysis of its incidents and identify such latent failures, even when these 
implicate its own management. Box 8.4 shows latent conditions that can lead to active failures.

BOX 8.3  Frequent Active Failures in an Industrial Setting and During Food Preparation (Motarjemi, 2014b)

Frequently Observed Failures in an Industrial Setting Examples of Failures During Food Preparation

●	 Failures in supplier management
●	 Failures in design and maintenance of equipment
●	 Failures in hazard identification
●	 Failures in establishing “critical limits”
●	 Errors in GMP implementation
●	 CCP monitoring failure
●	 Failure in applying the right corrective actions
●	 Human error
●	 Error during a change process

●	 Failure in respecting hand hygiene
●	 Food handlers handling food when suffering from a 

transmissible illness
●	 Failure to wash utensils/equipment and allowing cross-

contamination of ready-to-eat food
●	 Failure to cook or refrigerate, thus allowing time-temperature 

abuse of food and subsequent survival and growth of 
microorganisms to a disease-causing level

●	 Improper use of recipients and contamination of food with 
chemicals/detergents

●	 Failure to inform consumers about essential food safety matters

BOX 8.4  Latent Conditions Leading to Human Error or Violation (Motarjemi, 2014b)

Conditions Leading to an Error Conditions Leading to a Violation

●	 Unfamiliarity with the task
●	 Mismatch between the training and the education of the person 

with the task required
●	 Time shortage, work overload
●	 Information overload or contradictory information
●	 Poor human–system or human–equipment interface
●	 Complex tasks or situations
●	 Mental state: monotony of task or boredom, fatigue, stress
●	 Hostile environment, eg, crowded, noisy environment
●	 Poor instructions, procedures, and definition of responsibilities
●	 Poor communication or language barriers
●	 Lack of adequate scientific and technical tools or systems for 

performing a task
●	 Change in routine

●	 Misperception of the risks associated with hazards
●	 Belief that a bad outcome will not happen
●	 Lack of tools, time pressure
●	 Ambiguous or apparently meaningless rules, or rules which are 

not applicable to the local conditions
●	 Manifest lack of organizational safety culture, or of a culture 

which encourages taking risks
●	 Management not following the rules, or perceived lack of 

management’s care and concern
●	 Inadequate training
●	 Unclear instructions
●	 Professional attitude hostile to procedures
●	 Work conditions promoting conflict of interests
●	 Conflicts and poor people management discouraging 

involvement, responsibility, and ownership
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8.3.6  Crisis Management

In any organization dealing with a risk-prone subject such as food, but also chemicals, drugs, transport, finance, a crisis 
is almost an unavoidable situation. Food being a particularly vulnerable sector, both in terms of safety as well as security 
(ie, availability), all organizations operating in this sector, such as food businesses or regulatory agencies, are exposed to 
the eventuality of a crisis and need to be prepared for it.

In food safety, a crisis is defined as a predicted or unpredicted event that represents an immediate or future significant 
threat to an organization, its employees, consumers and the public at large. Generally, a crisis reflects an acute situation 
requiring real-time and strategic decisions taken at a high level, under harsh conditions created by time pressure, media 
scrutiny, and often, incomplete and unreliable information about the facts. A crisis is per se never a positive event, as it 
is an indication of failure in food safety management. However, a crisis which is well managed can be an opportunity for 
the affected organization or society to demonstrate its values and management capabilities.

In most crises, if not all, media plays a central role. In the case of an adverse event, it is often the media’s treatment of 
the event which determines to what extent a food business is in a crisis. Therefore, in a crisis, over and above the regula-
tory authorities, consumers and customers, the media has to be considered as a key actor.

A crisis may occur for various reasons (Box 8.5). In the last two to three decades, the food sector has experienced 
many crises, and lessons learned from these have contributed to improvements of our food safety management system. 
Some of the principles which form the basis of today’s food safety management are a consequence of various crises. For 
detailed guidance on crisis management, the reader is referred to Motarjemi (2014c). However, key lessons from these 
crises are:

●	 Speed of action and communication;
●	 Prioritizing public health, or consumer health, over economic aspects;
●	 Validity of information and understanding the degree of uncertainty and/or variability, that is, getting the facts right;
●	 Considering public perception, underlying science and other determinants of trust.

BOX 8.5  Examples of Crisis and Their Causes (Motarjemi, 2014c)

Causes Examples of Crisis

Advances in science and new scientific development or findings ●	 Acrylamide, worldwide, 2002
●	 Semicarbazide, worldwide, 2003
●	 Emergence of new hazards, bovine spongiform encephalopathy 

(BSE) and emergence of prions, worldwide, 1986
●	 Escherichia coli O157 (USA, Japan, UK, etc., 1990s) Vibrio 

cholerae (Latin America, 1993)
●	 Avian influenza (worldwide, 2004)

Human error: scientific, technical, managerial, operational error  
or violation

●	 BSE, worldwide, 1986
●	 Salmonella in chocolate (UK, 2006), Staphylococcus aureus 

(Japan, 2000)
●	 Vitamin B1-deficient infant formula imported from Germany, 

Israel, 2003
●	 Isopropylthioxantone (worldwide, 2005), Salmonella Saintpaul 

(USA, 2008)
●	 Salmonella Typhimurium (USA, 2008–2009) E. coli O104:H4 

(Germany, France, 2011)

Fraud or malicious acts of sabotage, eg, tampering, terrorism ●	 Lead oxide in paprika (Hungary, 1994)
●	 Dioxin in animal feed (Belgium, 1999)
●	 Sudan red in chili peppers (Europe, 2003)
●	 Wheat gluten in pet food adulterated with melamine, imported 

from China (North America, 2007)
●	 Adulterated sunflower oil imported from Ukraine (Europe, 

2008)
●	 Infant formula adulterated with melamine (China, 2008)
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●	 Transparency, that is, giving the full truth;
●	 Functional separation between risk assessment and risk management;
●	 Coordination between different authorities/organizations involved and consistency in communication;
●	 A rapid risk assessment and communication of risks by public health authorities;
●	 Maintaining the flow of communication to the general public, particularly through a trusted source;
●	 Monitoring the situation and consideration of the social and political context of an incident;
●	 Being aware of the global nature of the food supply and food safety, and of the need for international coordination;
●	 Analyzing other incidents and taking measures to prevent their repetition, as an incident that happens a first time can 

be considered a mishap; whereas the second time, it will be viewed as negligence.

A cross-cutting lesson from all crises, be it the food sector or other sectors, shows the importance of management 
commitment, human resource management, and organizational culture in a crisis, both in terms of prevention and man-
agement of a crisis.

8.3.7 Training and Education

Fundamental to food safety management is the training and education of the staff. Training and education are the stepping 
stones in food safety management: they link theory to practice. From employees to managers, perception of risk, attitude, 
and skills are key determining factors in their practice. The same is true in relation to consumers, regulatory authorities, 
and other stakeholders in society who have a role in food safety. None of the scientific expertise, management systems, 
regulatory requirements, and experiences will be useful in ensuring safety, if the people who have to implement them are 
not knowledgeable, trained, motivated, or empowered to do so. How often have we had a good piece of legislation, yet 
those who have to implement it are unaware of it or have not understood its importance?

As such, training and education are one of the fundamental elements of any program, yet their true importance is not 
always recognized at face value. A great proportion of professionals employed in food operations, governmental agen-
cies, public health sector, or the general population, lack the necessary understanding of food safety, and misperceive risks. 
Sometimes, educational programs are poorly designed and/or implemented; therefore, they do not achieve the desired objec-
tives. They may be treated lightly or as an afterthought, as if just sitting in classroom and getting a certificate will do the job.

Guidance is given from the perspective of food operations below. It needs to be said that although the terms education 
and training are often used interchangeably, they have different meanings. Education is generally defined as the process 
of learning and acquiring information. It may be carried out for such purposes as having a profession, a university degree 
or, more generally, for developing the power of reasoning and judgment. Training is the process of teaching a person (or 
an animal) a particular skill or a type of behavior. A key difference between training and education is that in training, the 
subject may learn to practice a behavior without always, or necessarily, knowing or thinking of the reason behind it. In 
education, the subject receives the knowledge and motivation to make informed decisions and choices. For professionals 
in food safety, both education and training are needed.

One of the key weaknesses in our education and training programs is their design, that is, the lack of alignment between 
the responsibilities and the tasks that individuals are required to perform and their education and training. It is the responsi-
bility of company management to ensure that every employee has a clear job description, which outlines the work objectives, 
what is expected from him/her, and ensures that the employee has the corresponding knowledge and training (Fig. 8.7).

Management has also the duty to ensure that the responsible staff have the right education and training to perform 
their function. In failing to do this, management will have to bear the responsibility of any incident which would ensue.

As much as training and education are important for the management of food safety, it would be wrong to automati-
cally associate failures in food safety management to the competence of managers or employees and their lack of train-
ing. A failure can have multiple causes; therefore, before deciding to resolve an issue with further training, it is essential 
to investigate the root cause of the failure and understand the underlying organizational problems (Fig. 8.8). Lack of 
training may be one of the reasons. At times, the root cause of the incident or issue is factors related to conditions of 
work: overload of work, poor quality of communication, unclear instruction, unclear job description, unfeasible policies 
and directives, inconsistency between responsibility and authority, inadequate resources, lack of motivation, or conflict in 
values, etc.

One of the key sources of conflicts, errors, mistakes, or violations is risk perception. An employee may not perceive 
the reason or the importance of a measure and may subsequently take risky shortcuts or neglect some important meas-
ures, particularly if he or she is working under time constraints, or the management does not show its commitment (ie, 
walking the talk). Since the advance of the HACCP system, the steps essential for food safety are better communicated, 


