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In the field of food safety, common terminology 
used includes risk and risk management to pre-
vent foodborne illnesses caused by microbial, 
chemical, or physical hazards. This chapter will 
focus on the complexity that is food and introduce 
concepts for how microorganisms can become 
problems or risks in foods. It will also introduce 
thinking about how humans manage the food sup-
ply to lower the risk of foodborne illness caused 
by microorganisms.

Review of Biological Kingdoms  
and Who is Eating Whom

To understand food systems, one should first 
thoroughly understand food. Everyone thinks they 
understand food, since we have been eating our 
entire lives. You are familiar with the foods that 
you purchase, and perhaps even grow in your own 
garden. You may even understand how food is 
produced and processed. Let’s take some time to 
review what food is in the biological sense.

Food, as defined by the Oxford English Dictionary, 
is “Any nutritious substance that people or animals 
eat or drink in order to maintain life and growth; 
nourishment, provisions.” Basically, food is a source of 
energy and structural maintenance in living organ-
isms. Any living organism can be a potential food 
source to other living organisms, humans included.

When we think about living organisms and food, 
we start thinking about plants and animals and the 
food substances they provide. But, think further. 

Do we just consume plants and animals? Do you 
like mushrooms? When you eat a fresh salad, is it 
just plants?

For the purpose of our discussion, let’s consider 
the five biological kingdoms: Animalia (animals), 
Plantae (plants), Fungi (yeasts, molds and mush-
rooms), Protista (protozoa), and Eubacteria (bacteria 
of importance in food). Also, keep in mind that 
biological organisms live in complex biological com-
munities or ecosystems where it is very common to 
find multiple kingdoms represented. Most organisms 
used as food sources are not just that organism, but 
also the ecosystem they carry with them, most of 
which is microscopic. This microscopic environ-
ment is known as the microbiome.

In that fresh salad, there may be several kingdoms 
represented in its unique ecosystem (Fig. 1.1). In 
addition to all of these life forms, there may also be 
viruses (tiny nucleic acid-based organisms that are 
dependent on host cells for biological activity), which 
may be contaminants or infecting the other organ-
isms or tissues in the bowl (Forterre, 2010). Once a 
human consumes the salad, some of the intact and 
viable microscopic organisms could remain and colo-
nize the intestinal tract, and use the human host for 
food. This host utilization may harm (pathogenic/
parasitism), benefit (probiotic/mutualism), or make 
no significant difference (commensalism) to the 
host. Who is eating whom?

An old joke:
Q: What is worse than finding a worm in an apple?
A: Finding only half a worm!

Food1

Key Questions 

●	 What are some of the major food groups consumed globally?
●	 What are some examples of unusual or exotic foods?
●	 What are food supply networks?
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Fig. 1.1. What is in that fresh salad? See Table 1.1 for more details.

Table 1.1. Biological kingdoms represented as  
tissues or intact in a fresh salad. See Fig. 1.1 for visual 
details.

Biological kingdom Parts of the salad

Plants Lettuce and any other fruits, 
vegetables, tofu, seeds, 
oils, and nuts

Animals Meat, cheese, eggs, insects, 
mites (see Fig. 1.2),  
and worms

Fungi Mushrooms, molds, and 
yeasts

Protozoa Various harmless protozoa 
and possibly some  
parasites

Bacteria Natural microflora of 
ingredients and  
possible pathogenic 
contaminants

Figure 1.2. A photomicrograph of a female ham mite, 
Tyrophagus puterscentiae, an agricultural pest that 
infests cheeses and dried meats. (CDC Public Health 
Image Library/Margaret A. Parsons, available at:  
http://phil.cdc.gov/phil/details.asp?pid=3807.)

http://phil.cdc.gov/phil/details.asp?pid=3807
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Typically, the more processed a human food is, the 
less living microscopic biological diversity is repre-
sented, but there may also be less nutrition. Only a few 
rare food items would be completely sterile and void 
of microscopic life. Foods considered commercially 
sterile and shelf stable can still harbor viable micro-
bial spores. These are aspects of our food supply that 
are important to consider in complex food networks 
and in microbial food safety.

Let’s explore some more about the main types of 
foods consumed by humans around the world to 
ensure we are thoroughly considering food systems. 
Kearney (2010) categorizes foods evaluated for 
global consumption trends into these categories:

●	  cereals;
●	  meat;
●	  eggs, milk, and other dairy products;
●	  fish;
●	  vegetables; and
●	  energy providers: vegetable oils, animal fats, and 

sugar.

The next few sections will relate to these terms for 
global consumption rates, but are categorized dif-
ferently to stick to our biological contexts.

Animal-Based Foods

There is a wide array of animals that have supplied 
food for humans since the dawn of man. Many 
diseases of animals can be transmitted to humans 
through animal husbandry or food transmission. 
Zoonotic diseases are infectious diseases that are 
transmitted between vertebrate animals and humans 
(see Box 1.1).

Terrestrial mammals and birds

Animals, including mammals and birds that walk the 
land, have always been common sources of food for 
humans. Globally, the most common mammals eaten 
for meat by humans are goats, followed by sheep, 
pigs, and cattle; the most common birds are chickens 
(Kearney, 2010) (Fig. 1.3).

For a disturbing yet fascinating perspective 
on human culture and the history of animal use 
for  food, readers are encouraged to read Near a 
Thousand Tables by Fernandez-Armesto (2002). 
This book includes a chapter describing canni-
balism, and explains aspects of survival, culture, 
and aggression. This quote is used to start that 
chapter:

Cannibalism is a problem. In many cases the practice 
is rooted in ritual and superstition rather than 
 gastronomy, but not always. A French Dominican in 
the seventeenth century observed that the Caribs had 
most decided notions of the relative merits of their 
enemies. As one would expect, the French were 
 delicious, by far the best. This is no surprise, even 
allowing for nationalism. The English came next, I’m 
glad to say. The Dutch were dull and stodgy and the 
Spaniards so stringy they were hardly a meal at all, 
even boiled. All this sounds sadly like gluttony.

Patrick Leigh Fermor

Freshwater and seafood animals

The biological diversity within this category of 
animal foods is vast, and includes vertebrates and 
invertebrates. Global consumption trends include 
mainly white fish, oily fish, and seafood inverte-
brates (Kearney, 2010) (Fig. 1.4).

Box 1.1. An example of Salmonella as a cause of zoonotic disease 

Salmonella are bacteria that can be found in many 
animal species from arthropods to large mammals. 
Not all cause disease in animals, and often animals, 
including humans, are carriers. There are many strains 
of Salmonella, and Chapter 7 will go into more detail 
about these. Of these many strains, the ones that have 
been linked to animal infection have often been directly 
correlated to specific animal species, and are consid-
ered host adapted. However, several of these host-
adapted strains can also cause illness in humans. 
When these strains are transmitted from animal to 
human, or vice versa, that is considered a zoonosis.

Salmonella is most commonly transferred through 
the fecal–oral route, although eggs and milk also 
serve as sources of disease-causing Salmonella. 
The bacteria are able to colonize the internal portion 
of the egg as it develops in the ovary of an infected 
animal or the milk-secreting tissues of an infected 
mammal. When a human consumes an undercooked 
egg, non-pasteurized milk, or fecal-contaminated 
food, salmonellosis can be the result. According to 
Forshell and Wierup (2006) “Salmonellosis is the 
most common food-borne bacterial disease in the 
world”.
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Insects, annelids, and reptiles

Data are lacking for global consumption rates of 
these animals. However, in certain parts of the world, 
these can provide a critical source of protein.

“Approximately 1,900 insect species are eaten 
worldwide, mainly in developing countries” (van Huis, 
2013). The potential for insects as mini- livestock 
to mitigate environmental impact and food sus-
tainability has been reviewed by van Huis (2013). 
Likely candidates include yellow mealworm, the 
house cricket, and the migratory locust. The Food 
and Agriculture Organization of the United Nations 
encourages insect consumption as part of a strat-
egy to ensure an adequate world food supply, 
and state:

Insects as food and feed emerge as an especially 
 relevant issue in the twenty-first century due to the 
rising cost of animal protein, food and feed insecurity, 
environmental pressures, population growth and 
increasing demand for protein among the middle 
classes. Thus, alternative solutions to conventional 

livestock and feed sources urgently need to be found. 
The consumption of insects, or entomophagy, 
 therefore contributes positively to the environment 
and to health and livelihoods (van Huis et al., 2013).

Readers can view an interesting take on this 
through the National Geographic website (National 
Geographic, 2016).

Reptile consumption is more accepted globally 
than insect consumption. Turtle soup is a popular 
delicacy, and has resulted in threats to green turtle 
species (Klemens and Thorbjarnarson, 1995). Reese 
(1917) described a variety of reptiles that could 
be consumed by Americans.

Readers may have had an early literary influ-
ence regarding consumption of annelids through 
the children’s book by Thomas Rockwell entitled 
How to Eat Fried Worms. Sabine (1983) wrote a 
chapter on “Earthworms as a source of food and 
drugs,” and concluded that earthworms could 
be considered as high-protein food for humans 
or animals, but cautioned regarding food safety 

Fig. 1.3. The most common terrestrial food mammals in order of global consumption rates (left to right, top to bottom). 
Creative Commons courtesy of photographers: InspireFate Photography, G =], United Soybean Board, and Pamela, 
respectively. Available at: www.flickr.com.)

http://www.flickr.com
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hazards such as accumulated heavy metals (e.g. lead) 
and agrochemicals (e.g. pesticides).

Dairy products and eggs

These foods could be considered as edible excretions 
from animals. Their biological function is to pro-
vide food for offspring, and are therefore highly nutri-
tious. Dairy products and eggs provide a renewable 
protein source, and are important dietary staples 
around the world.

Dairy products come from milk, which can come 
from any mammalian source. Most of humankind 
starts off life consuming human milk. The most 
common agricultural source of milk globally is 
cow’s milk and its various processed forms, like 
yogurt and cheese. Other sources of milk for 
human consumption include buffalo, goats, sheep, 
camels, horses, donkeys, reindeer, and yaks, with 
the first four producing 11%, 2%, 1.4%, and 0.2%, 
respectively, of all milk worldwide in 2011 (Gerosa 
and Skoet, 2012).

Eggs can come from any animal including 
birds, reptiles, amphibians, fish, and insects. 
Mammals also produce eggs. The platypus would 
be an example of a mammal that excretes or lays 

eggs. The chicken egg is the most commonly con-
sumed type of egg worldwide. Other commonly 
 consumed bird’s eggs include duck, goose, quail, 
ostrich, and gull eggs. Fish eggs, or roe, are also 
commonly consumed worldwide. The very expen-
sive roe of the sturgeon that has been salt cured is 
called caviar and is considered a delicacy around 
the world.

Plant-Based Foods

A major source of food for humans is the edible 
plants of the world. Plants have evolved as food 
sources for many creatures, and some of the evolu-
tionary paths have resulted in poisonous plants. 
Fortunately, many plants have evolved to be edible 
as a means of carrying on their progeny. Humans 
have directed edible plant evolution since the dawn 
of agriculture.

Fruits and vegetables

Plant foods often are categorized in either botanical 
or culinary terms. In botanical terms, a fruit is a 
seed-bearing structure that develops from the ovary 
of a flowering plant, and vegetables are all other 

Fig. 1.4. Examples of seafood invertebrates, otherwise known as shellfish. (Dahlström, 2013; available at: https://www.
flickr.com/photos/dahlstroms/with/8637094579)

https://www.flickr.com/photos/dahlstroms/with/8637094579
https://www.flickr.com/photos/dahlstroms/with/8637094579
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plant parts, including roots, leaves, and stems. 
In culinary terms, fruits are often categorized as 
sweet, whereas vegetables are considered savory. 
The tomato is a common example of a plant food 
that can be described as either a fruit or a vegeta-
ble. See Box 1.2 for information on how fruits and 
vegetables can become contaminated with a patho-
gen like Salmonella.

Nuts, grains, legumes, and oilseeds

The seeds of plants serve as food staples around the 
world. They contain high concentrations of energy, 
providing chemicals intended to feed the germina-
tion process for new plant growth. This character-
istic also makes them a highly nutritious food 
source for humans and animals.

Microbial-Based Foods

There are many food products based on micro-
organisms, or for which microorganisms play a 
major role in production.

Mushrooms and other fungi

Mushrooms are commonly consumed globally, and 
are the fruiting bodies of certain types of fungi. Just 
as with plants, many have evolved to be poisonous, 
whereas others are edible and have been cultivated 
by humans. Other lesser known fungal-based foods 
have gained some popular status in pockets around 
the world. Australians may be familiar with the 
popular spread product known as Vegemite, a food 
product derived from yeast cells. Those in Europe 
may be familiar with the meat substitute product 
called Quorn, derived from a mold, also known as 
mycoprotein.

Single-cell protein

Single-cell protein (SCP) is a term used for protein 
derived from unicellular microorganisms (Snyder, 
1970). Other names for the same type of material 
are novel protein, unconventional protein, mini-
foods, and petroprotein. This food material consists 
of the dead cells of fungi, algae, or bacteria. It is typi-
cally processed in a manner to reduce toxicity due to 

Box 1.2. The example of Salmonella as a contaminant of fruits and vegetables 

Salmonella is not a “normal” type of bacteria to find 
in or on plant tissue. The presence of Salmonella in 
fruits and vegetables is typically the result of fecal 
contamination from an animal or human source. 
Animals that are the source of pathogenic micro-
organisms are called vectors.

Because Salmonella can be carried and transmit-
ted from a broad range of vectors, including insects, 
there are a lot of Salmonella in the world. Even pro-
tozoa appear to be involved with transmission of 
Salmonella in leafy greens (Gourabathini et al., 
2008). Salmonella can also exist and be transmitted 
from biofilms on equipment used for moving food 
around. Non-living sources of transmission, such as 
equipment and utensils, are called fomites. It can be 
difficult to prevent all routes of food contamination 
from vectors or fomites without knowing where the 
contamination originates from.

Fruits and vegetables contain openings in their 
tissues that are natural for respiration and transpira-
tion. There are also other openings due to mechani-
cal damage such as insect induced, harvesting 
damage, and separation points from detachment. 
These are entry points for microorganisms into the 

tissue. There is also evidence of microbial transmis-
sion through roots and vascular systems of plants. 
As fruits and vegetables are nutritious for humans, they 
are also nutrient sources for many microorganisms, 
including Salmonella, and can support survival and 
growth. “A wide spectrum of produce vehicles have 
been associated with Salmonella infections” (Berger  
et al., 2010). Fruits and vegetables are becoming more 
common sources of salmonellosis outbreaks than the 
more historically common sources of animal origin.

Production and sanitation practices are critically 
important to the prevention of Salmonella contamina-
tion of foods such as fruits and vegetables. Some 
sources of contamination include:

 ● contaminated irrigation water;
 ● contaminated water used in processing, i.e. chill 

tanks;
 ● inadequately composted animal manure used for 

fertilizer;
 ● insect infestations;
 ● contact of produce with the ground, i.e. fallen 

fruit; and
 ● fomites.
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high concentrations of nucleic acids. This material 
has potential as human food or animal feed.

Advantages of SCP include fast production times 
from cheap substrates. Some algae in combination 
with nitrogen-fixing Azotobacter can produce 
protein from simple substrates such as water, sun-
light, and air. Disadvantages include the necessity 
for pure cultures, transportation costs, risks as 
allergens, toxicity, and low digestibility of cell wall 
components.

The greater speed and efficiency of microbial protein 
production compared to plant and animal sources may 
be illustrated as follows: a 1,000-lb steer produces 
about 1 lb. of new protein per day; soybeans ( prorated 
over a growing season) produce about 80 lb., and 
yeasts produce about 50 tons (Jay et al., 2005).

There are examples of SCP products on the market. 
These include mycoprotein-based products like Quorn 
and Vegemite. Have you ever had a Spirulina 
smoothie? Spirulina is a cyanobacterium.

Fermented foods

Food fermentation is a mechanism by which micro-
organisms are utilized to preserve or enhance food. 
There are many fermented foods in the world, and 
pretty much any form of food can be fermented. 
Entire books are available on the subject (Hutkins, 
2006). Typically, the main microbial metabolic 
products produced for these purposes are lactic 
acid, alcohol, or acetic acid, although very complex 
reactions can happen as microorganisms pre-digest 
our food for us. Examples of foods that many do 
not realize are fermented include the flavorful 
chocolate, vanilla, coffee, tea, soy sauce, butter, and 
many more.

Multi-ingredient processed foods

Much of the food we eat is made up of multiple 
ingredients. This increases the complexity of our 
biological context for food by mixing together many 
ecosystems to form new ones. Just look at the food 
label on any item in your cupboard. The multiple 
components included may have come from many 
different places.

Food Supply Networks

Now that we have a biological perspective about 
food and the microscopic ecosystems that they 
include, let’s consider how food gets to our tables.

Food has to move as not all humans have access 
to adequate food supplies. Current global circum-
stances have food distributed inequitably, with the 
result contributing to obesity and related chronic 
health issues in developed countries and malnutri-
tion and starvation in others. Even in developed 
countries, there are places described as food deserts. 
Food deserts are communities with limited access 
to fresh fruit, vegetables, and other healthy foods. 
These could be impoverished areas, at times within 
major cities. These areas lack mainstream grocery 
stores, farmers’ markets, and healthy food providers. 
In the United States, the United States Department 
of Agriculture defines a food desert as a “low-access 
community” where at least 500 people and/or at 
least 33% of the population reside more than 1 mile 
from a supermarket or large grocery store (for rural 
census tracts, the distance is more than 10 miles) 
(USDA ERS, 2015). Food deserts have become a 
major concern because these communities only 
have access to more processed foods, sugar, and 
fatty foods, which contribute to obesity and 
obesity- related diseases.

Inefficient food distribution contributes to global 
food insecurity. The Food and Agricultural 
Organization reported that almost 870 million peo-
ple were chronically undernourished in 2012 (FAO, 
2016). With the current rate of human population 
growth, it is projected that by 2050 the world’s 
population will reach 9.1 billion, 34% higher than 
today. Food production must increase by 70% to 
accommodate the increased population. It is even 
more critical that food supply networks are devel-
oped to efficiently distribute food.

“Food supply chains stretch from agricultural 
producers to consumers and usually involve a 
manufacturing stage, as well as foodservice or retail 
activities” (Akkerman et al., 2010). Food supply 
networks account for more complexity than a sim-
ple linear model for food distribution. Figure 1.5 
provides a representation of some of the compo-
nents that impact food supply networks.

Supply network complexity and spread  
of food hazards

The foods presented in the previous sections could 
be classified into four food supply network catego-
ries as depicted in Fig. 1.6: tightly coupled, linear 
supply system; tightly coupled, complex supply 
system; loosely coupled, linear supply system; and 
loosely coupled, complex supply system.
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Fig. 1.5. The various aspects of the food system. (Adapted from https://commons.wikimedia.org/wiki/File:Foodsystem.jpg; 
Creative Commons, author Hunt041.)

Tight coupling
Fresh bagged leafy greens 

(easy trace)

Unpopulated region

Branded processed 
food products 
(mixed trace)

Loose coupling
Farmer’s market, Ontario:

raw milk and cheese event 
(medium to easy trace)

Tomatoes/peppers event
(difficult trace)

Linear network Complex network

Fig. 1.6. Perrow’s typology applied to food supply networks. (Adapted from Perrow, 1999.)

https://commons.wikimedia.org/wiki/File:Foodsystem.jpg
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Perrow’s typology (Perrow, 1999) would classify 
our salad bowl (Fig. 1.1) as an example of a loosely 
coupled, complex supply system (Fig. 1.6). The 
complexity of the salad bowl arises because com-
plex interactions between foods from different 
sources multiply the opportunities for hard-to-
understand food safety hazards to occur. Complex 
systems have unplanned, unexpected, invisible, 
unfamiliar, ambiguous, or incomprehensible 
sequences, often made more obscure by poorly 
understood transformation processes. Less com-
plex systems are likely to be more traceable because 
interactions will be less complex, transformations 
will be fewer, and the number and variety of com-
ponents or actors involved will be less. Linear sys-
tems afford a greater opportunity to get a clear 
picture of the whole system, making them easier to 
trace back. Perrow was also concerned with the 
degree of coupling between parts of systems. 
Loosely coupled systems allow for processing 
delays, do not have fixed sequences or relation-
ships, retain slack resources, and exploit fortuitous 
substitution possibilities. In tightly coupled systems, 
performance standards are enforced and unambig-
uous. Delays are minimized, sequences are invari-
ant, methods are constrained, any buffers or 
redundancies are designed, and substitutions or 
commingling are limited. Loosely coupled systems 
are less likely to be traceable because information 
is more likely to be ambiguous and less likely to 
be visible to and understood by the various actors 
in the system. Tightly coupled systems thus facili-
tate trace back by ensuring that information is 
captured, maintained, and readily available for 
rapid recall. Microbial food hazards are limited 
with tightly coupled, linear networks because the 
source of contamination or potential food hazard 
can be traced in a timely, targeted, and cost-effective 
manner.

Microbial food hazards, traceability, and 
recalls in food supply networks

There is little question that rapid response and 
targeted trace-back systems can minimize the eco-
nomic damage inflicted by microbial food safety 
events by speeding up and narrowing product 
recalls. Faster recalls avoid additional cases of ill-
ness or death, and targeted recalls avoid false 
alarms on products that are safe. Despite this 
awareness and the proliferation of traceability 

standards and systems, investigators in food supply 
networks often find that when faced with an unex-
pected failure, participants “scramble” to produce 
the required information, leading to information 
losses or errors (Charlier and Valceschini, 2008) 
that turn into delays. One reason for these prob-
lems is that traceability systems are not uniformly 
implemented  globally. However, PR Newswire 
(2014) reported that world revenue for food trace-
ability technologies would reach US$10.59bn in 
2014. Greater urgency from retailers to mandate 
suppliers to attach traceability information to  
food products stimulates investment in traceabil-
ity. Several developed nations are taking the lead  
to mandate traceability requirements and tech-
nologies such as electronic barcode and radio-
frequency identification systems. It is anticipated 
that increased investments in traceability will lead 
to reductions in foodborne illness outbreaks and 
recalls. Box 1.3 provides an example of the chal-
lenges to traceability.

Effective mitigation of food risks  
in food supply chains

Food supply networks are increasingly exposed to 
food safety and food defense risks partly due to the 
large volume of shipments from domestic and import 
sources (USDA AMS, 2012; FDA, 2014). Food safety 
can be defined as food system reliability – reducing 
exposure to natural hazards, errors, and failures. It is 
the unintentional contamination of food that may 
have dangerous and lingering consequences (FDA, 
2014). Food defense, on the other hand, is system 
resiliency – reducing the impact of intentional system 
attacks either from disgruntled employees or terror-
ists. Either source of risk could be magnified as a result 
of error-based disruption (type I and II errors) or 
failures in prevention and control measures. A  false 
positive or type I disruption occurs when an inspec-
tion system incorrectly identifies a threat, or a diag-
nostic system incorrectly identifies a cause, so a 
safe product is excluded from the supply chain. 
An example of a type I disruption would be a 
producer- initiated recall of finished products mistak-
enly believed to have been produced from contami-
nated raw materials or mistakenly believed to have 
been tampered with by terrorists.

A false-negative or type II disruption occurs 
when a defective product is distributed to the con-
sumer and causes harm that is extensive enough to 
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create market failure, as a result of a failure to 
detect the problem or diagnose the cause. Type II 
disruptions are associated with illness or death. 
Examples of type II disruptions are failures to detect 
accidental contamination from foodborne patho-
gens and adulteration. An example of type II dis-
ruption that will be used in several cases in this 
book is the 2008 jalapeño pepper outbreak in the 
United States, for produce imported from Mexico.

Economic consequences of food  
hazards in food supply chains

A single outbreak or food recall that causes illness 
and death could cost society hundreds of millions 
of dollars (Richards and Nganje, 2014). The length 
of time it takes to trace the source of the outbreak 
is positively correlated with the costs. The eco-
nomic consequences are larger and more problem-
atic for imported food with loose coupling and a 
complex network. For example, the 2006 California 
spinach Escherichia coli outbreak source was identi-
fied on 20 September, 47 days after the first reported 
case on 5 August, and the estimated cost was about 
US$127 million, while the 2008 Salmonella enterica 
outbreak of fresh jalapeño and serrano peppers from 
Mexico took 81 days and the reported costs were 
much larger.

Summary

Food is material that serves biological functions for 
living organisms. There are many types of foods 
with unique microbiomes in the global food supply 
chain. Vectors, fomites, movement, and mixing of 
foods through the food supply networks create 
many opportunities for transfer of microorganisms 
through food systems. Being able to trace the food 
supply chains back to sources can be a powerful 
tool to limit the number and severity of foodborne 
illnesses as well as reducing the economic impact.

Further Reading

Jay, J.M., Loessner, M.J., and Golden, D.A. (2005) 
Modern Food Microbiology, 7th edn. Springer, 
New York, USA.

Marchesi, J. (2014) The Human Microbiota and 
Microbiome: Advances in Molecular and Cellular 
Microbiology. CABI, Boston, MA, USA.

Pullman, M. and Wu, Z. (2012) Food Supply Chain 
Management: Economic, Social and Environmental 
Perspectives. Taylor & Francis, New York, USA.

References

Akkerman, R., Farahani, P., and Grunow, M. (2010) Quality, 
safety and sustainability in food distribution: a review of 

Box 1.3. The example of a large-scale outbreak of salmonellosis due to contamination of fruits and 
vegetables 

The movement of food from farm to fork can involve 
complex food supply networks. These networks can 
become problematic when traceability systems are 
not well developed and implemented. In May 2008, 
the United States had a large outbreak of foodborne 
illness due to Salmonella enterica, in which more than 
1500 people were infected, 315 were hospitalized and 
two died (Behravesh et al., 2011; FDA, 2008). Forty-
three states, the District of Columbia, and Canada 
were affected.

Several investigations were done by the Centers 
for Diseases Control and Prevention and other state 
and federal agencies to identify the source of the 
outbreak. Initially, it was thought that tomatoes from 
Mexico and Florida were to blame for this outbreak, 
but further investigation revealed jalapeño and 
serrano peppers from Mexico were the food source.

It took almost 3 months to identify the farms in 
Mexico where the peppers were grown. Ineffective 
traceability systems caused two major problems. 
First, there were delays to provide targeted and timely 
recall that could have prevented the spread of the 
outbreak. With the Food Safety Modernization Act, 
firms involved in food production and distribution 
must have a traceability system. Traceability data 
must be retained by all firms involved in the food 
supply network. The second problem was the false 
alarm, initially implicating tomatoes. A single food 
recall could cost hundreds of millions of dollars in 
recall cost, lost sales, and liability. Imagine how the 
tomato growers felt about their losses.

In Chapter 12, we will discuss how microbial food 
hazards could be mitigated with effective trace-back 
and trace-forward systems.



Food 11

quantitative operations management approaches and 
challenges. OR Spectrum 32, 863–904.

Behravesh, C.B., Mody, R.K., Jungk, J., Gaul, L., Redd, J.T., 
Chen, S., Cosgrove, S., Hedican, E., Sweat, D., 
Chavez-Hauser, L., Snow, S.L., Hanson, H., Nguyen, T.A., 
Sodha, S.V., Boore, A.L., Russo, E., Mikoleit, M., 
Theobald, L., Gerner-Smidt, P., Hoekstra, R.M., 
Angulo, F.J., Swerdlow, D.L., Tauxe, R.V., Griffin, P.M., 
and Williams, I.T. (2011) 2008 outbreak of Salmonella 
Saintpaul infection associated with raw produce. New 
England Journal of Medicine 364, 918–927.

Berger, C.N., Sodah, S.V., Shaw, R.K., Griffin, P.M., Pink, D., 
Hand, P., and Frankel, G. (2010) Fresh fruit and veg-
etables as vehicles for the transmission of human 
pathogens. Environmental Microbiology 12, 
2385–2397.

Charlier, C. and Valceschini, E. (2008) Coordination for 
traceability in the food chain. A critical appraisal of 
European regulation. European Journal of Law and 
Economics 25, 1–15.

FAO (2016) Globally almost 870 million chronically 
undernourished – new hunger report. Food and Agri-
culture Organization of the United Nations. Available at: 
http://www.fao.org/news/story/en/item/161819/icode/ 
(accessed 1 March 2016).

FDA (2008) Salmonella Saintpaul outbreak. United States 
Food and Drug Administration. Available at: http://www.
fda.gov/NewsEvents/PublicHealthFocus/ucm179116.
htm (accessed 11 September 2014).

FDA (2014) CARVER + Shock primer. United States Food 
and Drug Administration. Available at: http://www.fda.
gov/Food/FoodDefense/FoodDefensePrograms/
ucm376791.htm (accessed 30 December 2015).

Fernandez-Armesto, F. (2002) The meaning of eating: food 
as rite and magic. In: Near a Thousand Tables: A History 
of Food. The Free Press, New York, USA, pp. 21–54.

Forshell, L.P. and Wierup, M. (2006) Salmonella contami-
nation: a significant challenge to the global marketing 
of animal food products. Scientific and Technical 
Review of the Office International des Epizooties 25, 
541–554.

Forterre, P. (2010) Defining life: the virus viewpoint. Origins 
of Life and Evolution of Biospheres 40, 151–160.

Gerosa, S. and Skoet, J. (2012) Milk Availability – Trends in 
Production and Demand and Medium-term Outlook. 
ESA Working Paper No. 12-01. Food and Agriculture 
Organization of the United Nations, Rome, Italy.

Gourabathini, P., Brandl, M.T., Redding, K.S., Gunderson, J.H., 
and Berk, S.G. (2008) Interactions between food-
borne pathogens and protozoa isolated from lettuce 
and spinach. Applied and Environmental Microbiology 
74, 2518–2525.

Hutkins, R.W. (2006) Microbiology and Technology of 
Fermented Foods. Wiley-Blackwell, Ames, Iowa, USA.

Jay, J.M., Loessner, M.J., and Golden, D.A. (2005) 
Miscellaneous food products. In: Modern Food 
Microbiology, 7th edn, Springer, New York, USA, 
pp. 197–213.

Kearney, J. (2010) Food consumption trends and drivers. 
Philosophical Transactions of the Royal Society B 365, 
2793–2807.

Klemens, M.W. and Thorbjarnarson, J.B. (1995) Reptiles 
as a food source. Biodiversity and Conservation 4, 
281–298.

National Geographic (2016) Bugged out. Available at: 
http://channel.nationalgeographic.com/channel/
doomsday-preppers/videos/bugged-out/ (accessed 1 
March 2016).

Perrow, C. (1999) Normal Accidents: Living with High Risk 
Technologies. Princeton University Press, Princeton, 
NJ, USA.

PR Newswire (2014) Food traceability technologies market 
2014–2024 – EAN/UPC Barcodes, 2D QR Codes, 
RFID & RTLS. Available at: http://www.marketwatch.
com/story/smartech-publishing-report-says-google-
glass-heralds-a-new-era-for-the-augmented-reality-
business-2013-03-13 (accessed 22 May 2014).

Reese, A.M. (1917) Reptiles as food. Scientific Monthly 
5, 545–550.

Richards, T. and Nganje, W. (2014) Welfare effects of food 
recall. Canadian Journal of Agricultural Economics 
62, 107–124.

Sabine, J.R. (1983) Earthworms as a source of food and 
drugs. In: Earthworm Ecology. Springer, The Netherlands, 
pp. 285–296.

Snyder, H.E. (1970) Microbial sources of protein. Advances 
in Food Research 18, 85–140.

USDA AMS (2012) Microbiological Data Program. United 
States Department of Agriculture, Agricultural Marketing 
Service. Available at: https://www.ams.usda.gov/
datasets/mdp (accessed 30 December 2015).

USDA ERS (2015) Food Access Reasearch Atlas. United 
States Department of Agriculture, Economic Research 
Service. Available at: http://www.ers.usda.gov/data-
products/food-access-research-atlas.aspx (accessed 
30 December 2015).

van Huis, A. (2013) Potential of insects as food and feed 
in assuring food security. Annual Review of Entomology 
58, 563–583.

van Huis, A., van Itterbeeck, J., Klunder, H., Merens, E., 
Halloran, A., Muir, G., and Vantomme, P. (2013) Edible 
Insects: Future Prospects for Food and Feed 
Security. FAO Forestry Paper 171. Food and Agriculture 
Organization of the United Nations, Rome, Italy.

http://www.fao.org/news/story/en/item/161819/icode/
http://www.fda.gov/NewsEvents/PublicHealthFocus/ucm179116.htm
http://www.fda.gov/Food/FoodDefense/FoodDefensePrograms/ucm376791.htm
http://channel.nationalgeographic.com/channel/doomsday-preppers/videos/bugged-out/
http://www.marketwatch.com/story/smartech-publishing-report-says-google-glass-heralds-a-new-era-for-the-augmented-reality-business-2013-03-13
https://www.ams.usda.gov/datasets/mdp
http://www.ers.usda.gov/data-products/food-access-research-atlas.aspx
http://www.ers.usda.gov/data-products/food-access-research-atlas.aspx
http://www.fda.gov/NewsEvents/PublicHealthFocus/ucm179116.htm
http://www.fda.gov/NewsEvents/PublicHealthFocus/ucm179116.htm
http://www.fda.gov/Food/FoodDefense/FoodDefensePrograms/ucm376791.htm
http://www.fda.gov/Food/FoodDefense/FoodDefensePrograms/ucm376791.htm
http://channel.nationalgeographic.com/channel/doomsday-preppers/videos/bugged-out/
http://www.marketwatch.com/story/smartech-publishing-report-says-google-glass-heralds-a-new-era-for-the-augmented-reality-business-2013-03-13
http://www.marketwatch.com/story/smartech-publishing-report-says-google-glass-heralds-a-new-era-for-the-augmented-reality-business-2013-03-13
http://www.marketwatch.com/story/smartech-publishing-report-says-google-glass-heralds-a-new-era-for-the-augmented-reality-business-2013-03-13
https://www.ams.usda.gov/datasets/mdp



