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3.1  INTRODUCTION
For a long time through history, diseases were thought to be caused by evil spirits, 
supernatural forces, or divine punishment, and rituals and sacrifices were used to get 
rid of them (Patwardhan et al., 2015; Peset, 2015). Infectious disease transmission 
was explained by influences including witchcraft, religious forces, earthquakes, com-
ets, and meteors (Chakrabarti, 2010; Karamanou et al., 2012). In the mid-1800s, while 
it was already accepted that some infectious diseases such as smallpox and syphi-
lis were contagious, ample debate surrounded the origin of certain illnesses, such as 
cholera and typhoid fever, and the miasma theory became the predominant model 
to explain cholera transmission (Tulodziecki, 2011). The miasma theory, still wide-
spread in the early 19th century, proposed that decaying and decomposing organic 
matter generates new compounds that are released into the air and are poisonous to 
people (Halliday, 2001; Julia and Valleron, 2011; Tulodziecki, 2011).

A critical step toward understanding the fecal-oral transmission route came dur-
ing the 1853–1854 London cholera outbreak, when John Snow, one of the founders 
of epidemiology, correlated cholera mortality with the water source. Snow applied 
for and received mortality reports from the General Register Office, and his con-
clusions relied on two different data sets (Koch and Denike, 2009). In addition to 
visiting houses affected by cholera to determine the water source that deceased indi-
viduals used, Snow mapped the location of their homes and that of the public water 
pumps (Koch and Denike, 2009; Newsom, 2006). Based on a map of 578 cholera 
cases that occurred in August and September 1854, Snow concluded that more deaths 
occurred near the pump on Broad Street, which in the 1930s became Broadwick 
Street (Koch, 2009; Newsom, 2006; Ramsay, 2006). This confirmed his theory about 
cholera transmission through contaminated water, contrary to the belief, popular at 
the time, that the illness was airborne (Shiode et al., 2015). While the city removed 
the pump handle on September 8, 1854, on Snow’s recommendation, the epidemic 
was already subsiding at the time (Newsom, 2006; Paneth, 2004). The medical com-
munity was not convinced by Snow’s evidence, and he continued to argue that the 
ingestion of contaminated water was the cause of cholera, a theory that was accepted 
only in 1866 (Ramsay, 2006).
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3.2  GENERAL CONSIDERATIONS ABOUT ROUTES OF 
TRANSMISSION

Foodborne pathogens annually affect one-third of the world’s population and approx-
imately 48 million individuals or one in six people in the United States (Dhama et al., 
2013; Kalyoussef and Feja, 2014; Schlundt et al., 2004). More than 250 different 
foodborne diseases have been described, and they may be caused by biological agents 
(such as bacteria, viruses, protozoa and other parasites, and prions), chemicals, or 
preformed toxins (Epp and Parker, 2009; Kalyoussef and Feja, 2014). Some food-
borne pathogens, such as Salmonella typhi, do not have an animal reservoir and cause 
strictly human disease, while others, such as Escherichia coli or Salmonella enter-
itidis, may be transmitted to humans from animal reservoirs (see Chapters 5 and 7). 
Foodborne and waterborne illnesses are underestimated and underreported, and this is 
particularly true for infections caused by viruses, whose importance has been increas-
ingly recognized (see Chapter 14). To a great extent, this has to do with the fact that 
many of the foodborne pathogens may also be transmitted via other pathways (Hall 
et al., 2008). Moreover, medical help is usually not sought for short-lived foodborne 
illnesses and, as a consequence, these are often not reported (see Chapter 2).

An aging population and increasing global mobility are two factors believed 
to increase the burden of foodborne infectious diseases (Koopmans et al., 2002). 
Globalization and centralization of the food supply, and transportation of the food 
progressively farther from its place of origin, have made it increasingly challenging 
to investigate foodborne outbreaks (Kalyoussef and Feja, 2014). The lack of signs 
and symptoms in all the individuals who ingested contaminated food, the fact that 
people may not remember everything they ate during the period immediately pre-
ceding their illness, and the presence of multiple ingredients from several sources 
in many food products are additional considerations that make the identification of 
contaminated and contaminating ingredients more challenging (see Chapter 2).

Several groups are more vulnerable to foodborne illnesses, including individuals 
with immunosuppression or HIV infection, transplant recipients and cancer patients, 
people with liver or kidney disease, the elderly, the pregnant, the very young, and 
people taking certain types of medication such as proton pump inhibitors (Lund and 
O’Brien, 2011).

While most foodborne outbreaks occur in localized areas, increasing numbers of 
outbreaks in the United States involve multiple states, mostly due to the rapid and 
widespread distribution of the food (Crowe et al., 2015). Data from the Centers for 
Disease Control and Prevention (CDC)’s Foodborne Disease Outbreak Surveillance 
System revealed that between 2010 and 2014, the 120 multistate foodborne disease 
outbreaks reported to the CDC accounted for 3% of all reported foodborne outbreaks 
but were responsible for 11% of the illnesses, 34% of the hospitalizations, and 56% 
of the deaths associated with foodborne outbreaks (Crowe et al., 2015). Also, in 
May 2011, an outbreak caused by Shiga toxin–producing Escherichia coli (STEC) 
O104:H4 was identified in Germany, and eventually it affected more than 4000 
individuals in 16 countries (MMWR, 2013). An unusually high number of infected 
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patients developed hemolytic-uremic syndrome, making this outbreak the most dra-
matic since enterohemorrhagic E. coli (EHEC) was identified as a cause of human 
illness (Beutin and Martin, 2012). While initial investigations implicated mixed raw 
sprouts from a farm in Germany, subsequent investigations identified the source of 
the outbreak in a lot of fenugreek seeds that had been imported from Egypt (MMWR, 
2013) (see Chapter 7).

Food contamination may occur at several steps, including the environment where 
animals are raised and plants are grown and harvested; during the production process 
such as transportation, processing, or handling; or as a result of cross-contamination 
from individuals preparing the food or eating it (Hall et al., 2008). For example, 
transportation and social stress increase the fecal excretion of S. typhimurium in pigs 
(Callaway et al., 2006; Marg et al., 2001). This is explained by the ability of the 
bacteria to respond to host stress-related catecholamines by activating growth and 
virulence gene expression (Bearson and Bearson, 2008; Stevens et al., 2009).

To schematize the routes that fecal-oral pathogens may take through the environ-
ment to reach a new host, the F-diagram was developed. This model promotes the 
view that diarrheal disease could be transmitted through food, flies, fields, fingers, 
and fluids and played a key role in developing a framework for the multiple pathways 
of environmental transmission of infectious diseases (Curtis et al., 2000; Eisenberg 
et al., 2012; Kawata, 1978; Wagner and Lanoix, 1958). Most pathogens that are 
excreted into the environment usually die. However, some of them reach fingers, 
fluids, new hosts such as flies, and floor or surfaces that are used for food preparation 
or eating. From any of these sites, pathogens may reach food and infect a new human 
host. All these transmission routes can be blocked by changes in domestic hygiene 
practices (Curtis et al., 2000). This model envisions two types of barriers to reduce 
disease transmission. Preventing transmission at the level of the primary barriers 
prevents the entry of the pathogens into the environment, and these initiatives are the 
most effective interventions to prevent disease transmission. Preventing transmis-
sion at the level of the secondary barriers involves initiatives that prevent pathogens 
that have already entered the environment from multiplying and reaching new hosts 
(Curtis et al., 2000).

3.3  IRRIGATION WATER
Because water is an important part of food production, processing, and preparation, 
pathogens can be transmitted by sewage or contaminated water that is used for irri-
gation or for washing or preparing food (Kalyoussef and Feja, 2014). Survival of 
pathogens in the irrigation water depends on the level of contamination and is gener-
ally better for helminths and viruses, which may remain viable outside a human host 
for months to years, than for bacteria and protozoans (Steele and Odumeru, 2004). 
A study that examined the transfer of Listeria innocua from the soil to the edible 
parts of lettuce revealed that the bacteria survived in the soil for at least 9 weeks 
during the spring. Survival rates were comparable when the bacteria were introduced 
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via either the compost or surface irrigation. Bacteria were transferred to the edible 
part of the plant, but it was not clear whether this transfer occurred by direct con-
tact, internalization or through vectors (Oliveira et al., 2011) (see Chapter 12). In a 
large outbreak of verotoxin-producing E. coli that occurred in 2005 in Sweden, in 
which 135 individuals became ill including 11 individuals who developed hemolytic-
uremic syndrome, lettuce emerged as the most likely cause of illness. Water samples 
used for irrigation tested positive for the stx2 gene, and bacteria from the affected 
individuals had an identical pulsed-field gel electrophoresis (PFGE) pattern with the 
ones isolated from cattle upstream from the irrigation point (Soderstrom et al., 2008). 
In another outbreak, a Salmonella Newport strain was implicated in a 2002 outbreak 
that affected 510 individuals from 26 states in the United States, and the same strain 
was implicated in a 2005 outbreak that affected people in 16 states. A case–control 
study conducted during the second outbreak identified eating tomatoes as being asso-
ciated with illness. The tomatoes were traced back to the eastern shore of Virginia, 
where the same strain was isolated from pond water that had been used for irrigation 
(Greene et al., 2008) (see Chapter 5).

From contaminated water or soil, E. coli and Salmonella were shown to be taken 
up into lettuce leaves (Franz et al., 2007), and E. coli O157:H7 sprayed on the leaves 
of field-grown lettuce was internalized into the leaves (Erickson et al., 2010). It is 
relevant that E. coli from cattle, sheep, and pig feces can survive on grass for at least 
5–6 months, providing opportunities to contaminate animals, plants, or water (Avery 
et al., 2004). A study that used immunofluorescence and scanning electron micros-
copy reported that after radish seeds were experimentally contaminated with E. coli 
O157:H7, the bacteria could be detected on the outer surfaces and in the inner tissues 
of the cotyledons and in stomata (Itoh et al., 1998). Escherichia coli O157:H7 was 
transmitted from manure-contaminated soil and irrigation water to lettuce plants, 
and viable bacteria could be recovered from the inner tissues (Solomon et al., 2002). 
A study that grew radishes in soil inoculated with Listeria monocytogenes reported 
that some of the samples were positive for the bacterium for 3 months later (Van 
Renterghem et al., 1991). Another study revealed that when soil was inoculated 
with murine norovirus and Tulane virus, surrogates for human norovirus, the viruses 
became internalized via the roots and reached the leaf and fruit portion of strawberry 
plants (DiCaprio et al., 2015).

A multinational study conducted in the Czech Republic, Finland, Poland, and 
Serbia examined the food chain for contamination routes by monitoring for a panel 
of human and animal enteric viruses. During this study, samples were collected from 
irrigation water, animal feces, food handlers’ hands, toilets on farms, conveyor belts 
at processing plants, and raspberries or strawberries at points of sale. Human adeno-
virus was found in samples from irrigation water, toilets, and a swab from a food 
handler’s hand and on raspberries and strawberries at the point of sale. The presence 
of the virus both in the irrigation water and on food handler’s hands indicated that 
these could act as vehicles allowing human pathogenic viruses to enter the food chain 
(Maunula et al., 2013), although food-associated adenovirus outbreaks are currently 
unknown (see Chapter 14).
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In May 2000, 20 individuals from a scout camp in New Deer Agricultural 
Showground, United Kingdom, developed an outbreak caused by E. coli O157. An 
investigation revealed that about 300 sheep have been grazing the pasture, and a test 
on 28 animals revealed that 17 of them shed E. coli O157. Isolates from animal, 
human, and environmental sources were indistinguishable by PFGE, and in vitro 
studies revealed that the bacteria can survive in the field for approximately 105 days 
(Ogden et al., 2002).

3.4  ZOONOTIC TRANSMISSION
Many pathogens that cause foodborne illnesses can be transmitted directly from 
animals to humans. For example, Taenia solium is endemic in most of the world 
(Gilman et al., 2012). Humans are the only T. solium definitive hosts, and they carry 
the adult tapeworm in the intestine, while pigs are the intermediate hosts and they 
are infected with the larval stages, usually in the muscle (Coral-Almeida et al., 2015) 
(see Chapter 15). Humans can become infected during the “normal cycle” of the 
tapeworm, by ingesting contaminated raw or undercooked pork, and develop teniasis 
(Del Brutto, 2013; Murrell, 2013; Wu et al., 2016). Pigs develop porcine cysticerco-
sis by ingesting viable T. solium eggs contained in the feces of human tapeworm car-
riers (Coral-Almeida et al., 2015). During the “aberrant transmission,” for example 
as a result of improper food handling by tenia carriers, humans may accidentally 
ingest T. solium eggs by fecal contamination, become the intermediate host, and 
develop human cysticercosis (Del Brutto, 2013; Garcia and Del Brutto, 2000).

While foodborne and waterborne transmission are frequently implicated in hepa-
titis E outbreaks (see Chapter 14), pigs and other animals are recognized as a reser-
voir for the virus, and direct contact with animals or consumption of animal products 
has been linked to human infections (Casas and Martin, 2010; Cossaboom et al., 
2016; Meng, 2013). Rotaviruses can also be transmitted from animals to humans (see 
Chapter 14), and this is supported by experimental and epidemiological evidence 
(Cook et al., 2004).

The foodborne transmission of another zoonosis came into the spotlight in 1986, 
when a bovine spongiform encephalopathy (BSE) epidemic affected about 200,000 
cattle in Great Britain, Ireland, several other European countries, Japan, and Canada. 
In the United Kingdom, the epidemic peaked in January 1993 and then subsided 
drastically (Nathanson et al., 1997). The infectious agent was thought to originate in 
cattle from the meat and bone meal (MBM), the protein-rich supplement regularly 
fed to cattle at the beginning of their weaning, and the total MBM ban in the wake of 
the outbreak reduced the spread of BSE (de Vos and Heres, 2009). Contamination of 
the MBM appears to have been initiated by the incomplete inactivation of the agent 
of scrapie, a fatal prion-caused neurodegenerative disease that has been recognized in 
sheep from Britain for over 250 years (Nathanson et al., 1997; Taylor and Woodgate, 
2003; Woolhouse et al., 2001). Meat and bone meal has been regularly fed to adult 
cattle, especially dairy cows, for at least half of the 20th century, especially after 
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1970, in Europe and the United States (Ramasamy, 2004). Meat and bone meal 
administration in larger amounts to dairy cattle than to beef cattle explains the sig-
nificantly higher incidence of BSE in dairy cows in the United Kingdom outbreak 
(Bradley and Wilesmith, 1993).

Prions resist conventional procedures to inactivate viruses and are extremely 
resistant to disinfection, sterilization, UV radiation, formalin, and acidic conditions 
(Dormont, 2002; Gibbs et al., 1978; Giles et al., 2008; Jung et al., 2003; Prusiner, 
1998). They survive 200°C dry heat for 1–2 h (Jung et al., 2003) and boiling for 
15 min in 5% SDS at a neutral pH (Taylor, 1999), and 2 mol/L sodium hydroxide 
causes substantial but incomplete inactivation (Taylor, 1999).

When cattle are killed, rendering is used to separate the melted fat (tallow) from 
the animal tissues. Conventionally, this process has used heat, which also has a ster-
ilizing effect (Nathanson et al., 1997; Taylor and Woodgate, 2003). Over a century 
ago, it was found that the protein-rich material that remains after extracting the tal-
low can be used as a dietary supplement for animals (Taylor and Woodgate, 2003). 
Separating tallow from animal tissues requires organic solvents and a high-energy 
input, and this process has become inefficient after fuel prices increased in the 1970s. 
This, along with more stringent health and safety regulations, led to a decline in 
the use of organic solvent for extraction. This, together with the change from high-
temperature batch rendering to lower-temperature continuous processing, allowed 
the infectious agent to better survive the rendering process (Almond, 1998; Brewer, 
2001; Nathanson et al., 1997). After the proportion of MBM that was prepared with 
fat solvents declined between the mid-1970s and the early 1980s from 70% to 10%, 
the less-effective inactivation of the prion protein is thought to have resulted in the 
first batches of MBM being contaminated (Almond, 1998; Nathanson et al., 1997). 
These factors are thought to have allowed prions, which are resistant to heat but can 
be inactivated by lipid solvents, to maintain their infectivity (Brewer, 2001). This 
gradual elimination of the solvent step did not occur in the United States, where ren-
dering has used high-temperature treatment of the fatty tissues, and organic solvents 
have not been used (Brewer, 2001). The relevance of the solvent extraction step is 
also illustrated by the example from Scotland, where solvent extraction has not been 
discontinued and the rate of BSE was low. While 12.6% of the dairy herds from 
southern England had BSE in 1988–1989, this percentage was only 1.8% in Scotland 
(Nathanson et al., 1997).

Dietary exposure of humans to the BSE agent was implicated in the variant 
Creutzfeldt-Jakob (vCJD) disease, first reported in the United Kingdom in 1996 
(Grobben et al., 2005). Strong epidemiological and laboratory evidence, including 
strain typing, revealed that BSE and human vCJD were caused by the same prion 
variant (Collinge et al., 1996; Brown et al., 2001; Belay and Schonberger, 2002; 
Collee et al., 2006).

Prion diseases are caused by the accumulation in the brain of PrPSc, an abnor-
mal isoform of the host cellular prion protein PrPC. The two proteins have iden-
tical amino acid sequences but differ in their secondary structures, with PrPSc 
having a higher beta-sheet and a lower alpha-helix content than PrPC (Liemann 
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and Glockshuber, 1998). One of the genetic susceptibility factors to prion dis-
eases in humans is a polymorphism at position 129 of the PRNP gene. Either 
a methionine or a valine can be found at this position. As of 2011, all but one 
individual who developed vCJD were homozygous at codon 129 for methionine, 
and a single heterozygous individual was reported (Mead et al., 2009; Colby and 
Prusiner, 2011). Another transmissible spongiform encephalopathy, kuru, a neu-
rodegenerative disease described in Papua New Guinea, had an incubation period 
sometimes exceeding 50 years and was transmitted by ritualistic endocannibal-
ism (which refers to the eating of relatives, as opposed to the eating of enemies, 
known as exocannibalism) (Gajdusek, 1977; Colby and Prusiner, 2011; Liberski, 
2013). Kuru was restricted to members of the Foré linguistic group and neighbor-
ing groups but did not affect groups into which the kuru-affected people did not 
intermarry. In the Foré language, the word “kuru” means “to tremble with fear or 
cold” (Liberski, 2013). The incidence of kuru started to decline after the 1950s 
when endocannibalism had gradually stopped (Collinge et al., 2006). Studies 
that examined the molecular genetic basis of susceptibility to kuru found that 
homozygotes for methionine at codon 129 were overrepresented in the younger 
age group, while valine homozygotes and heterozygotes were overrepresented 
in the much older age group, and survivors were almost never carried homo-
zygotes for methionine at this position (Liberski, 2013). Heterozygosity at this 
codon was associated with older patients and with longer incubation times (Mead 
et al., 2008). It is thought that heterozygotes were protected from disease by the 
more difficult interactions between the protein heterodimers, while the homolo-
gous protein–protein interactions made homozygotes more susceptible to disease 
(Palmer et al., 1991).

3.5  FOODBORNE PATHOGENS TRANSMITTED THROUGH 
INSECTS

Insects are well-recognized vectors for foodborne pathogens. Their association 
with decaying matter, along with their endophily (the ability to enter buildings) and 
synanthropy (the cohabitation with humans), are behaviors that make flies, cock-
roaches, and ants particularly relevant for their ability to transmit foodborne illnesses 
( Pava-Ripoll et al., 2015). A study of ant communities at a municipal hospital from 
Brazil found several bacterial species, including Escherichia and Salmonella, associ-
ated with ants (Pesquero et al., 2008). Another study trapped cockroaches in multiple 
buildings in Spain and found several bacterial species, including Salmonella (hospi-
tal), E. coli (food-industry plant and home care), and Enterobacter (hospital, catering 
establishment, grocery stores, and food-industry plant), associated with the insects 
(Garcia et al., 2012). The examination of cockroaches collected at hospitals, houses, 
grocery stores, animal sheds, and restaurants from the South Kanara District in 
southwestern India revealed that more than 4% harbored several Salmonella strains 
(Devi and Murray, 1991).
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Knowledge about the food-related health risks of flies is relatively limited but, 
overall, a 3-fold higher prevalence of foodborne pathogens was found in the guts 
compared with the body surface of several fly species (Pava-Ripoll et al., 2012). 
House flies may contribute to pathogen dispersal in four different ways: through 
body hairs and surface, through the glandular hairs on the feet, by regurgitating vom-
itus, and by passage through their alimentary tract (Rosef and Kapperud, 1983). The 
danger of flies as vectors of foodborne pathogens is compounded by the fact that they 
have been observed to defecate at 4- to 5-min intervals throughout the day (Rosef and 
Kapperud, 1983). Adult houseflies were able to transmit bacteria from food to their 
eggs, and some of the bacteria were also transmitted to first-generation adult flies 
(Pava-Ripoll et al., 2015).

A study conducted in 2005 at farms from northwestern Taiwan collected 114 
Salmonella isolates from flies and swine stool samples. Of four serotypes that were 
present in both flies and swine stool samples, eight of 18 PFGE patterns described 
were present in both, indicating the potential of the flies to function as vectors (Wang 
et al., 2011).

To examine bacterial populations in the Australian bush fly in three different envi-
ronments, flies were captured at a cattle farm, an urban shopping center car park, 
and the site of a barbeque in Australia. The highest bacterial populations per fly 
were found in the farm environment and the lowest one in the urban environment. 
Multidrug resistance was detected in 94% of the Salmonella and 87% of the Shigella 
isolates, underscoring the potential of these flies to function as vectors for the food-
borne dispersal of antimicrobial resistance (Vriesekoop and Shaw, 2010).

A study conducted in 2006 in Dormagen, Germany, trapped 12 fly species at 
domestic animal-related places, including a dog pound, a poultry house, a cattle 
barn, a horse stable, and a pigpen. Musca domestica was the dominant species and 
represented 43% of all the flies caught. All individual flies that were captured car-
ried multiple microbial species, including potentially pathogenic and nonpathogenic 
microorganisms, and their capacity to act as vectors was demonstrated by the suc-
cessful transfer of the microorganisms from live flies to blood agar plates (Forster 
et al., 2007).

To assess the ability of Musca domestica to transfer bacteria to clean surfaces, 
fluorescent E. coli were used to contaminate a sugar-milk aqueous solution, steak, 
and potato salad, and the number of bacteria transferred to the flies was quantitated. 
The bacteria were detected on 43%, 53%, and 62% of the flies from sugar/milk, 
steak, and potato salad, respectively, and contaminated flies were able to transfer the 
bacteria to the inner surface of a sterile jar (De Jesus et al., 2004).

In European Union countries, the prevalence of Campylobacter in broiler chicken 
batches meant that elimination of this pathogen from the chicken flocks was identi-
fied as an immediate public health priority (see Chapter 8). Flies were implicated as a 
vector by several studies, and their contribution makes public health initiatives more 
challenging (Bahrndorff et al., 2013). The housefly Musca domestica is the fly species 
most often found to carry Campylobacter species (Bahrndorff et al., 2014; Hald et al., 
2008). The seasonality of Campylobacter infections, which increase in incidence in 
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May and June, was hypothesized to reflect the direct or indirect exposure of humans 
to contaminated material carried by fly species that have been in contact with human, 
bird, or animal feces or became contaminated by raw food. A study that plotted the 
time required for M. domestica larval development against ambient temperature from 
England and Wales for 1989 and 1999 found a strong relationship between the weekly 
number of human Campylobacter infections and M. domestica larval development 
times. The periods when human Campylobacter cases exceed a 7-day average of 170 
cases per day occurred when the M. domestica larval development time was less than 
3 weeks (Nichols, 2005).

A study that explored the benefits of fly screen interventions on Campylobacter 
prevalence among chicken flocks at broiler chicken houses from Jutland, Denmark, 
found that fly screens that prevented the entry of the flies into the chicken houses 
reduced the prevalence of Campylobacter-positive flocks from about 41% during 
the 2003–2005 period (without fly screens) to about 10% during the 2006–2009 
period (with fly screens) (Bahrndorff et al., 2013). Even though the prevalence of 
Campylobacter infections and the number of flies generally peak during the summer, 
Campylobacter prevalence did not peak during the summer in the houses with fly 
screens (Bahrndorff et al., 2013; Nichols, 2005).

3.6  THE FOOD-PROCESSING ENVIRONMENT
Pathogens in the food-processing environment may originate from several sources, 
including contaminated food, food preparation surfaces, or food handlers (Todd 
et al., 2009). At each of the locations where food is processed or prepared, multiple 
factors can shape contamination and transmission. For example, in the kitchen envi-
ronment, microbial pathogens can be introduced from commercial food products, by 
cross-contamination of the food from kitchen utensils, or by insufficient cooking or 
inadequate storage (Hall et al., 2008; Vogt and Dippold, 2005).

Food handlers represent an important reservoir of pathogens. A study that enrolled 
volunteers from a food company in Portugal found that about 20% had nasal coloniza-
tion and about 11% had hand colonization with Staphylococcus aureus. Approximately 
6% of the participants presented both nasal and hand colonization and, in some of 
them, PFGE analysis identified the same strain at both locations (Castro et al., 2016). 
Food workers may contaminate the food directly or by fomites (Sharps et al., 2012). 
An analysis of 191 norovirus and sapovirus outbreaks that occurred in Denmark 
between 2005 and 2011 revealed that 34% of the outbreaks were linked to contamina-
tion during food preparation or serving, and the food handlers were asymptomatic in 
64% of them (Franck et al., 2015).

Several categories of outbreaks where food workers are involved have been 
described. The most typical outbreak scenario is that of an infected food worker con-
taminating food or food contact surfaces (Todd et al., 2007). A Giardia lamblia (also 
known as Giardia duodenalis; see Chapter 15) outbreak in November 1990 affected 
employees at a Connecticut company and resulted in 18 laboratory-confirmed and 
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nine suspected cases of giardiasis. A case–control study implicated raw sliced veg-
etables that were served in the employee cafeteria and prepared by an infected food 
handler. While this employee always wore gloves when preparing sandwiches, she 
had been seen without gloves when preparing vegetables for a salad (Mintz et al., 
1993). In September 1998, a Campylobacter outbreak was reported in Salina, Kansas, 
among people who attended a luncheon at an elementary school and in several com-
munity members. Consumption of gravy or pineapple was associated with illness, 
and both food products were prepared in a kitchen that served six other schools, 
none of which experienced outbreaks. The outbreak was traced to a cafeteria worker 
who had diarrhea, and isolates with identical PFGE pattern were obtained from the 
worker and from eight lunch attendees. Four community members became ill during 
the same time, but the strains that they were infected with presented different PFGE 
patterns. This was the first time when PFGE analysis was used during the epidemio-
logical analysis of a Campylobacter outbreak in the United States, and it revealed 
that the school cases were the result of an outbreak, while the community members 
were infected in unrelated, sporadic infections (Olsen et al., 2001) (see Chapter 8 for 
more on Campylobacter epidemiology).

In some outbreaks, food workers employed at more than one location may con-
taminate food at each of those locations. On February 24, 2012, the Long Beach 
Department of Health and Human Services reported the first three cases of an S. 
typhimurium outbreak. The first three culture-confirmed cases were diagnosed in two 
siblings aged 3 and 1, whose symptoms started on January 20 and January 24, respec-
tively, and in an 83-year-old man whose illness started on February 2. The three 
strains were indistinguishable by PFGE (see Chapter 2). An investigation revealed 
that 19 cases, 15 confirmed and four probable, occurred during a 4-month period, and 
all isolates had the same electrophoretic pattern. The initial epidemiological inves-
tigation focused on several restaurants and grocery stores from the same neighbor-
hood, where several of the affected individuals dined and shopped, but no significant 
findings were made. When on February 27 a neighboring jurisdiction reported a 
case, with a PFGE pattern matching the outbreak strain, and the person reported that 
within the previous 24 h she ate at the restaurant where several other cases ate, in the 
same neighborhood that other cases reported frequenting, an onsite visit was made 
to this restaurant. The restaurant owner also owned a second restaurant, which was 
named by two of the affected individuals. During the environmental health inspec-
tions, the owner mentioned that two of the cooks were working at both restaurants. 
One of these two employees tested positive for Salmonella, and the PFGE pattern of 
the strain matched the outbreak strain (Holman et al., 2014). The food items sampled 
at both restaurants tested negative, and an epidemiological investigation revealed 
that the source of the outbreak was this infected food handler, who was working at 
both restaurants. This example illustrates the complexity of epidemiological investi-
gations and the need to pursue multiple venues when investigating the source of an 
outbreak (Holman et al., 2014).

Food workers who contaminate food products may be asymptomatic. A large 
typhoid fever outbreak occurred in the United States in 1989 among convention 
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attendees and staff at a hotel from Sullivan County, New York. The outbreak involved 
43 culture-confirmed and 24 probable infections among guests, one culture-confirmed 
and one asymptomatic culture-confirmed case among employees, and one culture-
confirmed case in the child of a hotel guest, who did not stay at the hotel and was con-
sidered to have been infected by secondary transmission. The affected patients were 
more likely to have consumed orange juice for one of the breakfasts, compared with 
control individuals. Salmonella typhi was isolated from the stool of an asymptomatic 
worker who had handled the orange juice. A survival study of the outbreak strain 
revealed that, at room temperature, half of the bacteria survived for 6 h in reconsti-
tuted orange juice (Birkhead et al., 1993).

Another outbreak scenario is when a food worker contaminates other workers, 
who infect consumers in the same or in a different establishment (Todd et al., 2007). 
An example of such an outbreak was documented in August 2000, when an increase 
in Salmonella Thompson infection was noted in southern California. Most affected 
individuals ate at a restaurant chain before becoming ill, and a case–control study 
implicated the consumption of burgers. The earliest onset of illness was in a burger 
bun packer at a bakery, who had not eaten at the restaurants from the chain but had 
worked while ill. The bakery supplied burger buns to some of the restaurants. This 
bakery employee was responsible for removing freshly baked bread and buns from 
the cooling rack, feeding them through an automatic slicer, and packaging the bread 
for distribution. She did not wear gloves and she handled every individual bread 
item. She became ill on July 13 but continued working, and after being hospitalized 
overnight on July 17 she continued working from July 18, when she was released, 
until July 23. Her brother became ill on July 17, and his primary duty was mixing 
the dough. He was removed from work by the Health Department on August 3. It 
was thought that the employee became ill either from his sister or from consuming 
contaminated buns (Kimura et al., 2005).

In certain outbreaks, it may not be clear whether food workers were the source or 
the victims of the outbreak (Greig et al., 2007). In 1996, after a buffet style party on 
a ward from a Welsh hospital, 80 of the 460 patients and staff became ill with a gas-
trointestinal infection. Foods associated with the outbreak included ham, coleslaw, 
bread rolls, cheese, and pineapple on sticks. Participants ate food from the hospital 
kitchen and food brought in and prepared on the ward by staff and patients. The 
investigation suggested that food was contaminated either during preparation by staff 
and patients or during the party when people served themselves (Fone et al., 1999).

Another category of foodborne outbreaks is when food contaminated at one or 
several sites is delivered to one or multiple locations that experience the outbreaks 
(Todd et al., 2007). A foodborne cyclosporidiasis outbreak that occurred in 1996 in 
North America was traced to raspberries imported from Guatemala (Manuel et al., 
1999, 2000). In the United States, 1465 cases from 20 states, the District of Columbia, 
and two provinces were reported during this outbreak (Herwaldt and Ackers, 1997). 
In the index Canadian cluster of the outbreak, eating strawberry flan, decorated 
with raspberries and blueberries, was associated with an increased relative risk of 
acquiring the infection (Manuel et al., 1999). In another example, epidemiological 
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investigations and genotyping linked one source of imported frozen raspberries 
to eight independent norovirus outbreaks in Denmark between October 2010 and 
September 2011. Collectively, these outbreaks caused 242 cases, 32 of which were 
laboratory confirmed. The outbreaks occurred at different locations, including a com-
pany canteen in Viborg and Herlev, a hospital canteen in Køge, a conference center 
in Aarhus, and a café in Copenhagen. The vehicles in these outbreaks were raspberry 
cake (in Viborg), raspberry smoothie (in Aarhus and Copenhagen), raspberry mousse 
(in Herlev), and red cabbage salad with raw raspberries (in Køge). Virus isolated 
from one patient sample had an identical RNA sequence to the virus isolated from 
berries. In one of these outbreaks, the raspberries originated from a bag of mixed 
frozen berries that had been packaged in Belgium and raw materials from Serbia, and 
subsequently it was determined that they came from the same batch of contaminated 
raspberries that was responsible for all the other outbreaks (Muller et al., 2015).

Finally, customers, as opposed to workers, may sometimes be the source of food-
borne outbreaks (Todd et al., 2007). This is illustrated by three successive gastro-
enteritis outbreaks with Norwalk-like viruses that occurred between May 1998 and 
June 1999 in a Mediterranean-style restaurant in Melbourne, Australia. In the restau-
rant, food was typically served on platters and eaten with fingers, from a common 
platter, and guests typically would move from table to table. Phylogenetic analyses 
revealed that each outbreak was caused by a different norovirus strain, indicating that 
the virus had been introduced on multiple occasions, rather than having circulated 
continuously. Due to the fact that the incubation period of norovirus gastroenteritis 
is about 24–48 h, short incubation periods in this study were interpreted as suggest-
ing infection before visiting the restaurant. In the first outbreak, a guest whose fecal 
specimens tested positive for the norovirus had a 4-h incubation period and was 
thought to have been the index case. In the second outbreak, one of the guests had a 
2-h incubation period, but a fecal sample was not obtained from him. In the third out-
break, a food handler was positive for the virus and could have been the source of the 
outbreak. The virus appears to have been introduced by guests or staff, as opposed to 
a long-term food reservoir (Marshall et al., 2001).

Some outbreaks are linked to inadequate temperatures in the environment where 
food is processed or served. A foodborne outbreak in Sulyyel, about 400 km from 
Riyadh, was reported among participants at a wedding ceremony. Nine food items 
and drinks had been served at the ceremony and, of these, meat, rice, and restau-
rant-made sweets were significantly associated with illness. Non–typhoid group C 
Salmonella were isolated from 62 stool samples collected from individuals who 
became ill. Bacteria were present in stool samples from all the restaurant workers, 
and a health inspection revealed the lack of air conditioning and high ambient tem-
peratures (Aljoudi et al., 2010). On September 8, 2006, an outbreak of botulism (see 
Chapter 19) caused by carrot juice was reported in the United States. It involved three 
Georgia patients who consumed carrot juice from the same bottle before becoming 
ill. This was followed by the recognition of botulism in a woman from Florida, on 
September 25, who had been hospitalized since September 16, and a few weeks later, 
on October 2, botulism was reported in two people from Ontario, Canada, who had 
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been hospitalized weeks earlier in separate hospitals, and they all consumed carrot 
juice (Sheth et al., 2008). Type A toxin was recovered from carrot juice produced by 
one manufacturer, and inadequate refrigeration was implicated. This outbreak was 
characterized by a rapid clinical onset, and two of the patients required mechanical 
ventilation for over 1 year (Sheth et al., 2008). One of the bottles that was analyzed 
contained very high concentrations of toxin, and this was thought to explain the 
rapid progression and the protracted course, despite prompt antitoxin administration 
(Sheth et al., 2008).

Some foodborne outbreaks are caused by the ingestion of raw food products that 
are contaminated. For example, several cases of human brucellosis were reported on 
Jeju Island in South Korea, at a restaurant where, between 2012 and 2013, customers 
ingested raw parts of fetal calf as a folk remedy (Yoo et al., 2015).

3.7  CROSS-CONTAMINATION AND ENVIRONMENTAL 
SURFACES

A study that enrolled volunteers from the Netherlands revealed that even though most 
consumers were knowledgeable about the importance of heating food and preventing 
cross-contamination, they did not always apply this knowledge in practice. Some of 
the participants made errors known to cause cross-contamination in the kitchen envi-
ronment, such as allowing raw meat juices to come into contact with a cooked meal, 
and one in five participants placed unprocessed food on the same cutting surface as 
raw meat (Fischer et al., 2007).

To explore consumer awareness about food safety, an Internet survey of a nation-
ally representative group of 1504 adult grocery shoppers from the United States 
examined their practices when handling raw poultry at home (Kosa et al., 2015). 
Almost 70% of the consumers reported washing or rinsing raw poultry before cook-
ing it, an unsafe practice that may lead to the splashing of contaminated water and 
the transfer of pathogens to other foods and kitchen surfaces. Only 17.5% of the 
consumers reported storing raw poultry in the refrigerator correctly, and of the 62% 
of consumers who reported owning a food thermometer, only 26% or fewer reported 
using it to check the internal temperature of small cuts of poultry or ground poul-
try. Moreover, only 11% of the consumers who thawed raw poultry in cold water 
reported doing it correctly (Kosa et al., 2015).

Cross-contamination in the kitchen environment represents an important con-
tributor to outbreaks, particularly through the transfer of pathogens to and from cut-
ting boards, kitchen surfaces, sponges, and cloths. To quantitate cross-contamination 
between fresh-cut produce and common kitchen surfaces, a study used cocktails of 
rifampin-resistant Salmonella and rifampin-resistant E. coli O157:H7 for various 
transfer scenarios. Bacterial transfer was dependent on produce type, surface mois-
ture, and drying time but less dependent on the type of the kitchen surface. More 
bacteria were transferred from kitchen surfaces to produce than from produce to 
kitchen surfaces (Jensen et al., 2013). A study that measured Campylobacter transfer 
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from poultry legs purchased in supermarkets to cutting boards found that transfer 
rates reached 81% when the product had been in contact with the cutting board for 
10 min and was significantly lower when contact occurred for 1 min (Fravalo et al., 
2009). In another study, both C. jejuni and C. coli were transferred from naturally 
contaminated raw poultry to cooked chicken via the cutting board, and transfer was 
detected even when the samples had low contamination levels (Guyard-Nicodeme 
et al., 2013).

A study conducted in Rio Grande do Sul, Brazil, collected 24 sponges from 
industrial kitchens, counted microorganisms on half of them, and used the other 
half to study the transfer of bacteria to stainless steel and polyethylene. All 
sponges were contaminated by heterotrophic microorganisms and about 83% 
were contaminated with fecal coliforms. Large numbers of microorganisms 
could be transferred from sponges to both surfaces. Survival of the transferred 
microorganisms at room temperature decreased over time, and even though the 
reduction was greatest in the first 4 h, viable organisms were still found after 24 h 
(Rossi et al., 2013).

Salmonella enteritidis, Staphylococcus aureus, and Campylobacter jejuni were 
shown to remain viable on dry stainless steel at room temperature and pose cross-
contamination risks for a considerable time, depending on the specific pathogen 
and on the level of contamination (Kusumaningrum et al., 2003). Staphylococcus 
aureus was recovered from the surfaces for at least 4 days for both high (105 CFU/
cm2) and moderate (103 CFU/cm2) contamination levels, but the number of viable 
bacteria decreased below the detection limit within 2 days at low contamination 
levels (10 CFU/cm2). Salmonella enteritidis was recovered from surfaces for at 
least 4 days at high contamination levels, and the numbers decreased to the detec-
tion limit within 24 h at moderate levels and within 1 h at low levels. Campylobacter 
jejuni was most susceptible to slow air-drying on surfaces, and at high contamina-
tion levels their numbers decreased below the detection limit within 4 h. The micro-
organisms were artificially transmitted from wet sponges to stainless steel surfaces 
and from these surfaces to food, with transfer rates of 25–100% (Kusumaningrum 
et al., 2003).

During the preparation of contaminated chickens in domestic kitchens, signifi-
cant bacterial dissemination may occur onto hands, cloths, and food contact surfaces 
such as chopping boards (Cogan et al., 1999, 2002). A study found that in the case of 
Salmonella, even low contamination levels can grow after cross-contamination, and 
removal of bacteria from cloths by washing was more difficult after they had been 
stored overnight (Cogan et al., 2002).

A study that used bologna slices that had been inoculated with different levels of 
L. monocytogenes revealed that transfer to stainless steel and to polyethylene pro-
cessing surfaces increased with the inoculation level. Transfer efficiency was not 
statistically different to wet compared with dry processing surfaces, and greater num-
bers of bacteria were transferred from bologna to stainless steel than to polyethylene. 
Transfer was not affected by the roughness or by the finish of the stainless steel 
surfaces (Rodriguez et al., 2007).
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Cross-contamination of food and/or environmental surfaces has been implicated 
in many outbreaks. In June 2005, an investigation was conducted to examine the 
source of gastrointestinal illness in individuals who attended luncheons catered by 
an Adelaide café and in people who ate at the café. To identify the source of the 
outbreak, 61 respondents who met the case definition of two or more gastrointestinal 
symptoms after attending a luncheon catered by the café were included in a study, 
and S. typhimurium phage type 64 was confirmed in 32 of them. Of the 61 individu-
als, 59 (96%) reported having eaten a bread roll. The same strain was detected in raw 
defrosted chicken recovered from the café’s kitchen, suggesting cross-contamination 
between the chicken and one or several ingredients used to prepare the bread rolls 
(Moffatt et al., 2006).

In May 2005, a gastroenteritis outbreak caused by S. enteritidis phage type 21 
was associated with attending an annual traditional fair in a small Austrian village. 
Exposure in all 85 affected individuals occurred at one point in time, and 20 of the 52 
stool specimens that were examined, from patients and two kitchen staff, were positive 
for S. enteritidis phage type 21. Mixed salad, which included potatoes, emerged as the 
only food exposure that had an independent effect on disease risk, and the causative 
pathogen was cultured from the stock of eggs used at the fair and from all three drag 
swabs and one barn dust sample collected from the responsible egg-laying flock. PFGE 
revealed that the bacterial isolates from eggs, the flock, and humans were indistinguish-
able. It was hypothesized that the boiled potatoes were contaminated in the kitchen area 
from raw eggs that were used to prepare an egg dressing (Schmid et al., 2006).

Another outbreak in which cross-contamination was suspected occurred in 
1993 at a nursing home in Brooklyn, New York, in a mixed outbreak with Salmonella 
Heidelberg and C. jejuni (Layton et al., 1997). From the 93 patients who became 
ill and submitted specimens, stool cultures were positive for S. Heidelberg in 24 
(26%), C. jejuni in 14 (15%), and both microorganisms in 25 (27%) (Layton et al., 
1997). A case–control study revealed that of six different dietary plans that were 
available, only the pureed diet was strongly associated with positive stool tests. From 
the 52 pureed food items that were prepared during the week preceding the outbreak, 
five meat or poultry items were most strongly associated with stool positivity. Stool 
samples from food handlers and environmental swabs from the kitchen facility were 
negative for the pathogens. During this outbreak, two nurses also developed gastro-
intestinal illness, and stool cultures were positive for S. Heidelberg in one of them 
and for C. jejuni in the other one. However, during the epidemiological investigation, 
a food handling error that had occurred several days earlier was unveiled. During the 
preparation of chopped liver salad, the chopped chicken liver had been placed into a 
bowl that still contained the juices from the raw chicken liver. The salad was blast-
chilled and refrigerated until lunch the following day, but due to a coolant failure in 
the refrigerator, the temperature of the salad increased to 50°F. The chopped liver 
salad was the only common food that the two nurses ate in the hospital, and only resi-
dents on the pureed diet were offered chopped liver salad for lunch. It is interesting 
that during the investigation of this outbreak, the case–control study did not identify 
the chopped liver salad as the source of contamination, but other findings pointed 
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to this dish. Based on the epidemic curve, contamination of a single food item with 
multiple bacterial pathogens was suspected, probably due to several batches of raw 
chicken liver contaminated with multiple pathogens. This outbreak underscored the 
complexity of investigating mixed outbreaks (Layton et al., 1997).

Foodborne illness caused by multiple microorganisms is relatively rare. Another 
such outbreak occurred in 1968 in Jersey City, New Jersey, and was linked to a 
Thanksgiving dinner in the members of four related families (Janeway et al., 1971). 
The meal implicated in this outbreak was served to 18 people, and 17 of them became 
ill. Two of the victims, a 17-year-old boy and his 56-year-old mother died, and they 
were both had previously been in good health. The person who did not become ill ate 
very little and left because of an argument. Salmonella enteritidis was isolated from 
all those who attended the dinner and from several food items, including turkey stuff-
ing, turkey slices mixed with stuffing and gravy, peas, apple pie, pumpkin pie, and 
cranberry sauce. It was also isolated from environmental locations in the home and 
from an 8-year-old female beagle, which was not in the house where the meal was 
prepared and served, and did not eat any of the dinner food items but was thought to 
have licked the vomitus of one of the individuals. Additionally, C. perfringens was 
found in the turkey meat and stuffing, and Enterocccus faecalis was identified in the 
stuffing and in the turkey carcass (Janeway et al., 1971). Illness started between 3 
and 18 h after eating the meal, with a median incubation of 7 h. While S. enteritidis 
was initially suspected to have caused the outbreak, the severity of the clinical mani-
festations was striking, considering that this pathogen mostly causes mild illness, 
with fatalities observed only in the very young and in those with underlying patholo-
gies. The short incubation period and the severity of the clinical manifestations were 
explained by the additional involvement of one or both of the other two pathogens 
(Janeway et al., 1971).

The complexity of transmission routes, the need for multiagency support, 
and the extensive epidemiological investigations that are sometimes required are 
illustrated by two listeriosis outbreaks from British Columbia, Canada, caused 
by soft ripened cheese contaminated from environmental sources (McIntyre 
et al., 2015). The two outbreaks occurred in February 2002 (49 illnesses) and 
in September 2002 (86 illnesses). Pasteurized milk and the pasteurization pro-
cess were ruled out in both outbreaks, and postpasteurization contamination was 
implicated. In the first outbreak, L. monocytogenes was detected in 64% of the 
cheese samples tested and in about 19% of the environmental samples tested, 
including food contact surfaces where cheese was aged and nonfood contact sur-
faces such as drains, air vents, the area around the plant, and the adjacent farm. 
Environmental transmission of the pathogen is thought to have likely occurred 
from farm animals to personnel and from them to culture solutions used during 
cheese production. In the second outbreak, L. monocytogenes was detected in 
76% of the cheese samples tested and in about 19% of the environmental samples 
collected, including an ingredient sample, water inside and outside the plant, and 
farm samples. Isolates that were recovered from a cistern pipe, a water-soaked 
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rag in the milking house, and a swallow’s nest matched the PFGE profile of the 
outbreak strain (McIntyre et al., 2015). Birds were identified in the second out-
break as likely having contaminated the dairy plant’s water supply and the cheese 
during the curd-washing step (McIntyre et al., 2015).

3.8  AIRBORNE ROUTE AND FOMITES
A range of enteric viruses can cause gastrointestinal illness (see Chapter 14). One 
vomiting incident can distribute up to 30 million viral particles into the environment 
and this, in part, explains the high potential to transmit these viruses via the airborne 
route and fomites (Caul, 1994; Tung-Thompson et al., 2015).

Rotavirus is the most important gastrointestinal pathogen in daycare settings 
(Dennehy, 2000). In addition to the fecal-oral route, rotaviruses are transmitted by 
nonenteral routes, which include fomites and the respiratory route (Dennehy, 2000; 
Prince et al., 1986). The stability of viruses in aerosols is relevant for their trans-
mission. A study that examined the stability of aerosolized rotavirus reported that 
at 20°C, the half-life of an aerosolized human rotavirus strain was about 44 h at a 
relative humidity of 50% but decreased to about 24 h at a relative humidity of 30% 
and to about 3.8 h at a relative humidity of 80%. When fecally suspended virus was 
aerosolized, almost 80% of the airborne virus particles remained infectious after 
24 h at 20°C and a relative humidity of 50% (Ijaz et al., 1985). In another study on 
aerosolized rotavirus, a relative humidity of 50% was optimal for survival, with 
45% of the virus remaining viable after 72 h and 3% after 9 days. At 25% relative 
humidity, ∼21% of the virus was viable after 72 h, while at 80% relative humid-
ity, 50% of the virus was not detectable after 2 h (Sattar et al., 1984). Rotavirus 
RNA has been detected in air samples taken from the hospital rooms of rotavirus-
infected children, suggesting that airborne spread may play a role in hospital and 
daycare settings (Dennehy et al., 1998). Aerosolization is also an important trans-
mission route for noroviruses, which represent an underestimated cause of viral 
gastroenteritis (see Chapter 14). Airborne Norwalk-like gastroenteritis outbreaks 
have been reported in which airborne spread of the virus was the most likely pos-
sibility (Marks et al., 2000, 2003).

Aerosol transmission may also be another important way by which pathogens 
enter the food chain. A study that examined bacteria in the air at three beef pro-
cessing facilities in the United States detected E. coli O157:H7 in about 16% and  
S. enterica in 16.5% of the 291 air samples collected from the slaughter area. 
Aerobic bacteria and Enterobacteriaceae were most prevalent in samples collected 
near hide removal areas, suggesting that hide removal likely introduces pathogens 
into the air by the dispersion of liquid droplets, and could be a source of hide-
to-carcass contamination (Schmidt et al., 2012). Similarly, a nationwide survey 
conducted in Japan to assess Salmonella prevalence in airborne dust from layer 
farms surveyed 203 farms between December 2004 and March 2005 and found 
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that 48 (23.6%) of them were positive for Salmonella (Iwabuchi et al., 2010). 
Experimental studies also supported the possibility of nose-to-nose transmission 
of S. typhimurium among pigs (Oliveira et al., 2006, 2007) and turkeys (Harbaugh 
et al., 2006).

Relevant for both food establishments and homes, toilet bowls represent another 
potential source for environmental contamination by aerosols. To mimic an episode 
of acute diarrhea, a study contaminated the sidewalls and bowl water from a domes-
tic toilet with Serratia marcescens or with a bacteriophage. The highest level of 
airborne microorganisms was achieved immediately after the first flush, when almost 
twice as many bacteriophage particles were detected than bacteria. Sequential flush-
ing caused their further distribution into the air, but the numbers declined after each 
flush (Barker and Jones, 2005).

Apart from transmission via fomites in food-processing facilities, an unusual 
potential transmission route of foodborne pathogens by fomites is via currency. 
A five-strain mixture of Escherichia coli O157:H7 or S. enteritidis applied to the 
surfaces of sterile U.S. coins revealed that E. coli survived for up to 11 days and 
Salmonella for up to 9 days (Jiang and Doyle, 1999). In an analysis of banknotes 
from 10 different countries, the number of bacteria correlated with the type of 
banknote material. Moreover, the bacterial content on banknotes increased with the 
decreasing values of the “index of economic freedom,” which expresses the social 
and/or economic status of a country. Pathogens could be isolated only after enrich-
ment, and while their levels did not appear to be alarming, precautionary measures 
should be considered for the concurrent handling of food and money (Vriesekoop 
et al., 2010).

3.9  FOODBORNE PATHOGENS WITH MULTIPLE 
TRANSMISSION VEHICLES/ROUTES

Some of the foodborne illnesses may be transmitted by more than one route, com-
plicating epidemiological investigations and making preventive interventions more 
challenging.

3.9.1  BOTULISM
Foodborne botulism, caused by preformed heat-labile botulism neurotoxin, is a 
severe and progressive neuroparalytic disease that may progress to respiratory 
complications and death as a result of progressive neuromuscular blockade (Brook, 
2007; Lawrence et al., 2007; Peck et al., 2011; Proverbio et al., 2016; Sobel, 2005). 
Botulinum toxin is one of the most powerful toxins known, with commonly cited 
lethal dose estimates for purified botulinum toxin type A being 70 μg orally and  
0.8–0.9 μg inhalationally for a 70-kg man, but lower doses have been reported 
in other studies, and as little as 30–100 ng could be potentially fatal via the 
oral route (Peck et al., 2011; Sobel, 2005). Most cases are sporadic or occur as 
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small outbreaks, but larger outbreaks caused by commercial food have also been 
reported (Sobel, 2005; Sobel et al., 2004) (see Chapter 19 for more on botulinum 
toxin).

Foodborne botulism is one the four naturally occurring forms of botulism that 
have been described, the other ones being infant botulism, adult intestinal colo-
nization botulism, and wound botulism (Lawrence et al., 2007; Sobel, 2005) (see 
Chapter 19). Infant botulism is the most frequent form encountered (Lawrence et al., 
2007) and is a life-threatening condition that usually occurs in infants younger than 
12 months (Goonetilleke and Harris, 2004; Fenicia and Anniballi, 2009). Honey 
and environmental exposure are the main routes of acquiring the microorganisms 
(Brook, 2007; Tanzi and Gabay, 2002). Adult intestinal colonization botulism is 
similar to infant botulism and mostly occurs in adults with changes in the intestinal 
flora, including previous surgery, Crohn disease, achlorhydria, or recent antibiotic 
treatment (Cherington, 1998; Chia et al., 1986; Lawrence et al., 2007). Wound botu-
lism, caused by wound contamination with Clostridium botulinum spores, is usually 
associated with trauma or intravenous drug use (Burningham et al., 1994; Lawrence 
et al., 2007) (see Chapter 19).

For foodborne botulism, home-canned food is the most common source of 
contamination (see Chapter 19). In April 2015, a large outbreak of botulism, 
associated with a church potluck meal in Ohio, was linked to eating salad with 
improperly home-canned potatoes, and in a 1983 outbreak from Illinois, sautéed 
onions in sandwiches from a restaurant were implicated as the vehicle (McCarty 
et al., 2015).

In recent years, a novel form of botulism has been attributed to pruno, an 
alcoholic beverage made by inmates (Walters et al., 2015). Pruno is prepared 
by fermentation from water, fruit, sugar, and miscellaneous ingredients (Walters 
et al., 2015). It was first recognized as a vehicle for botulism in 2004 and 2005, 
in two outbreaks from California (Vugia et al., 2009). The first outbreak, at the 
California state prison in Riverside County, affected four men who drank from 
the same batch of pruno and developed clinical manifestations 3 days later. Two 
of the men required intubation and all four survived. The second outbreak, at a 
California state prison in Monterey County, affected a man who required intuba-
tion and survived (Vugia et al., 2009). In early October 2011, foodborne botulism 
was diagnosed in eight maximum security prison inmates from the Utah State 
Prison in Draper, Utah (Prevention, 2012). Several batches of pruno were cir-
culating among the inmates, and one of them had been prepared from oranges, 
grapefruit, canned fruit, water, powdered drink mix, and a baked potato. The 
baked potato was the only one of these ingredients that had not been used in other 
pruno batches, and an investigation revealed that the toxin was most likely pro-
duced when the potato was added to a mixture of the other ingredients under low-
acidity, anaerobic conditions during fermentation (Prevention, 2012). Another 
outbreak occurred in late November 2012 in Arizona, when eight inmates from a 
maximum security prison developed botulism after drinking pruno from a single 
batch (Prevention, 2013).
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3.9.2  LISTERIA
An example of a microorganism with multiple transmission routes is L. monocyto-
genes, a human pathogen that is naturally present in the soil (Moshtaghi et al., 2003; 
Vivant et al., 2013). L. monocytogenes has become a serious concern due to its ability 
to survive pH extremes, high salt concentrations, low water activity, and refrigeration 
temperatures and to multiply in diverse habitats (see Chapter 12).

The fecal-oral route is the main route of L. monocytogenes transmission (Butler 
et al., 2015; Vally et al., 2014). A study reported that 69% of transmission occurs 
by food, 7% by the environment, 5% by animals, and 5% by the person-to-person 
route, and 13% was linked to travel (Havelaar et al., 2008). In addition to food, 
Listeria can be transmitted by water (Linke et al., 2014). A variety of food vehicles 
have been involved in outbreaks including coleslaw, raw and cooked meat, sea-
food, dairy products, sandwiches, and other ready-to-eat foods (see Chapter 12). 
As well as raw materials, environmental sources, including factory equipment such 
as a commercial meat slicer, have been shown to result in product contamination 
and foodborne outbreaks (Vorst et al., 2006; Sheen, 2008; Keskinen et al., 2008; 
Garrido, 2009).

Soil is an environmental niche for L. monocytogenes, and the agricultural recy-
cling of organic wastes without adequate sanitation is another transmission mecha-
nism (Garrec et al., 2003; Vivant et al., 2013). From soil, the bacteria can also be 
transferred to vegetables that enter the food chain, including internalization in salad 
leaves through the vascular root system after irrigation with contaminated water 
(Chitarra et al., 2014) (see Chapter 12).

Fecal shedding of L. monocytogenes by dairy cattle, which are reservoirs for the 
pathogen, is also a strong risk factor for the contamination of milk, dairy products, 
and meat (Haley et al., 2015; Ivanek et al., 2006). A longitudinal study that collected 
fecal samples from dairy cows for 33 days and examined the daily variability of fecal 
shedding revealed that 94% of the cows excreted L. monocytogenes in feces at least 
once during the study period, and the prevalence of fecal shedding varied, over time, 
from 0% to 100%, underscoring the limitations associated with collecting cross-sec-
tional data in a single herd. The prevalence of L. monocytogenes in bulk tank milk 
was reported to vary between 1% and more than 12% in various studies, underscor-
ing the dangers of consuming raw milk and raw milk products (Oliver et al., 2005; 
Van Kessel et al., 2011). A study that collected environmental samples, milk and milk 
product samples, and half-udder ovine and caprine foremilk samples from 53 dairy 
farms in the dairy intensive area of lower Austria detected L. monocytogenes in ∼1% 
of the samples, and contamination was found on about 30% of the inspected farms 
(Schoder et al., 2011). Samples from working boots and fecal matter had a signifi-
cantly higher overall prevalence than samples from the milk processing environment, 
and bacterial isolation was 3–7 times more likely on farms where silage was fed to 
animals throughout the year compared with farms where silage was not fed to the 
animals (Schoder et al., 2011).
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An important consideration is that L. monocytogenes has been detected in bio-
aerosols from high-throughput chicken-slaughtering facilities, particularly in the 
receiving-killing, defeathering, and evisceration areas, underscoring its potential to 
spread to other areas, and the bacteria survived in the aerosols for several hours (Lues 
et al., 2007; Spurlock and Zottola, 1991).

3.9.3  NOROVIRUSES
Norovirus is one of the most infectious viruses known, and the average probability of 
a viral particle causing a human infection was estimated to be close to 50% (Teunis 
et al., 2008). Noroviruses are the most frequent causes of acute viral gastroenteritis 
and foodborne disease in most of the world (Moore et al., 2015). They are often 
spread by food, and among simple foods, transmission occurs mostly by fresh veg-
etables (30–40%), fruits and nuts (10–20%), mollusks (10–15%), and dairy (5–15%) 
(see Chapter 14). In addition to their foodborne transmission, noroviruses can also 
be transmitted by the person-to-person route (Moore et al., 2015). A study that ana-
lyzed 2895 norovirus outbreaks with a known transmission route that occurred in the 
United States between 2009 and 2013 reported that person-to-person transmission 
could be documented in 2425 (83.7%) and foodborne transmissions in 465 (16.1%) 
of these outbreaks (Vega et al., 2014). In another analysis, of 552 outbreaks docu-
mented in 20 states from the United States between 2009 and 2010, foodborne trans-
mission occurred in 78 (14%) and person-to-person transmission in 340 (62%) cases, 
whereas the transmission route was not reported for the 134 remaining outbreaks 
(Vega et al., 2011).

About half of norovirus outbreaks have been linked to food handlers (Widdowson 
et al., 2005). A study examined the transfer of two norovirus strains, originating from 
clinical stool samples, from gloved fingertips to soft berries and lettuce, and vice 
versa. Virus transfer was greater from gloves to lettuce than to soft berries, and this 
was explained by differences in the applied pressure. Transfer from produce to glove 
was generally larger than transfer from glove to produce, underscoring the possibility 
to cross-contaminate food products via food handlers (Verhaelen et al., 2013). (see 
Chapter 14).

Noroviruses can also be transmitted through person-to-person contact. This is 
exemplified by an acute gastroenteritis outbreak during a 2011 summer camp from 
Spain, in which a child is thought to have transmitted the virus to other children 
during a bus ride from Barcelona to the campsite, and cases later also appeared in 
families that were not in the camp, presumably via person-to-person transmission 
(Solano et al., 2014).

Moderate evidence, including epidemiological studies, supports the transmis-
sion of noroviruses by aerosols and contamination of surfaces (Marks et al., 2000; 
Jones and Brosseau, 2015) (see Chapter 14). Transmission has also been documented 
on airplanes, including among staff members working in successive shifts (Kirking 
et al., 2010; Thornley et al., 2011).
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3.10  SUPERSPREADING
Historically, models used to describe the dynamics of infectious diseases have assumed 
that infected individuals are homogeneous with respect to transmission of the pathogen 
at the population level. In other words, it was thought that an infected individual has more 
or less equal chances of infecting susceptible contacts and that each susceptible contact is 
more or less equally likely to become infected (Bolzoni et al., 2007). However, the num-
ber of infectious diseases for which heterogeneity in transmission has been documented 
is growing (Chao et al., 2013; Garske and Rhodes, 2008; Liebman et al., 2014). One of 
the key observations on the dynamics of infectious disease outbreaks at the population 
level is superspreading, a phenomenon that has been described for many pathogens and 
in many host species, including humans, animals, birds, and plants (Capparelli et al., 
2009; Cronin et al., 2010; Paull et al., 2012; Reisen et al., 2009; Stein, 2011). Early in the 
20th century, Mary Mallon, more widely known as Typhoid Mary, infected at least 54 
people with S. typhi and became the first and perhaps the best documented superspreader 
(Gonzalez-Escobedo et al., 2011; Marineli et al., 2013; Paull et al., 2012).

Two nonexclusive mechanisms of superspreading have been described. Some 
individuals, known as superspreaders, create many more secondary contacts that 
most others in a population. Others, known as supershedders, shed larger amounts 
of pathogen than most others. By this definition, superspreaders reflect more the 
host–host interaction, while supershedders reflect more the host–microbe interaction 
(Chase-Topping et al., 2008).

Superspreading has been described at the level of individuals, groups of indi-
viduals, and species. For example, during the 2002–2003 severe acute respiratory 
syndrome outbreak, more than 71% of the cases in Hong Kong and more than 74% 
of the ones in Singapore were attributed to superspreading events (Li et al., 2004). A 
study that examined more than 15,000 Scottish sheep farms between 2003 and 2007 
found that due to heterogeneities in the animal movement patterns, less than 20% of 
the farms contributed to more than 80% of the transmission potential (Volkova et al., 
2010). Further, a single relatively uncommon avian species, the American robin 
(Turdus migratorius), appeared to be responsible for most West Nile virus–infectious 
mosquitoes (Kilpatrick et al., 2006).

Superspreading is important both in human and in animal species. A longitudinal 
study that examined Brucella abortus shedding in the milk of 500 water buffaloes 
from four herds in southern Italy, a region endemic for brucellosis, revealed that 
80% of the animal tested were nonshedders, and from those that shed the bacteria, 
81% were shedding at low levels (≤103 colony-forming units [CFU]/mL), and almost 
16% were shedding large numbers of bacteria (≥104 CFU/mL) and acted as super-
shedders (Borriello et al., 2013; Capparelli et al., 2009). Culling the supershedding 
animals significantly reduced the percentage of animals that became positive during 
a 3-month follow-up period, illustrating that this approach could effectively reduce 
pathogen transmission in a population by identifying and selectively culling highly 
shedding animals (Capparelli et al., 2009).
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Cattle are the primary reservoir for E. coli O157:H7, a bacterium that is distrib-
uted worldwide and is most often transmitted by contaminated water or food (Ahmed 
and Shimamoto, 2015; Bell et al., 1994; Jensen et al., 2015; King et al., 2014; Marder 
et al., 2014; Riley, 2014; Soon et al., 2011; Wendel et al., 2009). Infection with E. 
coli O157:H7 may be asymptomatic (Griffin et al., 1988; Rahal et al., 2012; Su and 
Brandt, 1995) and it may cause mild disease or nonbloody diarrhea (Lim et al., 2010; 
Rodrigue et al., 1995), but the pathogen is feared for the more severe outcomes, 
which include bloody diarrhea, hemolytic-uremic syndrome, thrombocytic thrombo-
cytopenic purpura, and death (see Chapter 7).

Healthy cattle harbor E. coli O157:H7 in their gastrointestinal tract (see Chapter 7), 
with the terminal rectum and the rectoanal junction being some of the main colonization 
sites, from where the bacteria are shed into the feces (Gansheroff and O’Brien, 2000;  
Naylor et al., 2003; Low et al., 2005; Robinson et al., 2009; Lim et al., 2010; Cote 
et al., 2015; Munns et al., 2015). The bovine rectoanal junction is located between 
the descending colon and the anal canal, and marks the abrupt transition between two 
cell types, the follicle-associated columnar epithelium toward the distal colon and 
the nonkeratinized stratified squamous epithelium toward the anal canal (Kudva and 
Dean-Nystrom, 2011; Kudva et al., 2012). Even after exposure to doses of bacteria 
as high as 1010 CFU, cattle remain asymptomatic (Baines et al., 2008). As a result, 
some colonized animals become supershedders and disperse very large numbers of 
bacteria, exceeding 104 CFU/g of feces (Arthur et al., 2010; Cote et al., 2015; Munns 
et al., 2015; Naylor et al., 2003).

Surveys of cattle groups on Scottish farms have reported that E. coli O157 
shedding was never seen on some of the farms, some farms had occasional, short 
periods of shedding, and a few farms showed high levels of shedding (Synge 
et al., 2003; Matthews et al., 2006) and that sources of variation in E. coli O157 
prevalence across the farms was best supported by a model in which heteroge-
neities occurred mostly as the result of within-farm, rather than between-farm, 
differences (Matthews et al., 2006). In another study, 9% of cattle were high 
shedders, defined in the study as shedding more than 104 CFU/g, and these highly 
shedding animals were accountable for more than 96% of the bacteria that were 
isolated from all the animals tested (Omisakin et al., 2003). These results under-
scored that the high level of shedding in some animals may be of much higher 
importance than the infection prevalence of an entire cattle population (Omisakin 
et al., 2003).

E. coli O157 prevalence in cattle has been shown to be higher in the cold than 
in the warm months, but this trend was reversed compared with the seasonality of 
human infections, which were more common in the summer. This suggested that 
interpreting cattle prevalence data in isolation might not accurately reflect their res-
ervoir potential and the risk of human infection. Even though the number of high-
shedding cattle was similar during the cold and the warm months, high-shedding 
cattle were dispersing, on average, 6 times more bacteria during the summer than 
during the winter. This trend mirrored the number of reported human infections and 
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pointed toward the need to determine not only the prevalence of shedding in cattle 
but also the extent of shedding (Ogden et al., 2004).

Supershedding in cattle is shaped by the bacterial strain, the host, and the envi-
ronment (Munns et al., 2015). For example, analyses of fecal samples in cattle from 
Scottish farms found a link between E. coli O157 phage type 21/28 and supershed-
ding (Chase-Topping et al., 2007, 2008; Halliday et al., 2006). A study that sequenced 
the whole genome of SS17, a supershedder E. coli O157 strain, and compared it 
with several reference strains identified a genomic signature comprising about 60 
genomic targets that could help understand the mechanistic bases of virulence and 
superspreading (Cote et al., 2015). Host-specific and rearing environment risk fac-
tors may also be responsible for high shedding (Chase-Topping et al., 2007; Williams 
et al., 2014). An important factor that influences supershedding is diet composition 
(Braden et al., 2004; Jacob et al., 2008; Callaway et al., 2009; Jeong et al., 2011; 
Munns et al., 2015). Corn-fed cattle had lower average fecal pH and higher fecal 
E. coli O157:H7 concentrations than did barley-fed cattle (Berg et al., 2004). Hay-
fed cattle experimentally infected with E. coli O157:H7 shed the bacteria for longer 
than did grain-fed animals, and all animals remained healthy (Hovde et al., 1999). 
Increased fermentation in the hindgut, making the environment less hospitable for 
bacterial survival (Fox et al., 2007), is one suggested reason for this latter observa-
tion. This illustrate that many factors shape supershedding and superspreading, and 
these are influenced by intricate mechanisms.

3.11  CONCLUSIONS
Understanding the transmission routes of foodborne pathogens is a challenging, 
thought-provoking, and critical aspect for food sciences, clinical medicine, and pub-
lic health. While identifying the source of an outbreak is decisive for successfully 
limiting it and for preventing recurrences, implementation of the interventions is 
often delayed or complicated by various factors, such as the increased distances to 
which food products are transported, the increasing global mobility of populations, 
and the many processes and locations that are often involved in food preparation. 
This is compounded by the existence of several transmission routes and various 
transmission vehicles that can be exploited by certain pathogens. More than 250 
known foodborne diseases affect one-third of the world population, and some seg-
ments of the population, particularly the very young, the elderly, pregnant women, 
and immunocompromised individuals, are an a heightened risk, pointing toward the 
relevance of these conditions for medicine and public health. Foodborne illnesses 
can be transmitted through vectors, fomites, contaminated food products, directly by 
person-to-person contact, from animals, or through the airborne route. As an addi-
tional layer of complexity in transmission at the level of populations, in what became 
known as the “20/80 rule,” for most infectious disease outbreaks that have been stud-
ied, a minority of hosts was found to be responsible for most transmission events. 
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These heterogeneities in transmission have been observed in both human and animal 
populations, and understanding their dynamics promises to be transformative for the 
successful implementation of prophylactic and therapeutic interventions.
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