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waterborne viral disease   
    N.   Cook    , Food and Environment Research Agency, UK     and 
    G.   P. Richards    , Delaware State University, USA    

   DOI:  10.1533/9780857098870.1.3 

  Abstract:  Enteric viruses are the principal cause of food- and waterborne illnesses 
throughout the world. Among the enteric viruses are the noroviruses, sapovirus, 
hepatitis A and E viruses, Aichi virus, enteric adenoviruses, rotaviruses, and 
astroviruses. This chapter introduces the reader to food- and waterborne viruses 
including the diseases they cause, modes of transmission including potential 
zoonotic spread, documented outbreaks, implicated foods, virus detection methods, 
and control strategies. 

  Key words : virus, food and water, disease transmission, outbreaks, detection and 
control. 

    1.1     Introduction to enteric viruses 

 Viral diseases have plagued mankind since before the dawn of civilization. 
Only in the past century have technological advances led to a characterization 
of the etiological agents and their epidemiology. Today, the signifi cance of 
food- and waterborne viral illnesses throughout the world remains underesti-
mated in large part, because of the diffi culties in amassing accurate incidence 
data for outbreaks. In some cases, enteric viruses cause short-term illness 
or asymptomatic infection, while in other cases these viruses produce high 
mortalities. 

 The most common enteric viruses from the standpoint of number of cases 
are human calicivirus species, particularly human norovirus. Currently, human 
caliciviruses are divided into two groups, the noroviruses and the sapoviruses. 
The incubation period for norovirus is 10–51 h (Dolin  et al .,  1982 ; Green  et al ., 
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 2001 ; Wyatt  et al .,  1974 ), and symptoms range from mild to severe diarrhea, 
vomiting, and dehydration. Symptoms generally last for 24−48 h. Viruses may 
persist in stool for 1−2 weeks and can be detected in asymptomatic carriers 
(Graham  et al .,  1994 ; Richards  et al .,  2004 ; White  et al .,  1996 ). The existence 
of norovirus genogroups and strains having animal hosts raises the possibil-
ity of zoonotic transmission (Mattison  et al .,  2007 ), and surveillance of cir-
culating noroviruses in the human population has revealed the presence of 
several uncommon genotypes, which may represent zoonotic strains (Verhoef 
 et al .,  2010 ); however zoonotic transmission has not been proven in any case. 
Sapovirus causes diarrhea and vomiting similar to norovirus, generally more 
often in young children than in adults; however, less is known about the incu-
bation period for sapovirus or the duration of fecal shedding. Sapovirus can be 
present in pigs, but the strains are not genetically similar to those which infect 
humans (Reuter  et al .,  2010 ), and zoonotic transmission is unknown. 

 Hepatitis A and hepatitis E viruses are both transmitted by food and 
water. Hepatitis A virus, a member of the Picornaviridae family, is a for-
midable pathogen capable of eliciting liver disease and death, although in 
most cases, the illness may go unnoticed and without apparent sequellae. The 
incubation period is 15–45 days and viral shedding may occur for months. 
Symptoms may include nausea, vomiting, anorexia (loss of appetite), fatigue, 
and fever. Hepatitis A virus infects the liver, leading to possible pain in the 
upper right quadrant, jaundice of the eyes or skin, and dark urine. The illness 
is potentially lethal, particularly in individuals with pre-existing liver disease. 
Hepatitis A virus is found only in humans and some simians, and no zoonotic 
transmission is known to occur. Hepatitis E virus, on the other hand, has four 
genotypes. Genotypes 1 and 2 are associated with human illness, while geno-
types 3 and 4 are animal strains which are occasionally transferred to humans. 
For instance, genotypes 3 and 4 have been shown to spread zoonotically from 
pigs and deer to humans (Aggarwal and Naik,  2009 ). Hepatitis E virus is the 
sole member of the Hepeviridae family. Like hepatitis A virus it infects the 
liver and its symptoms are similar; however, it causes a higher incidence of 
death, particularly among pregnant woman where the death rate approaches 
25% (Mast and Krawczynski,  1996 ), possibly from hormonal differences or 
other factors (Navaneethan  et al .,  2008 ). The incubation period of hepatitis E 
virus ranges between 2 and 8 weeks, and may be dependent on the virus dose 
(Anderson and Shrestha,  2002 ; Li  et al .,  1994 ; Tsarev  et al .,  1994 ). 

 Rotavirus is a major pathogen causing infantile diarrhea. It is responsible 
for an estimated 800 000 deaths annually (Parashar  et al .,  1998 ), mostly in 
developing countries where rehydration therapy is not available. The incu-
bation period for rotavirus is variable, from 11 h to 6 days and symptoms 
include diarrhea, anorexia, dehydration, depression, and occasional vomiting 
(Bishop,  1994 ; Kapikian and Chanock,  1990 ; Saif   et al .,  1994 ). Virus shedding 
in feces was shown to last for up to 57 days (Richardson  et al ., 1998) and lon-
ger in children with immunodefi ciencies (Saulsbury  et al .,  1980 ). Rotaviruses 
are generally species-specifi c, but cross-species transmission is possible, and 

�� �� �� �� ��



 An introduction to food- and waterborne viral disease  5

Published by Woodhead Publishing Limited, 2013

low level input of rotavirus strains or sequences into the human population 
from the animal population may be common. Food- or waterborne zoonotic 
transmission is a possibility (Cook  et al .,  2004 ). 

 Among the many serotypes of adenovirus, types 40 and 41 are the typical 
enteric forms capable of eliciting food- and waterborne illness. Most enteric 
adenovirus cases are mild and transient except in immunocompromised indi-
viduals. Acute adenovirus gastroenteritis is characterized by watery diarrhea 
possibly containing mucus, fever, vomiting, abdominal pain and dehydration 
and may be accompanied by respiratory illness (Ruuskanen  et al .,  2002 ). 
Adenovirus strains with genetic similarity to human adenovirus have been 
found in non-human primates, raising the possibility of zoonotic transmis-
sion through the consumption of primate meat (Wevers  et al .,  2011 ). Other 
adenovirus serotypes are believed to be predominantly respiratory organisms. 
Adenovirus infection at an early age imparts long-term immunity against the 
particular serotype. 

 Astroviruses cause mild and usually self-limiting illness, often in children. 
Symptoms include vomiting and diarrhea, and occasional fever, abdominal 
pain, and anorexia. Astrovirus has an incubation period generally between 
24 and 96-h lasting for up to four days in most patients with fecal shedding 
for a week; however, immunocompromised and malnourished individuals 
are at greater risk of  more severe symptoms and death from dehydration, 
and can shed viruses in their stools for up to a month. No zoonotic trans-
mission of  astrovirus has been observed, although the level of  similarity 
between some human and animal strains suggests that it may be possible 
(Kapoor  et al .,  2009 ). 

 Two other viral agents responsible for foodborne illness are Aichi virus 
(a picornavirus) and tick-borne encephalitis virus (a fl avivirus). Aichi virus 
causes acute gastroenteritis in humans with symptoms including diarrhea, 
abdominal pain, vomiting, nausea, and fever (Yamashita  et al .,  1991 ,  2001 ). 
Viruses with similarity to Aichi virus can be found in some livestock spe-
cies (Reuter  et al .,  2011 ), but zoonotic transmission has not been recorded. 
Tick-borne encephalitis virus is most commonly transmitted directly via bites; 
however, the disease can also be transmitted indirectly via the gastrointesti-
nal route by consumption of unpasteurized milk products and infected dairy 
animals (Dumpis  et al .,  1999 ; Kriz  et al .,  2009 ).  

  1.2     Food and water as vehicles of virus transmission 

 Water represents an important vehicle for the transmission of enteric viruses. 
Rivers, lakes, streams, and coastal waters are regularly contaminated by sep-
tic tanks, storm water runoff, and effl uents from ineffi ciently operated sew-
age treatment plants or from overfl ows from treatment plants impacted by 
fl ooding events. Swimmers at bathing beaches also contribute to some level of 
viral contamination of the water. When contaminated waters are directly used 
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for drinking purposes, they represent a signifi cant hazard to the consumer. 
Likewise, when such waters are used for the irrigation of crops, the processing 
of foods, or the production of ice, virus transfer to foods and beverages, and 
ultimately to humans, can occur. Food may also become contaminated directly 
by the unsanitized hands of harvesters in the farm fi elds, truckers, processors, 
and those who prepare and serve foods in restaurants and at home. 

 Fecally polluted marine waters may also lead to the contamination of oys-
ters, clams, mussels, and cockles, which represent a signifi cant cause of illness 
to those who consume raw or undercooked shellfi sh. This is in large part due 
to the ability of bivalve mollusks to concentrate and retain viruses from the 
water column within their edible tissues as a normal part of their fi lter feeding 
abilities. Virus levels within the shellfi sh can increase at least 100-fold over the 
concentrations in the water. Berry fruits and leafy green vegetables are also 
common vehicles for virus transmission, particularly when they are consumed 
raw. Thorough washing of the surfaces of produce is a useful intervention to 
reduce virus levels, but some foods, such as raspberries, strawberries, and crin-
kly lettuce, are diffi cult to thoroughly wash. Foods that are extensively han-
dled are more likely to become contaminated. A case in point is doughnuts 
which are often handled while frostings are applied or fi llings are injected. 
Alternatively even foods that are cooked can become vehicles for transmis-
sion, if  they subsequently come into contact with contaminated foods or sur-
faces: for example, a hamburger may become contaminated by the bun (if  it 
was handled by a person with contaminated hands), or the lettuce, tomato, 
or onion toppings if  they were previously contaminated during production 
or preparation. Likewise, ill food workers may contaminate food processing 
equipment, contact surfaces, or foods directly by feces or vomit. Aerosols 
from vomiting can be transmitted long distances.  

  1.3     Outbreaks of food- and waterborne viral illness 

 Enteric viral illnesses often go unrecognized or unreported for several rea-
sons. In some cases, the symptoms are mild enough that no medical interven-
tion is required. In other instances, as in the case of norovirus gastroenteritis, 
severe diarrhea and projectile vomiting deters patients from traveling to the 
doctor’s offi ce until symptoms resolve, but by then, remission of symptoms 
is rapid and a doctor may no longer be needed. Some situations preclude a 
visit to the doctor because of a lack of health insurance, inability to pay, or 
the inaccessibility of a medical center. In cases where the sick do seek medical 
treatment, the cause of the illness may not be readily discerned and treat-
ment options are often based on their symptoms. In many locations, viral 
diseases are not reportable and there is little or no tracking of illnesses or 
outbreaks. Testing for specifi c etiological agents of viral illness is diffi cult, 
time-consuming, costly and seldom performed, except when larger outbreaks 
occur. In such cases, epidemiological traceback to food or water is possible. 
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Sporadic publications are the only way to document many of these outbreaks. 
Below are some such outbreaks reported for various food commodities. 

  1.3.1     Produce 
 A wide variety of fruits and vegetables have been associated with outbreaks 
of hepatitis A and norovirus illness. Such produce is generally consumed raw 
or after minimal processing, and any contaminating viruses can remain in an 
infectious state up to the point of consumption. Outbreaks of hepatitis A have 
been linked with tomatoes (Petrignani  et al .,  2010 ), green onions (Centers for 
Disease Control and Prevention,  2003 ; Dentinger  et al .,  2001 ; Wheeler  et al ., 
 2005 ), raspberries (Ramsay and Upton,  1989 ; Reid and Robinson,  1987 ), 
strawberries (Niu  et al .,  1992 ), blueberries (Calder  et al ., 2003), fruit juices 
(Frank  et al .,  2007 ), and other produce. Norovirus was responsible for major 
outbreaks from celery (Warner,  1992 ; Warner  et al .,  1991 ), fruits and berries 
including fresh and frozen raspberries (Cotterelle  et al .,  2005 ; Hjertqvist  et al ., 
 2006 ), lettuce (Alexander  et al .,  1986 ; Ethelberg  et al .,  2010 ), coleslaw and 
green leaf salad (Zomer  et al ., 2009); radishes (Yu  et al .,  2010 ), cantaloupe 
(Bowen  et al .,  2006 ), pumpkin salad (G ö tz  et al .,  2002 ), and tropical fruits 
and juices (Straun  et al .,  2011 ; Visser  et al .,  2010 ). Other viruses, for example 
rotavirus, undoubtedly contribute to produce-associated illness, but are not 
fully recognized because the product is not routinely tested or because cases 
of illness occur sporadically rather than in large outbreaks. Contamination 
of fruits and vegetables may occur through fertilization of crops with sewage 
sludge, irrigation with wastewater, harvesting and handling with unsanitized 
hands, rinsing with contaminated water, and cross-contamination during 
preparation (Richards,  2001 ).  

  1.3.2     Shellfi sh 
 Molluscan shellfi sh can become readily contaminated with enteric viruses 
and have been associated with some of the largest outbreaks on record. 
Contaminated clams were reportedly responsible for 293 000 cases of hepati-
tis A in China (Halliday  et al .,  1991 ). Other outbreaks of shellfi sh-associated 
hepatitis A have been noted worldwide (Conaty  et al .,  2000 ; Guillois-B é cel 
 et al .,  2009 ; Pint ó   et al .,  2009 ; Richards,  1985 ) and are currently problem-
atic in some regions of the world. Norovirus remains a common cause of 
shellfi sh-associated illness and is credited with widespread outbreaks (Berg 
 et al .,  2000 ; Simmons  et al .,  2001 ; Webby  et al .,  2007 ; Westrell  et al .,  2010 ). In 
1983, the United States had multiple shellfi sh-associated norovirus outbreaks 
affecting over 2000 shellfi sh consumers in New York and New Jersey, most of 
which occurred over a 3-month period (Richards,  1985 ). Shellfi sh-associated 
norovirus outbreaks continue to occur around the world. Sapovirus has also 
been responsible for oyster-related outbreaks (Nakagawa-Okamoto  et al ., 
 2009 ). Hepatitis E virus-contaminated shellfi sh have been associated with 
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several outbreaks (Cacopardo  et al .,  1997 ; Said  et al .,  2009 ; Tomar,  1998 ), 
perhaps because of the ability of shellfi sh to concentrate viruses within their 
edible tissues. Adenoviruses are commonly detected in shellfi sh, but have not 
led to recognized outbreaks, probably because only some of the serotypes 
of adenovirus are capable of eliciting gastrointestinal illness, and children, 
who are most susceptible, are not frequent consumers of raw shellfi sh (Lees, 
 2000 ). Astrovirus, Aichi virus, and rotavirus have also led to outbreaks of 
shellfi sh-borne illness (Ambert-Balay  et al .,  2008 ; Le Guyader  et al .,  2008 ; 
Yamashita  et al .,  2000 ). Although thorough cooking inactivates enteric 
viruses, the incidence of shellfi sh-borne viral illness is high, in large part 
because many consumers prefer their shellfi sh raw or only lightly cooked.  

  1.3.3     Bakery products 
 Large outbreaks of norovirus have been associated with bakery products. An 
outbreak affecting 2700 guests at 46 weddings was attributed to the contami-
nation of wedding cakes handled by two ill workers at one bakery (Friedman 
 et al .,  2005 ). In a similar event, an estimated 3000 individuals developed 
norovirus after eating frosted cake prepared by an ill worker (Kuritsky  et al ., 
 1984 ). Rolls prepared by an ill baker led to 231 illnesses at a lunch buffet 
(de Wit  et al .,  2007 ). Outbreaks of hepatitis A have also been attributed to 
bakery products when frostings and glazes were contaminated by ill workers 
(Schoenbaum  et al .,  1976 ; Weltman  et al .,  1996 ). Filled doughnuts and other 
pastries were associated with outbreaks where two employees were diagnosed 
with hepatitis A (Schenkel  et al .,  2006 ). Although pastries may be cooked 
and cooking inactivates enteric viruses, contamination after cooking poses a 
threat of enteric virus illness.  

  1.3.4     Meats and dairy products 
 Chicken, pork, and beef products have been associated with norovirus ill-
ness, usually as a result of contamination after cooking (Vivancos  et al .,  2009 ; 
Zomer  et al .,  2010 ). Delicatessen meats were linked to an outbreak of norovi-
rus (Malek  et al .,  2009 ) and hepatitis A (Gustafson  et al .,  1983 ; Schmid  et al ., 
 2009 ). Cheese was also related to a norovirus outbreak (Vivancos  et al .,  2009 ) 
and to hepatitis A (Gustafson  et al .,  1983 ). Transmission has been associated 
with product handling by an ill worker. Hepatitis A has been associated with 
milk consumption (Murphy  et al .,  1946 ; Raska  et al .,  1966 ). Milk and cheeses 
are also vectors for tick-borne encephalitis, often from sheep and goat milk 
from Europe and Asia where tick-borne encephalitis is endemic (Bogovic 
 et al .,  2010 ; Gresikova  et al .,  1975 ; Holzmann  et al .,  2009 ; Kerbo  et al. ,  2005 ). 
Although the transmission of rotavirus illness was linked to tuna and chicken 
salad (Centers for Disease Control and Prevention,  2000 ), relatively few cases 
of foodborne rotavirus diarrhea have been reported.  
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  1.3.5     Water 
 Contaminated drinking water is likely responsible for the majority of  cases 
of  enteric virus illness. One report indicates that an estimated 60% of the 
norovirus illnesses in the United States are from contaminated water (Mead 
 et al .,  1999 ). Noroviruses have been listed as the primary cause of  water-
borne illness worldwide (Leclerc  et al .,  2002 ). Waterborne rotavirus infec-
tions are responsible for signifi cant morbidity and mortality, particularly in 
children (Divizia  et al .  2004 ; Glass  et al .,  2001 ; Villena  et al .,  2003 ). Both 
rotavirus and caliciviruses were detected in 40% of the sick individuals dur-
ing a waterborne outbreak involving sewage-contaminated drinking water 
(R ä s ä nen  et al .,  2010 ). Occasional waterborne outbreaks of  hepatitis E have 
been documented (Corwin  et al .,  1996 ; Naik  et al .,  1992 ; Rab  et al .,  1997 ). 
Astrovirus has been associated with outbreaks of  gastroenteritis from con-
taminated drinking water (Gofti-Laroche  et al .,  2003 ; Kukkula  et al .,  1997 ); 
however, in 89 outbreaks of  waterborne illness affecting 4321 people in 
England and Wales, astrovirus was associated with only 1% of the outbreaks 
(Smith  et al .,  2006 ). The transmission of  most enteric viruses via water and 
foods is not fully recognized due to poor detection efforts and inadequate 
reporting practices. 

 In addition to the foodborne route of transmission, viral disease can also 
be acquired through environmental exposure. Viruses such as norovirus and 
adenovirus may be highly prevalent in sewage-polluted recreational waters 
(Wyn-Jones  et al .,  2011 ), and enteric viruses have frequently been implicated 
in disease outbreaks or cases linked to swimming, canoeing, etc. (Sinclair 
 et al .,  2009 ).   

  1.4     Virus detection 

 Virus screening of various food products and water is seldom performed 
because of the cost and diffi culty in conducting the assays. Detection of food-
borne viruses is challenging and requires the use of complex methods. These 
methods are composed of sample treatment and assay stages. Sample treat-
ment is a multi-step process aimed at removing viruses from a food sample and 
concentrating them for delivery to the assay, principally nucleic acid ampli-
fi cation by PCR. Methods are improving and some protocols are available 
for extracting, concentrating, and analyzing viruses from shellfi sh, meat, and 
some ready-to-eat foods (Richards  et al ., in press). Currently, a group (CEN 
TC 275/WG6/TAG4) set up by the Committee for European Standardization 
is developing methods to detect norovirus and hepatitis A virus in salad 
vegetables, shellfi sh, and soft fruit (Lees and CEN WG6 TAG4,  2010 ). 
Publication of these international standards is scheduled for 2013. Methods 
are also becoming available to test for viruses in the rinse from fruits and veg-
etables (Richards  et al ., in press). Extracts and rinses often contain substances 
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inhibitory to the molecular methods used to identify the presence of viruses, 
namely real-time reverse transcription polymerase chain reaction (RT-PCR); 
therefore, numerous controls must be included to ensure the effectiveness of 
the extraction process and the validity of the assay (D’Agostino  et al .,  2011 ). 
Such methods are most often employed in response to a suspected food- or 
waterborne outbreak to facilitate an epidemiological investigation of the inci-
dent. Virus extraction and analysis is generally labor-intensive, requires the 
use of expensive equipment and reagents, and demands a qualifi ed technician 
to perform such procedures; therefore, viral assays are not performed rou-
tinely on any food product. 

 A potential breakthrough was recently published showing that many 
enteric viruses may become sequestered within the shellfi sh hemocytes and 
that extracting and testing the hemocytes for viruses may offer a simpler 
approach for virus detection from live shellfi sh (Provost  et al .,  2011 ). The 
use of  hemocytes alone may simplify the separation and concentration of 
viruses from shellfi sh, since hemocytes may be a source of  already con-
centrated viruses. If  the hemocytes contain the majority of  viruses, then 
testing just the digestive tissues would likely miss the majority of  the viral 
contaminants. 

 The evaluation of infectivity of viruses is problematic, particularly using 
molecular diagnostic techniques (Richards,  1999 ). The salient issue there-
fore is whether viruses detected by molecular assay are actually infectious 
(Cliver,  2009 ). A recent study has demonstrated a potential breakthrough in 
that human noroviruses that are likely to be infectious bind to porcine mucin, 
whereas noroviruses that have been inactivated by heat, UV irradiation, and 
high pressure processing appear not to bind to mucin (Dancho  et al .,  2012 ). 
Thus, binding of NoV to mucin followed by RT-PCR testing may lead the 
way to better identifying and quantifying infectious NoV.  

  1.5     Control of virus contamination of food and water 

 Both physical (e.g., disinfection) and procedural (e.g., compliance with 
guidelines and regulations) measures can assist in reducing the potential for 
transmission of  viruses via food and water. Currently, most treatment of 
drinking water or water for use in food production is performed by chlori-
nation, and the effectiveness of  this treatment is borne out by the evidence 
that outbreaks of  disease due to contaminated drinking water generally 
only occur when the water treatment or distribution system has failed, for 
example, a breach in a water pipe allowing the ingress of  sewage. In most 
countries, the effectiveness of  potable water treatment is generally evalu-
ated by determining the presence of  coliform bacteria in compliance with 
national regulations. This is also the case for recreational waters or waters 
used in shellfi sh production. Since the presence of  coliform bacteria has not 
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been proven to consistently or reliably correlate with the presence of  enteric 
viruses, the consideration of  adoption of  virus standards has been recom-
mended (Wyn-Jones  et al .,  2011 ). 

 As discussed above, the foodstuffs most at risk of being vehicles for the 
transmission of viral disease are those which are eaten raw or after only min-
imal processing. Consequently, they are seldom if  ever subject to thorough 
disinfection. The effect of processes which are currently used in the food 
industry may not be suffi cient to eliminate all infectious viruses which may 
contaminate the treated foodstuff  (Koopmans and Duizer,  2004 ). The most 
reliable control of foodborne viral contamination will therefore be to pre-
vent the contamination from occurring in the fi rst place, and this should be 
achieved by effective guidelines made available to the food industry. Over the 
past decade, the role of viruses as the most prevalent agents of foodborne dis-
ease has become widely recognized, and consequently, there are current inter-
national efforts aimed at tackling the problem of contamination of foods by 
pathogenic viruses by provision of formal guidance. For instance, the Codex 
Alimentarius Commission Committee on Food Hygiene has developed guide-
lines on the control of viruses in food (Codex Alimentarius Commission, 
 2011 ). The European Framework 7 research project ‘Integrated monitoring 
and control of foodborne viruses in European food supply chains’ has pro-
duced basic guidance sheets on prevention of virus contamination of berry 
fruits, leafy greens, and pork products (available at  http://www.eurovital.org/
GuidanceSheets1.htm ). These are intended to complement the Codex guide-
lines and be used in concordance with them. 

 In conclusion, enteric viruses transmitted by food and water pose sig-
nifi cant challenges to public health globally. These challenges will be met 
by ongoing research into the mechanisms and conditions underlying how 
viruses contaminate food and environmental matrices, which should ulti-
mately allow the determination of  means to break the route of  transmission 
from source to target. Research on enteric virus inactivation processes will 
also lead to the development of  enhanced processing strategies to reduce 
viral contaminants in the food industry. In the subsequent sections and 
chapters of  this book, extensive details will be provided on key aspects of 
virus contamination of  food and waters, such as the prevalence, persistence, 
detection, and control of  these pathogens, and issues which may become 
signifi cant in the future will be discussed. This information will provide a 
comprehensive and current overview of  the challenges of  food- and water-
borne viruses.  
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   Prevalence of viruses in food and 
the environment   
    T.   Petrovi    ć, Scientifi c Veterinary Institute ‘Novi Sad’, Serbia    

   DOI:  10.1533/9780857098870.1.19 

  Abstract : The chapter presents the results of surveys on the presence of viruses 
in different kinds of food commodities (fresh fruit and vegetables, pork meat and 
shellfi sh) and water environments (drinking water, sewage, surface and groundwater, 
and recreational waters). Where known, connections to outbreaks of viruses in 
the population are also discussed. Finally, the chapter looks at the principal gaps 
in current knowledge and major future expectations regarding detection and 
surveillance. 

  Key words : virus prevalence in foods, virus prevalence in water environments, 
food- and waterborne virus outbreaks, food- and waterborne zoonotic viruses. 

    2.1     Introduction 

 Enteric viruses may be naturally present in aquatic environments, but are 
more commonly introduced as a result of human activities through routes 
such as leakage from sewers and septic systems, urban runoff, agricultural 
runoff and runoff of animal manure used in agriculture. In sea water, sewage 
outfall and vessel wastewater discharge are also contributory factors (Fong 
and Lipp,  2005 ; Bosch  et al .,  2006 ; Wyn-Jones  et al .,  2011 ). However, more 
direct faecal contamination of the environment by humans and animals also 
occurs, for example by bathers or due to defecation by both farm and wild 
animals onto soil or surface waters (Rodr ı guez-Lazaro  et al .,  2011 ). Over 
100 types of pathogenic viruses are excreted in human and animal wastes 
(Melnick,  1984 ), and can be transferred to the environment via a number of 
routes including groundwater, rivers, recreational waters, and irrigated veg-
etables and fruit, with subsequent risks of their reintroduction into human 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

20 Viruses in food and water

and animal populations (Rodr ı guez-Lazaro  et al .,  2011 ). Virus concentra-
tions of 5000–100 000 pfu/L are commonly reported in raw sewage (Rao and 
Melnick,  1986 ) but may be greatly reduced during treatment. However, cur-
rent treatment practices are unable to provide virus-free wastewater effl uents 
(Vantarakis and Papapetropoulou,  1999 ; Bosch  et al .,  2006 ) with an aver-
age of 50–100 pfu/L normally found in treated effl uent (Rao and Melnick, 
 1986 ; Bosch  et al .,  2006 ). Human exposure to even low levels of these patho-
genic viruses in the environment can cause infection and diseases, particularly 
with viruses such as norovirus (NoV) where fewer than 10 virus particles are 
required to cause infection (Teunis  et al .,  2008 ). 

 Human enteric viruses can contaminate fresh fruit and vegetables at differ-
ent stages of the food production chain. During pre-harvest and harvesting, 
the main source of contamination is contact with polluted water and inade-
quately treated or untreated sewage sludge used for irrigation and fertilization; 
handling by virus-infected individuals is a further potential source of contam-
ination at this stage. Contamination can also occur during post-harvest han-
dling, storage, processing, distribution and shipping and at the point of sale, 
as a result of contact with infected people or a contaminated environment. 
Finally, produce may also be contaminated in the consumer’s own home. 

 The proportion of all foodborne outbreaks associated with raw produce 
has increased over the last two decades. Multiple factors have contributed to 
these overall increases, including an improvement in detection. However, it is 
also possible that the reported increase in the number of illnesses associated 
with consumption of fresh produce refl ects a true increase in contamination 
(Berger  et al .,  2010 ). Advances in agronomic, processing, preservation, pack-
aging, shipping and marketing technologies on a global scale have enabled the 
fresh fruit and vegetable industry to supply consumers with a wide range of 
high-quality produce year round, but with these advances have come new areas 
of risk. Changes in processing mean that more cutting and coring may be per-
formed in the fi eld at the time of harvest; moreover, as agriculture becomes 
more intensive, produce fi elds may be close to animal production zones, and 
the ecological connections between wild animals, farm animals and produce 
may be closer (Lynch  et al .,  2009 ). The use of manure rather than chemical 
fertilizer, as well as the use of untreated sewage or irrigation water containing 
viruses, undoubtedly contributes to this increased risk. Another factor with 
a direct impact is the increase in (largely exotic) fruit and vegetable imports 
from abroad in order to meet consumers’ expectations of a choice of prod-
ucts year round. Since the hygiene standards of the exporting countries can 
be subject to wide variation both at harvest and during storage, as well as in 
irrigation water, the potential for contamination of produce may be increased 
and consumers may be exposed to higher numbers and different strains of 
pathogens (Heaton and Jones,  2008 ).  
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  2.2     The prevalence of virus contamination in food 
and water 

   2.2.1     Prevalence of viruses in food: survey results 
 The European Food Safety Authority (EFSA) BIOHAZ panel has identifi ed 
three viruses of signifi cance for foodborne transmission: norovirus (NoV), 
hepatitis A virus (HAV), and hepatitis E virus (HEV) (EFSA,  2011 ). However, 
estimating the prevalence of these and other viruses in different types of food 
items is not currently possible, principally due to a lack of data. No system-
atic surveillance has to date been carried out on national or international 
levels: the existing data were collected only partly from research project-based 
studies and mainly from studies carried out after specifi c outbreaks. 

    Viruses in fresh fruit and vegetables 
 In the online database of the European Rapid Alert System for Food and 
Feed (RASFF) ( http://ec.europa.eu/food/food/rapidalert/rasff_portal_data-
base_en.htm ) a total of 24 cases are listed (up to 23 March 2012) in which 
enteric viruses were present in fruit and vegetables. The main virus detected 
was NoV (22/24; 91.67%), occurring principally in fruit (20/22), most often 
frozen raspberries (18/20) and in only two cases in lettuce (from Germany 
and France). The two instances of HAV-positive fruit and vegetables from 
2010 and 2011 originated in dates from Algeria. The NoV-positive raspberries 
originated from Serbia (11/20), Poland (6/20), China (2/20) and Chile (1/20). 
The fi rst report on the presence of NoV in fruit and vegetables was listed in 
the database on 3 June 2005, and related to NoV in raspberries from Poland. 
In the following 5 years (i.e. up to 2010) only eight cases of NoV-positive 
fruit and vegetables were reported, but in the period between January 2010 
and March 2012 a total of 12 cases were listed. This increase in the number 
of reported cases of NoV-positive fruit and vegetables is likely to be due to 
improvements in diagnostic methods and the application of these methods 
in many more laboratories and countries, as well as to the now widespread 
knowledge of the possibility of virus infection through this type of food. 

 NoV outbreaks have been linked to fresh soft red fruits and leafy greens. 
In 76 foodborne NoV outbreaks from 1998 to 2000 in the USA, the main 
foods implicated in NoV transmission were salads (26%), raw produce/fruit 
(17%) and sandwiches (13%). The other implicated foods were meat, fi sh, oys-
ters, bakery products and others (Widdowson  et al .,  2005 ). Between 1992 and 
2000, 1518 outbreaks of foodborne infectious intestinal disease were reported 
in England and Wales. Of those, 83 (5.5%) were associated with the consump-
tion of salad vegetables or fruit. The pathogens most frequently reported were 
salmonellas (41.0%) and NoV (15.7%). In total 3438 people were affected; 69 
were admitted to hospital and one person died. Most outbreaks were linked 
to commercial catering premises (67.5%) (Long  et al .,  2002 ). 
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 In South Korea, Cheong  et al . ( 2009 ) examined 29 groundwater and 30 
vegetable samples and found that fi ve (17%) groundwater and three (10%) 
vegetable samples tested positive for enteric viruses. Adenoviruses (AdVs) 
were the most frequently detected viruses in four groundwater and three vege-
table samples, while enteroviruses (EVs) and NoVs were detected in only one 
groundwater sample and one vegetable sample (spinach), respectively. Human 
rotavirus (HRoV) was not detected. A survey of salad vegetables conducted 
in Slovakia in Spring 2008 found that 5 out of 60 samples were contaminated 
with NoV; these samples were of lettuce, leeks, spring onions and mixed veg-
etables, and all were collected in large retail stores (EFSA,  2011 ). 

 Recently, Sarvikivi  et al . ( 2012 ) reviewed the data regarding all notifi ed food-
borne outbreaks in 2009 in Finland and found that 13 NoV outbreaks affecting 
about 900 people could be linked to imported frozen raspberries. Two raspberry 
samples from two different batches of raspberries were found to be NoV-positive. 
These two batches were shown to have been the likely source of 6 of the 13 out-
breaks. Analytical studies were not conducted for all outbreaks, and virological 
test results were inconclusive in two. During April and May 2009, Stals  et al.  
( 2011 ) examined 75 fruit products in Belgium, and despite the good bacteriolog-
ical quality of the samples, found NoV genotype 1 (GI) and/or genotype 2 (GII) 
in 4 of 10 raspberry, 7 of 30 cherry tomato, 6 of 20 strawberry and 1 of 15 fruit 
salad samples. The level of detected NoV genomic copies ranged between 2.5 
and 5.0 log per 10 g. No associated illness or virus outbreaks were reported. 

 According to Baert  et al . ( 2011 ), Belgium, Canada and France were the 
fi rst countries to provide data concerning the prevalence of NoV in fresh fruit 
and vegetables. In total, 867 samples of leafy greens, 180 samples of fresh soft 
red fruits and 57 samples of other types of fresh produce (tomatoes, cucum-
ber and fruit salads) were analyzed in those three countries. NoV was detected 
by real-time reverse transcription polymerase chain reaction (RT-PCR) in 
28.2% ( n  = 641), 33.3% ( n  = 6) and 50% ( n  = 6) of leafy greens tested in 
Canada, Belgium and France, respectively. Soft red fruits were found to be 
NoV-positive by real-time RT-PCR in 34.5% ( n  = 29) of the samples tested 
in Belgium and in 6.7% ( n  = 150) of the samples tested in France. Moreover, 
55.5% ( n  = 18) of the other fresh produce types analyzed in Belgium were 
found to be NoV-positive. Sequencing was carried out to confi rm the positive 
results, but was successful in only 34.6% (18/52) of the positive PCR prod-
ucts. With the increase in sensitivity of the detection methodology, and the 
absence of outbreaks linked to consumption of the identifi ed virus-positive 
foods, there is increasing concern regarding the interpretation of positive 
NoV results using real-time amplifi cation. 

 A total of 56 people were affected by NoV gastroenteritis after attending a 
one-day meeting in a hotel in Oslo, Norway, at the end of January 2011. The 
results of the epidemiological investigation suggested that food items served 
during the meeting may have been the vehicle of infection (Guzman-Herrador 
 et al .,  2011 ). Boxman  et al . ( 2011 ) conducted a year-long study of the preva-
lence of NoV in catering companies with no recently reported outbreaks of 
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gastroenteritis, and compared the results to the observed prevalence in cater-
ing companies with recently reported outbreaks. Swab samples were collected 
from surfaces in kitchens and staff  bathrooms for in 832 randomly chosen 
companies, and were analyzed for the presence of NoV RNA. In total, 42 out 
of 2496 (1.7%) environmental swabs from 35 (4.2%) of the catering compa-
nies with no recently reported outbreaks tested positive. In contrast, NoV was 
detected in 147 of the 370 samples (39.7%) from 44 of the 72 establishments 
(61.1%) associated with outbreaks of gastroenteritis. NoV-positive swabs have 
been more frequently found in winter, in specifi c types of establishments such 
as care homes and lunchrooms, and in establishments with separate bath-
rooms for staff. Holtby  et al . ( 2001 ) described a NoV outbreak that affected 
49 people who had eaten in the same restaurant. The subsequent investigation 
concluded that eating salad was strongly associated with infection. The food 
handler dealing with salad in the food preparation area, who had returned to 
work after being absent with symptoms of gastrointestinal illness, was found 
to be the source of salad contamination by NoV. 

 The need for a better surveillance system – not only for fruit and vegetables 
but for all food products – has been recognized by the Foodborne Viruses in 
Europe (FBVE) network, which has conducted virus-specifi c surveillance of 
gastroenteritis outbreaks since 1999 (Koopmans  et al .,  2003 ). In the FBVE 
network database a total of 1639 NoV outbreaks occurring during a fi ve-year 
period from January 2002 to December 2006 were reported by the countries 
involved in the network (Verhoef  et al .,  2009 ). The fi nal dataset comprised 
77% (1254/1639) of outbreaks, as the remaining 23% were excluded due to 
a lack of laboratory confi rmation of NoV. A suffi cient level of evidence for 
food-relatedness was confi rmed for 24 of 224 outbreaks (11%) and was found 
to be probable for 200 (89%) more outbreaks. Thirty food categories were 
associated with outbreaks, including shellfi sh, fruit, fancy cakes, buffets, sand-
wiches, and salads. In one foodborne outbreak, poor personal hygiene was 
mentioned as a contributory factor; an infected food handler was reported in 16 
outbreaks, with one cook being involved in two outbreaks; and hygiene rather 
than preparation or consumption of food was mentioned in two outbreaks. 
Foodborne outbreaks have occurred more often in households or restaurants 
and less often in healthcare settings, with genogroup (G) II genotype 4 (GII.4) 
strains being involved relatively more frequently (Verhoef  et al .,  2009 ). 

 Rotavirus (RoV) causes an estimated 2.7–3.9 million illnesses, 49 000–50 000 
hospitalizations, and about 30 deaths per year in the United States (Mead 
 et al .,  1999 ), and an estimated 800 000 deaths per year worldwide (Parashar 
 et al .,  1998 ). However, it has been estimated that only 1% of RoV cases are 
foodborne (Mead  et al .,  1999 ). Market lettuce was found to be contaminated 
with RoV and HAV at a time when there was a high incidence of rotaviral 
diarrhea in Costa Rica (Hernandez  et al .,  1997 ). During 2009, Mattison  et al . 
( 2010 ) tested 328 samples of packaged leafy greens (representing 12–14 differ-
ent lots from 3 to 6 companies per week) for NoV or RoV RNA in Canada. 
Of 275 samples, 148 (54%) were found to be NoV-positive, and 1 (0.4%) was 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

24 Viruses in food and water

found to be positive for RoV group A. During the confi rmatory RT-PCR 
test, just 40 samples (15% of the total) ware confi rmed NoV-positive. The 
one RoV-positive sample was confi rmed by sequencing. Brassard  et al . ( 2012 ) 
described the presence of pathogenic human and zoonotic viruses on irri-
gated, fi eld-grown strawberries. NoV genogroup I, RoV and swine hepatitis E 
virus genogroup 3 were detected in the strawberries, and irrigation water was 
suspected to be the origin of contamination.  

    Viruses in pork products 
 Frequent zoonotic transmission of hepatitis E virus (HEV) has been sus-
pected, particularly involving pork products, but there is still a relative lack 
of data in support of an animal origin of autochthonous cases. Norder  et al . 
( 2009 ) sequenced within ORF2 63 HEV strains originating from human 
blood sera collected between 1993 and 2007, and found that genotype 3 
strains were responsible for infecting patients in Europe. In order to identify 
the connection between human and swine HEV, Norder  et al . ( 2009 ) addi-
tionally sequenced the HEV strains from 18 piglets in 17 herds in Sweden and 
Denmark. Phylogenetic analyses of the genotype 3 strains showed geographi-
cal clades and high similarity between strains from patients and pigs from 
the same area, so the authors concluded that autochthonous HEV cases of 
animal origin are present in Scandinavia. 

 Bouquet  et al . ( 2011 ) also assessed the genetic identity of HEV strains 
found in humans and swine during an 18-month period in France. HEV 
sequences identifi ed in patients with autochthonous HEV infection ( n  = 
106) were compared with sequences amplifi ed from swine livers collected in 
slaughterhouses ( n  = 43). Phylogenetic analysis showed the same proportions 
of subtypes 3f (73.8%), 3c (13.4%) and 3e (4.7%) in human and swine popula-
tions. Furthermore, a similarity of >99% was found between HEV sequences 
of human origin and those of swine origin. These results indicate that the 
consumption of some pork products, such as raw liver, is a major source of 
exposure to autochthonous HEV infection (Bouquet  et al .,  2011 ). HEV is 
found not only in domestic pigs, but also frequently in wild boars. The preva-
lence of HEV RNA in the livers of hunted wild boars ranges from 3% to 25% 
in several studies carried out in Europe and Japan (Pavio  et al .,  2010 ). 

 Numerous survey studies have estimated the prevalence of HEV RNA in 
marketed livers. HEV RNA was detected in 1.9% of 363 livers from supermar-
kets in Japan (Yazaki  et al .,  2003 ), and in 6% of 62 samples of packaged liver 
in the Netherlands (Bouwknegt  et al .,  2007 ). In the United Kingdom, how-
ever, Banks  et al . ( 2007 ) reported that all 80 packs of liver from supermarkets 
were free from HEV. Feagins  et al . ( 2007 ) examined a total of 127 packages 
of commercial pig liver sold in local grocery stores in the United States for 
the presence of HEV RNA, and found that 14 (11%) tested positive for HEV 
RNA. Sequencing and phylogenetic analyses revealed that the 14 isolates all 
belonged to genotype 3. Subsequent experimental infection of pigs inoculated 
with positive pig liver homogenates demonstrated that HEV in pig livers was 
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infective. Leblanc  et al. , ( 2010 ) examined the presence of HEV in the tissues 
of 43 adult pigs, randomly selected from an experimental herd at slaughter in 
Canada. HEV RNA was detected in 14 of the 43 animals tested. Although 
no HEV RNA was detected in any of the muscle samples tested, 20.9% of the 
liver samples obtained at the slaughterhouse did test positive for HEV RNA, 
with viral loads of 103–107 copies/g in positive liver and bile samples. 

 Di Bartolo  et al . ( 2012 ) evaluated the prevalence of HEV in the pork pro-
duction chain in the Czech Republic, Italy, and Spain during 2010. Samples 
of faeces, liver and meat were taken, and HEV RNA was detected in at least 
one of the samples in 36 of the 113 pigs (32%) examined in slaughterhouses. 
HEV RNA was detected more frequently in slaughterhouse samples in Italy 
(18/34 – 53%) and Spain (15/39 – 38%) than in the Czech Republic, where 
the prevalence of HEV RNA in slaughterhouses was lower (3/40 – 8%). Pig 
faeces showed the highest HEV RNA presence (27%), followed by liver (4%) 
and meat (3%). Out of 313 sausages sampled at processing stage and at point 
of sale in supermarkets, HEV was detected only in Spain (6% – 6/93). HEV 
sequencing confi rmed only genotype 3 HEV strains. 

 In the UK, Berto  et al . ( 2012 ) detected HEV in 6 out of 63 (10%) sausages 
and in 1 of 40 (2.5%) livers. All 40 examined pig muscle samples were negative 
for HEV. The same authors also identifi ed the presence of HEV at all three 
stages in the pork food supply chain: production, processing and point of 
sale. 1 out of 4 swabs (25%) of workers’ hands at the slaughterhouse, a surface 
swab from a metal point used to hook the carcasses at the processing unit, and 
2 of 8 (25%) surface swabs (from the knife and slicer) at point of sale were 
HEV-positive. The available data suggests therefore that the consumption of 
raw or undercooked sausage is a potential route of HEV transmission. 

 Li  et al . ( 2009 ) tested liver samples in a Chinese abbatoir, and found that 
3.5% of the samples tested were positive for HEV RNA. During 2009, the 
Centre for Food Safety in Hong Kong obtained a total of 100 fresh pig liver 
samples from pigs slaughtered at a local slaughterhouse. Around half  of these 
were collected from roaster pigs (around 4 months old) and the other half  
were collected from porker pigs (around 6 months old). Of the collected sam-
ples, 16 out of 51 (31%) roaster liver samples but none of the 49 porker liver 
samples tested positive for HEV. The positive rates were 22% (6/27) and 42% 
(10/24) for roaster pigs sourced from farms in two different regions in main-
land China. Partial ORF2 sequences of some HEV isolates from roaster pigs 
were found to be the same as those from seven local human cases from 2009 
and from other local cases recorded in the past. This study suggests that, in 
addition to contaminated water or food such as raw or undercooked shellfi sh, 
pigs and the consumption of pork products could be a source of human HEV 
in endemic regions (Anon,  2010 ).  

    Viruses in shellfi sh and other bivalve molluscs 
 In commercially distributed shellfi sh the reported prevalence of NoV varies 
from 0% to 79%, while that of HAV ranges from 0% to 43%. A similar situation 
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was observed in non-commercial shellfi sh: NoVs were detected with a prev-
alence of 0–60% and HAV was detected with a prevalence of 0–49% (EFSA, 
 2011 ). In recent studies NoV has been detected in 5–55% of oyster samples 
collected by random sampling from markets and oyster farms in Europe and 
the USA (Boxman  et al .,  2006 ; Costantini  et al .,  2006 ; Gentry  et al .,  2009 ). 
RNA of enteric viruses has also been detected in shellfi sh from commercial 
and non-commercial harvesting areas, as well as in products available on the 
market for direct consumption and in shellfi sh associated with disease out-
breaks (Boxman,  2010 ). Boxman ( 2010 ) published a detailed review of the 
presence of enteric viruses in humans and their prevalence in bivalve molluscs 
collected from European waters or markets. The data regarding the presence 
of enteric viruses in shellfi sh in this review were classifi ed according to the 
geographic location (countries of origin or/and countries in which the study 
was carried out). The review included studies and reports on the presence of 
human enteric viruses in shellfi sh from 1990 until 2006, summarising data 
from 26 peer-reviewed articles covering 4260 shellfi sh samples from European 
waters or markets. The data suggest a high prevalence of different human 
enteric viruses, principally NoV, HAV, EV, human adenovirus (HAdV), and 
HRoV. The viruses were present in shellfi sh from polluted areas, in depurated 
shellfi sh and even in shellfi sh classifi ed as class A, as well as those for human 
consumption. 

 In a recent UK study, NoV was detected in 76.2% of oyster samples 
(643/844), with a similar prevalence in the two different species of oysters tested: 
76.1% (468/615) for  Crassostrea gigas  and 76.4% (175/229) for  Ostrea edulis . 
A clear seasonality was observed, with a positivity rate of 90.0% (379/421) 
for samples taken between October and March compared to 62.4% (264/423) 
for samples taken between April and September (Anon,  2011a ). The majority 
(52.1% – 335/643) of samples were shown to be below the limit of quantifi ca-
tion of 100 detectable genome copies/g digestive tissues for both genogroups. 
However, a few samples (1.4% of all positives – 9/463) contained levels of over 
10 000 copies/g. In all 39 examined sites at least one NoV-positive result was 
found, although the prevalence varied from 21% (5/24 samples) to 100% (20/20 
samples). NoV levels varied markedly between sites with some sites scoring 
consistently over 1000 copies/g during the winter while others rarely or never 
exceeded 100 copies/g. More positive results were found for NoV GII than for 
NoV GI (Anon,  2011a ). Diez-Valcarce  et al . ( 2012 ) examined the prevalence 
of different enteric viruses in commercial mussels at the retail level in Finland, 
Greece and Spain. A total of 153 mussel samples of different origins were 
analyzed for the presence of NoV genogroups I and II, HAV and HEV, as well 
as for HAdV as an indicator of human faecal contamination. HAdV was the 
most prevalent virus detected (36%), followed by NoV genogroup II (16%), 
HEV (3%) and NoV genogroup I (0.7%). HAV was not detected. The esti-
mated number of PCR-detectable units varied between 24 and 1.4  ×  10 3  g −1  of 
the digestive tract of the mussel. No signifi cant correlation was found between 
the presence of HAdV and human NoV, HAV, and HEV. 
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 In New Zealand, the prevalence of enteric viruses (HAdV, NoV and EV) 
and bacteriophages in shellfi sh was studied over a two-year period from 2004 
to 2006. (Greening and Lewis,  2007 ). Oysters, pipi ( Paphies australis ), cock-
les and mussels were collected from 28 sites around New Zealand, including 
harvesting sites and several sites downstream of a sewage outfall. Of the 360 
pooled shellfi sh samples analyzed, 174 (48.3%) tested positive for one or more 
human enteric viruses. All samples from main sites tested positive for at least 
one virus during the study, and those collected close to a sewage outfall were 
100% positive for viruses over the whole study period. 

 Mesquita  et al . ( 2011 ) tested different shellfi sh collected in Portugal 
between March 2008 and February 2009 for the presence of NoV, HAV and 
EV. NoV was detected in 37% of the shellfi sh batches, EV in 35%, and HAV 
in 33%. Overall, 69% of all the batches analyzed were found to be contami-
nated by at least one of the viruses under investigation, while simultaneous 
contamination with two viruses was also found: 6% of batches had NoV/
HAV contamination; 8% had NoV/EV contamination; and a further 8% had 
EV/HAV contamination. 

 Umesha  et al . ( 2008 ) examined the prevalence of human enteric viruses 
in bivalve molluscan shellfi sh and shrimp collected off  the south-west coast 
of India. Out of 194 samples analyzed, 37% of oyster samples, 46% of clam 
samples and 15% of shrimp samples tested positive for EV. Adenoviruses 
were found in 17% of oyster and 27% of clam samples. Seasonality was again 
a factor: a particularly high prevalence of EV and HAdV was observed in the 
period from May to December. In Korea, a total of 156 raw oyster samples 
were collected from 23 supermarkets and open-air fi sh markets in six towns 
and cities between February and April. NoV was detected in 14.1% (22/156) 
of the samples, of which 12.2% (19/156) were genogroup I (GI) and 1.9% 
(3/156) genogroup II (GII) (Moon  et al .,  2011 ). HEV has also been found in 
shellfi sh, although there are currently few systematic studies available of the 
prevalence of this virus. The presence of HEV genotype 3 has been reported 
for 2 out of 32 Japanese samples of  Yamato-Shijimi  (a type of clam) studied 
by Li  et al.  ( 2007 ).   

  2.2.2     Prevalence of viruses in water: survey results 
 Water is essential for life of all living organisms. Throughout the world, mil-
lions of people do not have access to microbiologically safe water for drinking 
and other essential purposes (Gibson  et al .,  2011 ). It is estimated that 884 
million people, or 1/6 of the whole world’s population, do not have access to 
improved sources of drinking water (Mara,  2003 ; WHO and UNICEF, 2010), 
and that poor water quality with limited sanitation and inadequate hygiene 
results in 3.5 billion diarrheal episodes per year causing 1.87 million childhood 
deaths per year worldwide (Arnold and Colford,  2007 ; Boschi-Pinto  et al ., 
 2008 ). Water related diseases are associated with exposure to water environ-
ments in many ways. These include waters used for drinking and recreation 
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purposes but also waters used for agricultural purposes such as crop irriga-
tion and food processing (Bosch,  1998 ; Bosch  et al .,  2008 ). Enteric viruses 
have been isolated from and linked to outbreaks originating from contami-
nated drinking water sources, recreational waters, urban rivers, and shellfi sh 
harvested from contaminated waters (Dewailly  et al .,  1986 ; Cecuk  et al .,  1993 ; 
Lipp and Rose,  1997 ; Jiang  et al .,  2001 ; Lee and Kim,  2002 ; Fong and Lipp, 
 2005 ). Even from the late 1970s in the United States (Cliver,  1984 ) water is 
still considered to be the main vehicle in outbreaks of vehicle-associated viral 
disease. 

    Viruses in sewage, surface water, groundwater and drinking water 
 Data relating to the presence and prevalence of viruses in different water envi-
ronments are routinely collected and reported as part of national or regional 
surveillance systems, as part of project-based studies, and in studies car-
ried out after outbreaks of human infections. In one study in South Africa, 
HAdVs were detected in about 22% of river water samples and about 6% of 
treated water samples (van Heerden  et al .,  2005 ). In another study undertaken 
in South Africa, about 29% of river water samples and 19% of treated drink-
ing water samples had detectable levels of EVs (Ehlers  et al .,  2005 ). 

 An accident in the city of Nokia in Finland caused about 450 000 l of 
treated sewage water to be allowed to run into the drinking water supplies 
of the city’s 30 000 inhabitants over the course of two days. Over the next 
fi ve weeks around 1000 people sought medical help because of gastroenter-
itis. A sample of the drinking water from the city tested positive for NoV, 
astrovirus (AstV), HRoV, EVs and HAdV. NoVs were also found in 29.8% of 
stool samples from affected patients, while AstV, HAdV, HRoV and EVs were 
detected in 19.7%, 18.2%, 7.5% and 3.7% of the specimens, respectively. HAV 
and HEV were not found: this was expected because HAV and HEV infection 
has rarely been linked to waterborne outbreaks in non-endemic regions such 
as Finland (Maunula  et al .,  2009 ). 

 Virus concentrations in raw water that receives faecal waste such as sewage 
are often high (Okoh  et al .,  2010 ). Patients suffering from viral gastroenteritis 
or viral hepatitis may excrete about 10 5 –10 11  virus particles per gram of stool 
(Bosch,  1998 ), comprising various genera such as HAdV, AstV, NoV, HEV, 
parvoviruses, EV (Coxsackie viruses, echoviruses and polioviruses), HAV and 
HRoV (Carter,  2005 ), so these viruses may often be present in urban sew-
age. HAdV and polyomaviruses are highly prevalent in all geographical areas 
(Pina  et al .,  1998 ). Enteroviruses, NoV, HRoV and AstV show differing levels 
of prevalence, depending on the time of year and the occurrence of outbreaks 
in the population (Girones  et al .,  2010 ). The presence of HAV varies between 
different geographical areas, but in endemic areas it is frequently detected 
in urban sewage throughout the year. HEV is more common in developing 
countries where sanitation is poor; however, autochthonous strains of HEV 
have been reported in urban sewage in several highly developed countries, as 
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well as related cases of sporadic acute hepatitis caused by these non-imported 
strains (Pina  et al .,  2000 ). 

 A number of recent studies have been carried out with the aim of estimat-
ing the risks from viral contamination related to the release of wastewater 
into surface waters. In a study performed by Carducci  et al . ( 2008 ), the effi -
ciency of virus removal by an urban sewage plant was evaluated by screening 
the inlet and outlet for the presence of HAV and HAdV. The results showed 
the presence of adenovirus DNA in 100% of collected samples; Torque Teno 
virus (TTV) DNA was present in 95% (19/20) of raw sewage samples and in 
85% (17/20) of the samples taken at the outlet, while HAV was detected only 
in 2 of 40 examined samples (5%). The study reported a consistent presence 
of viruses, a reduction rate of about 2 log 10  and the inability of bacterial indi-
cators to assess the presence or removal of viruses (Carducci  et al .  2008 ). In a 
study performed shortly afterwards, the presence of HAdV, TTV, HAV, RoV, 
EV and NoV genogroups I and II was confi rmed, and HAdV was found to 
be the best indicator for virus inactivation in recycled waters (Carducci  et al . 
 2009 ). In addition, in another study, the presence of different types of viruses 
including HAV, HAdV, HRoV, AstV, NoV and EV was detected in 67% of 
sewage samples (Anastasi  et al .,  2008 ). In Norway, Myrmel  et al . (2006) 
detected HAdVs in 96% of inlet and 94% of outlet samples, supporting the 
potential of these viruses as indicators of viral contamination from sewage. 
NoVs were detected in 43%, 53% and 24% of the inlet samples and 26%, 40% 
and 21% of the outlet samples of the three sewage treatment plants examined, 
while HAV and circoviruses were found only rarely. 

 In study supported by the UK Food Standards Agency (FSA) (Anon, 
 2011b ), regular samples of infl uent and effl uent wastewater from a typical 
large municipal secondary sewage treatment station (serving a population of 
> 100 000) were tested over a 2-year period from 2009 to 2011. Both GI and 
GII NoV were detected in all 41 pairs of samples tested. Levels of GII were 
found to be signifi cantly higher than GI, with up to > 1 million detectable 
genome copies/mL in crude infl uent and up to 64 000 copies/mL in treated 
fi nal effl uent. In crude samples GI levels ranged between 48 and 94 541 cop-
ies/mL (geometric mean 3691 copies/mL), while GII levels ranged between 
1399 and 1 141 478 copies/mL (geometric mean 25 504 copies/mL). For fi nal 
effl uent samples GII levels ranged between 2 and 18 747 copies/mL (geometric 
mean 202 copies/mL), while GII levels ranged between 18 and 64 406 copies/
mL (geometric mean 585 copies/mL). Signifi cant winter-spring seasonality 
was observed in GII levels, with higher levels recorded between December 
and May than between June and November. This seasonality was similar to 
that observed in laboratory reports of NoV illness identifi ed in national sur-
veillance. In contrast, GI NoV levels did not display the same seasonality, 
although the lowest levels were again observed during the summer months. 
Average log reductions of NoV GI and GII from crude to fi nal effl uent sam-
ples were 1.26 and 1.64, respectively. This study highlights the potential of 
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municipal secondary sewage treatment stations to contaminate the water sup-
ply, and if  situated upstream of shellfi sh production areas, for example, to 
lead in turn to contamination of shellfi sh (Anon,  2011b ). 

 An 8-month survey was recently conducted in order to evaluate the 
presence of  EV, HAdV and HAV in untreated and treated sewage samples 
collected from a primary treatment municipal wastewater plant located in 
north-eastern Greece (Kokkinos  et al .,  2010 ). EVs, HAdVs and HAV were 
detected in 40% (10/25), 40% (10/25) and 4% (1/25) respectively of  the sam-
ples collected from the plant’s inlet, and in 12% (3/25), 44% (11/25) and 0% 
(0/25) of  the samples collected from the plant’s outlet (Kokkinos  et al .,  2010 ). 
Adenovirus types 3 (Ad3), 10 (Ad10) and 41 (Ad41), and HAV type H2 were 
identifi ed, along with EVs of  the Coxsackie type A2 and Echovirus types 
27 and 30. The results suggest that treated sewage may still contain human 
viruses, thereby representing a potential health hazard. Moreover, it was con-
cluded that the possible reuse of  treated sewage in agriculture or other appli-
cations should be cause for concern (Kokkinos  et al .,  2010 ). Petrinca  et al . 
( 2009 ) examined raw wastewater and effl uent samples that were collected 
from three wastewater treatment plants in Italy, in three different sampling 
periods. An analysis of  the results showed the circulation of  cultivable EVs 
and differences in the seasonal-geographical distribution. HAV was found 
with only two genotypes: IA and IB. HRoV was present in 11.11%, 24.14% 
and 2.78% of the samples in the 1st, 2nd and 3rd sampling periods, respec-
tively; AstV in 33.33%, 6.9% and 25%; HAdV in 7.41%, 3.45% and 2.78%; 
and NoV in 7.41%, 10.34% and 5.56%. 

 Pinto  et al . ( 2007 ) studied the presence of viruses in sewage from Egypt 
and Spain. Raw sewage samples ( n  = 35) from three sewage treatment plants 
in Cairo were collected on a monthly basis between November 1998 and 
October 1999. Raw sewage from a sewage treatment plant in Barcelona was 
sampled twice a month over a period of 4 years, from June 1998 to December 
2002 ( n  = 249). HAV was detected in 25 out of 35 sewage samples from Cairo 
(71%), with no seasonality observed. In contrast, only 28 out of 249 sewage 
samples from Barcelona (11%) were HAV-positive. Per year, the percentage of 
positive HAV samples was 14.7 in 1998, 11.7 in 1999, 15.4 in 2000, 5.9 in 2001 
and 6.7 in 2002. The difference between the percentage of HAV-positive sew-
age samples from Cairo (71%) and from Barcelona (11%) refl ects the different 
infection patterns found in those regions. In Cairo, large numbers of asymp-
tomatic excretors lead to the discharge of large amounts of HAV in sewage. 
In Barcelona, on the other hand, there are fewer instances of asymptomatic 
infection and a small number of acute cases, leading to a low level of virus 
spread (Pinto  et al .,  2007 ). Pina  et al . ( 1998 ) carried out an earlier study of 
15 raw domestic sewage samples collected monthly in Spain during 1994 and 
1995. The viruses most frequently detected were HAdV, which were present in 
14 (93%) of the raw sewage samples and in two of the three effl uent samples. 
Enteroviruses were present in 6 (40%) of the infl uent sewage samples, and in 
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none of the effl uent samples. Four raw sewage samples (27%), but no effl uent 
samples, were positive for HAV. 

 In another study carried out in Spain, Rodrigez-Manzano  et al . ( 2010 ) ana-
lyzed the presence of HAV and HEV in raw urban sewage in two areas over a 
period of several years. It was concluded that the percentage of HAV-positive 
samples in urban sewage fell from 57.4% to 3.1% over a 5–10 year period in the 
two areas under investigation. Around 30% of the urban sewage samples were 
positive for HEV in the absence of agricultural sources of contamination. 
This reduction in HAV in raw urban sewage observed in eastern Spain was 
connected to general improvements in sanitation. However, these improve-
ments have not had the same effect on the presence of HEV: this can be 
explained by the infl uence of animal reservoirs for HEV (Rodrigez-Manzano 
 et al .,  2010 ). 

 In India, Vaidya  et al . ( 2002 ) examined the presence and prevalence of 
viruses in infl uent and effl uent samples that were collected twice a week for 
one year from a sewage treatment plant in Pune. The overall virus preva-
lence was 24.42% for HAV (21/86), 10.98% for HEV (9/82) and 12.7% for 
TTV (8/63). The prevalence of HAV was signifi cantly higher than that of 
HEV. Signifi cantly higher levels of HAV RNA were noted during the summer 
months. In treated sewage samples a substantial reduction in HAV RNA pos-
itivity (15/48  vs  2/48) was recorded, but HEV RNA and TTV DNA positivity 
did not reduce signifi cantly. 

 For surface waters, the main source of contamination is sewage dis-
charge from urban areas (Maalouf  et al .,  2010 ). In addition, rural run-off 
and run-off caused by heavy rains or melting snow can also contribute to 
the contamination of surface water by viruses. HAdVs are the most common 
type of virus found in surface water (Wyn-Jones  et al .,  2011 ). Bosch  et al . 
( 2006 ) offer a comprehensive discussion of studies regarding the presence of 
human enteric viruses in freshwater environments in the 1970s and 1980s. In 
six studies conducted in fi ve countries, EVs were reported in fi ve cases, and 
HAdVs and HEV in one case each. More recently, to assess the presence of 
HRoV, AstV and NoV in surface water, a year-long study was carried out in 
Beijing, China. A total of 108 urban surface water samples were collected 
from nine collection sites in rivers or lakes from September 2006 to August 
2007. A total of 63 virus strains were detected, with HRoV (48.1%) identifi ed 
as the most prevalent of these, followed by AstV (5.6%) and NoV (4.6%). The 
concentration of HRoV ranged from 0 to 18.27 genome copies per L −1 , and 
seasonal variation was observed: it was found to be highly prevalent in cold 
weather (from September to February) and less prevalent in warm weather 
(from March to August) or even absent (from April to July). The results from 
this study confi rmed the existing clinical data (He  et al ., 2011). During the 
winter season in Beijing, the reported frequency of infection in the popula-
tion by HRoV was 58%, while for AstV and NoV it was 8% and 6%, respec-
tively (Liu  et al .,  2006 ). 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

32 Viruses in food and water

 In Poland, 60 water samples were collected in 2007 from four sampling sites 
situated along the river Wieprz. Human pathogenic viruses were detected in 
35% of samples. HAdVs were detected in 28.3% of samples, and were present 
throughout the whole year; 11.6% of the samples tested positive for NoVs, 
but, somewhat unusually, NoV was detected only during summer. Molecular 
identifi cation revealed that the NoV strains belonged to genogroups I and II 
(Kozyra  et al .,  2011 ). In Spain, 23 river water samples from two sites with dif-
ferent levels of faecal pollution were tested, and the human virus most often 
detected (Pina  et al .,  1998 ) was HAdV, being present in 15 of the 23 samples 
(65%). Enterovirus was detected in fi ve samples (22%) and HAV in 10 (43%). A 
study was also carried out in Germany between October 2002 and September 
2003, examining a mining lake and the supplying surface waters, which were 
located downstream of a sewage plant (Pusch  et al .,  2005 ). One hundred and 
twenty-three water specimens collected at different sites downstream of the 
waste water treatment plant, as well as nine samples from the sewage plant 
infl uent, were tested for the presence of enteric viruses. The virus prevalence 
in the sewage plant effl uents and surface water samples varied according to 
the specifi c sampling site and were: 29–76% for EV, 24–42% for AstV, 15–53% 
for NoV, 3–24% for HRoV, 5–20% for HAV and 20% for HAdV. AstV was 
present at between 3.7  ×  10 3  and 1.2  ×  10 8  detectable units per litre, depending 
on the sampling location, and the average number of NoV genome particles 
ranged from 1.8  ×  10 4  to 9.7  ×  10 5  units/L. Three out of 18 EV PCR-positive 
samples were found to be infective on cell culture. Although microbiologi-
cal parameters such as  Escherichia coli , enterococci and coliphages indicated 
acceptable microbiological water quality, the data collected on the presence 
of viruses suggested that the surface waters investigated could constitute a 
source of enteric viral infections and thus a public health risk (Pusch  et al ., 
 2005 ). 

 Enteric viruses can easily contaminate groundwater. Their extremely small 
size allows them to infi ltrate soils from contamination sources such as bro-
ken sewage pipes and septic tanks, and consequently contaminate ground-
water aquifers. Viruses can move considerable distances in the subsurface 
environment with penetration up to 67 m and horizontal migration up to 
408 m (Borchardt  et al .,  2003 ). In one study in the USA, 72% of examined 
groundwater sites tested positive for human enteric viruses (Fout  et al .,  2003 ). 
In the USA, groundwater has been frequently implicated in the transmission 
of waterborne infectious disease, with about 80% of waterborne outbreaks, 
mostly of NoV and HAV, attributed to contaminated drinking well water 
(Beller  et al .,  1997 ). Borchardt  et al . ( 2003 ) examined 50 wells in seven hydro-
geologic districts in Wisconsin. The wells were sampled four times over a year, 
once each season. Four of the wells (8%) tested positive for viruses. Three 
wells were positive for HAV, and the fourth well was positive for both HRoV 
and NoV in one sample and for EV in another sample. 

 Gibson  et al . ( 2011 ) examined large volume (100 L) groundwater ( n  = 4), 
surface water ( n  = 9), and fi nished drinking water ( n  = 6) samples in order to 
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evaluate human enteric viruses and bacterial indicators in Ghana. Human 
enteric viruses including NoV GI and GII, HAdV, and human polyomavirus 
(HPyV) were detected in one groundwater sample, three surface waters, and 
one drinking water sample. NoV was found in one ground water sample, one 
surface water sample and one drinking water sample; HAdV was found in 
two surface water samples, and HPyV in one drinking water sample. The total 
number of coliforms and  E. coli  assessed for each sample revealed a lack of 
correlation between bacterial indicators and the presence of human enteric 
viruses (Gibson  et al .,  2011 ). 

 HEV has been recognized as a major cause of acute hepatitis in young 
adults in Asia, Africa and Latin America. The highest rates of infection occur 
in regions with the poorest sanitation (Khuroo  et al .,  2004 ). Data on the pres-
ence of HEV in sewage in India are limited; however, Ippagunta  et al . ( 2007 ) 
carried out a study of 192 sewage specimens collected from 2004 to 2006, 
and found that 79 (41%) tested positive for human HEV RNA. The positiv-
ity rate was higher during the second year (52/103, or 51%) than during the 
fi rst year of study (27/89 or 30%). Seasonal variation in HEV positivity was 
also observed, with 28 out of 61 (46%) in the winter months, 36 of 66 (55%) 
in the summer months, and 15 of 65 (23%) during the monsoon months (July 
to October). Swine HEV RNA was not detected in any of the samples. The 
study suggested that HEV infection and faecal viral excretion may be com-
mon in HEV-endemic regions throughout the year even during non-epidemic 
periods (Ippagunta  et al .,  2007 ). Ahmed  et al.  (2010) recently examined 86 
raw sewerage water samples taken from drainage outlets at different locations 
in Islamabad and Rawalpindi, Pakistan. In total, 35 samples were found to 
be HEV RT-PCR-positive. From that number 19 out of 47 samples (44.7%) 
from Rawalpindi and 16 out of 39 samples (41.02%) from Islamabad were 
HEV-positive. All the positive samples were found in areas with high popu-
lation density. This was the fi rst study carried out on the presence of HEV in 
sewerage waste water from Pakistan, and the results showed a relatively high 
prevalence of HEV (Ahmad  et al .,  2010 ). 

 Aichi viruses (AiVs) have emerged as viral agents associated with food and 
waterborne gastroenteritis in humans, with seroprevalence studies carried out 
in Japan and in Europe suggesting that infections are quite frequent (Alcal á  
 et al .,  2010 ). Kitajima  et al . ( 2011 ) examined the prevalence and genetic diver-
sity of AiVs in wastewater and river water in Japan over one year (2005–
2006). Infl uent ( n  = 12) and effl uent ( n  = 12) samples were collected monthly 
from a wastewater treatment plant, and 60 river water samples were collected 
monthly from fi ve sites along the Tamagawa River. AiV genomes were found 
in all 12 (100%) infl uent and in 11 (92%) effl uent wastewater samples, as well 
as in 36 (60%) river water samples. Of the 260 AiV strains identifi ed, 255 were 
genotype A and 5 were genotype B. This was the fi rst report of the molecular 
detection and characterization of AiVs in aquatic environments in Japan. In 
Tunisia, Sdiri-Loulizi  et al . (2010) identifi ed AiVs in 15 of 250 (6%) sewage 
samples. The low prevalence of AiV found in this study could be the result 
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of the detection method used, which was less sensitive. Alcal á   et al . ( 2010 ) 
examined a major river polluted with sewage discharges in an urban area in 
Caracas, Venezuela. Five out of the 11 water samples studied tested positive 
for AiV genotype B. 

 Hundesa  et al . ( 2006 ) examined environmental samples including urban 
sewage, slaughterhouse wastewater and river water samples for the presence 
of HAdVs, porcine adenoviruses (PAdVs), bovine adenoviruses (BAdVs) 
and bovine polyomaviruses (BPyVs). PAdVs and BPyVs were detected in a 
very high percentage of samples that could potentially have been affected by 
either porcine or bovine faecal contamination respectively. However, BAdVs 
were detected in only one sample, showing a lower prevalence than BPyV in 
the samples analyzed. Twenty-two slaughterhouse samples with faecal con-
tamination of animal origin tested negative for HAdV. In contrast, the river 
water samples tested positive for both human and animal adenoviruses and 
polyomaviruses, indicating that the contamination must have originated from 
a variety of sources (Hundesa  et al .,  2006 ).  

    Viruses in recreational water 
 The viruses responsible for waterborne infections in humans following activ-
ity on or in recreational water are not usually identifi ed at the time of the out-
break. Strong connections have only occasionally been demonstrated between 
the presence of a virus or viruses in the water and of the same virus in the 
faeces of affected individuals (Hoebe  et al .,  2004 ; Wyn-Jones  et al .,  2011 ). In 
regions with temperate climates, peaks of human enteric virus infections and 
consecutive excretions can usually be found in summer and in early fall. This 
coincides with an increase in water-based recreational activities and human/
water contact (Nairn and Clements,  1999 ; Kocwa-Haluch,  2001 ; Sedmak 
 et al .,  2003 ). In tropical climates, the presence of human enteric viruses, espe-
cially EVs, can be evenly spread throughout the year and is sometimes more 
prevalent during rainy seasons (Fong and Lipp,  2005 ). It has been observed 
that the predominant clinical serotype in one season is also the predominant 
sewage serotype for that season. For example, in 1998, echovirus 30 accounted 
for 50% of sewage isolates and 46.1% of clinical cases, while in 1990, 79.7% of 
sewage isolates and 60.3% of clinical cases were due to echovirus 11 (Sedmak 
 et al .,  2003 ). However, a direct connection cannot always be established. 
Viruses identifi ed in sewage during the spring were the predominant clinical 
strains in the summer (Sedmak  et al .,  2003 ). 

 Recently, a large European surveillance study was carried out to determine 
the frequency of occurrence of two human enteric viruses in recreational 
water. Out of 1410 analyzed samples, 553 (39.2%) tested positive for one or 
more of the target viruses. Adenoviruses, detected in 36.4% of samples, were 
more prevalent than NoV (9.4%), with 3.5% GI and 6.2% GII positive sam-
ples. Some samples tested positive for both GI and GII NoV genogroups. 
Out of 513 HAdV-positive samples, 63 (12.3%) were also NoV-positive, 
whereas 69 (7.7%) NoV-positive samples were HAdV-negative. The viruses 
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were found more frequently in freshwater samples than in marine water 
samples (Wyn-Jones  et al .,  2011 ). Approximately 25% of a small number of 
HAdV-positive samples were found to contain infective virus particles. These 
studies supported the idea that HAdV should be considered as an indicator of 
bathing water quality (Wyn-Jones  et al .,  2011 ). 

 In Korea in January 2008, an outbreak of acute gastroenteritis at a water 
park was reported to the Bundang-gu Public Health Center in Seongnam. 
A total of 67 (31.0%) students and teachers developed acute gastroenteritis. 
NoV GI strains were detected in the stool samples of patients who had severe 
diarrhoea, and in groundwater samples taken from the water park. All the GI 
NoVs from the patients and the groundwater samples were identifi ed as strain 
I.4 with a 97% homology. It was therefore concluded that the outbreak was 
closely connected with NoV-contaminated groundwater (Koh  et al .,  2011 ). 
Finally, Xagoraraki  et al . ( 2007 ) reported HAdV at concentrations of up to 
10 3  virus particles per litre at recreational beaches in Lake Michigan. 

 Seawater is also signifi cant in the transmission of enteric viruses to humans. 
Human enteric viruses have frequently been detected in coastal waters with 
treated wastewater effl uents. Human pathogenic viruses enter the marine 
environment through several routes, including direct discharge of treated 
or untreated sewage effl uents, unintentional discharges by urban and rural 
run-off, through rivers when wastewater discharges take place in fresh water, 
or by dumping from barges (Bosch  et al .,  2006 ; Bosch and Le Guyader,  2010 ). 
Enteric viruses can survive for long periods in the marine environment, which 
increases the probability of human exposure through recreational contact and 
accumulation in shellfi sh (Lipp and Rose,  1997 ). Recently, Moc é -Llivina  et al . 
( 2005 ) detected EV in 55% of samples from beaches in Spain. These results, 
along with the data from many other studies, indicate that the occurrence of 
viruses in coastal waters leads to an increased risk of infection for swimmers 
and divers.   

  2.3     Gaps in current knowledge 

 Environmental virology, particularly food virology, is a very new scientifi c 
discipline; extensive data on the presence and prevalence of viruses in differ-
ent matrices are consequently lacking, with only a few studies having been 
carried out, and the majority of existing data originating from studies carried 
out after outbreaks. This type of study only very occasionally contains data 
on the presence of viruses in foods. 

 Despite the fact that viruses are the most common pathogens transmitted 
via food, causing 66.6% of food-related illnesses in the United States, com-
pared with 9.7% and 14.2% for salmonella and campylobacter, respectively 
(Mead  et al .,  1999 ), no systematic inspection system exists, and no legisla-
tion has been drawn up that would set up virological criteria for food safety 
(Koopmans and Duizer,  2004 ). Data from systematic virus surveillance in 
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foods are missing mainly because this type of  systematic surveillance sim-
ply does not exist at national levels or beyond. Routine monitoring is not 
yet feasible because there are no harmonized and standardized methods, 
because end-product testing is not suffi ciently reliable to assure food safety 
on statistical grounds, and because diagnostic methods for food or water are 
not routinely available in food microbiology laboratories (Koopmans and 
Duizer,  2004 ). 

 The relative contributions to the prevalence of foodborne illness of different 
sources, such as shellfi sh, fresh produce, food handlers (including asymptom-
atic shedders) and the food handling environment, have not been determined 
(EFSA,  2011 ). With regard to the contamination of foods, the majority of 
available data relates to HAV and NoV in bivalve molluscs. Nonetheless, lit-
tle quantitative data exists relative to virus load. In the case of fresh produce 
and prepared foods, there is signifi cantly less information available (FAO and 
WHO,  2008 ). While there is some information on foodborne viral infections 
caused by the consumption of contaminated fresh produce, and also on the 
detection of viruses in fresh produce implicated in outbreaks, there is little 
information on the general prevalence of viruses in different fruits and veg-
etables, mainly because there is no routine or regular monitoring of fresh pro-
duce for the presence of viral contaminants. Moreover, quantitative data on 
the viral load is scarce, making the establishment of microbiological criteria 
for these food categories a diffi cult task (EFSA,  2011 ). 

 Despite the fact that fresh produce is increasingly implicated as a vehicle 
for human pathogens, there is currently limited knowledge with regard to 
the point in the supply chain at which virus contamination occurs and the 
mechanism by which viruses survive on fruits and vegetables (Berger  et al ., 
 2010 ). Prevalence data on emerging viruses such as HEV is particularly lim-
ited. This is clearly a major barrier to conducting risk assessment, particu-
larly when the assessment is designed to evaluate mitigation strategies (FAO 
and WHO,  2008 ). 

 The current methods used to monitor foods and the use of  E. coli  as a 
microbiological indicator do not consistently provide results that correlate 
with the presence or absence of viruses in foods. As a consequence, food indus-
try and food safety authorities lack the tools to monitor virological quality 
control, even though bacteriological contamination is well-monitored. For 
shellfi sh, standardized and validated protocols for virus detection are in the 
fi nal stages of development, but similar processes for other foodstuffs remain 
unavailable (EFSA,  2011 ). There are many reported studies related to viral 
presence in foods and water environments but the type of consistency in the 
sample size and sampled material that is seen in shellfi sh studies is lacking; 
this means that there is a risk of the true aetiological agent of an outbreak 
not being identifi ed, or of the infectious dose being under- or overestimated 
(Rodr ı guez-Lazaro  et al .,  2011 ). 

 Viruses in water environments have clearly emerged as primary health 
hazards, but a systematic procedure for the monitoring and control of these 

�� �� �� �� ��



 Prevalence of viruses in food and the environment  37

© Woodhead Publishing Limited, 2013

agents is still missing. Surveillance of waterborne pathogens is a complex 
and diffi cult task and is partly dependent on legislative measures concerning 
water quality that defi ne the exact nature of the surveillance. Viruses have 
so far been considered too diffi cult and complex to handle and are therefore 
excluded from most legislation (von Bonsdorff  and Maunula,  2008 ). As reg-
ular monitoring of viruses in water is not mandatory, viral analyses are only 
performed in outbreak situations or where an outbreak is suspected (Maunula 
 et al .,  2009 ). Surveillance of levels of infectious disease does take place in sev-
eral countries, with monitoring and mandatory reporting common in many 
parts of the world. However, viral diarrheal diseases are not usually among 
the regularly monitored diseases (von Bonsdorff  and Maunula,  2008 ). Even 
in highly developed countries such as the USA, reports of waterborne disease 
outbreaks to the Center for Disease Control and Prevention (CDC) are volun-
tary on the part of the states. For this reason, many outbreaks go unreported 
and are not accounted for by the surveillance system (Sinclair  et al .,  2009 ). 
Furthermore, current safety standards for determining food and water qual-
ity typically do not specify what level of virus contamination should be con-
sidered acceptable (Okoh  et al .,  2010 ). While a great deal of research has been 
carried out into the public health impacts of inadequately treated wastewater 
effl uents in developed countries, this is not the case in developing countries, 
where levels of infectious diseases are high and are usually caused by pollution 
of water with wastewater effl uent discharges, most of which remains undocu-
mented, unreported and not properly investigated (Okoh  et al .,  2010 ). 

 The performance of wastewater treatment systems is currently monitored 
through the use of bacterial indicator organisms (Okoh  et al .,  2010 ). However, 
infectious viruses have been isolated from aquatic environments that meet 
bacterial indicator standards, and in some cases these viruses have been con-
nected with outbreaks (Karmakar  et al .,  2008 ; He  et al ., 2011). The use of 
bacterial indicators, therefore, can be said to be an unreliable indicators for 
the presence of viruses. 

 Although there are many studies of the occurrence of human enteric 
viruses in the environment and their role in waterborne transmission, little 
information is available on the environmental transmission of enteric viruses 
in animals, and additional research is needed (Fong and Lipp,  2005 ). Sewage, 
especially from slaughterhouses, may contain animal adenoviruses, sapovi-
ruses, and HEV, which may also be zoonotic (Wyn-Jones  et al .,  2011 ). The 
prevalence and distribution of animal-specifi c viruses in environmental waters 
must be determined in order to validate the use of these viruses for source 
tracking purposes (Fong and Lipp,  2005 ).  

  2.4     Conclusion and future trends 

 It is clear that food- and waterborne viral infections will become a greater chal-
lenge to public health in the future. At the same time, food microbiologists, 
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virologists and epidemiologists will face the similarly challenging task of 
sharing and expanding their knowledge in this area and actively contribut-
ing to the prevention of virus infections transmitted through water and food 
(EFSA,  2011 ). 

 The key element in reducing the foodborne spread of viruses is continued 
surveillance and awareness. Enhancing risk-based laboratory surveillance will 
improve strategies for the prevention and control of virus contamination in 
foods and will consequently lessen the associated risks. No routine monitor-
ing of viruses in foodstuffs is currently performed; however, this type of sur-
veillance would be highly benefi cial, along with a system in which data from 
food and environment monitoring could be epidemiologically compared with 
data relating to outbreaks in the population. The recent increase in RASFF 
notifi cations for suspected viral contamination is remarkable, and may be a 
result of increasing awareness. However, RASFF notifi cations are not rep-
resentative and are not based on common notifi cation criteria. These data 
must therefore be interpreted with care, but do still show at least a tendency 
towards greater awareness of viral threats in foodstuffs (EFSA,  2011 ). 

 Specifi c targeted studies with correct sampling strategies are clearly 
required in order to collect data that will be useful for quantitative microbial 
risk assessment (QMRA). These data include consumer habits, virus contam-
ination levels in food and other reservoirs, virus transfer rates, natural per-
sistence on/in foods (at the pre-harvest and post-harvest levels), and human 
dose–response relations (EFSA,  2011 ). Studies regarding the prevalence and 
levels of virus contamination in foods commonly implicated in outbreaks 
must be carried out, and are essential for QMRA (FAO and WHO,  2008 ). 
Satisfactory exposure assessment requires a reliable quantifi cation of the 
virus present in the environmental material. This in turn requires the detec-
tion effi ciency of the assay used to be determined, and appropriate controls 
to be employed to determine the true virus concentration in the environment 
(Rodr ı guez-Lazaro  et al .,  2011 ). 

 The expert group of the EFSA Panel on Biological Hazards (BIOHAZ) 
recommended the introduction of virus microbiological criteria for the clas-
sifi cation of areas used for the production of high-risk bivalve molluscs (to 
be consumed raw); the fi ndings of an EFSA sanitary survey determined that 
a virus monitoring programme for compliance with these criteria should be 
risk-based (EFSA,  2011 ). Regulation (EC) 2073/2005 indicates that criteria 
for pathogenic viruses in live bivalve molluscs should be established when 
adequate analytical methods are developed. Moreover, regulation (EC) No 
853/2004 provides for the possible implementation of additional health stan-
dards for live bivalve molluscs including virus testing procedures and stan-
dards. In light of this, the BIOHAZ expert group has suggested that with 
the available quantitative data on viral load, it would be possible to estab-
lish criteria for NoV in bivalve molluscs (EFSA,  2011 ). Methods for detect-
ing viruses in fresh produce are available, but prevalence studies are limited, 
and quantitative data on viral load is scarce, making the establishment of 
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microbiological criteria for these food categories currently a diffi cult prop-
osition. Although there are documented cases of illness caused by viruses in 
fresh produce, the relative contribution of fresh produce to the overall public 
health risk of foodborne viruses has not been established. Future research is 
required in order to gather more quantitative data on the presence and preva-
lence of viruses in different kinds of fresh produce to allow the establishment 
of standard microbiological criteria for viruses. Another task for the future 
is the assessment of the distribution of infectious HEV in meat and meat 
products in Europe in order to investigate the routes of HEV transmission to 
humans and to identify the risk factors for human hepatitis E (EFSA,  2011 ). 

 As food production and distribution increasingly take place on a global 
scale, a network approach is required, with partners in developed and devel-
oping countries, to undertake studies intended to fi ll in gaps in the current 
data (FAO and WHO,  2008 ). Since current surveillance systems are incom-
plete, a global system for the routine harmonized surveillance of water- and 
foodborne virus outbreaks is essential, with rapid detection and reporting net-
works implemented as part of standard surveillance systems. These networks 
should combine laboratory and epidemiological information, and a reporting 
strategy for international outbreaks should also be established (Koopmans 
and Duizer,  2004 ). 

 The need for a better surveillance system has also been recognized by the 
Foodborne Viruses in Europe (FBVE) network ( http://www.noronet.nl/fbve/ ), 
which has conducted virus-specifi c surveillance of gastroenteritis outbreaks 
since 1999 (Koopmans  et al .,  2003 ). The network investigates outbreaks from 
all modes of transmission to obtain an overview of viral activity in the com-
munity, focusing mainly on NoV. A total of 13 countries are participating in 
the FBVE surveillance network (Verhoef  et al .,  2009 ), which is currently being 
merged into the NoroNet network ( http://www.noronet.nl/noronet/index.
jsp ), an informal network of scientists working in public health institutes or 
universities sharing virological, epidemiological and molecular data on NoV. 
The network maintains a shared database accessible via the internet for data 
entry and sharing and analysis (Verhoef  et al .,  2009 ). The aim of NoroNet 
is to increase the knowledge base with respect to geographical and temporal 
trends in the emergence and spread of NoV variants, and to design standard-
ized nomenclature for existing and emerging NoV genotypes and variants. 

 In the USA in 2009, the Center for Disease Control and Prevention devel-
oped CaliciNet ( http://www.cdc.gov/norovirus/php/reporting.html ), a net-
work of public health and food regulatory laboratories that submit norovirus 
sequences identifi ed from outbreaks into a national database. The informa-
tion is used to link NoV outbreaks that may be caused by common sources 
(such as food), monitor trends and identify emerging norovirus strains. As of 
February 2012, public health laboratories from 25 American states have been 
certifi ed by the CDC to participate in the CaliciNet network. This network – 
and perhaps others – may be expected to increase in size in the future, estab-
lishing harmonized and well-connected national and international networks 
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for the systematic surveillance of food- and waterborne viruses, and combin-
ing the epidemiologic assessment of the outbreaks with molecular typing of 
virus isolates to discover and track potential links between outbreaks.  
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  Abstract:  Monitoring the presence of enteric viruses in food is a challenging task, 
and molecular-based methods have become the reference detection methodology. 
This chapter describes in detail the main steps of the analytical process of detection 
of foodborne viruses by molecular methods, paying special attention to key aspects 
such as the interpretation of test results, the use of controls, and the implication for 
public health of the results obtained by molecular methods. 

  Key words:  real-time PCR, molecular methods, detection, controls, standardization. 

    3.1     Introduction 

 Detection of the presence of enteric viruses in food, particularly norovirus 
(NoV), hepatitis A and E virus (HAV and HEV) and adenovirus, is an impor-
tant issue in food safety and requires rapid and robust diagnostic method-
ology (Bosch  et al .,  2011 ; Croci  et al .,  2008 ). Several different approaches 
can be used to detect human enteric viruses in food samples, including direct 
observation by electron microscopy, detection of cytopathic effects in spe-
cifi c cell lines or detection using immunological or molecular methods. Direct 
observation by electron microscopy is time-consuming, subjective and of 
limited sensitivity (Atmar and Estes,  2001 ). The observation of cytopathic 
effects produced in specifi c cell lines is not always possible as some enteric 
viruses, notably NoV and HEV, cannot be propagated in mammalian cell 
lines. Even when it is possible, the detection of viruses using a cell culture is 
not a simple or cost-effective technique. This technique may also require the 
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adaptation of the virus in order for it to grow effectively (Pint ó  and Bosch, 
 2008 ). Immunological tests do exist, and many are commercially available for 
the main enteric viruses. However, their analytical sensitivity is still too poor 
for effective testing of food samples. 

 To overcome these limitations, quantitative real-time PCR (q-PCR) 
has become the method of choice for the detection of enteric viruses. This 
approach has been reinforced by the recommendation of the international 
ISO/CEN committee CEN/TC275/WG6/TAG 4 that real-time PCR should 
serve as the basis for the forthcoming international standards for detection 
of NoV and HAV (Lees and CEN WG6 TAG4,  2010 ). A large number of sci-
entifi c studies using molecular methods for the detection of main foodborne 
viruses have already been published ( Table 3.1 ).    

 Other detection options include the combination of cell culture or immu-
nological methods and a molecular technique. The combination of a cell cul-
ture step and subsequent detection by a molecular technique such as RT-PCR 
or nucleic acid sequence-based amplifi cation (NASBA) reduces the incuba-
tion period and also allows the detection of viruses that grow without causing 
cytopathic effects (Dubois  et al .,  2002 ; Duizer  et al. ,  2004 ).  

  3.2     Molecular detection of viruses in foods: the process 

 Detection of viruses in food samples is a challenging task due to the large 
variety and complexity of samples, the possible heterogeneous distribution of 
a small number of viruses and the presence of components that may inhibit 
or interfere with virus detection (Rodr í guez-L á zaro  et al. ,  2012 ). A general 
fl ow chart for the detection process (from sampling to fi nal identifi cation) for 
the detection of human enteric viruses is given in  Fig. 3.1 . The features of the 
ideal procedure used for extraction and detection of foodborne viruses are 
presented in  Table 3.2 .       

  3.2.1     Matrix separation 
 Virus extraction from food is the fi rst step for the detection of enteric viruses 
in food matrices. During this step, viral particles are separated from the food 
matrix, and the fi nal concentrate must be free of any inhibitors which may be 
co-extracted or co-concentrated from the sample matrix (Stals  et al .,  2012 ). A 
variety of biological and chemical substances which are present in food matri-
ces or are used during sample processing have been found to act as inhibitors, 
including polysaccharides, haeme, phenol, and cations (Atmar,  2006 ). Known 
PCR inhibitors in shellfi sh extracts include glycogen and acidic polysaccha-
rides (Schwab  et al. ,  1998 ). 

 The extraction method depends to a great extent on the composition of 
the food. Protocols for concentration of viruses in food samples often start 
with a washing step (in the case of fresh produce) or a homogenization step 
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(in the case of, for example, shellfi sh); the virus is concentrated after this fi rst 
step (Croci  et al. ,  2008 ; Rodr í guez-L á zaro  et al. ,  2007 ). If  appropriate, a min-
imal volume of a diluent can be added to favour dissociation of the virus 
from the food matrix if  it will not interfere with subsequent virus extraction. 

Sampling

Representativeness
Sample characteristics
Time of conservation
Conditions of storage

Nucleic acid
extraction

Amplification
reaction

e.g. PCR, NASBA,
real-time PCR,

LAMP

Controls:
SPC
IAC

Sequencing
Multiplex PCR

Serology

Immunological
method

Concentration
Precipitation
Ultrafiltration

Ultracentrifugation
Immunoconcentration
Cationic separation

Molecular
method

Cell culture

Detection
Identification
and typing

 Fig. 3.1      Flowchart of the analytical process of detection and identifi cation of entric 
viruses in food.   (Source: Adapted from Rodr í guez-L á zaro  et al .,  2012 .)  

 Table 3.2     Principal characteristics of an ideal procedure used for detection of 
enteric viruses in food 

 Features  Comments 

 Extraction and 
concentration 
method 

 Generic  Concentrates vast range of foodborne 
viruses in a small volume of concentrate 

 Effi ciency  Possesses good virus recovery 
 Labor intensity  Not time-consuming, short procedure 
 Feasibility  Easy to perform and can be done in suitably 

equipped food laboratories 
 Robustness  Good reproducibility and repeatability 

 Detection 
method 

 Detection limit  Should be as low as possible allowing 
detection of only a few virus particles in 
food samples 

 Identifi cation of 
virus type or 
strain 

 Should allow identifi cation of virus type 
or strain without applying additional 
procedures 

 Cost  Inexpensive 

  Adapted from Rodr í guez-L á zaro  et al .,  2007.   
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Food matrices can be divided into three categories: (i) carbohydrate and 
water-based foods like fruits and vegetables; (ii) fat- and protein-based foods 
like many ready-to-eat products; and (iii) shellfi sh as fi lter-feeding organisms 
which concentrate and accumulate virus particles and other pathogens in the 
shellfi sh digestive system (Baert  et al .,  2008 ; Stals  et al .,  2012 ). 

 Three main approaches can be followed: elution of the viral particles 
(whether or not preceded by an acid adsorption step) with subsequent con-
centration; direct extraction of the viral RNA from the food matrix without 
the elution-concentration step; and extraction of viruses from the food by 
proteinase K treatment. After most of the extraction protocols, purifi cation 
(removal of food debris and inhibitory substances) of the virus eluate/con-
centrate or extracted RNA is performed by either fi ltration through cheese 
cloth or 0.45 and 0.20  μ m fi lters or by treatment of virus suspension with 
Freon 13, Vertrel ® XF or chloroform: butanol (Stals  et al .,  2012 ). 

 Elution-concentration can be used for extraction of foodborne viruses 
from various matrices like shellfi sh, carbohydrate/water-based foods and 
fatty/protein-based foods. The elution-concentration step is based on washing 
the viral particles from the food surface using an appropriate buffer followed 
by concentration of the eluted viruses. 

 Several elution buffers have been used to elute viral agents from food 
matrices. Alkaline buffer at pH 9 to 10.5 is applied as an alkaline environ-
ment allows virus particles to detach from the food solids. The acidic nature 
of  fruits and vegetables can impair virus elution and consequently reduce 
detection sensitivity (Dubois  et al .,  2002 ). A neutral buffer for virus elution 
is mainly used when anionic exchange or ultracentrifugation are applied to 
concentrate the eluted viral particles. For foods which contain acidic sub-
stances (such as fruits and vegetables) an alkaline Tris-based buffer system is 
usually used (reviewed in Stals  et al .,  2012 ). Phosphate buffer (Bidawid  et al ., 
 2000a ) or sodium bicarbonate buffer (Kurdziel  et al .,  2001 ) have been also 
used successfully. Elution buffers are frequently combined with beef  extract 
(1–3%) and glycine, which reduce non-specifi c virus adsorption to the food 
matrix during their extraction (Dubois  et al .,  2002 ; Love  et al .,  2008 ) and 
can therefore increase virus recovery (Butot  et al .,  2007 ). However, beef 
extract might interfere with molecular detection methods (Katayama  et al ., 
 2002 ), and a virus elution purifi cation step can be necessary. When viruses 
are extracted from fruits and vegetables, pectinase is frequently added to pre-
vent jelly formation in the eluate by breaking the pectin bonds (Dubois  et al ., 
 2002 ). When ultracentrifugation is used as concentration step, soya protein 
powder can be added in the purifi cation step to facilitate the liberation of 
viruses from food surfaces and thus improve recovery effi ciency (Rzeżutka 
 et al .,  2006 ,  2008 ). 

 Direct virus nucleic acid extraction includes treatment of  the food with 
guanidinium isothiocyanate (GITC)/phenol, followed by purifi cation of 
the viral RNA. It has been used for NoV concentration from foods (Baert 
 et al .,  2008 ; Boxman  et al .,  2007 ; Stals  et al .,  2011b ). Direct RNA extraction 
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combined with shredding of  the digestive tissue using zirconium beads has 
successfully recovered NoV from oyster digestive tissue (de Roda Husman 
 et al .,  2007 ). 

 The combination of  proteinase K and heat treatment (usually 65 º C) dam-
ages the virus capsid and releases virus nucleic acid (Nuanualsuwan and 
Cliver,  2002 ). This approach has been used successfully for the detection 
of  NoVs in several foodborne outbreaks related to shellfi sh (Comelli  et al ., 
 2008 ; Jothikumar  et al .,  2005c ) and has been selected by the  ad hoc  CEN/
TC275/WG6/TAG4 working group for the extraction of  the most common 
enteropathogenic viruses from shellfi sh digestive tissue (Lees and CEN WG6 
TAG4,  2010 ).  

  3.2.2     Concentration of viruses 
 The aim of concentrating virus is to collect most of the virus present in the 
sample in a minimal volume (Cliver,  2008 ). Concentration methods appropri-
ate for a wide variety of matrices include differential precipitation, ultracen-
trifugation and ultrafi ltration (Rodr í guez-L á zaro  et al. ,  2007 ). 

 Precipitation with polyethilene glycol (PEG) after elution of viruses from 
food matrices is frequently used. It allows the precipitation of viruses at 
neutral pH and at high ionic concentrations without precipitation of other 
organic material (Baert  et al .,  2008 ; Kim  et al .,  2008 ; Stals  et al ., 2011a).If  
alkaline elution is used, pH is normally fi rstly adjusted to 7.0–7.4. High NaCl 
concentrations (0.3–0.525 M) are also required to successfully precipitate 
virus particles. 

 Viruses can be precipitated with ultracentrifugation from 100 000  ×  g to 
235 000  ×  g (Casas  et al .,  2007 ; Rutjes  et al .,  2006a ; Rzeżutka  et al .,  2006 , 
 2008 ). Virus eluates should be purifi ed prior to ultracentrifugation, either 
with high speed conventional centrifugation or 0.22–0.45  μ m-fi ltration, to 
remove food debris and other components which can co-sediment with virus 
particles during ultracentrifugation (Croci  et al .,  2008 ). 

 Viruses can be also concentrated by ultrafi ltration based on molecular 
weight. While pores in membrane fi lters permit the passage of liquids and 
low molecular mass particles (10–100 kDa), viruses are captured by the fi lter 
(Croci  et al .,  2008 ). Similar to ultracentrifugation, the virus eluates should 
be purifi ed prior to ultrafi ltration, in order to prevent clogging of the fi lters 
(Butot  et al .,  2007 ; Stals  et al .,  2012 ). Treatment of fi lters with bovine serum 
albumin (BSA) or sonication of the purifi ed virus eluate can increase virus 
recovery (Jones  et al .,  2009 ). The recoveries using ultrafi ltration as a concen-
tration method after alkaline elution of viruses from food matrices varied 
from 0.1% to 19.6% for different viruses used (reviewed in Stals  et al .,  2012 ). 

 Viruses can also be concentrated by cationic separation or by immunocon-
centration. Cationic separation uses positively charged magnetic particles in 
conjunction with a magnetic capture system to concentrate and purify viral par-
ticles from food matrices, as the negatively charged proteins of the virus capsid 
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bind to the positively charged magnetic particles. This approach has been suc-
cessfully used for concentration of NoVs in lettuce and fresh cheese, providing a 
recovery effi ciency ranging from 5.2% to 56.3% (Fumian  et al .,  2009 ). The com-
mercially available automatic cationic separation system Pathatrix™ (Matrix 
MicroScience, Newmarket, UK) has been used for the concentration of HAV 
from different types of foods with a recovery effi ciency ranging between 17.0% 
and 81.7% (Papafragkou  et al .,  2008 ). However, less promising results with this 
method were obtained for NoVs (Morton  et al .,  2009 ). Immunoconcentration 
methods can use magnetic beads covered with histo-bloodgroup antigens 
(HBGA) or porcine gastric mucin for concentration of NoVs (Morton  et al ., 
 2009 ; Tian  et al .,  2008 ) or magnetic beads covered by monoclonal HAV anti-
bodies (Bidawid  et al .,  2000a ). This allows specifi c extraction of foodborne 
viruses in different categories of foods and effi cient removal of PCR inhibitors. 
However, due to immunogenetic drift, the long-term use of the same antibodies 
could be problematic (Stals  et al .,  2012 ).  

  3.2.3     Extraction of viral nucleic acids 
 Genomic nucleic acids must be fi rst extracted from the viral concentrates 
using in-house or commercial procedures (Mattison and Bidawid,  2009 ). A 
wide variety of commercial kits are currently available, most of them based 
on a method which uses guanidiniumisothyocianate-based lysis followed by 
capture of nucleic acids on silica (Boom  et al .,  1990 ; Haramoto  et al .,  2005 ; 
Le Guyader  et al .,  2009 ; Rutjes  et al .,  2005 ). Commercial kits offer ease of 
use, reliability and reproducibility. In recent years, automated nucleic acid 
extraction platforms have been developed and have been effi ciently applied 
for the analysis of viruses in food samples (Comelli  et al .,  2008 ; Perele  et al ., 
 2009 ; Stals  et al .,  2011b ). Other methods for viral nucleic acid extraction 
include proteinase K treatment followed by phenol-chloroform extraction 
and ethanol precipitation, sonication and heat treatment (Comelli  et al .,  2008 ; 
Gu é vremont  et al .,  2006 ; Jothikumar  et al .,  2005c ; Le Guyader  et al .,  2009 ).  

  3.2.4     Molecular-based detection 
 The development of q-PCR represents a signifi cant advance in molecular 
techniques involving nucleic acids analysis. q-PCR allows monitoring of the 
synthesis of new amplicon molecules during the PCR (i.e., in real time). Data 
is therefore collected throughout the PCR process and not just at the end of 
the reaction (as occurs in conventional PCR) (Heid  et al. ,  1996 ). The q-PCR 
results consist of amplifi cation curves that can be used to quantify the initial 
amounts of template nucleic acid molecules with high precision over a wide 
range of concentrations (Schmittgen  et al. ,  2000 ). 

 Major advantages of q-PCR are the closed-tube format that avoids the risk 
of carryover contamination, fast and easy to perform analysis, the extremely 
wide dynamic range of quantifi cation (more than eight orders of magnitude), 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

60 Viruses in food and water

and the signifi cantly higher reliability and sensitivity of the results compared 
to conventional PCR (Rodr í guez-L á zaro  et al. ,  2007 ). As with conventional 
PCR, q-PCR can be used for many different purposes, particularly for quanti-
fying nucleic acids and for genotyping. It combines primer amplifi cation with 
detection of the amplifi ed product in a single reaction mix.When detection 
is accomplished due to binding interactions with an extra (third) oligonucle-
otide, the detection signal also provides confi rmation of the identity of the 
target amplicon (Mattison and Bidawid,  2009 ). However, q-PCR also suffers 
from some limitations. The volume used in the amplifi cation reaction is very 
small; therefore only concentration methods that can deliver a very small vol-
ume of the resulting nucleic acid solution from a realistic food sample can be 
used. In addition, the quality of the nucleic acids is an important factor that 
directly affects the analytical sensitivity of the assay, and diverse compounds 
present in samples can inhibit the amplifi cation reaction. 

 Other molecular techniques used in the detection of enteric viruses are 
NASBA and loop-mediated isothermal amplifi cation (LAMP). NASBA 
employs three different enzymes: T7 RNA polymerase, R Nase H and avian 
myeloblastosis virus (AMV) reverse transcriptase, which act in concert to 
amplify sequences from an original single-stranded RNA template (Compton, 
 1991 ). The reaction also includes two oligonucleotide primers, complemen-
tary to the RNA region of interest, and one of the primers also contains a 
promoter sequence that is recognized by T7 RNA polymerase at the 5’-end. 
At least four primers are used for the LAMP method, two of which are the 
loop primers that recognize two regions each in the target genetic sequence. 
The target sequence is amplifi ed using a strand-displacing DNA-dependent 
DNA polymerase, and detection is accomplished by measuring an increase in 
turbidity or the binding of a fl uorescent detection reagent; this can be moni-
tored in real time (Fukuda  et al .,  2007 ; Yoneyama  et al .,  2007 ). The specifi city 
of the reaction in the LAMP system can be increased using additional prim-
ers (Mattison and Bidawid,  2009 ).   

  3.3     Current issues in molecular detection of viruses in foods 

 Several major issues are extremely relevant in molecular detection of enteric 
viruses in food, particularly with the aim of an effective implementation in 
the food microbiology labs: the representativeness of the sample taken for 
analysis and the defi nition of rational and science-based sampling plans; the 
validity of the results obtained by molecular detection methods; the defi ni-
tion and use of controls to prevent misinterpretations of the analytical results 
and the implications for public health of the results obtained. 

  3.3.1     Food sample representativeness and sampling plans 
 Representativeness is a qualitative factor, which is largely dependent on the 
appropriate design of the sampling programme and expresses the degree to 
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which sample data accurately and precisely refl ect a characteristic or variable 
at a sampling point. This is essential for the analysis of enteric viruses, which 
may be present in small quantities and distributed heterogeneously in matrices; 
there should be a risk-based approach to planning (Andrews and Hammack, 
 2003 ; Food Standard Agency,  2004a ,b). Consequently, a sample must repre-
sent the original matrix, and the sampling process must not alter the condition 
of the sample, and thus not affect the subsequent analysis (Food Standard 
Agency,  2004a ,b). Other aspects that must also be considered are the charac-
teristics of the food to be analysed (nature – solid, semisolid, viscous or liq-
uid; composition – rich in fat, protein, or plant contents such as tannins; and 
amount – scarce or abundant), and the subsequent analytical method to be 
used (cell culture, immunological or molecular). Any inadequacy concerning 
one of the aspects will affect the validity of the fi nal analytical result. 

 Various international bodies and national bodies have defi ned principles 
and/or standards for the sampling of foods. However, there is no specifi c men-
tion of sampling for enteric viruses. The CEN/ISO  ad hoc  expert committee 
for viruses in food ‘CEN/TC 275/WG6/TAG4’ is currently working on the 
fi rst international standard for a horizontal method for detection of HAV and 
NoVs in food. However, the sampling process is not included in this planned 
standard, and the committee has decided to examine the ISO 6887 series for 
suitability. Similarly, the US FDA’s Bacteriological Analytical Manual (BAM) 
includes a general protocol for ‘Food sampling and preparation of sample 
homogenate’ (Andrews and Hammack,  2003 ), in which the scientifi c basis 
for sampling only uses previously published bacteriological criteria (ICMSF, 
 1986 ,  2002 ), despite the BAM having defi ned a specifi c protocol for the detec-
tion and quantifi cation of HAV (Goswami,  2001 ). 

 Several important lessons can be learnt from the scientifi c literature (a revi-
sion of PCR-based methods in foods with the description of the principal 
features is shown  Table 3.3 ). First, there is an evident lack of harmonization 
in the sample size, and therefore a serious risk as to the representativeness of 
the sampling strategies used. This is most important as most of those studies 
are related to viral diarrhoeal outbreaks: the consequences may include the 
true aetiological agent of the gastroenteritis not being found, or the infectious 
dose being under- or over-estimated. In these studies, sizes of samples used 
were extremely diverse, ranging from 1.5 to 200 g. Second, with shellfi sh there 
is a lack of homogeneity in the selection of the animal tissues or part of the 
sample tested once the sample is collected. This also can affect the detection 
of human pathogenic viruses. For example, different shellfi sh tissues can be 
tested for human enteric viruses (i.e., the whole shellfi sh, the mantle, the gills, 
the stomach, or the digestive diverticula). However, it has been demonstrated 
that the effi ciency of recovery can differ substantially between types of sam-
ple and even that the virus may not be detectable in some; the percentages of 
samples positive in naturally contaminated oysters in a study varied for the 
whole oyster (0.7%), mantle (2.2%), gills (14.7%), stomach (13.9%), and the 
digestive diverticula (13.2%), and detection was not possible when the adduc-
tor muscles were tested (Wang  et al. ,  2008 ).    
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 Another important factor is the ambiguous use of individual or pooled 
samples for foodstuffs. It directly affects both the representativeness and ana-
lytical sensitivity of the fi nal results; pooling can affect the fi nal results neg-
atively, and can produce false negative results due to the simple mechanism 
of reducing the size of each individual sample used in the pool. Conversely, 
the use of individual samples can also affect the representativeness of the 
population studied, and a representative number of individual samples must 
be needed; however this could greatly increase both the cost and the time 
required for the analyses, and may be unfeasible in the fi eld. 

 The period of time before starting the analysis, and the conditions of stor-
age of the sample during that period are also other critical aspects in the virus 
analysis. It is of particular importance if  complex foods are analysed, as the 
stability of the virus may be compromised. However, they are usually not rig-
orously addressed during sampling, and most studies do not provide the rele-
vant details. Even where this information is provided, the lack of uniformity 
is again evident. Samples are sometimes stored frozen, refrigerated at 4 º C, at 
room temperature or kept on ice.  

  3.3.2     Interpretation of test results: validity of molecular 
detection methods 

 One of the major differences between the study of the presence and enumer-
ation of bacteria and that of viruses in food and in the environment is the 
availability of a ‘gold standard’ method for detection. Classical culture-based 
techniques are considered the gold standard for the detection of bacteria, but 
no accepted standard method exists for enteric viruses in foods. Consequently, 
the reliability of the results produced by molecular techniques is undermined 
by the lack of standard methods and the wide diversity of viruses, foods, 
assays and recovery effi ciencies described. The lack of a defi ned and consensus 
standard method for detection and quantifi cation of viruses is hindering and 
slowing the adaptation of quantitative viral risk assessment (QVRA) models 
for food and food environments. Therefore, the establishment and application 
of a common and validated method for virus detection would make a major 
contribution to the effective harmonization of QVRA studies.  

  3.3.3     Control suite for assessing the method performance 
 Molecular techniques, if  used with the appropriate quality controls, could 
allow substantial progress in the control of viral contamination of foods. If  
these methods are to be used for monitoring of food supply chains for viruses, 
then it is vitally necessary that their analytical results can be reliably verifi ed. 
Many matrices from the food supply chains most prone to virus contamina-
tion are complex, and can furthermore contain substances which can inhibit 
nucleic acid amplifi cation. It is essential therefore that verifi cation includes 
recognition of analyses where the method has failed to perform correctly, as 
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this may mask the presence of a virus in a sample by a false negative inter-
pretation of the absence of a signal. Incorrect performance can occur during 
the sample treatment or the assay, and failed methods can be identifi ed by the 
use of a suite of controls to verify the performance of the complete analytical 
process. A recent review paper has described them in detail and discussed the 
signifi cance of the results depending on the signal obtained from the different 
controls (D’Agostino  et al .,  2011 ; see chapter 6 for detailed information). The 
two controls which are critical for molecular detection of viruses in food are 
sample process control (SPC) and internal amplifi cation control (IAC), and 
will be discussed in depth in Chapter 6.  

  3.3.4     Infectious particles  versus  PCR genome equivalents: 
implications for public health 

 Virus infectivity is defi ned as the capacity of viruses to enter the host cell and 
exploit its resources to replicate and produce progeny infectious viral particles 
(Rodr í guez  et al .,  2009 ), which may lead to infection and subsequent disease 
in the human host. Therefore, the key information from a public health per-
spective is the number of virus particles with infective capacity present in 
food or water. Obviously, cell culture-based methods are the soundest meth-
odologies for the estimation of the number of infective particles. However, 
as indicated above, there are no available culture models for the most signifi -
cant enteric viruses. In these cases, only molecular methods are available, but 
although RT q-PCR is a quantitative and sensitive tool, it cannot distinguish 
between infective and non-infective viruses (Richards,  1999 ). This limits its 
usefulness for public health purposes. The ratio between genome equivalents 
(GE) and infectious particles has been reported to increase with time, and is 
strongly dependent upon water and climatic conditions and virus type. 

 Damage to the virus capsid may result in the loss of its capacity to protect 
the genome and its ability to replicate in the host. Consequently, the detection 
of an intact viral genome can be an indication that the virus capsid is still 
in good condition, protecting the genome from degradation. Determining 
the relationship between damage to the viral capsid and degradation of the 
viral genome can provide information that can be used to correlate the detec-
tion of the viral genome with the infectivity of the virus. Therefore, several 
strategies have been developed to adapt PCR to quantify infective virus par-
ticles (reviewed in Rodr í guez  et al .,  2009 ;  Table 3.4 ).Two different approaches 
have been used: direct RT-PCR (Li  et al .,  2002 ; Ma  et al .,  1994 ; Simonet and 
Gantzer,  2006a ,b) or the use a pre-PCR sample treatment coupled to a subse-
quent RT-PCR (Nuanualsuwan and Cliver,  2002 ,  2003 ).      

 In the fi rst approach, several strategies have been followed: targeting the 
5’ non-translated region (NTR) of the viral genome by PCR or analysing a 
long target region (LTR) of the viral genome by RT-PCR. The 5’ NTR has 
been reported as the most easily degraded region of the genome of the HAV 
upon exposure to chlorine and chlorine dioxide, which affect the secondary 
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structure of this region (Bhattacharya  et al .,  2004 ; Li  et al .,  2002 ). The lack 
of amplifi cation of the 5’ NTR is accompanied by the loss of virus infectivity 
in cell culture. Li  et al . ( 2002 ) also found that the fi rst 600 bases of the HAV 
genome containing the 5’ NTR are more sensitive to chlorine degradation 
than the rest of the genome. Similar conclusions were reached for  poliovi-
rus  genome degradation during exposureto chlorine dioxide using a q-PCR 
approach (Simonet and Gantzer,  2006a ). Similarly, analyses of longer regions 
of the genome by RT-PCR can screen for damage in the genome that will 
eventually reduce its infectivity, as an intact genome is necessary for the virus 

 Table 3.4     Molecular-based methods used for assessing viral infectivity 

 Treatment  Detection  Target virus  References 

 Proteinase and 
RNase 

 RT-PCR   Feline calicivirus , 
HAV, 
murine NoV, 
Poliovirus 1, 

 Nuanualsuwan and Cliver, 
 2002 ,  2003 ; Baert  et al ., 
 2008  

 Proteinase and 
RNase 

 Real-time 
NASBA 

 Human NoV, 
Feline 
calicivirus 

 Lamhoujeb  et al .,  2008 , 
 2009  

 RNase protection 
assay 

 RT-qPCR  Human NoV, 
Feline 
calicivirus 

 Topping  et al .,  2009  

 5’ NTR 
RT-PCR 

 HAV  Bhattacharya  et al .,  2004 ; 
Li  et al .,  2002 ,  2004  

 Long target 
region 
(LTR) 
q-RT-PCR 

 HAV, Poliovirus 
1, F-specifi c 
RNA phages 

 Li  et al .,  2002 ; Simonet 
and Gantzer,  2006a , 
 2006b  

 Attachment to 
cell monolayer 

 RT-PCR  HAV, Poliovirus 
1, Feline 
calicivirus 

 Nuanualsuwan and Cliver, 
 2003  

 Virus replication 
in cell 
culture (ICC: 
integrated cell 
culture) 

 RT-PCR  Human 
a denovirus , 
 Astrovirus , 
 Enterovirus , 
 Poliovirus , 
 Rotavirus , 
HAV, MS2 

 Blackmer  et al .,  2000 ; 
Chapron  et al .,  2000 ; 
Jiang  et al .,  2004 ; Ko 
 et al .,  2003 ,  2005 ; Lee 
and Kim,  2002 ; Lee and 
Jeong,  2004 ; Li  et al ., 
 2009 ; Nuanualsuwan 
and Cliver,  2003 ; 
Reynolds  et al .,  1996 ; 
Shieh  et al .,  2008  

 Antibody 
capture 

 RT-PCR  HAV, Human 
NoV,  Poliovirus 
1 ,  Feline 
calicivirus  

 Gilpatrick  et al .,  2000 ; 
Myrmel  et al .,  2000 ; 
Schwab  et al ., 1996 

 Immunomagnetic 
separation 

 RT-qPCR  HAV  Abd El Galil  et al .,  2004  

  Adapted from Rodr í guez-L á zaro  et al .,  2012.   
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to remain infectious (Rodr í guez  et al .,  2009 ). However, even though the lon-
gest targeted fragment (6989 bp) disappeared very rapidly after disinfection 
treatment with chlorine dioxide, reduction of  poliovirus  infectivity was under-
estimated by this approach (Simonet and Gantzer,  2006a ).Similarly, Simonet 
and Gantzer ( 2006b ) observed that fragment size alone could not be used as 
the sole judge of RNA damage among different viruses, as bacteriophage 
MS-2 exhibited greater resistance to UV than  poliovirus  for a similar frag-
ment size. In a study by Pecson  et al . ( 2011 ), a framework was developed to 
quantify damage to the entire genome based on the q-PCR amplifi cation of 
smaller targets. Genome regions of MS2 showed heterogeneous sensitivities 
to UV 254  treatment. It was demonstrated that the q-PCR-based framework 
can accurately estimate MS2 infectivity after UV 254  inactivation if  appropri-
ate analyses are used. 

 In the second approach, an enzymatic treatment (ET) with proteases 
(mostly proteinase K) and nucleases (RNase or DNase) before PCR is used: 
if  protein capsid integrity is affected, it is more susceptible to degradation 
by proteinases. Consequently, the virus genome would be released, and be 
more susceptible to nuclease degradation than capsid-enclosed nucleic acid 
(Nuanualsuwan and Cliver,  2003 ). This approach has been successfully used 
to determine the effectiveness of UV light and chlorine disinfection, and 
thermal treatment at 72 ° C in the inactivation of HAV, FCV, and  poliovirus  
(Nuanualsuwan and Cliver,  2002 ). However, some controversy still exists over 
the completed correlation between the results obtained and infectivity. In a 
recent study in our lab (Diez-Valcarce  et al .,  2011 ), we assessed the use of 
molecular methods – RT-qPCR and ET coupled to RT-qPCR – to quan-
tify the infectivity of NoV (NoV) after application of various inactivating 
food-processing technologies. In general, RT-qPCR and ET-RT-qPCR gave 
signifi cantly different ( p  < 0.01) results concerning the reduction in viral 
genome counts by all inactivation procedures and conditions used. These 
fi ndings indicate that the ET prior to RT-qPCR has an effect on the estima-
tion of the reduction of virus genome counts, and may eliminate genomes of 
affected virus particles. However, no correlation was found between the results 
obtained by ET-RT-qPCR and those obtained by cell culture. Therefore, the 
effect is presumably only partial, and not suffi cient to allow accurate estima-
tion of virus inactivation. Consequently, the results indicate that the quanti-
fi cation of virus genomes by PCR, regardless of prior ET, is not adequate for 
establishing virus inactivation and/or infectivity.   

  3.4     Conclusion 

 Monitoring the presence of enteric viruses in foods is a challenging task, and 
efforts to achieve it are growing. However, the principal task must be defi n-
itive international standardization to guarantee effective implementation 
in real-life analytical contexts. Ultimately, there needs to be a focused drive 
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towards taking proven methods from the scientist’s laboratory and imple-
menting them in the analyst’s laboratory. However, further developments are 
needed if  routine analysis of viruses in food laboratories is expected to be 
done. Among the main issues that must be addressed are the development 
of rational and easy-to-use strategies for maximizing virus recovery and the 
assessment of the infectivity of the detected viruses. However, the absolute 
prerequisite for successful adoption of a molecular-based diagnostic meth-
odology is international validation and subsequent standardization (Hoorfar 
and Cook,  2003 ). A good example of this international validation has been 
provided in the EU research project ‘Integrated monitoring and control of 
foodborne viruses in European food supply chains’ (KBBE 213178; VITAL; 
 www.eurovital.org ) (D’Agostino  et al .,  2012 ).This work is a landmark in virus 
detection in foods as it represents the fi rst internationally shared effort to eval-
uate the robustness of a PCR-based method for detection of an enteric virus 
in a niche food matrix, that is, raspberries. All the steps were clearly defi ned 
and different standard operating procedures (SOPs) were defi ned, not only 
for each analytical step (concentration, nucleic acid purifi cation, and PCR) 
but also for how to prepare the artifi cial inoculation and use of the blind 
samples. In addition, the evaluated method incorporated a sample process 
control and an internal amplifi cation control to verify its correct operation; 
the signifi cance of the results was interpreted according to the signal obtained 
from the different controls (D’Agostino  et al   .,  2011 ).  
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  Abstract:  Currently there are no specifi c guidelines providing recommendations 
on how to perform sampling on foods at different phases of their supply chains as 
well as on environmental matrices when they require testing for virus presence. This 
chapter considers the signifi cance and the role of sampling during food chain or 
water monitoring, surveillance and research studies. An overview and discussion of 
sampling strategies and criteria to be followed during sample selection are presented. 
Finally, some food- and waterborne outbreaks are described, highlighting the role of 
effi cient sampling strategies in successful virus detection both in the tested samples 
and the case patients. 

  Key words : enteric viruses, sampling strategies, food chain monitoring, water 
monitoring, air, surfaces. 

    4.1     Introduction 

 In recent years human enteric viruses have been recognized as important 
threats to human health. Breaching of  current regulations regarding sewage 
discharge, the use of  unclean water for irrigation purposes and poor hygiene 
practices, often reported among food handlers, have led to viral contami-
nation of  food, resulting in outbreaks of  disease. It is often the case that 
the presence of  a virus in food cannot be proved, even after testing of  the 
suspected food. Moreover, food testing for viruses is not currently incorpo-
rated in any offi cial regulations. For the purposes of  an outbreak investi-
gation, a large number of  methods for virus detection in different types of 
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food have been published (Croci  et al .,  2008 ; Mattison and Bidawid,  2009 ; 
Rze ż utka and Cook,  2009 ). Some of  these techniques are specifi c and can 
only be used for one type of  sample; others can be applied for virus detec-
tion in a broad range of  matrices. Surprisingly, contrary to the broad range 
of  virus detection methods used for food testing, food sampling method-
ology seems to be neglected in the literature. Currently there are no spe-
cifi c guidelines addressing food sampling issues for virus analysis and the 
existing recommendations for food sampling for bacterial pathogens do not 
necessarily meet virological requirements (Bosch  et al .,  2011 ). Furthermore, 
differences in the sample size and in the initial treatment of  the sample 
can have an infl uence on the detection limit of  the method used. The sam-
pling strategy and methodology are even more crucial when possible envi-
ronmental sources of  food contamination (water, surfaces and air), both 
for routine safety purposes and for the study of  outbreaks, are monitored. 
Successful virus detection in food and the environment depends not only on 
the method selected or the capability of  the laboratory in testing samples, 
but also, in most cases, on the sampling strategy applied. In this chapter the 
signifi cance and the role of  sampling in virus monitoring, surveillance and 
research studies will be discussed.  

  4.2     Virus monitoring at different levels of the food 
supply chain 

  4.2.1     Monitoring the fresh produce supply chain 
 Food crops are grown in natural conditions and are constantly exposed to 
different pathogens present in the environment. When crops are grown in 
virus-polluted soil or irrigated by polluted water, produce originating from 
these areas can be also contaminated, posing a health risk to consumers. In 
these cases, low numbers of heterogeneously distributed viruses are usually 
present on the raw produce or in the end product if  the produce is destined 
for further processing. These factors signifi cantly hamper sampling activity 
by making selection of the representative food sample(s) for testing diffi cult. 
Therefore the testing of environmental samples, for example irrigation or 
washing water, at a production or a processing stage may provide more rele-
vant results than testing the produce directly. 

 There are many points at which viruses may enter the food chain so it is 
important that before the food chain monitoring starts, all sampling points 
along the chain are identifi ed (Fiore,  2004 ). This may indicate that for cer-
tain types of  food, particularly in the case of  fresh produce, monitoring may 
be limited to the production stage. At this stage, the risk of  produce contam-
ination is mostly associated with polluted water used for agrarian purposes 
and a lack of  observance in hand hygiene requirements among the fi eld 
workers. As well as the initial picking of  a fruit or vegetable harvest, manual 
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trimming, bunching and packing are all considered risk factors for produce 
contamination. In these circumstances, it would be more appropriate to 
undertake virus screening on swabs from the hands of  the harvesters, than 
to test the produce directly. It is known that noroviruses (NoVs) appear to 
be stable on human hands without signifi cant virus loss (Liu  et al .,  2009 ). 

 What is more, direct contact between food and contaminated surfaces or 
tools can play an important role in virus transmission. Caliciviruses show a 
long-term persistence on environmental surfaces (Liu  et al .,  2009 ), making 
it possible to detect them on kitchen surfaces, for example, for at least a few 
days after food consumption (Boxman  et al .,  2009 ). Swabbing of environmen-
tal surfaces can therefore be a good alternative to food sampling, providing 
strong evidence of virus presence in outbreak settings, especially where food 
samples tested have given negative results. 

 Apart from during primary production and processing, food can be con-
taminated at the point of sale (Rze ż utka  et al .,  2007 ). Currently published 
protocols for virus testing in food do not focus on a sampling procedure. Even 
where procedures are described, the information is usually insuffi cient and 
does not provide such details as: (i) how the representative sample was cho-
sen from the batch of the suspected produce; (ii) the frequency and period 
of sampling in the case of regular food monitoring; and (iii) how a test por-
tion was prepared from the original sample. To fi nd positive produce, at least 
a dozen sampling occasions should be envisaged. During each visit, several 
randomly selected samples (e.g., lettuce heads or boxes of fruit) representing 
different batches need to be collected. Generally, the whole product, that is a 
whole lettuce head or basket of berries, is sampled. 

 In the laboratory a test portion is prepared from the original sample which 
comprises 10 g (Scherer  et al .,  2010 ) to 100 g (Dubois  et al .,  2002 ) of raspber-
ries or 25 g (Shan  et al .,  2005 ) to 90 g of strawberries (Rze ż utka  et al .,  2006 ). 
For leafy vegetables 25 g of green onions (Gu é vremont  et al .,  2006 ; Shan 
 et al .,  2005 ) or 5 g (Rutjes  et al .,  2006 ) to 25 g (Dubois  et al .,  2006 ) of lettuce 
can be taken for analysis. 

 Usually the contamination of fresh produce is external, with viruses pres-
ent on food surfaces. However, the possibility of internalized contamina-
tion of plant tissues cannot be excluded (Urbanucci  et al .,  2009 ). Viruses are 
usually removed from the food surface by washing or homogenization. An 
alternative approach to food washing can be swabbing of the produce sur-
face (M ä de  et al .,  2005 ; Scherer  et al .,  2009 ) and this method has been used 
for detection of NoV and rotavirus (RV) on artifi cially contaminated apples, 
cucumbers and pepper (Scherer  et al .,  2009 ). The moistened cotton swab was 
moved across the sample area fi ve times horizontally, vertically and diago-
nally, whilst simultaneously being turned to expose the whole swab to the 
contaminated surface. Besides producing virus recovery levels of up to 78%, 
this method has the added advantage over commonly used virus extraction 
and concentration procedures of leaving the food matrix intact and reducing 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

82 Viruses in food and water

the amount of released substances potentially acting as inhibitors. However, 
it can be only used for solid produce with fl at surfaces. 

 Data on sample storage and transportation to the laboratory is  usually 
suffi ciently described in varied sampling protocols. Soft fruit and leafy vege -
tables should be transported in refrigerated conditions and tested soon after 
delivery, because long storage times could cause decomposition of  produce 
and signifi cantly hinder virus extraction. However, enteric viruses do have 
the potential to persist at refrigerated conditions between the time of  pro-
duce purchase and consumption (De Paula  et al .,  2010 ). This should guar-
antee virus stability for a few days before analysis. In addition, virus survival 
on different surfaces may be stabilized by the presence of  organic matter, 
coliform bacteria, proteins or fats (Vasickova  et al .,  2010 ). Freezing can 
allow the retention of  virus infectivity but frozen transportation or sto rage 
is usually only used for berries. Finally, transportation and the sampling 
process itself  should be conducted in such a way that the sample conditions 
are not negatively affected (Rodr í guez-L á zaro  et al .,  2012 ). According to the 
most common indications, transport and storage should occur as quickly as 
possible, at a controlled temperature (5  ±  3 º C). In this temperature range, 
samples can be stored for up to 48 h. If  this cannot be achieved, they should 
be frozen at −70 º C. Samples should never be repeatedly frozen and thawed 
prior to analysis, as this can affect virus infectivity (Rodr í guez-L á zaro  et al. , 
 2012 ). 

 In summary, sporadic virus occurrence on ready-to-eat produce can lead to 
negative results, but this will not prove that the implemented surveillance sys-
tem at a food production or processing level was fully effective. Interpretation 
of positive results gathered during produce monitoring, especially at the point 
of sale, is diffi cult, as it is not possible to identify the stage at which food con-
tamination occurred from such results.  

  4.2.2     Monitoring the shellfi sh supply chain 
 Different types of enteric viruses have been found in shellfi sh. However, the 
data on virus prevalence mostly relates to NoV, enterovirus (EV), hepatitis A 
virus (HAV), astrovirus (AV) and RV (Boxman,  2010 ). The contamination of 
shellfi sh with viruses is expected to be higher than that of fresh produce, as 
they accumulate viral pathogens during their fi lter-feeding activities. The level 
of molluscs contamination ranges from 10 2  to 10 5  virus genome copies per 
gram of digestive tissues (Butot  et al .,  2009 ; Costafreda  et al .,  2006 ). Even in 
shellfi sh harvested from the same area at the same time, there is still a possibil-
ity of non-homogeneous distribution of viral contaminants within the batch. 
Therefore a negative test result on a single shellfi sh sample will not guaran-
tee that the whole batch is free from virus contamination (Boxman,  2010 ). 
Whether the shellfi sh are collected from production (growing areas) or point 
of sale, the sampling procedures may not vary signifi cantly, and differences 
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usually only arise from the type of shellfi sh sampled. The level of virus accu-
mulation in shellfi sh may depend on their type, as oyster samples may be less 
frequently contaminated by viruses than mussels (Le Guyader  et al .,  2000 ). 
In addition, the persistence of viruses has been observed to differ in different 
shellfi sh species (Hernroth and Allard,  2007 ). 

 Any seasonal occurrence of shellfi sh contamination should be considered 
when devising a sampling strategy (Le Guyader  et al .,  2000 ; Bosch  et al ., 
 2011 ). It has been shown that shellfi sh harvested during the winter months 
contain a higher percentage of human pathogenic viruses (Coelho  et al ., 
 2003 ; Elamri  et al .,  2006 ) than those sampled during summer (Formiga-Cruz 
 et al .,  2002 ; Woods and Burkhardt III,  2010 ). An example of successful shell-
fi sh monitoring at primary production was conducted by Le Guyader  et al . 
( 2000 ). In this study, samples were collected monthly over a period of three 
years, with one sample taken from each harvesting area. The single sample 
was composed of at least 20 oysters or 30 mussels. In the laboratory, the diges-
tive glands were dissected, aliquoted under 1.5 g portions (three aliquots were 
prepared for each sample) and kept frozen at −20 ° C until analysis. Based on 
the example of this and other studies, the following conclusion can be drawn: 
(i) the shortest monitoring period of shellfi sh in growing or harvesting areas 
should be one year and the sampling visits need to be distributed equally dur-
ing this period; and (ii) several shellfi sh should be taken per sampling (2–30), 
preferably from three different locations (sampling points) representing the 
same harvesting area. 

 Shellfi sh are very commonly eaten raw, so upon harvesting they may be 
temporarily stored or directly marketed. As the shellfi sh production chain is 
short, monitoring can be performed either during farming or at retail level. 
An example of shellfi sh monitoring covering different retail outlets, such as 
restaurants, sea food markets and wholesalers, was successfully conducted in 
the United States (DePaola  et al .,  2010 ). The sampling strategy relied on col-
lection of two oyster samples (each consisted of 36 live animals) from these 
places twice a month in each of nine states. In total, 397 oyster samples were 
collected representing different lots. The samples were transported to a lab-
oratory under refrigerated conditions (2–10 ° C) and analysed the day after 
collection. Before analysis, oysters were washed and shucked and the digestive 
diverticula from 5 to 10 oysters were removed and homogenized to obtain a 
tested portion of 25 g. The monitoring resulted in detection of positive NoV 
and HAV samples. 

 Despite the use of  different schedules in terms of  sampling frequency, 
period of  sampling and the number of  samples taken per visit, a single sam-
ple is usually made up from a pool of  several (Beuret  et al .,  2003 ; Wang  et al ., 
 2008 ) to a dozen animals (Kingsley  et al .,  2002 ). The whole animal body can 
be used, but an individual sample can also consist of  dissected digestive 
glands from several animals (Kingsley  et al .,  2002 ; S á nchez  et al .,  2002 ) or 
homogenates of  shellfi sh bodies (Cromeans  et al .,  1997 ; Croci  et al .,  1999 ; 
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Coelho  et al .,  2003 ; Elamri  et al .,  2006 ). This pooling can affect the sensitiv-
ity of  the detection method and can produce a false negative result due to 
reduction of  the sample size and the diluting effect of  the uncontaminated 
samples present in the pool. De Roda Husman  et al . ( 2007 ) proved that test-
ing of  pooled samples of  digestive glands never resulted in a positive signal, 
whereas testing of  the digestive glands individually confi rmed the virus pres-
ence. Because most viruses are found in the digestive organs, the majority of 
protocols used for virus extraction employ homogenization of  the digestive 
glands instead of  the shellfi sh bodies (Lees and CEN WG6 TAG4,  2010 ). 
The advantage of  this approach is increased test sensitivity and elimina-
tion of  the excess food matrix, which may contain substances inhibitory to 
molecular detection. This is also the procedure described in the forthcoming 
CEN 275/WG6/TAG4 horizontal method and recommended by a European 
Community Reference Laboratory for monitoring bacteriological and viral 
contamination of  bivalve molluscs (Lees and CEN WG6 TAG4,  2010 ). 

 Transportation and shellfi sh storage before analysis should not affect the 
test results as long as shellfi sh are kept under refrigerated conditions and pro-
cessed within 24 h. Viruses inside the shellfi sh are well protected from tempera-
ture changes (Croci  et al .,  1999 ). HAV, for example, can persist in shellfi sh for 
more than 3 weeks, whilst viral RNA can be detected over 6 weeks after con-
tamination (Kingsley and Richards,  2003 ).   

  4.3     The significance of water, air and surface sampling 
during food chain monitoring 

  4.3.1     Water 
 Water can be involved as a source of contamination at various different lev-
els along the food chain: in primary production, through irrigation of crops, 
used in the growth of shellfi sh, during food processing, as an ingredient of the 
food itself  or for washing and cleaning, and in food distribution and serving. 
Furthermore, water is also directly ingested as in the case of bottled or tap 
water. Recreational waters, although not related to the food chain, can also 
be a vehicle for virus transmission. There is vast evidence related to the viral 
contamination of water (Bosch  et al. ,  2011 ; Rodr í guez-L á zaro  et al. ,  2012 ): a 
great variety of virus are excreted by faeces, but the most regularly detected 
are EV, RV, NoV, HAV, HEV and adenovirus (AdV). 

 Water monitoring along the food chain can involve different types of 
water, depending on their origin and role in food production. The viral 
load can differ signifi cantly in different types of  water. Typically the fate 
of  any enteric virus excreted by the faecal route involves the contaminated 
matter coming into sewage that is treated and discharged in surface waters, 
then collected and treated for drinking, leading to a decrease in viral con-
centration from 10 10  particles per gram of  faeces to less than one in 100 l of 
tap water (Gantzer and Schwartzbrod,  2002 ). Consequently, the sampling 
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volume depends on the water quality, and the use of  sampling procedures 
is related to the volume of  the sample. In the reported studies on virolog-
ical analysis of  different types of  water, the sample sizes range from 50  μ l 
to 3000 l (Rodr í guez-L á zaro  et al. ,  2012 ), with an evident lack of  harmo-
nization. However, the following volumes are the most often indicated: 1 
l for raw sewage, 10 l for treated sewage, surface and marine recreational 
waters, 100 l for ground or drinking water treatment, and 1000 l for tap or 
mineral water. 

 Sampling and analytical procedures for the testing of water samples are 
well documented. Viral recovery and concentration techniques include: ultra-
fi ltration; adsorption-elution using fi lters or positively or negatively charged 
membranes; glass wool or glass powder; two-phase separation with polymers; 
fl occulation; and the use of monolithic chromatographic columns (Bosch 
 et al. ,  2011 ). The recovery effi ciency of these techniques can be affected by 
the physicochemical quality of the water, including pH, conductivity, turbid-
ity, presence of particulate matter, and organic acids. 

 For the concentration of large volume samples, two phases may be neces-
sary, such as the use of glass wool, for example, followed by fl occulation. The 
glass wool adsorption-elution procedure for the recovery of enteric viruses 
from large volumes of water has proved cost-effective. This method can also 
be adapted for the in-line recovery of viruses from water, thus avoiding trans-
portation of large volumes of potentially highly polluted water. However, no 
single method can be recognized as superior for all water types and sample 
volumes: effi ciency, constancy of performance, robustness, cost, and com-
plexity are all factors to be considered for each method, and application and 
performance characteristics must be continually monitored, possibly using 
process quality controls (Wyn-Jones  et al. ,  2011 ).  

  4.3.2     Air and surfaces 
 Although viral particles are generally at very low concentrations in the air 
and on surfaces, enteric viruses have been detected in different contexts and 
buildings, and on a great variety of surfaces and objects (Boone and Gerba, 
 2007 ). In most studies the environmental monitoring was related to an out-
break (Cheesbrough  et al. ,  2000 ; Gallimore  et al. ,  2005 ; Wu  et al. , 2005; Jones 
 et al. ,  2007 ; Boxman  et al. ,  2009   ), but in some (Scherer  et al. , 2009; Boxman 
 et al. ,  2011 ; Carducci  et al. ,  2011 ; Ganime  et al .,  2011   ) viral contamination of 
surfaces and sometimes air was detected in the absence of clinical cases. The 
settings most studied were hospitals and institutions such as nursing homes 
and daycare centers. In these settings, the viruses most frequently searched for 
were RV and NoV. In a recent study based on extensive surface monitoring 
for NoV in catering companies (Boxman  et al. ,  2011 ) the prevalence of pos-
itive samples in companies without recently reported outbreaks (4.2%) was 
signifi cantly lower than in outbreak settings (61.1%) and the strains detected 
were similar to those identifi ed in clinical specimens. The higher prevalence 
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of environmental contamination found during outbreaks suggests that swabs 
may be used as an adjunct to clinical diagnosis of NoV for the outbreak inves-
tigation (Boxman  et al. ,  2009 ,  2011 ; Ganime  et al. ,  2011 ). 

 A sampling strategy for air and surfaces should have very clear specifi c aims 
if  reliable results are to be produced and excessive costs avoided. In practice, 
the detection of viruses in air and on surfaces encounters signifi cant obsta-
cles, largely related to the high dilution factor and the sensitivity limits of the 
proposed techniques. These limitations are more evident for air monitoring, 
which, as well as requiring more complex sampling techniques and special 
expensive devices, produces extremely variable results strongly infl uenced by 
particle size and air movements. For this reason air sampling should be lim-
ited to particular settings and aims, for example, the diffusion of viral aerosol 
from a wastewater treatment plant (Carducci  et al. ,  2000 ), from a toilet fl ush 
or from vomit. The sample size is dependent on the level of contamination 
(generally 1 m 3  of air indoor and 3 m 3  outdoor) and the sampling points can 
be located close to the source of the aerosol or in areas of possible diffusion, 
taking air movements into account. 

 Surface monitoring is simpler and less expensive, and can also provide evi-
dence on the contamination of air through the settling of droplets. It has 
been most extensively used in health care (Carducci  et al. ,  2011 ) and food pro-
duction (Scherer  et al. ,  2009 ) settings to assess not only viral contamination, 
but also the effi cacy and correct application of disinfection procedures. For 
enteric virus detection on environmental surfaces, different sampling proto-
cols have been reported and sometimes compared (Wu  et al. , 2005; Gallimore 
 et al. ,  2006 ; Boxman  et al. ,  2009 ; Scherer  et al. ,  2009 ; Julian  et al. ,  2011   ). A 
defi nite surface area is sampled using swabs, contact plates or sponge bags 
(Rodr í guez-L á zaro  et al. ,  2012 ). These devices are all eluted after sampling. 
The most recommended procedure is based on the swab-rinse technique 
(Scherer  et al. ,  2009 ; Rodr í guez-L á zaro  et al. ,  2012 ), but swab material, elu-
ent and rinsing procedures can differ. Comparison studies have shown the 
highest recovery rate for polyester swabs eluted with PBS (Julian  et al. ,  2011 ). 
Electrostatic interactions, van der Waals forces and hydrophobic effects are 
assumed to be involved in the interactions between virus particles and solid 
substrates. For these reasons virus type and chemico-physical surface prop-
erties may affect recovery effi ciency; effi ciency is higher when the sample is 
taken from non-porous and smooth surfaces such as steel, metal, ceramic, 
glass and high-density polyethylene (Scherer  et al. ,  2009 ). Further factors 
affecting recovery are pH, ionic concentration, surface charge and organic 
matter. This should be taken into account when the aim of monitoring is 
the control of cleaning procedures (Julian  et al. ,  2011 ). The swab sampling 
method revealed a remarkable variability of recovery rates (Scherer  et al. , 
 2009 ) making standardization diffi cult. Consequently, in the interpretation of 
swab sample data, positive results indicate surface contamination, implying a 
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potential risk of exposure, whereas the negative ones do not necessarily prove 
the absence of contamination. 

 When the surface monitoring along a food chain is aimed at risk assessment, 
specifi c pathogens have to be detected, such as NoV and RV. Alternatively, 
if  monitoring is being conducted for safety purposes, a more conservative 
approach should be used based on the research of indicators. In these cases, 
because classical bacterial parameters are not representative of viruses, we 
can choose a viral agent largely spread in healthy people and eliminated via 
the faecal route. For air and surfaces, AdV and TT virus (Carducci  et al. , 
 2011 ) have been used, but other virus types such as polyomavirus have also 
been proposed (Foulongne  et al. ,  2011 ). 

 The choice of sampling points is also important to guarantee highly sen-
sitive monitoring. The most representative surfaces are the ones subjected to 
contamination and contact by food handlers, and infrequently cleaned or dif-
fi cult to clean, for example the fl ushing chain or knob and the toilet seat, the 
handle of refrigerators or other kitchen machines, the handles of knives, the 
cruet set or the soap dispenser. An interesting approach was adopted in a 
study of catering companies in the Netherlands (Boxman  et al. ,  2011 ). For 
each company only three swabs were collected, but each swab was used to 
sample two or three surfaces in the same context, thus increasing the proba-
bility of obtaining positive samples. 

 Besides the sensitivity of detection methods, the technique and the medium 
used for virus collection can also affect the infectivity and the persistence of 
their nucleic acid (Rodr í guez-L á zaro  et al. ,  2012 ). Air samplers based on fi l-
tration, impact on solid surfaces, or impingement have all been successfully 
used for virus detection (Verreault  et al. ,  2008 ), but all present advantages 
and disadvantages: fi ltration samplers are simple to use, but the fl ow rate, 
sampling duration and the membrane composition have to be strictly con-
trolled to avoid dehydration; impact samplers are also easy, but dehydration 
or impact trauma are possible and then fl ow rate and duration are critical; 
impinger samplers avoid dehydration but fl ow rate and collection fl uid com-
position are determinant for virus recovery (Bosch  et al. ,  2011 )   

  4.4     Sampling strategy in relation to food- and 
waterborne outbreaks 

 Detection of enteric viruses related to foodborne outbreaks in foodstuffs other 
than shellfi sh have rarely been reported, and data on the prevalence of enteric 
viruses on fresh produce are very scarce. This may refl ect either diffi culties in 
the detection of low numbers of viruses on contaminated food, or the fact 
that monitoring of food for viruses is rarely conducted. So far, only one out-
break linked to the consumption of virus-contaminated produce has been 
fully documented (Calder  et al .,  2003 ). In the many other viral foodborne 
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outbreaks recorded all over the world, including the recently described 
hepatitis A outbreak associated with semi-dried tomatoes (Petrignani  et al ., 
 2010a ,b; Gallot  et al .,  2011 ), contaminated vegetables have only been identi-
fi ed as putative vehicles of virus transmission. In the food- and waterborne 
outbreak example discussed below, different sampling strategies as well as the 
role of epidemiological investigation in identifi cation of the virus source are 
described. Detailed information on each food sampling strategy and the virus 
concentration methods applied during the investigation of food-, water- and 
airborne outbreaks have been presented in the appendix. 

  4.4.1     Outbreak linked to virus-contaminated fruit 
 A hepatitis A outbreak associated with the consumption of raw blueberries 
was reported in 2002 in New Zealand (Calder  et al .,  2003 ). An epidemio-
logical study revealed 39 cases of HAV which were directly associated with 
the consumption of contaminated berries. Clinical samples (faeces, blood 
or serum) collected from infected persons and samples of frozen blueberries 
from the cold store were analysed for the presence of HAV. The virus was 
detected in faecal and food samples, but not in any blood or serum specimens 
of the patients. HAV- positive samples were confi rmed by DNA hybridization 
and sequencing of PCR products. 

 Investigation of  the berries consumed revealed that the produce may 
have originated from one source orchard. Based on information obtained 
from the retailer, the probable source orchard in which the contamination 
occurred was identifi ed. A sanitary audit conducted in the orchard revealed 
multiple opportunities for an infected worker to contaminate the product 
or processing equipment during picking and packing. However, there was 
no evidence that any of  the orchard workers had recently suffered from 
hepatitis A or revealed symptoms of  the disease, and none were tested for 
HAV-specifi c antibodies. An unequivocal identifi cation of  the mode of  con-
tamination of  the berries was not possible, although all the evidence sup-
ported assumptions that the likely source of  the virus was either an infected 
food handler or faecally polluted ground water. The orchard was not irri-
gated, but the high rainfall observed during the harvest season may have 
raised the ground water level, which could easily have been contaminated 
by fi eld latrine effl uents. 

 The contaminated batch of  blueberries contained 36 tonnes of  fruit. 
Fourteen tonnes had been introduced to the market and 22 were still in cold 
storage. For analysis, only six samples consisting of  100 g portions of  frozen 
blueberries were collected from the cold storage. Among them three gave 
positive results, suggesting that these samples were highly contaminated. 
However, the authors concluded that the overall level of  fruit contamina-
tion was low, or that the viral distribution in the batch was not uniform as, 
despite over 14 tonnes of  berries being sold, only a limited number of  cases 
were recorded.  
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  4.4.2     Outbreak linked to virus-contaminated shellfi sh 
 Shellfi sh is a common, globally recognized food and is usually eaten raw or 
only slightly cooked. When shellfi sh are grown in and harvested from pol-
luted water, they may become contaminated by human pathogenic viruses 
including HAV, which is responsible for the most serious viral infection asso-
ciated with shellfi sh consumption (Pint ó   et al .,  2009 ). Detection of HAV in 
foodborne outbreaks is rarely successful, as it is hampered by such factors 
as a lack of effi cient sampling methodologies or a low level of virus recov-
ery from shellfi sh tissues. A good example of a successful HAV detection in 
shellfi sh was a multistate foodborne outbreak which occurred in the United 
States in 2005 (Bialek  et al .,  2007 ; Shieh  et al .,  2007 ). The outbreak-related 
oysters were farmed and harvested from two Louisiana harvest areas in the 
Gulf of Mexico. The oysters were shipped to several restaurants, where they 
were eaten in a raw state. Only one person among 39 victims admitted eating 
baked oysters. None of the case patients reported any risk factors related to 
the infection other than a specifi c food consumption. Viruses were detected in 
the oyster meat and HAV RNA sequences derived from the oysters were iden-
tical to virus sequences obtained from patients’ sera. It was confi rmed that all 
cases were due to infection by a single strain, classifi ed as HAV genotype IA. 

 This outbreak originated from a common source and it was established 
that the contamination occurred before oyster distribution, since employees 
involved in the shipment had minimal physical contact with shellfi sh and 
none reported hepatitis symptoms. All implicated oysters had been harvested 
from approved areas remote from any fi xed sources of sewage discharge. 
Contamination of the shellfi sh beds by harvesters was unlikely, as they met all 
hygiene requirements. The probable source of contamination was illegal waste 
disposal from recreational boats within legal harvest areas, or an illegal har-
vesting in closed areas. The identifi cation of the virus source was possible due 
to the epidemiological investigation, which identifi ed contaminated oysters at 
a wholesaler. They were harvested from the same areas at the same time as 
oysters served to the case patients. 

 Two oyster samples were collected for testing, one representing the product 
as sold in a frozen state, and the second representing the fresh product. Both 
samples were frozen at the time of collection. In the laboratory, the oysters 
were thawed and aseptically separated from icy water and adductor muscle. 
From each sample, three to four 25 g portions of oyster meat were prepared 
for testing (three to eight oysters were homogenized to obtain a tested por-
tion). HAV RNA was detected in only one 25 g portion of the sample pre-
pared from produce offered in a frozen state. The authors highlighted that 
maintaining oysters at constant freezing temperatures before sampling pre-
vented viral RNA degradation through enzymes released by the oyster meat. 
Several elements played a signifi cant role during identifi cation of a foodborne 
aetiology of this outbreak, including application of molecular epidemiology, 
an effi cient protocol for virus extraction, a proper preservation of food sam-
ples and fi nally a fi eld investigation.  
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  4.4.3     Outbreak linked to virus-contaminated drinking water 
 The frequency of waterborne outbreaks reported by the existing surveillance 
systems is increasing, owing to the increasing attention being paid to possible 
viral origin. The aetiology of these epidemics is generally determined with the 
detection of viruses in clinical specimens and rarely confi rmed by environ-
mental samples (Brunkard  et al. ,  2011 ). 

 At the end of July 2006, more than 2800 patients with acute diarrhoea 
were reported by accident and emergency departments in Taranto, Italy 
(Martinelli  et al. ,  2007 ). A fi eld investigation was conducted between July and 
October 2006, including epidemiological data collection, case–control study 
and microbiological analysis of both faecal and environmental samples (tap 
water, sea water and shellfi sh). The drinking water samples (1 l) were collected 
at the local waterworks, from major water pipelines and wells, and from tap 
water in a public bar. The samples were concentrated using the cation-coated 
fi lter method reported by Haramoto  et al . ( 2005 ). In July two samples were 
collected; one produced a positive result for NoV and one a positive result for 
RV. In August a further six samples were collected, two of which tested posi-
tive for RV. In September 14 samples were analysed with two positive results 
for NoV and four for RV, and in October 22 samples were collected with four 
positive for RV. Of the total of 44 tap water samples tested, four (9%) were 
positive for NoV and 11 (25%) for RV. 

 Twelve sea water samples were also taken and concentrated by the same 
method cited above: four (33%) were positive for NoV and one (8.3%) for RV. 
Among 70 faecal samples, 48% tested positive for RV and 40% positive for 
NoV. No faecal indicator bacteria or endotoxins were detected in the envi-
ronmental samples of tap water collected in Taranto, and no shellfi sh samples 
were positive for bacteria or viruses. The case-control study confi rmed tap 
water as the probable source of the outbreak, supported by the fact that molec-
ular profi les of RV and NoV identifi ed in a number of tap water samples were 
the same as the ones found in some patients’ stool samples. Sequence analysis 
showed these to be the new NoV strain GGII.4 2006a and RV genotype G9.   

  4.5     Conclusion 

 The existing protocols dealing with sample preparation, virus extraction and 
concentration from food have been described in great detail, yet information 
on sampling methodology is usually insuffi cient. So far the necessary food 
sampling requirements for detection of viruses have not been covered by any 
standards. Understanding of food- and waterborne viruses has signifi cantly 
increased during the last ten years as a result of several studies on virus prev-
alence and persistence in these environments. An increasing number of out-
breaks attributed to the consumption of virus-contaminated shellfi sh have 
been particularly key, triggering broad research on the development of virus 
detection methods and studies on virus survival and elimination. The results 
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of these studies are certainly a basis for future shellfi sh monitoring pro-
grammes. However, routine screening of shellfi sh for the presence of viruses 
is an expensive, diffi cult process and may not be fully effective (Pint ó   et al ., 
 2009 ,  2010 ). Testing of shellfi sh as well as other food types should therefore 
be considered only as a verifi cation element of the production process. To 
control the virological quality of shellfi sh, continuous water monitoring in 
growing and harvesting areas would be more effi cient than direct shellfi sh 
testing. Quantitative virological analysis of shellfi sh could then be performed 
prior to marketing (Pint ó   et al .,  2009 ). 

 The increasing involvement of  fresh vegetables in viral outbreaks (EFSA 
and ECDC,  2011 ) makes it of  vital importance that the virological quality 
of  water used in the production chains is effi ciently measured. In addition, 
assessing the role of  food handlers in the contamination of  food production 
environments could help to guarantee food safety in catering (Boxman  et al ., 
 2011 ) and ‘ready-to-eat food’ companies. Such assessment relies on effec-
tive strategies, and one of  the main future challenges faced in food virology 
will be an elaboration of  sampling guidelines, especially for fresh produce 
chain monitoring. The identifi cation and analysis of  virus-relevant critical 
control points within each food supply chain is therefore key to the contin-
ued development of  effective sampling strategies and the successful appli-
cation of  these strategies for the identifi cation and prevention of  possible 
contamination.  

  4.6     Sources of further information and advice 

 The latest developments in virus detection methods and sampling protocols 
used during virus surveillance or outbreak investigation can be obtained in 
such scientifi c journals as  Food and Environmental Virology ,  International 
Journal of Food Microbiology ,  Applied and Environmental Virology ,  Journal of 
Food Protection, Water Research, Journal of Virological Methods  and  Journal 
of Applied Microbiology.  The website of the International Organization for 
Standardization ( www.iso.org ) provides information on current operating 
standards related to sampling techniques and sampling procedures applied in 
food microbiology.  
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  4.8     Appendix: sampling from food and air 

 Virus detection in fruit – reported in Calder  et al . ( 2003 ) 

 Sampling method  

   1.     Randomly collect 6 samples consisting of minimum 100 g of frozen berries 
from different locations of suspicious or contaminated batch. Frozen fruit 
are usually distributed as pre-packed produce, so in this case take 6 bags 
of fruit. For soft fruit separate aseptically individual fruit pieces up to the 
minimum weight of 100 g into separate sterile containers.  

  2.     After collection, fruit should be transported in a chilled or frozen state. Do 
not allow fruit to defrost or become juicy when longer storage is required 
before analysis.    
  NOTE: Samples should be processed within 24 h after collection  

 Virus detection in shellfi sh – reported in Shieh  et al . ( 2007 ) 

 Sampling method  

   1.     At least 8 oysters from suspected or contaminated batch of shellfi sh should 
be aseptically collected into sterile containers. If  shellfi sh are packed, make 
sure that the sampled unit contains the required number of molluscs.  

    NOTE: Sampling can be performed on fresh or frozen shellfi sh   
  2.     Shellfi sh should be transported to the laboratory as chilled or frozen, 

depending on their state during collection.  
  3.     In the laboratory, take three to eight whole oysters to obtain a tested por-

tion of 25 g of the shellfi sh meat (frozen oysters need to be thawed and 
aseptically separated from icy water and adductor muscle).  

  4.     Tested portions can be stored at −70 ° C pending analysis.    

 Virus detection in aerosol – reported in Carducci  et al . ( 2011 ) for detection 
with cultural methods, and for detection with biomolecular methods. 

 Sampling method  

   1.     Aerosol samples are collected with an impactor sampler. For virus detec-
tion, 1000 l of air (indoor) and 3000 l (outdoor) are sampled on Rodac 
plates containing Tryptone Soy Agar (TSA).  

  2.     After collection, plates should be transported in a chilled or frozen state. 
Do not allow plates to dry.  

   NOTE: Samples should be processed within 24 h after collection     
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  Abstract:  Enteric viruses are the causes of many sporadic cases and outbreaks 
originating from contaminated water. Valid and reproducible methods for the 
detection of waterborne viral pathogens are crucial in order to determine the extent 
of contamination, the types of pathogens involved and the correlation between 
viral contamination and environmental factors. Strategies have been developed 
to overcome the diffi culties associated with virological analysis of water samples. 
Various assays are available for the detection of the major pathogenic viruses 
potentially present in urban sewage, drinking or recreational waters. Monitoring of 
sewerage systems provides valuable epidemiological information regarding serotypes 
circulating in the community. 

  Key words:  viruses, water, sewage, concentration of viruses, molecular detection. 

    5.1     Introduction 

 Enteric virus contamination in recreational and drinking waters has been a 
major health concern worldwide in recent years. Since the 1980s, following 
advances in environmental virology, enteric viruses have been recognized as 
the causative agents of many sporadic cases and outbreaks of gastroenteritis 
and other illness originating from contaminated water. Viral transmission can 
occur through all types of water. This includes drinking water, recreational 
(fresh, marine and swimming pool), river and irrigation water. Despite the 
relatively low concentration of viruses in water, these micro-organisms can 
still pose a signifi cant health risk, since they often require very low infectious 
doses. 
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 Despite progress in water and wastewater treatment technology, water-
borne diseases continue to have far-reaching public health consequences in 
both non-industrialized and industrialized countries. 

 The availability of valid and reproducible methods for the detection of 
waterborne viral pathogens is crucial in order to determine the extent of con-
tamination, the types of pathogens involved and the correlation between viral 
contamination and environmental factors. Such information will lead to a 
better understanding of the associated health risks and to improved methods 
for control of waterborne viral pathogens, thus reducing their impact on pub-
lic health. 

 The fi rst section of the chapter covers methods for processing water sam-
ples for virological analysis and strategies developed to overcome the diffi cul-
ties associated with such analysis. 

 The second section provides an overview of available assays for the detec-
tion of the major pathogenic viruses potentially present in urban sewage, 
drinking or recreational waters. Historically, the standard method for the iso-
lation of human viruses from environmental water samples was based on the 
ability of viruses to grow in cell cultures. These assays require considerable 
resources and expertise and are labor-intensive and time-consuming. In addi-
tion, some viruses are impossible or diffi cult to grow in cell culture systems. 
Molecular methods, on the other hand, can detect non-culturable viruses and 
viruses that are diffi cult to cultivate, saving time, reducing costs, and increas-
ing detection sensitivity. These methods, however, also have shortcomings: 
their sensitivity is often reduced by inhibitory compounds co-concentrated 
in water samples, resulting in false negatives. They may also yield ambiguous 
positive results by detecting non-infectious or inactivated virions. In response 
to the limitations of both cell cultures and molecular methods, integrated 
cell culture/polymerase chain reaction (PCR) methods were developed. Most 
recently, novel molecular methods have also been developed to preclude the 
detection of non-infectious viruses, as well as tools for the multiplex detection 
of pathogens in water using microarrays. 

 Finally the monitoring of sewerage systems is discussed as a valuable source 
of epidemiological information regarding serotypes circulating in the com-
munity which may not be detectable in clinical samples if  infections are mild 
or asymptomatic, and as a potential early warning system for epidemics. 

  5.2     Sample treatment: adsorption-elution methods 

 The concentration of enteric viruses in the feces of infected individuals is 
extremely high (10 5 –10 11  virions per gram of stool). The degree of waste-
water infl ow contamination depends on the season, the prevalence of viral 
infections and the characteristics of circulating viruses. Sewage treatment can 
reduce viral contamination 10–1000-fold, but cannot eliminate it. When sew-
age effl uent is discharged into fresh or marine waters these pathogens can fi nd 

�� �� �� �� ��



 Molecular detection of viruses in water and sewage  99

© Woodhead Publishing Limited, 2013

their way into recreational water, drinking water and agricultural products. 
Typically, the minimum infectious dose for human enteric viruses (10–100 
virions) is lower than that of enteric bacteria, so that even a few viral particles 
in water can pose health risks. 

 The detection of viruses in water, as in other environmental samples, pres-
ents particular challenges. The basic steps of virological analysis of environ-
mental waters include sampling, virus concentration and purifi cation and 
detection, whether by cell culture assays or by molecular methods. 

 The concentration of viruses in water is usually too low to allow detec-
tion by direct analysis. A multi-stage process is therefore, required, involv-
ing the concentration of the potential virus-containing sample. The sample 
is processed so as to concentrate viruses into small volumes, usually less than 
10 ml. The volume of water to be analysed and the degree of concentration 
required depends on the likely level of contamination. In groundwater or 
treated drinking water several thousand-fold concentrations may be needed 
to allow detection, and 100 l or more will need to be processed. Superfi cial 
waters may require a concentration of about 1000-fold and samples of about 
10 l of water. In raw sewage, viruses may be detectable in small samples (20–50 
ml) without previous concentration. 

 A good concentration method should be able to concentrate viral particles 
while at the same time avoiding the co-concentration of inhibitory compounds 
that could interfere with detection. Ideally, such a method should be easy and 
quick to implement, have a high virus recovery rate and the ability to con-
centrate a wide range of viruses, provide a small volume of concentrate, be 
relatively inexpensive, be capable of processing large volumes of water, and be 
both repeatable and reproducible (Block and Schwartzbrod,  1989 ;Wyn-Jones 
and Sellwood,  2001 ). No single method fulfi lls all the above criteria, however. 
Despite efforts to improve recovery for many waterborne enteric viruses, no 
method gives consistently high recovery rates. Moreover, the effi ciency of viral 
recovery depends on the type of virus analysed. Three main techniques are 
used (each with numerous variations): adsorption/elution, ultrafi ltration, and 
ultracentrifugation. These are based on different properties/characteristics of 
the viruses: ionic charge, particle size, and density and sedimentation coeffi -
cient. Methods usually consist of a two-stage concentration process: a fi rst 
stage (primary concentration) which reduces the initial volume to between 
100 and 1000 ml, and a second stage (secondary concentration) which reduces 
the volume further, to 5–20 ml.  

  5.2.1     Adsorption 
 Most methods employed for the concentration of viral particles from envi-
ronmental water samples depend on adsorption of the virus to a solid matrix, 
such as a fi lter, membrane or cartridge, followed by viral elution. The adsorp-
tion of any specifi c virus to the matrix depends on particular conditions of pH 
and ionic strength. Once the virus is adsorbed, the water is discarded and the 
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virus is then eluted from the matrix. Processing conditions, type of adsorb-
ing matrix and eluting fl uids are choices to be made based on the nature of 
the sample. The class of fi lters most commonly used for virus collection from 
large volumes of water is adsorption-elution microporous fi lters (0.2–0.45 
 μ m), commonly known as VIRADEL. Systems for virus concentration usu-
ally consist of a pump, fi lter housing, and a fl ow metre. Although the pore 
sizes of the fi lters are considerably larger than the diameter of the viruses 
(up to 90 nm), viruses adsorb by electrostatic and hydrophobic interactions 
(Gerba,  1984 ). Two classes of adsorbent fi lters have been used to concentrate 
enteric viruses from freshwater and sewage effl uents: negatively charged and 
positively charged fi lters. 

  Electronegative fi ltration 
   Concentration of  viruses in water using negatively charged microporous fi l-
ters has been practised for many years and there are many variations of  the 
technique. Under ambient conditions, enteric viruses are negatively charged 
and will adsorb to a negatively charged matrix only in the presence of  mul-
tivalent cations or, more commonly, under acidic conditions (when their net 
charge becomes positive). Therefore, the pH of  the sample is to be reduced 
to levels lower than the isoelectric point of  the viruses. The fi rst fi ltration 
system using negatively charged fi lters, developed by Wallis and Melnick 
in  1967  (Wallis and Melnick,  1967 ), requires the addition of  divalent or 
trivalent salts (AlCl 3  or MgCl 2 ) and an adjustment of  the water sample 
to pH 3.5 prior to fi ltration (Wallis  et al .,  1972 ). This method has been 
employed to concentrate viruses from different types of  waters (Beuret, 
 2003 ; Fuhrman  et al .,  2005 ; Goyal and Gerba,  1983 ; Haramoto  et al .,  2004 ; 
Katayama  et al .,  2002 ; Melnick  et al .,  1984 ; Villar  et al .,  2006 ). Negatively 
charged fi lters, such as nitrocellulose (Millipore HA), fi breglass (Filterite, 
the most widely used) and cellulose (Whatman) generally have small pore 
sizes (0.2–0.45  μ m). This results in a tendency to clog which limits the vol-
ume of  sample that can be fi ltered. To overcome this problem, membranes 
can be changed more frequently or larger cartridge fi lters used, where sheets 
of  negatively charged plates are rolled into a cartridge holder (Farrah  et al ., 
 1976 ). Electronegative fi lters are ideal when concentrating viruses from sea-
water, high in organic matter and turbidity (Gerba  et al .,  1978 ). Katayama 
 et al . ( 2002 ) developed a method capable of  high virus recovery (with mini-
mal inhibitory effect) to concentrate virus from seawater using negatively 
charged membranes (HA, Millipore) and an acid rinse step to remove cat-
ions and other inibitors. Haramoto modifi ed this method to allow recovery 
of  viruses from fresh water, by coating the HA membrane with AlCl 3  prior 
to fi ltering samples, obtaining high virus recoveries in seeded experiments 
(Haramoto  et al .,  2004 ). In a recent study, Bofi ll-Mas and colleagues recov-
ered viral particles from seawater samples using a nitrocellulose negatively 
charged membrane fi lter-based method and results showed highly variable 
recoveries ranging between 1.9 and 35.4% (Bofi ll-Mas  et al .,  2010a ).  
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  Electropositive fi ltration 
   Electropositive fi lters have also been widely used for virus concentration. 
They can accommodate larger sample volumes due to their greater porosity 
and extensive surface area. These fi lters have the advantage that viruses can be 
concentrated from waters near neutral pH, without prior treatment. Sobsey 
and Jones fi rst evaluated the positively charged fi lters on seeded poliovirus in 
tap water (Sobsey and Glass,  1980 ; Sobsey and Jones,  1979 ). These fi lters were 
later used to concentrate bacteriophages and viruses in a variety of media in 
seeded laboratory studies (Chang  et al .,  1981 ; Goyal  et al .,  1980 ; Logan  et al ., 
 1980 ). Some of the positively charged fi lters have also been successfully used 
for the detection of naturally occurring viruses in swimming pools, drinking 
water and wastewater (Chapron  et al .,  2000 ; Ma  et al .,  1994 ; Melnick  et al ., 
 1984 ; Pinto  et al .,  1995 ; Rose  et al .,  1984 ). Electropositive microfi lters of dif-
ferent fi lter materials are available, all designed to capture viruses by electro-
static attraction. The electropositive 1 MDS fi lter is the most commonly used 
fi lter for the concentration of viruses from water, and is recommended by the 
United States Environmental Protection Agency (USEPA) for the recovery of 
waterborne human enteric viruses. Thanks to its electrostatic properties, this 
fi lter, designed specifi cally for virus capture and recovery from water, can also 
effectively capture waterborne bacteria and parasites (Polaczyk  et al .,  2007 ). 
Elution effi ciencies and associated recovery effi ciencies, however, varied for 
each organism (Polaczyk  et al .,  2007 ). 

 Advances in membrane technology have resulted in the development of 
charge-modifi ed nylon membranes for the concentration of viruses from 
water. Nylon membranes are made in varying pore sizes and carry a posi-
tive surface charge, which strongly binds negatively charged virus particles 
(Wyn-Jones and Sellwood,  2001 ). A highly sensitive isolation protocol using 
fi ltration with a positively charged nylon membrane was developed by Gilgen 
and colleagues for the concentration and detection of different human patho-
genic virus groups from water samples (Gilgen  et al .,  1997 ). These fi lters have 
been shown to be useful to bind viruses in freshwater samples. Their perfor-
mance in marine waters, however, is poor, as they tend to clog, since the salin-
ity and alkalinity of seawater result in a low absorption of viruses to the fi lter 
(Fong and Lipp,  2005 ; Lukasik  et al .,  2000 ). Indeed, electropositive fi lters 
showed lower virus recoveries from marine water and waters of high turbidity 
than did electronegative fi lters (Enriquez and Gerba,  1995 ; Katayama  et al ., 
 2002 ; Lipp  et al .,  2001 ; Lukasik  et al .,  2000 ). 

 Recently, new, highly electropositive cartridge fi lters have been developed, 
able to adsorb viruses and bacteriophages from water over a wide range of 
pH, turbidity and salinity conditions (Tepper and Kaledin,  2007 ). These 
(NanoCeram, Argonide Corporation, Sanford, FL) are nonwoven pleated 
cartridge depth fi lters made of microglass fi laments coated with nano alu-
mina fi bres derived from boehmite (Ikner  et al .,  2011 ). They have an exten-
sive surface area and an effective pore size of approximately 2.0  μ m (Ikner 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

102 Viruses in food and water

 et al .,  2011 ). NanoCeram cartridge fi lters have been tested and found useful 
as a primary step in the concentration of enteroviruses and noroviruses from 
source waters, having similar effi ciency in the recovery of those viruses to 
electropositive cartridge fi lters (Karim  et al .,  2009 ). Incidentally, NanoCeram 
cartridge fi lters are also less expensive than 1 MDS cartridge fi lters. Ikner 
and colleagues successfully used a NanoCeram virus sampler to concentrate 
seeded tap water; this method appeared to be compatible with both cell cul-
ture and PCR assays (Ikner  et al .,  2011 ).  

  Glass wool fi ltration 
   Glass wool fi ltration is an economic and easy-to-implement method of virus 
concentration. Packed in a column at a defi ned density, glass wool is an effi -
cient virus adsorbent. Thanks to the presence of both hydrophobic and elec-
tropositive sites on their surface, such fi lters are able to adsorb negatively 
charged virus particles at near-neutral pH. The technique was fi rst applied to 
a range of viruses from surface, drinking and wastewaters (Vilagines  et al ., 
 1993 ). Glass wool was subsequently used in virus monitoring studies involv-
ing wastewater (Gantzer  et al .,  1997 ), seawater (Calgua  et al .,  2008 ), drinking 
water and groundwater (Grabow  et al .,  2001 ; van Heerden  et al .,  2005 ; Vivier 
 et al .,  2004 ). Recently, this method has been used to recover from water three 
types of enteric viruses (enterovirus, adenovirus, and norovirus), all on the 
US Environmental Protection Agency (EPA)’s Contaminant Candidate List. 
Recovery effi ciencies, however, were highly variable (Lambertini  et al .,  2008 ). 
This method has the advantage of diminishing PCR inhibition (Lambertini 
 et al .,  2008 ; van Heerden  et al .,  2005 ). Moreover, the fact that it works at 
or near neutral pH, and without the addition of cations, makes it suitable 
for viruses sensitive to acids. A recent paper by Bofi ll-Mas and colleagues 
describes the recovery of viral particles from fresh water performed by apply-
ing a procedure based on the use of glass wool columns for adsorption, fol-
lowed by elution with glycine-beef extract buffer. Variable recoveries ranging 
from 6% to 81.5% were obtained (Bofi ll-Mas  et al .,  2010a ).   

  5.2.2     Elution 
 Following binding, viruses are desorbed and eluted from the fi lter matrix by 
pressure fi ltering a small volume (0.5–2 l) of the eluting solution. The elu-
ent is usually a slightly alkaline proteinaceous fl uid that commonly incor-
porates either beef extract, glycine or tryptose phosphate buffer (Brassard 
 et al .,  2005 ; Horman  et al .,  2004 ; Katayama  et al .,  2002 ; Villar  et al .,  2006 ). 
The most commonly used eluting solution for the recovery of viruses from 
both electronegative and electropositive fi lters is beef extract ( ∼ pH 9.0–9.5). 
It may be used at concentrations ranging from 1.5% to 3.0% (Cashdollar and 
Dahling,  2006 ; Dahling,  2002 ; Karim  et al .,  2009 ; Lambertini  et al .,  2008 ; 
Ma  et al .,  1994 ) with or without glycine (Fout  et al .,  1996 ; Karim  et al .,  2009 ; 
Lambertini  et al .,  2008 ; Melnick  et al .,  1984 ). An important disadvantage of 
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this method, however, is that it inhibits RT-PCR, an effect that is further exac-
erbated during fl occulation procedures for second-step virus concentration 
(see below) (Abbaszadegan  et al .,  1993 ). 

  Secondary concentration of the eluate 
   Depending on the fi lter used, the volume of the eluate can range from 400 ml 
to more than 1.6 l (Ikner  et al .,  2011 ). A second concentration step may, 
therefore, be necessary to reduce the volume before testing. For this purpose, 
organic fl occulation, polyethylene glycol (PEG) precipitation or celite concen-
tration may be used.  

  Organic fl occulation 
   Organic fl occulation is the most widely used for the secondary concentration 
step following elution with beef extract. The pH is lowered to below the pro-
tein’s isoelectric point (usually pH 3.5  ±  0.1), at which the proteins fl occulate 
(Katzenelson  et al ., 1976). Virus is adsorbed to the fl oc which is then centri-
fuged and dissolved in a small volume of neutral buffer. Beef extract can be 
replaced with skimmed milk (Payment  et al .,  1983 ) or inorganic eluting medium 
(NaOH), the inhibitory effect of which is less pronounced than that of the 
beef extract. Calgua and colleagues used fl occulation as a one-step low-cost 
procedure to concentrate viruses from seawater samples. Pre-fl occulated 
skimmed milk solution 1% (w/v) was used to concentrate viruses directly 
from previously acidifi ed (pH 3.5) 10 l seawater samples (Calgua  et al .,  2008 ). 
A single-step concentration of viruses from marine waters by skimmed milk 
fl occulation showed recoveries of 42.5–52.0%, consistent with those found 
by Calgua and colleagues (Bofi ll-Mas  et al .,  2010a ). Recently, the procedure 
based on skimmed milk fl occulation has been optimized to be applied to a 
variety of fresh water samples (Calgua  et al .,  2010 ). 

 Organic fl occulation is the method recommended by the Information 
Collection Rule of the USEPA, and has been used extensively for the second-
ary concentration of viruses from environmental samples (Guttman-Bass and 
Armon,  1983 ; Hurst  et al .,  1984 ; Katzenelson  et al ., 1976; Morris and Waite, 
 1980 ; Sobsey and Glass,  1980 ).  

  Polyethylene glycol (PEG) precipitation 
   Concentration and purifi cation of different types of viruses (e.g, enveloped 
and non-enveloped animal viruses, and bacteriophages) by polyethylene glycol 
(PEG) precipitation from a variety of aqueous matrices (Lewis and Metcalf, 
 1988a ) has been a common practice in virology laboratories for many years 
(Huang  et al .,  2000 ; Lewis and Metcalf, 1988; Li  et al .,  1998 ; McSharry and 
Benzinger,  1970 ; Schwab  et al .,  1996 ). In this technique, viruses in suspen-
sion are precipitated with PEG which essentially removes the water, allowing 
proteins and viruses to fall out of solution. The virus can then be readily 
harvested by low speed centrifugation. PEG precipitation has been found to 
be effective for concentration of enteric viruses (polioviruses, hepatitis A and 
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noroviruses) in water environments (Schwab  et al .,  1993 ). Nevertheless, this 
method has to be optimized for the type of water tested.  

  Other adsorbents 
   Other adsorbents can be used to concentrate viruses, for example, magne-
sium silicate mixed with celite (diatomaceous earth) (Sattar and Ramia,  1979 ; 
Sattar and Westwood,  1978 ). By manipulating pH, viruses are eluted from 
the celite in small volumes of phosphate buffer (Dahling and Wright,  1986 ; 
Dahling and Wright,  1988 ; Hill  et al .,  1974 ; Karim  et al .,  2009 ). 

 One of the major limitations of adsorption-elution methods for virus con-
centration is interference. Dissolved and colloidal substances in water, espe-
cially organic matter, can interfere with virus adsorption by competing with 
viruses for adsorption sites on fi lters. The result is a large variation in viral 
recovery rates due to differences in water chemistry (pH, salinity, presence of 
proteinaceous materials, humic compounds). In addition, adsorption-elution 
effi ciencies depend on the enteric virus to be concentrated. Sobsey and Glass 
( 1980 ), for example, reported different virus recovery rates in tap water 
samples for poliovirus 1, echovirus 1, and reovirus 3 using the electroposi-
tive Virosorb 1 MDS fi lter (Sobsey and Glass,  1980 ). Despite its limitations, 
virus adsorption-elution from microporous fi lters is the method of choice for 
concentrating enteric viruses from large volumes of water. A determination 
of recovery effi ciency for seeded virus is recommended in parallel with the 
analysis of water samples.    

  5.3     Sample treatment: ultrafiltration and ultracentrifugation 

 The VIRADEL procedure has been the most commonly used method to 
recover and concentrate enteric viruses from water for decades. Ultrafi ltration 
and ultracentrifugation represents alternatives to the adsorption and elution 
method for concentrating viral particles. 

  5.3.1     Ultrafi ltration 
 An alternative method for concentrating viral particles from very large vol-
umes of  water samples is ultra fi ltration (UF). Here, virus is concentrated by 
virtue of  its molecular size rather than by electric charge: molecules smaller 
than the pore size of  the fi lter, including salts and water, pass through the 
membrane; larger molecules, including viruses, are withheld. The fl uid is 
circulated through membrane layers (Divizia  et al .,  1989a ,  1989b ) or hol-
low fi bre cartridges (Belfort  et al .,  1982 ) until the retentate reaches the 
desired volume. The volume obtained depends on the apparatus; if  this is 
small enough then it may be analysed by detection procedures, or it may 
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have to be further processed by secondary concentration. Ultrafi ltration 
has also been used for second-step concentration (after adsorption/elu-
tion) with special micro-apparatuses designed for small volumes (Divizia 
 et al .,  1989b ). The most frequently used fi bre systems have cut-off  levels 
of  30–100 KDa. Some ultafi lters employ tangential fl ow (TFF) or vortex 
fl ow (VFF) to reduce clogging (Paul  et al .,  1991 ; Wommack  et al .,  2010 ). 
Ultrafi ltration methods such as TFF and VFF involve minimal manipula-
tion of  the water sample, which can be processed under natural pH, and 
does not require an elution step. The result is not only a simpler process, 
but also a more effi cient one, since some of  the procedures avoided here, as 
compared to the fi ltration-elution methods, can cause viral inactivation (i.e., 
pH adjustment) or PCR inhibition (i.e., beef  extract elution and organic 
fl occulation). Ultrafi ltration methods, employed since the 1970s (Belfort 
 et al .,  1974 ), have been gaining recognition as effective procedures for the 
concentration and recovery, from large volumes of  water, of  microbes in 
general, and of  viruses in particular (Hill  et al .,  2007 ). Their very small 
pore sizes (enough to fi lter out molecules having molecular weights in the 
order of  10–100 KDa), allow ultrafi ltration membranes to simultaneously 
concentrate viruses, bacteriophages, bacteria, and parasites. Moreover, 
recovery effi ciencies appear to be higher than those obtained using adsorp-
tion/elution techniques (Divizia  et al .,  1989b ; Patti  et al .,  1996 ; Soule  et al ., 
 2000 ) although, as with other methods, effi ciency varies depending on fac-
tors such as sample composition, the process employed, the amount of 
backpressure used and the operator’s skill. Both VFF and TFF are less 
cost- and time-effective than adsorption-elution because of  the high cost 
of  equipment and limitations on the volume of  sample that can be con-
centrated at any one time. Over the last ten years, TFF methods have been 
used to concentrate viruses from surface and drinking waters (Gibson and 
Schwab,  2011 ; Grassi  et al .,  2010 ; Jiang  et al .,  2001 ; Muscillo  et al .,  1999 ; 
Muscillo  et al .,  2001 ; Skraber  et al .,  2009 ).  

  5.3.2     Ultracentrifugation 
 Ultracentrifugation has the signifi cant advantage of being able to effi ciently 
sediment even the smallest viruses. The relatively small volumes that can be 
processed and the high cost and lack of portability of the equipment restrict 
its applicability in primary concentration, but it remains very useful in sec-
ondary concentration (Fumian  et al .,  2010 ), with the limitation that supple-
mentary stages may be required to remove PCR inhibitors following primary 
and secondary concentration. Ultracentrifugation has been shown to be an 
appropriate method for recovering viruses from wastewaters where viruses 
may be detectable directly in small sample volumes (Fumian  et al .,  2010 ; La 
Rosa  et al .,  2010b ; Nordgren  et al .,  2009 ).   
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  5.4     Key assays for virus detection 

 Virus detection in water samples can be performed with either cell culture 
methods or molecular techniques. Molecular methods, which target viral 
genomes, offer speed, sensitivity and specifi city. This section will provide an 
overview of available molecular assays for the detection of the major path-
ogenic viruses potentially present in urban sewage, drinking or recreational 
waters. 

  5.4.1     DNA/RNA extraction and purifi cation 
 After virus elution or concentration, a variety of protocols may be employed 
to extract and purify nucleic acids by removing cell debris and inhibitors. All 
of these involve the lysis of cells followed by the removal of contaminants 
and DNA/RNA recovery. Removal of proteins is typically achieved by diges-
tion with proteinase K, followed by phenol-chloroform extraction and etha-
nol precipitation. One of the most widely used methods for viral nucleic acid 
extraction and purifi cation, known as Boom’s method after the scholar who 
developed it (Boom  et al .,  1990 ), is based on guanidinium thiocyanate extrac-
tion and the use of silica columns or beads to bind and wash nucleic acids. 
A wide variety of reliable, reproducible and easy-to-use commercial kits are 
available for nucleic acid extraction and purifi cation. In recent years, a grow-
ing number of automated platforms have been developed, and there are mul-
tiple reports of their use in assays for pathogen detection (Albinana-Gimenez 
 et al .,  2009 ; Burgener  et al .,  2003 ; Knepp  et al .,  2003 ; Kok  et al .,  2000 ; Perelle 
 et al .,  2009 ; Rutjes  et al .,  2005 ). Most commercial nucleic acid extraction sys-
tems that incorporate a spin or vacuum column allow for effi cient removal of 
inhibitors because the nucleic acid trapped in the silica gel membrane can be 
very effectively washed before elution. Methods incorporating magnetic bead 
techniques to capture and retain nucleic acid also achieve high recovery and 
purity rates (Ratcliff   et al .,  2007 ). 

 Manual methods, being less expensive, are generally preferred over 
kit-based protocols for routine laboratory procedures. The choice of method 
depends on many factors: the required quantity and molecular weight of the 
DNA, the level of purity required, and time and expense considerations. 

 In environmental virology, the presence of PCR inhibitors is a major chal-
lenge, since these substances are able to reduce viral nucleic acid extraction 
effi ciency and interfere with cDNA synthesis and/or polymerase activity, 
leading to an underestimation of target concentrations or to false negative 
results (Wilson,  1997 ). To overcome these problems, methodologies have been 
developed for assessing nucleic acid yields and DNA amplifi cation effi ciencies 
for environmental water samples (see below) using different types of inter-
nal controls (Gregory  et al .,  2011 ; Hata  et al .,  2011 ; La Rosa  et al .,  2010a ; 
Parshionikar  et al .,  2004 ).  
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  5.4.2     Viral detection 
 Historically, the standard method for the isolation of human viruses from 
environmental water samples was based on the ability of viruses to pro-
duce visible cytopathic effects (CPE) in cell cultures. These assays involve a 
labor-intensive and time-consuming procedure and, more importantly, are not 
universally applicable to all viruses. Molecular methods, on the other hand, 
which target viral genomes, are rapid procedures that can detect all viruses, 
save time, reduce costs, and increase detection sensitivity and specifi city. 

 Advantages and disadvantages of molecular methods for the detection of 
viruses from water environments are summarized in  Table 5.1 .       

  5.4.3     Molecular methods 
  PCR, nested/semi-nested PCR 
   Molecular techniques are based on protocols of nucleic acid amplifi cation, of 
which PCR is the most commonly used, allowing the detection of the ampli-
fi ed sequence at the reaction end-point. The specifi city of PCR can be con-
fi rmed either by sequencing the PCR product, or by its hybridization to a 
labelled internal oligonucleotide probe. Modifi cations to the basic PCR tech-
nique have been used to increase the sensitivity, specifi city, and effi ciency of 
virus detection (e.g., by using nested and semi-nested primers), to allow the 
detection of more than one virus in a single assay (e.g., by using multiplex 
primers), or to quantify the number of viruses detected (by using real-time 
PCR). Nested/semi-nested PCR assays have been developed for a variety of 
enteric viruses and shown increased sensitivities as compared to conventional 
PCR assays (Allard  et al .,  1992 ; Chapron  et al .,  2000 ; Van Heerden  et al ., 
 2003 ). Moreover, the two-step amplifi cation mitigates the effect of inhibitory 
substances on the reaction. Inhibition of nucleic acid amplifi cation is often 
partial (Gibson and Schwab,  2011 ; La Rosa  et al .,  2010a ). The fi rst amplifi -
cation can thus produce a small amount of template that may not be visible 
after gel electrophoresis of the PCR product, but can nonetheless be success-
fully amplifi ed in a second round of PCR in which only a small aliquot (about 
1/20) of fi rst-cycle mixture is used. Nested PCR has been shown to have a 
high probability of carryover contamination, however. 

 Multiplex PCR (M-PCR) is the co-amplifi cation of several nucleic acid 
sequences, and thus also virus types, in the same assay (Formiga-Cruz  et al ., 
 2005 ; Fout  et al .,  2003 ; Lee  et al .,  2005 ; Verma and Arankalle,  2010 ). Its feasi-
bility depends on the compatibility of the PCR primers used in the reaction. A 
study by Fout and collaborators showed that even under optimal conditions, 
fi ve target virus groups could not be amplifi ed effi ciently (Fout  et al .,  2003 ). 
Green and Lewis successfully detected enterovirus, rotavirus and Hepatitis A 
virus (HAV) in a single multiplex PCR, but a number of non-specifi c products 
were also obtained, requiring a second PCR to confi rm results. M-PCR could 
potentially save considerable time and effort in the laboratory, but it must 
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be employed with caution using appropriate controls (internal amplifi cation 
controls – IACs – see below) and only after prior optimization of the assay. 
Indeed, this technique requires extensive optimization because primer dim-
ers and other non-specifi c products may interfere with the amplifi cation of 
specifi c ones. The more targets are assayed in a multiplex reaction, the more 
likely both competition for reagents and inhibition between assays become. 
Hot Start PCR can reduce primer dimer formation and improve sensitivity. 
PCR specifi city is also infl uenced by other factors, such as primer design, 

 Table 5.1     Molecular methods for the detection of enteric viruses from water 
environments: advantages and disadvantages 

 Method  Advantages  Disadvantages 

 PCR/RT-PCR  Rapid; highly sensitive; 
highly specifi c if  assay is 
well-designed; less laborious 
and time-consuming than cell 
culture. 

 Non-quantitative; unable to 
assess infectivity; sensitive 
to the interference of 
inhibitors; need to 
confi rm amplicons (e.g., 
by sequencing). 

 Nested/semi-
nested-PCR 

 More sensitive and specifi c than 
conventional PCR; no need for 
confi rmation step. 

 Potential risk of carryover 
contamination. 

 Multiplex PCR  Saves time and costs; ability to 
detect several viruses in a single 
reaction. 

 Sensitivity varies by 
target virus; potential 
non-specifi c amplifi cation 
in environmental samples. 

 Real-time PCR  Can provide quantitative data; 
no need for confi rmation step; 
reduced risk of contamination 
thanks to the closed system. 

 Expensive equipment 
and materials (labelled 
probes). 

 ICC-PCR  More sensitive than cell culture 
alone; detects viruses that do 
not – or are slow to – exhibit 
CPE in cell culture; requires 
considerably less time than 
conventional cell culture. 

 More costly and less 
time-effi cient than PCR 
alone. 

 Non-PCR 
methods: 
NASBA 

 Continuous, isothermal 
process, thus not requiring a 
thermocycler, with comparable 
or better sensitivity than 
RT-PCR. 

 Reaction temperature 
cannot exceed 42 ° C. 
RNA target should be 
120–250 nucleotides 
long, as shorter or longer 
sequences are amplifi ed 
less effi ciently. 

 Microarray  Capable of identifying multiple 
viral targets simultaneously, in a 
single assay. 

 Expensive equipment and 
materials. 

 Whole genome 
sequencing 

 High speed and throughput able to 
produce an enormous volume 
of sequences. 

 Complex sequence analysis; 
expensive equipment and 
materials. 
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cycling conditions (temperature and duration of annealing and extension 
steps), and primer concentration. The time and expense required to optimize 
and validate multiplex PCR data may ultimately outweigh the potential ben-
efi ts of the multiplex design.  

  Non-PCR methods: NASBA 
   Non-PCR methods have also been developed to amplify nucleic acids; 
the most widely used of these is nucleic acid sequence base amplifi cation 
(NASBA). This technique is also known as isothermal amplifi cation, since it 
does not require the temperature cycling used in conventional PCR methods. 
NASBA has been reported as useful for the detection of microbial pathogens 
in food and environmental samples (Cook,  2003 ; Rutjes  et al .,  2005 ,  2006 ). 
The technique, reviewed by Cook in  2003  (Cook,  2003 ), was subsequently 
used successfully by Rutjes and colleagues for the detection of enteric viruses 
(enteroviruses and noroviruses) in surface waters (Rutjes  et al .,  2005 ,  2006 ).  

  Quantitative real-time PCR 
   Quantitative real-time PCR (qPCR) represents an advance on traditional 
end-point PCR. It allows the detection of viruses by continuous monitor-
ing (‘real-time’), as well as their quantifi cation. All real-time PCR systems 
rely upon a fl uorescent reporter, the signal of which increases in direct pro-
portion to the amount of PCR product in a reaction. The most economical 
reporter is the double-strand DNA-specifi c dye SYBR Green. The two most 
popular alternatives to SYBR Green are TaqMan and Molecular Beacons, 
both of which are hybridization probes relying on fl uorescence resonance 
energy transfer (FRET) for quantitation (Parida,  2008 ). TaqMan probes and 
Molecular Beacons allow multiple DNA species to be measured in a single 
sample. The method is less time-consuming than traditional PCR because 
confi rmation (e.g., agarose gel electrophoresis, additional hybridization or 
sequencing) is generally not required. The entire analysis can be done in a 
closed system, which may reduce the potential for contamination. 

 A number of home-made and commercial applications are available for the 
detection of viruses in water environments; these methods allow researchers 
to rapidly and specifi cally detect viruses of public health concern. Real-time 
PCR assays have also been shown to be more sensitive than conventional 
PCR in several studies (Beuret,  2004 ; Donaldson  et al .,  2002 ; Noble  et al ., 
 2003 ). The high cost of instruments required for qPCR assays is an important 
drawback that tends to limit the use of this method.  

  Microarrays 
   DNA microarrays, developed in the 1990s and signifi cantly improved through-
out the 2000s, is a method that uses probes to detect sequences that comple-
ment them. These probes, immobilized on solid surfaces or attached to small 
beads, can interrogate millions of sequences in a single assay. Microarrays 
have become a well-established strategy for the rapid detection, serotyping 
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and genotyping of microbial pathogens, including foodborne and waterborne 
viruses, in the fi elds of food safety, medical and environmental monitoring, 
and gene expression profi ling (Ayodeji  et al .,  2009 ; Brinkman and Fout,  2009 ; 
Chizhikov  et al .,  2002 ; Jaaskelainen and Maunula,  2006 ; Lemarchand  et al ., 
 2004 ; Wang  et al .,  2002 ). Brinkman and Fout ( 2009 ) investigated a generic 
microarray format as a tool to genotype noroviruses in environmental sam-
ples. The method was successful in the genotyping of noroviruses seeded into 
tap and river water samples.  

  ‘Next-generation’ sequencing (NGS) 
   Novel DNA sequencing techniques, referred to as ‘next-generation’ 
sequencing (NGS), provide high speed and an enormous throughput in 
terms of  sequences. This fi eld is rapidly expanding and new platforms are 
continuously being developed and released, with many possible research as 
well as clinical applications. These NGS methods have different underlying 
biochemistries and differ in sequencing protocol, throughput and sequence 
lengths. Typical applications of  NGS methods in virology include: detec-
tion of  unknown viral pathogens and discovery of  novel viruses; full-length 
viral genome sequencing; investigation of  viral genome variability and 
characterization of  viral quasispecies; epidemiology of  viral infections; 
and viral evolution (Barzon  et al .,  2011 ). Viral metagenomics analyses have 
been applied to environmental samples like fresh water, reused wastewater 
and ocean water (Angly  et al .,  2006 ; Djikeng  et al .,  2009 ; Lopez-Bueno 
 et al .,  2009 ; Rosario  et al .,  2009 ). These studies have shown that many of 
the detected viral sequences are unique and unknown. As the costs reduce, 
these techniques will probably become essential diagnostic tools in clinical 
routines.    

  5.5     Advantages and disadvantages of polymerase chain 
reaction (PCR) and related methods 

 The advantages of PCR and related methods are considerable. The main ben-
efi t is saving time: a result may be obtained after only 12–24 h as compared 
to several days or weeks for a cell culture assay. The design and synthesis of 
oligonucleotide primers has been simplifi ed by the availability of computer 
software for primer design and of rapid commercial services for the synthe-
sis of custom oligonucleotides. Optimization of PCR conditions may also be 
needed (e.g., annealing temperature, magnesium concentration, primer con-
centration). Once the optimal conditions for a reaction have been obtained, 
however, the reaction can be simply repeated and requires less operator skill 
and training than cell culture. Although PCR is an extremely sensitive tool, 
a drawback is that false positive results can be obtained from contaminat-
ing nucleic acid sequences. Since the same operations are performed repeat-
edly, the contamination of new tests with amplifi ed products from previous 
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amplifi cations of the same target sequence is the commonest cause of false 
positive results. A number of procedures to control PCR contamination are 
generally recognized and implemented. These include space and time separa-
tion of pre- and post-PCR activities, use of physical aids, use of ultraviolet 
(UV) light, use of aliquoted PCR reagents, incorporation of numerous posi-
tive and negative or blank PCRs (water substituted for template), and use of 
one or more contamination control methods involving chemical and biochem-
ical reactions. The most widely used such technique, based on the bacterial 
enzyme UNG, relies on the substitution of uracil (dUTP) for thymine (dTTP) 
during PCR to generate amplifi cation products with distinguishing char-
acteristics relative to the native DNA template. When the bacterial enzyme 
Uracil N-glycosylase (UNG) is added to the PCR mix, selective hydrolyzation 
occurs, since only dUTP-containing amplicons are susceptible to hydrolysis 
by this enzyme, which results in the removal of the contaminating amplicons 
from the mix (Aslanzadeh,  2004 ). 

 PCR assays are also prone to false negative results due to inhibition by 
a variety of substances, target nucleic acid degradation, sample processing 
errors, thermal cycler malfunction, and – in reverse- transcription PCR – fail-
ure of the reverse transcription step. One method to control false negatives is 
to test for nucleic acid either intrinsically present in the sample or added as a 
control (IACs). Such nucleic acid, if  co-extracted, can act both as an extrac-
tion and an inhibition control (Nolte,  2004 ). For a realistic assessment of 
the presence of inhibitors, an amplifi cation control should be present only at 
levels close to the assay’s detection limit. The inhibitory effect can be reduced 
by serial dilution of the extracted nucleic acid prior to PCR reaction (Brooks 
 et al .,  2005 ; Hamza  et al .,  2009 ). This is an excellent method in cases where a 
gene target is present in high copy numbers, but it can lead to false negatives 
when targets are diluted below their detection limit. 

 The testing of water environments for enteric viruses involves numer-
ous steps, however, and most current internal control systems assess only 
the amplifi cation step of this complex procedure. It is, for example, possi-
ble to obtain a positive IAC result in spite of failures in other steps such as 
recovery of viruses during the concentration step or reduced quality of the 
extracted RNA. To establish a broader control over the entire sample process 
from concentration, through elution and extraction to amplifi cation, a sam-
ple process control can be used. Such a control, added to each water sample 
prior to processing, should be similar to the enteric viruses assayed, but not 
be expected to be present in the analysed matrix. Feline calicivirus (FCV), a 
respiratory virus that is not associated with human disease (Radford  et al ., 
 2007 ), has been successfully used as a sample process control in the detection 
of RNA viruses from food and water for some time. It is a non-enveloped, 
positive-sense RNA virus for which cultivation and molecular detection tech-
niques are readily available. The FCV standard provided a valuable quality 
control tool when testing potentially contaminated food and water samples 
(Mattison  et al .,  2009 ). Recently, murine norovirus (MNV) has also been 
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proposed as a sample process control (Hata  et al .,  2011 ; Lee  et al .,  2011 ). One 
study compared these two viruses as surrogates for the assessment of poten-
tial risks to public health associated with the presence in source waters of 
human enteric viruses that cannot be grown in cell cultures (e.g., noroviruses); 
MNV showed great promise as a human norovirus surrogate due to its genetic 
similarity and environmental stability, while FCV was much less stable (Bae 
and Schwab,  2008 ). 

 As noted above, PCR-based molecular tests may yield ambiguous posi-
tive results by detecting non-infectious or inactivated viruses. The inability to 
discriminate between infectious and non-infectious particles is of critical rel-
evance in environmental virology. To overcome this problem, different stud-
ies have employed additional processing intended to preclude the detection 
of non-infectious viruses and increase the potential for detecting infectious 
viruses. An overview, as well as an evaluation of the strengths and weaknesses 
of current approaches to overcome the limitations of both traditional cell cul-
ture assays and PCR assays used for the detection of human enteric viruses in 
environmental water samples, can be found in the detailed review by Hamza 
and colleagues (Hamza  et al .,  2011 ). Combination of cell culture with PCR 
(Integrated Cell Culture-PCR – ICC-PCR) has permitted the detection of 
slow-growing viruses, or viruses that fail to produce CPE. The method relies 
on an initial biological amplifi cation of the viral nucleic acids, followed by 
PCR/RT-PCR or real-time PCR/RT-PCR assays. This method is designed 
to compensate for some of the disadvantages of cell culture, such as its lim-
ited sensitivity and the fact that it is time-consuming. It was fi rst proposed 
as an alternative method for the detection of waterborne enteric viruses in 
environmental samples by Reynolds in  1996  (Reynolds  et al .,  1996 ) and was 
later used for a wide variety of human waterborne pathogenic viruses in 
aquatic environments such as astrovirus (Abad  et al .,  1997 ; Chapron  et al ., 
 2000 ), adenoviruses (Chapron  et al .,  2000 ; Lee and Jeong,  2004 ) rotaviruses 
(Li  et al .,  2010 ), hepatitis A virus (Jiang  et al .,  2004 ), enteroviruses (Balkin 
and Margolin,  2010 ; La Rosa  et al .,  2010b ; Lee and Jeong,  2004 ; Murrin and 
Slade,  1997 ) and reoviruses (Spinner and Di Giovanni,  2001 ). 

 Other methods include  in-vitro  specifi c capture of virus by cellular receptors 
and immunomagnetic separation to recover enteric viruses from environmen-
tal water samples (Casas and Sunen,  2002 ; Gilpatrick  et al .,  2000 ; Jothikumar 
 et al .,  1998 ). Here, antibody-coated paramagnetic beads bind to antigens pre-
sent on the surface of the target pathogen, thus facilitating the magnetic con-
centration of the latter (Hamza  et al .,  2011 ). The method has the advantage 
of being able to discriminate between infectious and non-infectious viruses. If  
the viral capsid is damaged, the antigenic properties of the virus may change, 
and specifi c viral antigen–antibody complexes may not form, leading to nega-
tive PCR results. Limitations of the method include the fact that the antibody 
may be unable to target all possible strains of the virus under study, making 
strain-specifi c assays necessary, as well as the fact that the antigen-binding 
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affi nity depends on several factors, including the amount of colloidal par-
ticles and the pH value of the water sample (Hamza  et al .,  2011 ). 

 To test the infectivity of DNA viruses that do not replicate well in cell 
culture (e.g., enteric adenovirus), a method based on the detection of 
virus-specifi c mRNA present in the cell during virus replication may be used 
(Ko  et al .,  2003 ). 

 An alternative molecular approach to assess virus infectivity is the analysis 
of long target viral genome regions. The rationale behind this ‘long template’ 
RT-PCR strategy is that the integrity of viral genome may correlate with virus 
infectivity (Allain  et al .,  2006 ; Li  et al .,  2004 ; Simonet and Gantzer,  2006 ; 
Wolf  et al .,  2009 ). The fact that viral inactivation does not necessarily com-
promise genome integrity, however (e.g., when inactivation occurs through 
the degradation of surface proteins), limits the applicability of this strategy. 

 In general, molecular techniques are likely to play an increasing role in 
the detection and characterization of enteric viruses and have also proved 
to be important in the diagnosis of emerging virus infections. Current tech-
niques, however, need to be further simplifi ed, automated, and standardized, 
before they can be widely applied to the diagnosis of viruses in clinical and 
environmental contexts. Validation is a key issue in scientifi c research, and 
molecular studies are no exception. The primary goal of method validation 
is to ensure the accuracy of reported results. A valid method must be repeat-
able, that is, it must consistently deliver the same result for a given sample 
when repeated several times and/or in different laboratories. An essential 
tool for the attainment of repeatable results is the standardization of labora-
tory methods. In molecular biology today, the multiplicity of assay methods, 
standard reference materials and targets for molecular diagnostics contrib-
ute to inter-laboratory variability in test results. Profi ciency testing is the use 
of inter-laboratory comparisons to determine the performance of individual 
laboratories for specifi c tests or measurements, and to monitor a laboratory’s 
performance. 

 There are many standards and guidelines issued by numerous organiza-
tions. Documentary standards from the ISO (International Organization for 
Standardization) and CEN (the European Committee for Standardization) 
provide guidance on the use of reference materials and methods. Holden and 
colleagues (Holden  et al .,  2011 ) recently published a comprehensive overview 
of reference materials, related documentary standards and profi ciency testing 
programs which can be helpful tools for molecular diagnostic laboratories.  

  5.6     Current applications and results 

 Over 100 types of pathogenic viruses can be found in human wastes. All these 
viruses can spread in the environment through water of all kinds (Fong and 
Lipp,  2005 ) where sewage is untreated or insuffi ciently treated. Moreover, several 
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groups of enteric pathogens are resistant to current water treatment processes 
and may represent potentially emerging waterborne pathogens. These include 
circoviruses (torque tenovirus and torque tenovirus-like virus), picobirnaviri-
dae, parvoviruses, and polyomaviruses (including JC virus and BK virus). 

 The prevalence, environmental distribution and health implications of 
the presence of viruses in water for drinking and recreational use are exten-
sively documented in other parts of the present volume and will thus not be 
addressed here. 

In recent years, more attention has been focused on the virological quality 
of sewage as well as on the analysis of sewage as an instrument of environ-
mental surveillance and as a proxy for clinical surveillance. 

  5.6.1     Pathogen surveillance through monitoring of urban sewage 
 Sewer systems collect pathogens excreted in a range of bodily fl uids during 
active infection from a wide area to a central facility. The monitoring of cen-
tralized wastewater enables natural, accidental, or intentional contamination 
events to be detected (Sinclair  et al .,  2008 ). Moreover, untreated wastewa-
ter provides a rich matrix in which novel viruses can be identifi ed and virus 
diversity studied. In the late 1960s Nelson and collaborators fi rst noted the 
relationship between the occurrence of poliovirus in sewage and the clinical 
incidence of disease in a community (Nelson  et al .,  1967 ). Environmental 
poliovirus surveillance systems were later adopted, especially in populations 
with high vaccine coverage. This surveillance is considered an extremely 
important component of an early warning system. Deshpande and colleagues 
detected ‘silent’ wild type poliovirus three months before any clinical cases 
were observed, demonstrating the great sensitivity of sewage surveillance 
(Deshpande  et al .,  2003 ). Small outbreaks of enteroviruses and adenoviruses 
have also been predicted by monitoring the sewage of the respective affected 
communities (Sinclair  et al .,  2008 ). Recently, a large Finnish echovirus 30 out-
break was preceded by silent circulation of the same genotype, detected in 
sewage. It has been suggested that recombination with co-circulating diver-
gent lineages may have empowered the pre-epidemic strains to cause a nation-
wide outbreak (Savolainen-Kopra  et al .,  2011 ). 

 In the past few years several studies have demonstrated the advantage 
of environmental surveillance as an additional tool to determine the epide-
miology of different viruses circulating in a given community (Barril  et al ., 
 2010 ; Bofi ll-Mas  et al .,  2000 ; Heijnen and Medema,  2011 ; Iwai  et al .,  2009 ; 
Kokkinos  et al .,  2011 ; La Rosa  et al .,  2010a ; Meleg  et al .,  2008 ; Pinto  et al ., 
 2007 ). The clinical surveillance of infections requiring hospital visits pro-
vides some insight into circulating genotypes, but as a monitoring tool, this 
method misses mild, asymptomatic or subclinical infections. Genotypes not 
detected clinically would, however, be shed into local sewage. For example, 
different studies showed a higher environmental prevalence of noroviruses 
genogroup I relative to genogroup II (da Silva  et al .,  2007 ; La Rosa  et al ., 
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 2010a ,b; Nordgren  et al.,   2009 ). This is seemingly at odds with epidemiologi-
cal data on the occurrence of norovirus outbreaks and sporadic cases, mostly 
attributable to norovirus genogroup II. This discrepancy, suggesting that GI 
does circulate in human populations to a signifi cant degree, has prompted 
different studies to address possible differences in the pathogenic potential of 
these genogroups, their ability to evade the human immune system, and their 
stability in water environments. 

 Richter and collaborators recently studied the circulation of non-polio 
enteroviruses in the population of Cyprus and assessed the clinical relevance 
of different serotypes through the analysis of both clinical specimens and 
sewage (Richter  et al .,  2011 ). All serotypes detected in sewage were also pre-
sent in clinical samples, but the relative frequencies of the different serotypes 
in the two kinds of samples were signifi cantly different. Phylogenetic analysis 
revealed that certain enterovirus strains circulate in the population over long 
periods of time, while others are observed only sporadically and disappear 
quickly. Another study compared the specimens isolated from Finnish sewage 
with clinical isolates over a period of 20 years (Hovi  et al .,  1996 ). Here, too, 
sewage and clinical isolates differed in the relative frequency of the serotypes 
detected. Several explanations for this phenomenon were proposed: (i) dif-
ferences in the general virulence of different serotypes, (ii) differences in the 
mean amount of virus excreted by an infected person, or (iii) different rates 
of inactivation in the environment. 

 In some cases, data on the prevalence of specifi c pathogens in untreated 
wastewaters formed the basis for subsequent clinical studies in the popu-
lation. For example, GIV noroviruses, a genogroup scarcely known, rarely 
tested for and only sporadically identifi ed in human patients, were detected 
in raw sewage samples in Italy. This fi nding, suggesting that the virus circu-
lates in human populations, later prompted a clinical study and the discovery 
of GIV norovirus in patients with severe gastroenteritis symptoms (La Rosa 
 et al .,  2008 ). Similarly, environmental studies aimed at investigating the cir-
culation of Hepatitis E viruses (HEV) in industrialized countries, where the 
acute form of this infection is rarely diagnosed, have demonstrated a sustained 
circulation of HEV in non-endemic regions (Clemente-Casares  et al .,  2009 ; 
La Fauci  et al .,  2010 ; La Rosa  et al .,  2010c ; Rodriguez-Manzano  et al .,  2010 ). 
The later detection of sporadic cases of acute hepatitis E (travel-related and/
or of zoonotic origin) in such countries (Cacciola  et al .,  2011 ; La Rosa  et al ., 
 2011 ; Veitt  et al .,  2011 ) confi rmed the above environmental fi ndings. 

 Bofi ll-Mas and colleagues recently analysed the presence and character-
istics of newly described human polyomaviruses in urban sewage in order to 
assess the excretion level and the potential role of water as a transmitter of 
these viruses (Bofi ll-Mas  et al .,  2010b ). This was the fi rst report on the pres-
ence of a virus strongly related to human cancer in sewage and river water 
samples. The data obtained indicate that the Merkel cell polyomavirus cir-
culates in the population and that it may be disseminated through the fecal/
urine contamination of water. 
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 Finally, untreated wastewater provides a rich matrix in which novel viruses 
can be identifi ed. Cantalupo and colleagues recently explored viral diversity 
by deep sequencing nucleic acids obtained from virion populations enriched 
from raw sewage (Cantalupo  et al .,  2011 ). They identifi ed 234 known viruses, 
including 17 that infect humans. Classifi able novel viruses represented 51 dif-
ferent families, but the vast majority of sequences showed little or no relation 
to known viruses and thus could not be placed into specifi c taxa. Untreated 
wastewater, therefore, represents the most diverse viral metagenome exam-
ined thus far, and our knowledge of the viral universe with which we are liable 
to come into contact is limited to a tiny fraction of the viruses that exist.   
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  Abstract:  Current ISO standards describe the main controls for the molecular 
detection of enteric viruses in food and the environment. This chapter clarifi es these 
descriptions and the results which are likely to be obtained, and also suggests ways 
of rectifying any problems which may be realised when interpreting the results. 
Additional controls not included in ISO standards are also described. A more 
comprehensive suite of controls for molecular detection should prove useful to 
analysts wishing to declare a food/environmental sample target-free. 

  Key words:  sample treatment controls, nucleic acid amplifi cation, amplifi cation 
controls, pathogen detection, food, environment, enteric viruses. 

    6.1     Introduction 

 This chapter outlines a variety of techniques that may be employed for quality 
control (QC) in an analytical laboratory focusing on virus analysis. Reliable 
data for analysis of viruses in food and the environment depend on the strict 
observance of a wide range of operating procedures. Analysts in different 
laboratories (and in different countries) may use a range of different terms 
and acronyms, depending on the standards they are using, and this can cause 
confusion. A list of acronyms used in this chapter, with their defi nitions, is 
provided in  Table 6.1 .    

 In most cases, analytical laboratories which routinely test food/environ-
mental samples for enteric viruses will already have a comprehensive quality 
control program in place, covering all stages from sampling to reporting of 
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results. Since this can be a time-consuming and costly exercise, it is impor-
tant to ensure that the defi nitions and requirements are set out clearly and 
adhered to. The document ‘ISO 7218:2007, Microbiology of Food and Animal 
Feeding Stuffs – General Requirements and Guidance for Microbiological 
Examinations’ will be invaluable in this regard. 

 Over the years, there has been a great increase in the number of 
NAA-based assays for foodborne pathogen detection, with analysts using 
non-proprietorial NAA-based methods, as opposed to commercially avail-
able complete NAA detection systems, having a particularly wide choice of 
methods. A series of International Standards has been developed as a result 
of progress in PCR-based detection of foodborne bacterial pathogens (see 
 Table 6.2 ). Molecular detection methods for foodborne viruses require the 
integration of the principles used for bacterial pathogens found within these 
standards, but with the addition of specifi c controls relating to viruses. The 
detection of viruses in foods poses a greater challenge than that for most 
foodborne bacteria. Enteric viruses are sub-microscopically small, gener-
ally only around thirty millionths of a millimeter in diameter. Due to their 
low infectious dose they only need to be present as contaminants in very low 
numbers in a foodstuff  to constitute a risk to health. They do not change 
the appearance or sensory qualities of food, and their presence cannot be 
detected by sight or smell. They are incapable of growth in food, and unlike 

 Table 6.1     Acronyms 

 Acronym  Meaning 

 Cp value  The qPCR cycle at which fl uorescence intensity rises above the 
background 

 EAC  External amplifi cation control 
 IAC  Internal amplifi cation control 
 NAA  Nucleic acid amplifi cation 
 NEC/EB  Negative extraction control/extraction blank 
 NNAAC a   Negative NAA control a  
 NPC  Negative process control 
 PCR  Polymerase chain reaction 
 PNAAC a   Positive NAA control a  
 PPC  Positive process control 
 qPCR b   Quantitative polymerase chain reaction 
 RT-qPCR b   Reverse transcription qPCR 
 SPC  Sample process control 
 RT-NAA  Reverse transcription nucleic acid amplifi cation 
 SPC-NC  Sample process control – negative control 

     a   In the case of specifi c NAA-based assays such as PCR, loop-mediated amplifi cation (LAMP) 
or nucleic acid sequence-based amplifi cation (NASBA), these terms can be changed to refl ect 
the NAA assay used (e.g., PPCRC, NLAMPC, etc.).

     b   The term ‘qPCR’ is used for quantitative ‘real-time’ PCR, and ‘RT-qPCR’ is used for reverse 
transcription qPCR throughout this article, in accordance with the recommendations of 
Bustin  et al.  (2009).    
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bacteria, their numbers in a food sample cannot be increased by enrichment. 
In addition, they cannot yet be cultured in a laboratory, although research is 
underway to overcome this issue.    

 The most effective methods for detection of foodborne viruses are those 
based on viral nucleic acid amplifi cation (NAA) (Croci  et al .,  2008 ). There are 
two basic processes: sample treatment and detection assay. Sample treatment 
consists of four stages: (1) removal of viruses from the foodstuff  to leave them 
in suspension; (2) removal of food substances from the virus suspension; (3) 
concentration of suspended viruses for delivery to the detection assay; and (4) 
extraction of nucleic acids from the concentrated viruses. As well as the sam-
ple preparation stages, the assay itself  requires its own special set of controls 
( Fig. 6.1 ).    

 Thus, a complete suite of  controls should be employed to verify that the 
method has performed correctly, and that the results can be interpreted 
unambiguously. These controls are described in the following sections. For 
food samples, a positive result obtained from a molecular method should be 
confi rmed as such by the standard ISO method, which, if  available, should 
therefore be useful principally as a reliable screen for negative samples. In 
the case of  viruses, of  course, this is not an option, since there are currently 
no standards available. However the CEN TG275/WG6/TAG4 committee 
is in the process of  developing a standard for detection of  norovirus and 
hepatitis A in foodstuffs, including bivalve molluscs, fruits and vegetables 
and bottled water. 

 Guidelines on the Application of General Principles of Food Hygiene to 
the Control of Viruses in Food, produced by Codex Alimentarius, are avail-
able (FAO/WHO,  2012 ). Prevention is of course the fi rst line of defence, and 

 Table 6.2     International Standards relating to PCR-based methods for pathogen 
detection 

 ISO 20837:2006  Microbiology of food and animal feedstuffs. Polymerase chain 
reaction (PCR) for the detection of foodborne pathogens. 
Requirements for sample detection for qualitative detection. 
Refers to ISO 22174 for controls. 

 ISO 20838:2006  Microbiology of food and animal feedstuffs. Polymerase chain 
reaction (PCR) for the detection of foodborne pathogens. 
Requirements for amplifi cation and detection for qualitative 
methods. Refers to ISO 22174 for controls. 

 ISO 22118:2011  Microbiology of food and animal feedstuffs. Polymerase chain 
reaction (PCR) for the detection of foodborne pathogens. 
Performance characteristics. Refers to ISO 22174 for 
controls. Includes requirements for validation. 

 ISO 22119:2011  Microbiology of food and animal feedstuffs. Real-time 
polymerase chain reaction (PCR) for the detection of 
foodborne pathogens. General requirements and defi nitions. 
Refers to ISO 22174 for controls; ISO 22119 specifi cally 
mentions the internal amplifi cation control. 
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producers, the food industry and distributors should seek to prevent the risk 
of foodstuffs being contaminated with enteric viruses in the fi rst place using 
internal industry guidelines and HACCP procedures (see chapters in Part III 
of this book). Should these procedures fail, it is the analyst’s responsibility to 
perform a reliable test for these viruses on the sample, which is why appro-
priate controls specifi cally related to the sample preparation are of particular 
importance.  

  6.2     Controls for the sample treatment step 

 NAA assays are highly effi cient, but they can also be negatively affected by the 
presence of food matrix-derived substances which can interfere or prevent the 
reaction from performing correctly. This is the case whether a commercially 
available system or a freely available non-proprietorial published method is 
being used. Therefore, the use of appropriate and careful sample treatment 
must be applied to remove these inhibitory substances as far as possible. 

 The fi gures referred to in the following descriptions provide a graphical 
representation of the results which should be observed using a gel-based 
detection system, and they should be interpreted in conjunction with the 
descriptions of the IAC, EAC and NEC in each section as appropriate. The 
principles are transferrable to other detection formats. 

 The controls that need to be included at the beginning of the actual sample 
treatment so that both sample treatment and detection can be controlled are 
the positive process control (PPC) and the negative process control (NPC). 

SAMPLE

Concentration/
enrichment

Positive process control, and
negative process control

Negative extraction control/
extraction blank

Positive NAA control and negative
NAA control

Internal amplification control or
external amplification control

Detection

RT-NAA/NAA
amplification

RNA/DNA extraction

 Fig. 6.1      The analytical process and associated controls.  
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 The PPC, defi ned in ISO 22174:2005, ensures that a sample is not declared 
target microorganism-free due to failure of the sample treatment. A sepa-
rate identical sample spiked with the target microorganism should be treated 
in the same way as the test samples to verify that the sample treatment has 
functioned correctly, and identify those samples in which it has failed. Its 
frequency of use should be determined as part of the QC programme within 
the laboratory. If  no signal is obtained for the PPC, and all test samples are 
negative, it means that the sample treatment has failed. If  the target signal is 
present, however, then the sample should be reported as positive, provided 
that all the other controls are correct, for example, the negative control should 
be free of target signal.  Figure 6.2  shows an acceptable set of results in con-
junction with other relevant controls.    

 The purpose of the negative process control (NPC) is to verify the sample 
treatment reagents and/or equipment are not contaminated with the target 
and/or its amplicon. It is defi ned in ISO 22174:2005 and is a ‘sample’ which 
does not contain any matrix so, in place of the sample which would have been 
tested could be the same weight/volume of sterile distilled water. This control 
is processed exactly the same as a real test sample would be. An NPC must 
be used with every batch of samples analysed.  Interpretation:  There must be 
no target signal obtained from the NPC. If  there is a signal, then contamina-
tion has occurred and the results of the actual test sample cannot be trusted. 
In this case the whole process should be repeated on the batch of samples 
and decontamination of equipment should be carried out. If  necessary, new 
reagents should be used.  Figure 6.3  shows an acceptable set of results in con-
junction with other relevant controls.     
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 Fig. 6.2      Satisfactory result using the PPC. Key: Positive signal. +/− This means 
the signal may be present or absent. In the case of the test sample, the IAC signal 
may be present or absent when a target signal is present, but it must be present in the 

absence of a target signal.  
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  6.3     Controls for the nucleic acid extraction step 

 It is possible that nucleic acid extraction reagents could become contaminated 
by the target or its amplicon. A control is thus required to ensure this has not 
happened in the process of extraction. 

  6.3.1     Negative extraction control (NEC) and extraction blank (EB) 
 This control is target-free, consisting solely of water which is carried through all 
steps of the nucleic acid extraction procedure. It is defi ned in ISO 22174:2005 
and is used to ensure that the extraction process has not been contaminated 
with the target or its amplicon. If  the target signal is present in the NEC / EB, 
it means the extraction reagents or equipment have been contaminated. In 
this case, the extraction reagents should be replaced and all equipment should 
be decontaminated. It is not necessary to use this control if  an NPC is used. 
 Figure 6.4  shows an acceptable set of results in conjunction with other rele-
vant controls.      

  6.4     Controls for the amplification step 

 It is equally important to be able to control the performance of the NAA 
assays, so controls have to be included in the reagent mixtures, or additional 
reactions have to be performed. These controls include either an internal 
(IAC) or external (EAC) amplifi cation control and a positive and negative 
control (PNAAC and NNAAC). 
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 Fig. 6.3      Satisfactory result using the NPC.  
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  6.4.1     Internal amplifi cation control (IAC) 
 Perhaps one of the most important controls which should be incorporated 
into an NAA-based assay is an internal amplifi cation control which is a 
non-target DNA/RNA sequence (in a defi ned amount or copy number) pre-
sent in the same reaction as the sample or target nucleic acid extract. If  it is 
successfully amplifi ed to produce a signal, non-production of a target signal 
in the reaction indicates that the sample did not contain the target pathogen 
or organism – a true negative. Because the IAC is co-amplifi ed using the same 
primers as the target, and as long as the concentration of the IAC is carefully 
optimized (Cook  et al .,  2013 ) so as not to out-compete the target signal, the 
presence of the IAC is not essential when the target signal is present. If, how-
ever, the reaction produces neither a signal from the target nor one from the 
IAC, it signifi es that the reaction has failed. This may be due to inhibitory 
substances or to reaction failure (Hoorfar  et al .,  2003 ,  2004 ). There may be 
several reasons why reaction failure has occurred, apart from inhibition:

   Human error may have been the cause – was the sample really added?.  • 
  The thermocycler may not be functioning correctly (Anonymous ISO/TS • 
20836:2005).  
  One of the NAA reagents may not have been added.  • 
  The sample may not have been loaded into the well correctly (e.g., when • 
using qPCR).  
  The sample may not have been loaded onto the gel correctly (e.g., when • 
using conventional PCR).    

 Whatever the reason, if  a sample does not contain an IAC, there is no way 
of knowing whether a negative signal response is due to inhibition, is a failed 
reaction, or is a true negative, and this may have serious consequences when 
analysing for potentially harmful foodborne pathogens. The amplifi cation 
should be repeated using new mastermix and/or a dilution of the test sample 
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 Fig. 6.4      Satisfactory result using the NEC.  
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nucleic acid should be tested in case inhibitory substances were present in the 
original extraction (depending on the sensitivity of the assay, you may dilute 
to beyond its detection limit).  Figure 6.5  shows a possible set of results when 
using an IAC.      

  6.4.2     External amplifi cation control (EAC) 
 ISO 22174 includes the option of using an EAC as an alternative to an IAC. 
Its purpose is to verify reactions which have functioned correctly, and iden-
tify those which have been inhibited: in effect the same function as the IAC. 
The incorporation of an EAC aids in the identifi cation of possible inhibited 
reactions. 

 The EAC is not added to the same reaction as the test sample, hence the 
term ‘external’, but is included as a separate reaction for each batch of sam-
ples tested in an NAA run. It is assumed that the reaction has performed with 
a similar effi ciency to the test sample, so if  a negative signal (i.e., none at all) 
is obtained, it indicates that the nucleic acid extract must contain inhibitory 
substances, and this is the reason the reaction has failed. 

 It can be argued, however, that since an EAC involves a completely sep-
arate reaction, its use cannot show what has happened in the test sample if  
it produces no signal – is it a true negative, or has the reaction failed? Since 
there is always a possibility of human error, it is impossible to unambiguously 
defi ne the cause of the reaction failure if  no signal whatsoever is obtained. 

 There is some argument as to whether an IAC or an EAC should be used. 
Some are concerned that because the IAC is contained within the same reac-
tion as the sample, and in most cases it uses the same target primers, compe-
tition will occur and sensitivity will be compromised. This could happen if  
the IAC concentration has not been carefully optimised. Although use of an 
EAC avoids this potential problem, it does not control for all situations which 
could occur, such as individual pipetting errors or failure of the individual 
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 Fig. 6.5      Possible result using the IAC.  
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reaction. An additional concern with an EAC is that it increases the number 
of reactions required for each sample, signifi cantly adding to costs. If  an IAC 
signal is obtained, we can at least be certain that the amplifi cation reaction 
has performed correctly and it must be the sample treatment which has been 
the problem (unless it is a true negative, which can be deduced if  the sample 
process control (SPC) has correctly performed due to its signal being present). 
The use of the SPC is described in Section 6.5. When no signal is obtained, 
as is possible in the case of an EAC, we do not know whether it is due to the 
sample treatment (because it will not contain an IAC), human error or ther-
mocycler failure. Nor can we rely solely on a positive amplifi cation control to 
give that answer.  Figure 6.6  shows a representation of a possible set of results 
when using an EAC.     

  6.4.3     Positive NAA control (PNAAC) 
 This control is a nucleic acid amplifi cation reaction, into which a known 
amount of nucleic acid from the target pathogen is included and its role is 
to verify amplifi cation performance of the target sequence. When an IAC or 
EAC is used, it can fulfi l the role of a positive amplifi cation control; however, 
when using a reaction involving a probe for the target, as used in real-time 
PCR, the PNAAC verifi es probe performance. If  conventional PCR is being 
used, it need only be included if  using an EAC and if  so, should be included 
in every batch of samples in a cycler run. A target signal must be obtained 
from the PNAAC.  Figures 6.2 – 6.6  represent possible results which include 
the PNAAC.  

  6.4.4     Negative NAA control (NNAAC) 
 The fi nal control to be considered is the NNAAC. It is an amplifi cation reac-
tion in which water takes the place of the nucleic acid extract. It must either 
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 Fig. 6.6      Possible result using the EAC.  
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include an IAC, or an EAC as a control. The NNAAC verifi es that the mas-
termix reagents are not contaminated with the target, or the PPC, or their 
amplicons. No target or PPC signal should be obtained from the NNAAC; 
however, IAC/EAC signals must be obtained.  Figures 6.2 – 6.6  show possible 
results which include the NNAAC.  

  6.5     Additional recommended controls 

 An additional control which is not mentioned within ISO 22174, but is 
recommended as an addition to the PPC, is termed a sample process con-
trol (SPC). In this case, the SPC would be a  non-target  organism added to 
every test sample, including the NPC, at the start of  analysis, and must be 
detected in every sample to which it has been added. It should  not  be added 
to its associated ‘SPC-NC’ (sample process control – negative control), 
and it requires a separate internal amplifi cation control to be constructed. 
The principle of  an SPC is that if  it is detected, then the method was per-
formed correctly. If  it is not detected and the target signal is also absent, 
the method has failed and the foodstuff  must be reanalyzed; however, if  
the target signal is present, the SPC signal is absent and all other controls 
are correct, then the sample should be reported as positive (the sample 
treatment must have worked if  the target signal is present and all negative 
controls indicate the target signal is not due to any type of  contamination). 
In addition to this qualitative interpretation of  an analytical result, when 
using a quantitative assay such as qPCR, the SPC can also allow a deter-
mination of  the recovery effi ciency for each individual sample. This can be 
done by comparing the values of  the SPC before and after addition to the 
sample. This control has already been used successfully in the detection of 
foodborne viruses (D’Agostino  et al ., 2012, 2011) and it is being used in 
research into the detection of  foodborne bacteria. 

 The SPC-NC is equivalent to the NPC and is a sample which does not con-
tain any matrix, that is, no food or environmental material. It should there-
fore be replaced with the equivalent weight/volume of water. It should also 
be processed in the same way as a normal sample and should be included in 
every batch of samples analysed. Its purpose is to verify that the sample treat-
ment reagents and/or equipment are not contaminated with the SPC virus or 
its amplicon. If, however, the SPC signal is present in the SPC-NC, you can 
still accept the results of that batch of analyses and record the Cp value of the 
SPC if  performing qPCR. Meanwhile equipment should be decontaminated 
and fresh sample treatment reagents prepared. The SPC can facilitate determi-
nation of the effi ciency of detection, therefore if  there is widespread contam-
ination with SPC, effi ciency can be overestimated. If  this occurs, the number 
of contaminating SPCs can be regarded as background and subtracted from 
the number detected in the test sample. In this way, the actual number can 
be calculated, but only if  the Cp values of the SPC-NC, which should be 
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negative for SPC, are similar.  Figure 6.7  shows a representation of a possible 
set of results when using an SPC, its associated IAC and the SPC-NC.     

  6.6     Reference materials 

 Quantifi ed reference materials for NAA assays can be used as positive extrac-
tion controls, for method calibration and characterization and as positive 
controls in semi-quantitative NAA analysis. There are a limited number of 
reference materials available for quantitative and qualitative determination. 
Standards for norovirus GI, GII and hepatitis A RT-qPCR are available 
from the UK Health Protection Agency. More certifi ed reference materials 
are needed to ensure agreement between the growing number of laboratories 
analysing food and water samples for viruses, or performing research on these 
viruses.  

  6.7     Conclusion 

 This chapter has focused on controls required for the molecular detection of 
enteric viruses in food and the environment and has assumed that the ana-
lytical laboratory which uses such molecular-based detection methods will 
include these controls as part of their overall quality assurance/quality control 
policy. General quality control policies may differ in each lab, but will usually 
consist of documents covering aspects such as laboratory organisation and 
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 Fig. 6.7      Possible result using the SPC, SPC IAC and SPC-NC.  
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responsibilities of staff, calibration procedures and frequencies, internal qual-
ity control checks, for example, air quality, water quality etc., data reporting, 
performance and system audits, preventive maintenance, equipment records 
and associated servicing reports/schedules, corrective actions etc. These wider 
sets of controls should of course be adhered to and considered in conjunc-
tion with more specifi c controls such as those set out here, since the results of 
an analytical procedure may be affected by poor equipment maintenance or 
poor quality air handling systems giving rise to contamination events. 

 With regard to the suite of controls described in this chapter, it can be seen 
that there are several controls required when using an NAA-based method 
for detection of foodborne viruses. It is important to realise that the results 
from each of these controls should not be considered in isolation and that 
a conclusive result must take into account the results of the complete set of 
controls. For example, if  a target signal is obtained but a positive process 
control signal is not obtained, we should not just assume that the result is 
acceptable – we should consider that the presence of the target signal may be 
as a result of contamination, so we should also check the results of the nega-
tive process control, the negative extraction control/extraction blank, and the 
negative NAA control. If  any of these show a target positive result, we should 
not accept the positive test result as it is possible it is due to contamination – a 
false positive. 

 This suite of controls, when incorporated into the routine testing of food-
stuffs/environmental samples for the presence of viruses, should give the ana-
lyst confi dence that the results obtained from their NAA analyses are both 
accurate and unambiguous.  
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  Abstract:  Tracing sources of human faecal contamination in food and water is 
essential to ensure food and water safety in developing and industrialised countries. 
Index organisms, for example, F+ RNA bacteriophages, human adenoviruses and 
human polyomaviruses, are used as indicators of human viral pollution. Direct 
monitoring of food and water matrices for enteric viruses, followed by nucleotide 
sequence-based identifi cation of the virus strains, has successfully been applied 
to source tracking contamination and transmission routes in outbreaks of food- 
and waterborne viral disease. Newer methods under development, including 
metagenomics, will provide new opportunities to expand the repertoire of assays 
available for multi-taxa molecular source tracking. 

  Key words:  faecal indicator bacteria, microbial source tracking, pathogen source 
tracking, norovirus, hepatitis A virus, hepatitis E virus, foodborne viruses, 
waterborne viruses. 

    7.1     Introduction 

 Contaminated food and water have been implicated in millions of cases of 
illnesses per year (Bosch  et al .,  2008 ; Grabow,  2007 ; Hayes  et al .,  2003 ; Roslev 
and Bukh,  2011 ; Scallan  et al .,  2011 ) and are a matter of public health concern 
in both developing and industrialised countries (Ashbolt,  2004 ; Widdowson 
and Vinj é ,  2008 ). Immuno-compromised people are more susceptible to 
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food- and waterborne illnesses which contribute signifi cantly to morbidity 
and mortality in human immunodefi ciency virus-infected individuals (Hayes 
 et al .,  2003 ; Okoh  et al .,  2010 ). Bacteria, viruses, parasites, toxins, metals and 
prions have all been identifi ed as causal agents of food- and waterborne illness 
(McCabe-Sellers and Beattie,  2004 ; Mead  et al .,  1999 ; Newell  et al .,  2010 ). 

 The health risk posed by the faecal contamination of  water and food, spe-
cifi cally concerning micro-organisms, has been well documented (Bofi ll-Mas 
 et al .,  2011 ; Field and Samadpour,  2007 ; Purnell  et al .,  2011 ; Steele and 
Odumeru,  2004 ). The interaction between water, food and human health is 
complex, as human health can be affected by the ingestion of  contaminated 
water either directly or indirectly through contaminated food (Grabow,  2007 ; 
Helmer,  1999 ). Tap water has been implicated in 14–40% of gastrointestinal 
illness (Carter,  2005 ). Globally 1.1 billion people still lack access to clean 
water and 2.6 billion people lack access to adequate sanitation (Barry and 
Hughes,  2008 ; Grabow,  2007 ). The faecal contamination of  water can orig-
inate from a wide variety of  sources such as human sewage and non-human 
(urban, agricultural, wildlife) runoff  (Purnell  et al .,  2011 ; Steele and 
Odumeru,  2004 ). Fresh produce is vulnerable to contamination by human 
microbial pathogens at any point along the food chain, from pre-harvest 
in the fi eld to post-harvest during processing and packaging (Berger  et al ., 
 2010 ). Pre-harvest contamination originates from human or animal faecal 
contamination reaching the crops via contaminated irrigation water, improp-
erly composted manure or wastewater (Baert  et al .,  2008 ,  2011 ; Steele and 
Odumeru,  2004 ; Wei and Kniel,  2010 ). Post-harvest contamination can be 
due to contaminated washing water (Steele and Odumeru,  2004 ) or infected 
food handlers during harvest and packaging (Barrabeig  et al .,  2010 ; Berger 
 et al .,  2010 ; Okoh  et al .,  2010 ; Steele and Odumeru,  2004 ; Tuan Zainazor 
 et al .,  2010 ). 

 As early as 1999, 67% of foodborne illness in the United States (US) was 
attributed to viruses (Carter,  2005 ; Mead  et al .,  1999 ) and during the period 
1990–2006 fresh produce was responsible for the largest number of cases of 
illness, although seafood was responsible for the highest number of outbreaks 
(Smith DeWaal  et al. ,  2008 ). Reports of waterborne outbreaks of enteric 
virus-associated illness are common (Ashbolt,  2004 ; Carter,  2005 ; Grabow, 
 2007 ; Hoebe  et al .,  2004 ; R ä s ä nen  et al .,  2010 ). Although the reported num-
bers of food- and waterborne viral diseases are considerable and are increas-
ingly recognised, the true global burden of food- and waterborne viral disease 
is currently unknown (Bosch  et al .,  2008 ; Grabow,  2007 ; McCabe-Sellers and 
Beattie,  2004 ; Newell  et al .,  2010 ) and is probably underestimated (Grabow, 
 2007 ; O’Brein,  2008 ), due to lack of environmental epidemiological data, 
technical limitations in pathogen identifi cation, and diffi culties in determining 
the source (Bosch  et al .,  2008 ). Person-to-person and food- and waterborne 
routes of transmission may overlap, which further impacts the estimation 
of food- and waterborne illness (Koopmans and Duizer,  2004 ). Tracing or 
tracking the source of viruses in suspected food- and waterborne outbreaks 
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is essential to facilitate evidence-based intervention strategies for prevention 
and control of further outbreaks.  

  7.2     Challenges in food- and waterborne outbreak 
tracing and investigation 

 Food or water contaminated with viruses may conform to acceptable bacte-
rial standards (Ebdon  et al ., 2011; van Heerden  et al .,  2005 ; Verhoef  et al ., 
 2009 ) and look, smell and taste normal (Koopmans and Duizer,  2004 ). One 
of  the challenges in identifying the food item or water source in an outbreak 
is that individuals have a poor recollection of  their ingestion of  specifi c prod-
ucts. In addition, food is often consumed as a mixture of  items, for example, 
salads, making the identifi cation of  any one item as the source of  infection 
problematical (Berger  et al .,  2010 ; de Roda Husman  et al .,  2007 ). This is fur-
ther compounded by the fact that one of  the important foodborne viruses, 
hepatitis A virus (HAV), has a relatively long incubation period of  15–50 
days with a mean of  28–30 days (Amon  et al ., 2005; Dotzauer,  2008 ), which 
results in illness manifesting some time after consumption of  the contami-
nated food item(s). Even if  an individual food item is identifi ed as the vehi-
cle of  infection it may still, however, be diffi cult to trace the contamination 
source due to multiple factors, including inadequate labelling of  food items, 
sketchy record keeping and the global distribution of  food (Berger  et al ., 
 2010 ; Newell  et al .,  2010 ). 

 The investigation of virus-associated outbreaks remains challenging, as an 
outbreak which may have begun as exposure to a single common source of 
contaminated food or water may be perpetuated by person-to-person spread 
(Atmar,  2010 ; Patel  et al .,  2009 ). Until recently, direct monitoring for enteric 
viruses and parasites, which provides indisputable evidence of faecal contam-
ination, was limited by the fact that many of these organisms cannot be cul-
tured and are present in low numbers in environmental sources, and analysis 
is costly (Ebdon  et al .,  2012 ; Field and Samadpour,  2007 ; G ó mez-Do ñ ate 
 et al .,  2011 ).  

  7.3     Microbial source tracking 

 A variety of bacteria and viruses of human and non-human sources may be 
present in faecally contaminated food and water, and because of the human 
health and economic implications, it is necessary to maintain the microbio-
logical quality and safety of water and food sources. As exposure to contam-
ination of human origin poses a greater risk to human health than exposure 
to pollution of animal origin, it is essential to identify the source of the fae-
cal contamination (Field and Samadpour,  2007 ; Grabow,  1996 ; Meays  et al ., 
 2004 ; Purnell  et al .,  2011 ; Scott  et al .,  2002 ). 
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 Indicator micro-organisms have been used to predict the presence 
of  pathogens (Ashbolt  et al .,  2001 ). As the presence of  these indicator 
micro-organisms may not necessarily demonstrate the presence or absence 
of  pathogens, they are categorised into different groups. General process 
microbial indicators, such as heterotrophic plate count bacteria and total 
coliforms, are used to monitor the effi ciency of  a process such as chlori-
nation, while faecal indicators such as thermotolerant coliforms and 
 Escherichia coli  demonstrate the presence of  faecal contamination. Index 
or model organisms such as  E. coli  and F-RNA coliphages are used to 
indicate the presence of   Salmonella  or as models of  human enteric viruses, 
respectively (Ashbolt  et al .,  2001 ). Faecal indicator bacteria (FIB), such as 
 Clostridium   perfringens ,  E. coli , total and thermotolerant (faecal) coliforms 
and faecal enterococci, used to evaluate the level and potential health risks 
of  faecal contamination in food and water sources (Ashbolt  et al .,  2001 ; 
Meays  et al .,  2004 ; Roslev and Bukh,  2011 ; Scott  et al .,  2002 ), do not identify 
the source of  contamination (Field and Samadpour,  2007 ; G ó mez-Do ñ ate 
 et al .,  2011 ; Murugan  et al .,  2011 ; Roslev and Bukh,  2011 ). In addition 
factors such as precipitation, currents, wind-induced turbulence and host 
biology may infl uence the level of  faecal pollution in environmental water 
sources (Roslev and Bukh,  2011 ). 

 Faecal source tracking, also referred to as microbial source tracking 
(MST), is the process whereby a particular source (human, animal or avian) 
of faecal contamination is identifi ed (Field and Samadpour,  2007 ; Meays 
 et al .,  2004 ; Roslev and Bukh,  2011 ; Scott  et al .,  2002 ). Various strategies 
have been applied to MST and include culture-based library-based meth-
ods, culture-based library-independent methods, culture-independent 
library-dependent methods and culture-independent library-independent 
methods (Field and Samadpour,  2007 ; Meays  et al .,  2004 ; Scott  et al .,  2002 ; 
Stewart  et al .,  2003 ). 

 For library-dependent, also referred to as library-based methods, a library 
or database of phenotypic or genotypic characteristics, that is, ‘fi ngerprints’, 
is created from a variety and large number of source organisms of human, 
animal and avian origin. Identifi cation of the faecal source is then achieved 
by comparison of the characteristics or ‘fi ngerprints’ of isolates from food 
and water sources to the library or database (Field and Samadpour,  2007 ). 
The main disadvantage of this approach is that many thousands of patterns 
are required to capture the bacterial diversity in faeces and environmental 
sources. It is therefore expensive to create such a database and it has to be 
updated regularly. In addition, the larger the database, the greater the chance 
of non-host-specifi c patterns manifesting. 

 The culture-based library-based MST methods, each with their own advan-
tages and disadvantages (Meays  et al .,  2004 ), include phenotypic methods 
such as antibiotic resistance analysis, multiple antibiotic resistance analysis 
and carbon source utilisation profi ling, and genotypic approaches such as 
DNA fi ngerprinting, ribotyping and related methods (Field and Samadpour, 
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 2007 ; Scott  et al .,  2002 ; Wong  et al .,  2012 ). A combination of these assays has 
been applied to the identifi cation of  E. coli  of  human and non-human origin 
in water from the Tirumanimuttar river in India (Murugan  et al .,  2011 ). 

 Culture-based library-independent microbiological methods, where bac-
teria and viruses are known to be from specifi c hosts, include a number of 
different strategies:

   The determination of the faecal coliform/faecal streptococcus ratio, where • 
a ratio of >4.0 is reportedly indicative of human faecal pollution and  ≤ 0.7 
indicates non-human faecal pollution (Scott  et al .,  2002 ). This is based 
on the rationale that human faeces contain higher faecal coliform counts 
than animal faeces but the method is unreliable due to different bacterial 
survival rates (Field and Samadpour,  2007 ) and application diffi culties in 
agricultural settings (Meays  et al .,  2004 ).  
  The detection of  • Bifi dobacteium  spp., obligate anaerobic non-spore-forming 
bacteria, which are more abundant in human faeces than animal faeces 
and indicate the presence of recent pollution (Scott  et al .,  2002 ).  
  The detection of  • Bacteriodes  bacteriophages, for example, HSP40 which 
can be indicative of human pollution with the added advantage that their 
presence has been shown to correlate with the presence of human enteric 
viruses (Scott  et al .,  2002 ), GB-124 which is proposed to be a surrogate 
for selected human pathogenic viruses in municipal wastewaters (Ebdon 
 et al .,  2012 ) or phages specifi c for faecal contamination of animal origin 
(G ó mez-Do ñ ate  et al .,  2011 ).  
  The typing of F+ RNA coliphages. Human and animal faeces contain • 
different types, that is, genogroups I and IV are predominantly of ani-
mal origin while genogroups II and III are associated with human faecal 
contamination (Muniesa  et al .,  2009 ; Schaper  et al .,  2002 ; Stewart-Pullaro 
 et al .,  2006 ; Wolf  et al .,  2008 ). This method can, therefore, be applied to 
distinguish between faecal contamination of human and non-human ori-
gin. In one study this method identifi ed birds as the major source of faecal 
contamination in a New York reservoir (Stewart  et al .,  2003 ).  
  The bacteriophage lysis of  • Enterococcus  spp. as the bacteriophages display 
a similar narrow host range to those of  Bacteriodes  spp. (Purnell  et al ., 
 2011 ).    

 To date the applicability of culture-independent, library-dependent meth-
ods, such as community fi ngerprinting, for the identifi cation of faecal sources 
in environmental samples, has not been proven (Field and Samadpour,  2007 ). 
Culture-independent, library-independent methods can be either chemical or 
molecular. Chemical indicators such as faecal sterols and bile acids can be 
applied to identify sources of faecal contamination but their presence may 
not correlate with the presence of FIB and pathogens (Field and Samadpour, 
 2007 ). Chemical markers are affected by a number of different factors includ-
ing their removal by wastewater treatment (caffeine), their degradation in 
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aerobic or anaerobic environments (sterols), or their settling and storage in 
sediments (bile acids) (Field and Samadpour,  2007 ).  

  7.4     Molecular-based source tracking 

 The development and application of molecular methods has resulted in rad-
ical changes in source tracking approaches and methodology. Host-specifi c 
gene markers are unique nucleic acid sequences which can be detected directly 
from the food or water matrix by molecular-based assays such as the poly-
merase chain reaction (PCR) (Field and Samadpour,  2007 ; Fong and Lipp, 
 2005 ; Roslev and Bukh,  2011 ; Santo Domingo  et al .,  2007 ; Stewart  et al ., 
 2003 ) or microarrays (Dubinsky  et al .,  2012 ; Lauri and Mariani,  2009 ) with-
out prior amplifi cation or isolation in culture (Field and Samadpour,  2007 ; 
Roslev and Bukh,  2011 ). These methods are not dependent on, or biased by, 
cultivable microbes and can utilise the genetic diversity in faeces and sewage 
as molecular markers for source tracking (Cantalupo  et al .,  2011 ; Field and 
Samadpour,  2007 ; Santo Domingo  et al .,  2007 ). The molecular markers could 
be from prokaryotes, eukaryotes or viruses (Roslev and Bukh,  2011 ). 

 Within the prokaryotes, host-specifi c molecular markers from certain fae-
cal anaerobic bacteria, for example, the  Bacteriodales  and  Bifi dobacterium,  
can be applied to determine the human or non-human source of faecal con-
tamination while  Rhodococcus coprophilus  markers identify faecal contamina-
tion from herbivores (Bernhard and Field,  2000 ; Field and Samadpour,  2007 ; 
Roslev and Bukh,  2011 ). The targets can either be rRNA or host-specifi c pro-
tein genes with the protein gene targets being more specifi c. The  Bacteriodales  
PCR markers have proved to be most effective for faeces identifi cation and a 
correlation between  Bacteriodales  markers and FIB has been demonstrated, 
while the usefulness of bifi dobacteria is affected by their limited survival 
in the environment (Field and Samadpour,  2007 ). In epidemiological stud-
ies, molecular methods have been used for the typing and source tracking 
of gram-negative foodborne pathogens, for example,  Salmonella  spp. (Foley 
 et al .,  2009 ). 

 Host-specifi c mitochondrial (mt) DNA markers are applied to identify 
eukaryotic host cells rather than micro-organisms from human or animal ori-
gin (Roslev and Bukh,  2011 ). Host blood and intestinal cells are shed in faeces 
and then excreted into the environment (Field and Samadpour,  2007 ; Roslev 
and Bukh,  2011 ). Quantitative real-time PCR assays have been developed for 
both human and animal mtDNA marker groups (Roslev and Bukh,  2011 ), 
but as the host cells in faeces are sparse, larger water samples may be required 
to detect them (Field and Samadpour,  2007 ). 

 As enteric virus infection is host-specifi c, enteric viruses are ideal candidates 
for MST (Wong  et al .,  2012 ). Molecular-based techniques has revolutionised 
the direct detection of enteric viruses in food and water (Girones  et al .,  2010 ; 
Havelaar and Rutjes,  2008 ). Reverse transcription (RT)-PCR/PCR is now 
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considered the gold standard for virus detection (Bosch  et al .,  2008 ; Mattison 
and Bidawid,  2009 ) and is the favoured assay for the detection of viruses in 
outbreaks of suspected viral origin (Parshionikar  et al .,  2003 ). The PCR prim-
ers can be designed to be group-specifi c (e.g., enteroviruses), serotype-specifi c 
(e.g., polioviruses) or host (human, bovine, etc.) serotype-specifi c (Fong and 
Lipp,  2005 ). Further improvements and advances in technology have led to 
the development of real-time RT-PCR/PCR assays which apply highly spe-
cifi c probes to detect the amplifi ed molecular marker. Some authors claim 
real-time RT-PCR/PCR to be the new gold standard for the quantifi cation 
of enteric viruses (El-Senousy  et al .,  2007 ) and the method of choice for the 
detection of enteric viruses in environmental samples (Rodr í guez-L á zaro 
 et al .,  2012 ). Real-time RT-PCR/PCR has the advantage over conventional 
RT-PCR/PCR of being less time-consuming and more sensitive, and human 
error is reduced in that the post-amplifi cation interpretation of results is 
automated (Wong  et al .,  2012 ). Contamination is minimal as the reaction is 
contained in a closed system (Fong and Lipp,  2005 ; Rodr í guez-L á zaro  et al ., 
 2012 ). Furthermore, molecular-based techniques have facilitated advances in 
the understanding of the genetic variation and evolution of viruses, which has 
provided the molecular basis for tracing the source of the virus or infection 
(Lappalainen  et al .,  2001 ; Stewart  et al .,  2003 ). In food- and waterborne out-
breaks nucleotide sequence comparisons of viruses detected in patient speci-
mens with those from the food and/or water sources have been used to link 
and identify the source of infection (Beaudeau  et al .,  2008 ; Lappalainen  et al ., 
 2001 ; Stewart  et al .,  2003 ). 

 Although over 100 types of pathogenic enteric viruses are shed in waste 
of human and animal origin (Fong and Lipp,  2005 ; Scott  et al. ,  2002 ), many 
of these viruses are often present in low concentrations in the environment 
and may therefore not be suitable for molecular-based MST (Wong and 
Xagoraraki,  2011 ). Indicator viruses are therefore used to predict the possible 
presence of human virus contamination (Carter,  2005 ). Prior to the poliovirus 
eradication initiative, when vaccine-derived polioviruses were still abundant 
in water sources, enteroviruses were used for assessing viral pollution in water 
as they could easily be isolated and quantifi ed in cell culture (Carter,  2005 ; 
Fong and Lipp,  2005 ; Pina  et al .,  1998 ). 

 As early as 1998, human adenoviruses (AdVs) were proposed as an indica-
tor of human viral pollution (Pina  et al .,  1998 ) as they are highly host-specifi c 
(Jiang,  2006 ), persist for longer and are present in higher numbers in pol-
luted water sources and are therefore a more suitable predictor of pathogenic 
human viruses than enteroviruses (Fong and Lipp,  2005 ; Pina  et al .,  1998 ). 
Together with human AdVs, another DNA virus, human polyomavirus (PyV) 
(JCPyV and BKPyV), have been proposed as an index of human viral con-
tamination as, like human AdVs, they are widespread in human populations 
(Bofi ll-Mas  et al .,  2000 ) and are present in high titres and stable in environ-
mental water, wastewater and sewage (Bofi ll-Mas  et al .,  2006 ; McQuaig  et al ., 
 2006 ; Rodr í guez-L á zaro  et al .,  2012 ). It has therefore been suggested that 
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the detection and quantifi cation of human AdVs and JCPyV can reliably be 
applied to assessing the virological quality of water in water treatment plants 
(Albinana-Gimenez  et al .,  2009 ; Bofi ll-Mas  et al .,  2006 ). 

 As AdVs and PyVs are host-specifi c, qPCR methods have been developed 
for the detection of bovine and porcine AdVs and bovine PyVs for MST of 
faecal contamination of animal origin (Bofi ll-Maas  et al ., 2011; Maluquer de 
Motes  et al .,  2004 ; Wong and Xagoraraki,  2011 ). Real-time RT-PCR assays 
have been developed for the detection of F+ RNA coliphages (Ogorzaly and 
Gantzer,  2006 ). These assays have been shown to be more reliable than nucleic 
acid hybridisation for the molecular identifi cation of the origin of faecal con-
tamination in water sources (Stewart  et al .,  2006 ), and have successfully been 
applied to tracking the source of faecal contamination in wastewater and fae-
cal samples in Asia (Lee  et al .,  2009 ), river water (Ogorzaly  et al .,  2009 ; Wolf 
 et al .,  2008 ); and shellfi sh (Wolf  et al .,  2008 ). Besides being applied to iden-
tify the source of faecal contamination F+ RNA coliphages are considered 
to be indicators of enteric viral contamination in water and shellfi sh (Wolf 
 et al .,  2008 ), with F+ RNA levels being a predictor of enteric virus concentra-
tion (Yee  et al .,  2006 ). Although a positive correlation between the F+ RNA 
genogroup II concentration, bacterial indicators and human AdVs has been 
observed in river water (Ogorzaly  et al .,  2009 ), the detection of F+ RNA 
coliphages does not necessarily prove the presence of human enteric viruses 
(Carter,  2005 ).  

  7.5     Molecular tracing in outbreaks 

 Most of the viruses associated with foodborne disease are of human ori-
gin (Greening,  2006 ). With the globalisation of the food market, which can 
result in geographically disseminated foodborne outbreaks (Le Guyader 
 et al .,  2006 ; Verhoef  et al .,  2010 ), food- and waterborne outbreaks of viral 
infection have signifi cant direct and indirect economic implications (Grabow, 
 2007 ; Lopman  et al .,  2012 ; Mayet  et al .,  2011 ; Newell  et al .,  2010 ). The pre-
vention of outbreaks is therefore essential and relies on identifi cation of the 
source and mode of transmission. Nucleotide sequence-based identifi cation 
has proven an effective tool for the tracking of pathogenic organisms (‘patho-
gen source tracking’) (Roslev and Bukh,  2011 ) in the environment for source 
tracking contamination and transmission routes in food- and waterborne 
outbreaks. This is essential to discriminate between multiple introductions 
and prolonged outbreaks with sustained transmission of the pathogen (Kirby 
and Iturriza-G ó mara,  2012 ). 

  7.5.1     Noroviruses 
 Noroviruses (NoVs) are considered to be a common cause of foodborne 
(Atmar,  2010 ) and waterborne (Rodr í guez-L á zaro  et al .,  2012 ) outbreaks 
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of gastroenteritis, with secondary person-to-person transmission follow-
ing point-source food or water exposure (Centers for Disease Control and 
Prevention (CDC),  2011 ). NoV GI has been more commonly associated with 
traveller’s diarrhoea and shellfi sh-associated disease, while NoV GII is asso-
ciated with sporadic cases and outbreaks of gastroenteritis (Atmar and Estes, 
 2009 ). Since 2001 genotype GII.4 has been associated with the majority of 
gastroenteritis outbreaks worldwide (CDC, 2011). 

 The molecular detection and genetic characterisation of NoVs in 
outbreak-associated stool specimens and food and water samples has identi-
fi ed the source of infection and routes of transmission in a large number of 
food- and waterborne outbreaks of gastroenteritis worldwide. Detection and 
partial sequence analysis of the RNA polymerase region have been applied 
to a number of waterborne outbreak investigations (Hewitt  et al .,  2007 ; 
Maunula  et al .,  2005 ; Parshionikar  et al .,  2005 ). In Finland, NoVs were iden-
tifi ed in a number of paired samples from water and patients in outbreaks in 
small communities. 

 Norovirus GII.4 was the most frequent genotype aetiologically associ-
ated with the outbreaks, with NoV GI.3 also evident (Maunula  et al .,  2005 ). 
Inadequate disinfection was identifi ed as the underlying reason for one of the 
outbreaks. During the same period, NoV GI.3 was identifi ed as the source 
of infection in waterborne outbreaks of gastroenteritis in the United States 
(Parshionikar  et al .,  2003 ) and the Netherlands (Hoebe  et al .,  2004 ). More 
recently a contaminated public water network was identifi ed as the source 
of infection in a NoV GI.3-associated outbreak of gastroenteritis in Sweden 
(Riera-Montes  et al .,  2011 ). In contrast, NoV GI.5 was identifi ed in a faecally 
contaminated water supply and linked stool specimens implicated in a gastro-
enteritis outbreak in a ski resort in New Zealand (Hewitt  et al .,  2007 ). In an 
epidemiological and virological investigation of a gastroenteritis outbreak in 
two factories and a construction site in China which shared a common water 
supply, NoV GII.4 with >99% nucleotide sequence identity was identifi ed in 
the water and stool samples. A breakage in the water pipe was identifi ed as the 
point of contamination (He  et al .,  2010 ). In larger community-wide outbreaks 
more than one NoV type may be identifi ed in stool specimens, which provides 
strong evidence of faecally contaminated water as the common source in the 
absence of other identifi ed point sources of infection (Nenonen  et al .,  2012 ). 

 Shellfi sh, which are often eaten raw or inadequately cooked, have been 
implicated in a number of NoV-associated outbreaks of gastroenteritis, as 
depuration does not effectively remove the NoVs (Patel  et al .,  2009 ). In a large 
outbreak of NoV-associated gastroenteritis involving two countries, France 
and Italy, oysters were identifi ed as a common source of infection as they 
had been harvested from the same area in France. Five different NoV strains 
(GII.4, GII.b, GI.4), with one stool containing two strains, were identifi ed 
in the French patients, while GII.4, GII.8, GI.6 and GI.4 were evident in the 
stool specimens from Italy. Analysis of the oysters yielded GI.4, GII.8 and 
GII.4 in individual oysters, and heavy rains and sewage treatment failures 
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were considered responsible for the contamination of the oyster bed. Sewage 
contamination is implicated in food sources containing multiple NoV strains 
and shellfi sh are often implicated as the source in outbreaks where a number 
of NoV strains are identifi ed (Le Guyader  et al .,  2006 ). 

 Outbreaks of NoV-associated gastroenteritis in which approximately 1100 
people from Denmark, Sweden and France were affected were associated 
with the consumption of frozen imported raspberries. The raspberries were 
imported from Poland from different small-scale farms. The source of con-
tamination could not be determined although irrigation water was suspected 
since it would give the most plausible answer as to how different NoV strains 
were found to be the cause of infection in individuals (Cotterelle  et al .,  2005 ; 
Falkenhorst  et al .,  2005 ; Korsager  et al .,  2005 ). In Finland, imported raspber-
ries were linked to a large number of NoV-associated outbreaks affecting 900 
people over an extended period in 2009. The raspberries, of Polish origin, were 
implicated in 12/13 outbreaks. Norovirus GII were identifi ed in 10 outbreaks 
and NoV GI in one outbreak, with NoV GII.4 most commonly detected. In 
one outbreak NoV GI.4 was identifi ed in stool specimens as the causal agent 
(Sarvikivi  et al .,  2012 ), but only detected in Polish raspberry samples associ-
ated with outbreaks of gastroenteritis later in the same year (Maunula  et al ., 
 2009 ). As the batch of raspberries had originated from 62 different farms it 
could not be established whether the original source of contamination was 
irrigation water or food handler hygiene (Sarvikivi  et al .,  2012 ). In Sweden 
NoV GII.8 strains were identifi ed in two outbreaks of gastroenteritis where 
raspberries imported from China were implicated (Lys é n  et al .,  2009 ). 

 The extent and enormity of the shellfi sh and raspberry outbreaks, with 
severe public health, trade and economic implications, serve to highlight the 
applicability of molecular pathogen source tracking where the culture-based 
library-independent methods are used more often for quality management. 

 As there can be a high diversity of NoVs detected in food- and water-
borne outbreaks (Le Guyader  et al .,  2004 ,  2006 ; Lys é n  et al .,  2009 ), sensitive 
broad reaction methods are required for the detection of NoVs in outbreak 
investigations (Lys é n  et al .,  2009 ; Wolf  et al .,  2007 ), while more specifi c assays 
are required for tracking and linking outbreak strains (Xerry  et al .,  2008 , 
 2010 ). The nucleotide sequence diversity of a 459 bp region of the protruding 
P2 domain has been shown to provide an appropriate region for analysis for 
more specifi c discriminatory source tracking of NoV GI and NoV GII strains 
in outbreaks of gastroenteritis (Xerry  et al. ,  2008 ,  2010 ). The rationale for 
this approach was that the P2 domain exhibits the greatest sequence variation 
and can be applied to separate or link patients more reliably. 

 Strains with 100% sequence identity were considered to have originated 
from a common source (Xerry  et al .,  2008 ,  2010 ). Using this methodology 
catering staff  were identifi ed as the source of NoV GII.2 in a foodborne 
outbreak in two schools, while NoV GII.3 outbreaks linked to oyster con-
sumption in a chain of seafood restaurants were considered to be unrelated. 
Identical NoV GII.4s were detected in passengers on fi ve cruise ships over 
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a 10-week period, and on the basis of epidemiological and virological evi-
dence, it was concluded that there was a point-source outbreak, followed by 
person-to-person spread (Xerry  et al .,  2009 ).  

  7.5.2     Hepatitis A virus 
 Clusters of HAV strains within genotypes and subgenotypes dominate in cer-
tain geographical regions (Faber  et al .,  2009 ; Hollinger and Emerson,  2007 ; 
Robertson  et al .,  1992 ). Despite genetic heterogeneity at the nucleotide level, 
immunological evidence has demonstrated the existence of a single sero-
type of HAV (Hollinger and Emerson,  2007 ) with two phylogenetically dis-
tinct biotypes (Knowles  et al .,  2012 ; Stanway  et al .,  2005 ). Molecular-based 
nucleic acid detection techniques can be applied to detect HAV in samples 
of different origin (Spradling  et al .,  2009 ), but are also not generally used for 
diagnostic purposes. Assays such as RT-PCR and real-time RT-PCR, which 
are currently the most sensitive widely used assays for the detection of HAV 
RNA, are used in epidemiological studies to identify infection sources and 
transmission patterns (Hollinger and Emerson,  2007 ). Nucleic acid sequence 
analysis of selected genomic regions can be used for the determination of the 
genetic relatedness of isolates (Hollinger and Emerson,  2007 ) and for tracing 
the origin of outbreaks (Pint ó   et al .,  2010 ). 

 Waterborne outbreaks of hepatitis A have been reported (Bloch  et al ., 
 1990 ; Bosch  et al .,  1991 ; Morse  et al .,  1972 ), but since the introduction of 
effective drinking water treatment, waterborne outbreaks of hepatitis A are 
less common (Fiore,  2004 ; Pint ó  and Saiz,  2007 ). A number of different types 
of food, including shellfi sh, cold foods and fresh produce, have been impli-
cated in foodborne outbreaks of hepatitis A (Fiore,  2004 ). Soft fruits and 
vegetables are being increasingly identifi ed as sources of foodborne viral ill-
ness (Croci  et al .,  2008 ) and it is estimated that 5% of HAV infections are due 
to the consumption of contaminated foods (Le Guyader and Atmar,  2008 ). 

 The fi rst foodborne outbreak of infectious hepatitis was described in 
Sweden in 1955, when 629 cases were associated with the consumption of raw 
oysters. The largest outbreak of HAV, affecting almost 300 000 individuals, 
occurred in Shanghai, China in 1988, and was associated with consumption 
of clams harvested from a sewage-polluted area (Pint ó   et al .,  2010 ; Richards, 
 2006 ). Shellfi sh have been implicated in a number of other outbreaks of hepa-
titis A where viral genetic analysis was applied to identify the source of con-
tamination (Bosch  et al .,  2001 ; Kaul  et al .,  2000 ; Pint ó   et al .,  2009 ; Richards, 
 2006 ). Genetic analysis has also been applied to the investigation of outbreaks 
of hepatitis A associated with green onions (Dentinger  et al .,  2001 ; Wheeler 
 et al .,  2005 ), strawberries (Hutin  et al .,  1999 ) and lettuce (Cuthbert,  2001 ). 
Epidemiological investigations from the outbreaks due to contaminated green 
onions and strawberries showed that these items required extensive handling 
during harvesting which may have been the original source of contamination 
(Fiore,  2004 ). The ingestion of raw blueberries was identifi ed as the cause of 
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an outbreak of hepatitis A in New Zealand (Calder  et al .,  2003 ), and raspber-
ries have been linked to outbreaks of hepatitis A (Croci  et al .,  2008 ). 

 In an outbreak of hepatitis A in Belgium, an unexpected food item, that is, 
contaminated raw beef, was implicated as the vehicle of transmission with an 
infected food handler as the source of contamination (Robesyn  et al .,  2009 ). 
As noted with NoVs, molecular-based pathogen source tracking has facil-
itated the identifi cation of transcontinental outbreaks (Bosch  et al .,  2001 ; 
Pint ó   et al .,  2009 ; S á nchez  et al. ,  2002 ) and intracontinental outbreaks of 
HAV infection (Amon  et al .,  2005 ; Dentinger  et al .,  2001 ; Hutin  et al .,  1999 ).  

  7.5.3     Hepatitis E virus 
 HEV is recognised as a zoonotic disease which is transmitted primarily via the 
faecal–oral route. Contaminated water is the main source of hepatitis E epi-
demics, while shellfi sh, contaminated animal meat and contact with infected 
animals have been associated with sporadic cases (Meng,  2010 ; Miyamura, 
 2011 ). In developing countries waterborne outbreaks, affecting large num-
bers of people, are usually linked to faecally contaminated drinking water or 
fl ooding (Aggarwal,  2011 ; Miyamura,  2011 ). In industrialised countries such 
as Japan, zoonotic transmission of HEV has been linked to the consumption 
of contaminated meat (Pavio  et al .,  2010 ). Using viral genetic analysis, HEV 
genotype 3 transmission from wild boar meat to humans has been identifi ed 
(Li  et al .,  2005 ). The consumption of raw wild Sika deer meat was implicated 
in an outbreak of HEV infection involving two families when HEV RNA 
sequences from the patient specimens and frozen Sika meat were shown to be 
identical (Meng,  2011 ; Miyamura,  2011 ; Pavio  et al .,  2010 ). The far-reaching 
implications of zoonotic foodborne HEV were further elaborated when a case 
of transfusion-transmitted hepatitis E was linked to a blood donor who had 
acquired a foodborne HEV infection (Matsubayashi  et al .,  2008 ). The lat-
ter linkage would not have been possible without molecular pathogen source 
tracking.   

  7.6     Conclusion 

 The microbiological criteria for food and water quality rely on bacterial stan-
dards. As FIB, for example,  E. coli  and enterococci, do not necessarily cor-
relate with the presence or absence of potentially pathogenic human enteric 
viruses, more specifi c advanced virus detection and characterisation tech-
niques may replace FIB culture-based library-dependent and culture-based 
library-independent methods for source tracking viruses in food and water-
borne outbreaks. 

 Improvements in recovery techniques and molecular methods have 
increased the opportunities for the direct detection and characterisation of 
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viruses in clinical specimens, and in food and water matrices. However, as 
no one method will be applicable to every situation, a multi-tiered approach 
should be applied to identify the pathogen source. For successful public health 
interventions in outbreak situations, rapid techniques for pathogen moni-
toring and tracking need to be applied. Sensitive and highly specifi c virus 
molecular-based detection assays are required for the monitoring of food 
and water sources, and these assays are susceptible to inhibitors in environ-
mental samples. In addition, prior knowledge of the suspected target virus is 
required to ensure the application of appropriate detection assays. Unknown 
or untargeted viruses will not, however, be detected by this approach. Despite 
the challenges encountered with the detection of viruses in the environment, 
molecular pathogen source tracking by nucleotide sequence analysis has added 
a valuable new dimension to the MST toolbox. Newer culture-independent, 
library-dependent molecular-based methods under development and valida-
tion, for example, metagenomics, which facilitate simultaneous comparison of 
many genomes from multiple taxa, will provide new opportunities to expand 
the repertoire of assays available for broad-based molecular source tracking.  
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  Abstract:  Quantitative microbiological risk assessment has hitherto been 
predominantly used for risks from exposure to bacteria. This chapter examines the 
requirements for full quantitative risk assessments for food- and waterborne viruses, 
and the interpretation and extrapolation of risk assessment outcomes. Future trends 
in quantitative risk assessment research for viruses are considered. 

  Key words:  quantitative microbiological risk assessment, viruses, food, water, 
health risk. 

    8.1     Introduction 

 One of the fi rst applications of risk assessment was by NASA in the after-
math of the 1967 Apollo fi re. Risk assessment is now widely used in different 
scientifi c disciplines including nuclear science, fi nance, industrial processing 
and infectious diseases. Charles Haas used risk assessment in the latter fi eld 
for the fi rst time to mathematically describe a dose–response relationship for 
adverse public health events due to virus ingestion (Haas,  1983 ). The meth-
odology was subsequently extended, with an exposure assessment to estimate 
the exposure dose and a risk quantifi cation for the presence of viruses in 
drinking water (Haas et al.,  1993 ). Despite this initial focus on viruses, quanti-
tative microbiological risk assessments for food and water have so far focused 
predominantly on bacteria. Recently completed assessments include models 
that describe the entire food production pathway from production of the raw 
material until the moment of consumption (often described as ‘farm-to-fork’ 
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models). Examples of this include the assessment of public health risks asso-
ciated with  E. coli  O157:H7 in ground beef hamburgers (Cassin et al.,  1998 ) 
with  Listeria monocytogenes  in ready-to-eat foods (Rocourt et al.,  2003 ) and 
with  Campylobacter  on broiler meat (Nauta et al.,  2009 ). Such farm-to-fork 
models are now being developed for viruses in food for the fi rst time as part 
of the European project ‘Integrated monitoring and control of foodborne 
viruses in European food supply chains’ (‘VITAL’). 

 Public health risk assessment comprises several stages: identifying and 
defi ning the risk, assessing the level of exposure and the exposure–response 
relationship, and assessing the associated risk for humans. This process can 
be done either qualitatively (providing a ‘yes’ or ‘no’ answer about a risk), 
semi-quantitatively (weighting or scoring each contributory component of 
the overall risk and adding them together to calculate the fi nal risk), or quan-
titatively (using probability distributions to provide mean estimates of the risk 
and 95% intervals). This chapter will focus on quantitative risk assessments 
only and will not consider qualitative or semi-quantitative risk assessments. 

 Health outcomes are based on information concerning exposure to viruses 
in foods and water and on dose–response relationships. Several frameworks 
for assessing microbiological risks have been proposed (ILSI,  1996 ; Haas 
et al.,  1999 ), that are designed to structure and harmonize the approach to 
risk assessment. These frameworks use the following steps for the assessment 
of food- and waterborne viruses:

   Identifi cation of the pathogenic virus(es) that may be present in a particu-• 
lar type of food or water sample and that are capable of causing infection, 
illness or death in humans. In addition, the identifi cation of the exposure 
route or routes; ingestion or inhalation, for example.  
  Estimation of the virus dose to which individuals are exposed per expo-• 
sure route.  
  Quantitative evaluation of the nature and probability of adverse health • 
effects associated with a certain intake of the pathogenic agent.  
  Integration of the estimated exposure dose and the probability of the • 
adverse health event, given that dose. This aspect thus consists of the join-
ing of the results from the previous two steps.    

 Risk assessment is preferably an iterative process of systematic and objective 
evaluation of all available information pertaining to a given hazard – in this 
particular instance, viruses in foods and water. 

 Some risk profi les, a term which references the fi rst part of quantitative 
microbial risk assessment (QMRA) as described above, have been reported 
for foodborne viruses. These include risk profi les of the Norwalk-like virus 
in raw molluscs in New Zealand (Greening et al.,  2003 ), foodborne norovi-
rus infections (HPA,  2004 ) and hepatitis E virus (HEV) (Bouwknegt et al., 
 2009 ). Factors such as the persistence of virus infectivity on foods, the role of 
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irrigation water and food handlers’ hands in virus transmission and the effec-
tiveness of existing virus control points in food harvesting, processing and 
handling have had limited representation in the available data. It was there-
fore concluded at an international meeting of experts in 2007 that undertak-
ing a full quantitative risk assessment for foodborne virus may be premature 
(FAO/WHO,  2008a ). However, increased interest in food- and waterborne 
viruses and the development of accessible and rapid diagnostic methods in 
recent years has increased the amount of available data related to viruses in 
foods and water, with the result that quantitative models could now start to 
be designed.  

  8.2     Quantitative microbiological risk assessments 
(QMRAs) and their outcomes 

 Studies employing QMRA to assess adverse public health events associated 
with viruses in food and water are presented in  Table 8.1 , with aspects of par-
ticular relevance to QMRA for viruses highlighted later.    

 The viruses selected in the quantitative risk assessment models described 
include the relatively larger DNA adenoviruses (Crabtree et al.,  1997 ; van 
Heerden et al.,  2005 ) and the small RNA enteroviruses (Regli et al.,  1991 ; 
Mena et al.,  2003 ) and rotaviruses (Regli et al.,  1991 ; Haas et al.,  1993 ; Gerba 
et al.,  1996 ) The enteroviruses included coxsackieviruses, (Mena et al.,  2003 ) 
polioviruses type 1 and 3, and echovirus 12 (Regli et al.,  1991 ). Some studies 
refer to viruses in general (Petterson and Ashbolt,  2001 ; Petterson et al.,  2001 ; 
Hamilton et al.,  2006 ). 

 Three of the papers mentioned in  Table 8.1  describe quantitative risk 
assessment models for fresh produce (Petterson and Ashbolt,  2001 ; Petterson 
et al.,  2001 ; Hamilton et al.,  2006 ). One is a methodological study to examine 
the implications of over- dispersion in virus concentration on crops (Petterson 
and Ashbolt,  2001 ). Hamilton  et al . ( 2006 ) provide a simplifi ed model for esti-
mating the number of viruses on an item of produce as a result of spray irri-
gation. Masago  et al . ( 2006 ) estimate the risk of a norovirus infection due to 
the consumption of drinking water and describe an approach for estimating 
virus concentrations based on presence/absence data. The remaining studies 
describe the estimation of risks associated with drinking and/or coming into 
recreational contact with potentially contaminated waters. 

 The choice of statistical distribution used and the assumptions made in 
quantitative risk assessments affect the estimated risks. Regli  et al . ( 1991 ) 
and Haas  et al . ( 1993 ) present a theoretical background for the estimation of 
infection risks due to consumption of drinking water which can also be use-
ful for estimates related to the consumption of other matrices such as food. 
Regli  et al . ( 1991 ) describe the assumptions which must be made in virolog-
ical risk assessment and go on to evaluate different dose–response models 
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(exponential and Beta-Poisson). Haas  et al . ( 1993 ) provide an approach to 
including uncertainty and variability in risk assessments. These studies dem-
onstrate the importance of understanding (1) the theoretical backgrounds of 
the distributions used; (2) the randomness or lack thereof in processes leading 
to viral contamination; (3) the essence of the dose–response models used (the 
measured response, the unit of the exposure dose); and (4) that uncertainty 
and variability are essential to the proper conduct of quantitative viral risk 
assessments. 

 Table 8.1     Quantitative risk assessments for viruses in the environment 

 Matrix  Virus  Title publication  Reference 

 Drinking water  Rotavirus, 
Poliovirus 1, 
Poliovirus 3, 
Echovirus 12 

 Modeling the risk from 
Giardia and viruses in 
drinking water 

 Regli et al., 
 1991  

 Drinking water  Rotavirus  Risk assessment of virus in 
drinking water 

 Haas  et al ., 
 1993  

 Drinking and 
recreational 
waters 

 Rotavirus  Waterborne rotavirus: a risk 
assessment 

 Gerba  et al ., 
 1996  

 Drinking and 
recreational 
waters 

 Adenovirus  Waterborne adenovirus: a 
risk assessment 

 Crabtree 
 et al .,  1997  

 Salad crops  Enteroviruses  Viral risks associated with 
wastewater reuse: modeling 
virus persistence on 
wastewater irrigated salad 
crops 

 Petterson and 
Ashbolt, 
 2001  

 Salad crops  Viruses  Microbial risks from 
wastewater irrigation 
of salad crops: a 
screening-level risk 
assessment 

 Petterson 
et al.,  2001  

 Drinking and 
recreational 
waters 

 Coxsackie virus  Risk assessment of 
waterborne coxsackie virus 

 Mena  et al ., 
 2003  

 Drinking water; 
recreational 
water 

 Adenovirus  Risk assessment of 
adenoviruses detected in 
treated drinking water and 
recreational water. 

 van Heerden 
 et al .,  2005  

 Raw vegetables  Viruses  Quantitative microbial 
risk assessment models 
for consumption of raw 
vegetables irrigated with 
reclaimed water 

 Hamilton 
et al.,  2006  

 Drinking water  Norovirus  Quantitative risk assessment 
of noroviruses in drinking 
water based on qualitative 
data in Japan 

 Masago  et al ., 
 2006  
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 The three models particularly focused on fresh produce centre on the use 
of irrigation water for salad crops (Petterson and Ashbolt,  2001 ; Petterson 
et al.,  2001 ; Hamilton et al.,  2006 ). Petterson  et al . ( 2001 ) modelled the cling-
ing of viruses to lettuce crops through sprayed irrigation water. The volume of 
retained water was taken from a study in which lettuce heads were immersed 
fully in water (Shuval et al.,  1997 ). The estimated volume amounted to approx-
imately 10 ml per 100 g of lettuce, an estimate which was also later used in 
relation to lettuce by Hamilton  et al . ( 2006 ). In the absence of better data, 
this volume was considered to represent a worst-case situation and provided 
an acceptable starting point for risk assessment. However, full immersion of 
crops might not accurately represent a worst-case scenario, as the volume 
of water on shrubs is reported to be larger after a simulated rainfall event 
than after immersion (Garcia-Estringana et al.,  2010 ). Ideally the volume of 
water retained after single and multiple irrigation events should therefore be 
examined experimentally. Such an experiment was conducted by Hamilton 
 et al . ( 2006 ) for broccoli, grand slam cabbage, savoy cabbage and winter head 
cabbage. Their results gave estimated mean water retentions of 0.02, 0.04, 
0.04 and 0.09 ml per g of produce, respectively, after a single irrigation event 
of 20 min. Probability distributions that may be used in a quantitative risk 
assessment are provided in the paper. 

 For estimation of the exposure dose, data on the amount of food or water 
consumed are required, with the data preferably representative of the general 
population. The available papers on food consumption lack specifi c monitor-
ing data, relying instead on such valid approaches as the hypothetical con-
sumption of 100 g of a food product (Petterson et al.,  2001 ) or the amount of 
food consumed being a function of body weight (Hamilton et al.,  2006 ). 

 The outcome of any risk assessment depends on the research aim and this 
is usually decided in consultation with risk managers. Examples of risk assess-
ment outcomes include identifi cation of exposure doses, risk of infection, 
likelihood of illness and possible resultant levels of mortality. An important 
aspect to consider in the translation of an exposure dose to an adverse health 
event is the dose–response model used, and how this relates to the subsequent 
modelled response. Depending on the data set underlying the dose–response 
model, the initial translation from dose to risk represents the risk of the spe-
cifi c response used in that particular dose–response model. For instance, the 
model to estimate norovirus infection risks was based on volunteers show-
ing faecal excretion of virus and seroconversion (Teunis et al.,  2008 ). In the 
same study, the dose–response model for illness conditional on infection was 
based on a response including diarrhoea and/or vomiting combined with 
other symptoms such as abdominal pain, myalgia, fatigue, chills and head-
ache more than 8 h after the infection. Thus, employing either the fi rst or both 
models estimates the respective response observed in the volunteers. 

 Similarly, a dose–response model for hepatitis A virus (HAV) is based on 
data from Ward et al. ( 1958 ), whose observed response was the development of 
jaundice in institutionalized individuals, the majority of whom were children. 
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Hence, the latter dose–response model predicts the probability of developing 
jaundice for a particular ingested HAV dose in instances where the exposed 
individual is a child. Due to the lack of more appropriate data, such estimates 
are often extrapolated to other (sub)populations or to the general population 
in order to proclaim a risk of adverse health events. The imperfection of this 
approach should be considered when interpreting the estimated risk and possi-
bly using it for setting health-based targets for public health protection. 

 The published public health risk estimates summarized in  Table 8.1  are 
mainly presented as infection probabilities, with some estimates alternatively 
translated into probability of disease or mortality. An additional measure used 
to represent adverse health effects for humans is an estimate of the disability 
adjusted life years (DALY) (Murray,  1994 ). This measure is a combination of 
the years of life lost due to premature mortality and the period of time spent 
in a suboptimal health status as a consequence of infection. A DALY estimate 
therefore includes the translation from infection to actual disease. Such an 
estimate may give greater insight into the adverse health effects of pathogens 
in the environment than an infection risk, as infection does not necessarily 
produce illness. The WHO use DALY to measure the global burden of disease 
(Lopez et al.,  2006 ), and also base their targets for public health protection 
on DALYs rather than on infection or illness risks. However, the progression 
from infection to disease can be highly variable between individual humans 
and depends on multiple host and pathogen characteristics. Depending on the 
data underlying the dose–response model, such progression cannot always be 
estimated.  

  8.3     Data gaps and needs 

 We conclude that quantitative risk assessment for food- and waterborne viruses 
may be very useful for the estimation of public health risks and for evaluating 
risk-reducing interventions. However, several data gaps and needs exist with 
respect to hazard identifi cation, exposure assessment and dose-response rela-
tions which encompass the different steps in risk assessment. 

   8.3.1   Hazard identifi cation 
   Viruses in foods that have been identifi ed as being of highest priority are 
norovirus (NoV), hepatitis A (HAV) and E (HEV) viruses (Table 8.2). Other 
hazardous foodborne viruses include SARS coronavirus, avian infl uenza 
viruses and tick-borne encephalitis virus (Duizer and Koopmans,  2008 ). 
Furthermore, Duizer and Koopmans ( 2008 ) conclude that most emerging 
viruses cannot easily be excluded from being foodborne. 

 Food items implicated in human viral infection and disease include shell-
fi sh products, fresh produce and meat products. Contamination of these 
food items may occur during production, for example due to fi lter feeding by 
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shellfi sh or irrigation of fresh produce, during processing as a result of con-
tact with contaminated hands and utensils, and at point of sale due to con-
tact with contaminated hands of store personnel and customers ( Table 8.2 ). 
With respect to fresh produce, the FAO/WHO expert meeting on the microbi-
ological hazards in fresh fruits and vegetables recommended that leafy green 
vegetables should be considered the highest global priority in terms of fresh 
produce safety (FAO/WHO,  2008b ). With respect to foodborne virus contam-
ination of meat, the presence of HEV in raw pig meat has been demonstrated 
(Deest et al.,  2007 ; Matsubayashi et al.,  2008 ). Meat products that are con-
sumed raw or moderately heated, such as locally produced sausages (Colson 
et al., 2010) and sashimi (Tei et al.,  2003 ), are of particular concern in this 
respect.     

  8.3.2   Exposure assessment 
   Data on the prevalence of enteric viruses for reservoirs and sources that may 
relate to potential contamination during food production have been published 
(Van den Berg et al.,  2005 ; Cheong et al.,  2009 ; Gentry et al.,  2009 ; Boxman 
et al.,  2011 ). For shellfi sh, numerous data on viruses in harvesting waters are 
available, whilst for fresh produce, studies are available on foodborne viruses 
in irrigation water and manure. With regard to food handling environments, 
a number of foodborne viruses in human and animal faeces have been deter-
mined. Nevertheless, such virus presence has largely been determined qualita-
tively (presence or absence) rather than quantitatively (enumerated). Suffi cient 
quantitative data (with respect to sampling size and numbers of viral par-
ticles) for the performance of quantitative risk assessments is therefore still 
largely unavailable. Furthermore, the infectivity status of the viruses detected 
often remains unknown, as molecular methods detect nucleic acids from both 
infectious and non-infectious viruses, and the non-infectious viruses do not 

 Table 8.2     Priority viruses in foods and examples of implicated food items 

 Foodborne viruses  Implicated food items 

 Norovirus  Shellfi sh, raspberries, drinking water 
 Hepatitis A virus 

(HAV) 
 Bivalve molluscs, particularly oysters, clams and mussels, 

salad crops, as lettuce, green onions and other greens, 
and soft fruits, such as raspberries and strawberries 

 Hepatitis E virus 
(HEV) 

 Pork pies, liver pate, wild boar, under-cooked or raw 
pork, home-made sausages, meat (in general), 
unpasteurized milk, shellfi sh and ethnic foods 

 SARS coronavirus  Food of animal origin 
 Tick-borne 

encephalitis virus 
 (Raw) milk, yoghurt, butter and cheese 

 Nipah virus  Fruits 
 Avian infl uenza viruses  Duck blood 
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contribute to the risk of a public health event. These data issues therefore 
enforce an integrated approach at present for quantitative risk assessments – 
an approach which includes proper data collection by means of statistically 
sound sampling plans and proper data analysis using appropriate diagnostic 
controls and statistical controls for quantifi cation. 

 Another aspect that needs to be considered in quantitative risk assessment 
is the transfer of viruses to and from foods due to handling and processing. 
Some data are available for transfer between surfaces and hands (Sattar et al., 
 2000 ; Bidawid et al.,  2004 ). and these have been used to model, for example, 
norovirus transfer (Mokhtari and Jaykus,  2009 ). However, robust estimates 
are not possible given the limited data available. Details of virus transfer 
between food products, hands and utensils are therefore largely unquantifi ed 
and uncertain. Viral transfer from carriers (humans, animals) or environmen-
tal sources to foods, as well as between foods, are largely based on assump-
tions rather than on experimental or fi eld data. It is deemed important to 
perform virus transfer experiments under controlled settings following spec-
ifi ed protocols. It was shown that 1% (0.2–10%), 0.05% (0.02–0.3%) and 9% 
(4–15%) of infectious MNV-1 was transferred from fi ngertips to raspberries, 
strawberries and lettuce, respectively (Verhaelen et al., in preparation). The 
transfer fractions of MNV-1 from raspberries and lettuce to fi ngertips was 
3% (<0.01–5%) and 4% (2–6%), respectively. Using the estimated mean trans-
fer rate of MNV-1, it was estimated that a single food handler with an initial 
virus contamination level of 10 4  infectious virus particles on his fi ngertips 
could contaminate more than 2 kg of raspberries with a minimum of one 
virus particle per raspberry. This study exemplifi es the substantial role a single 
food handler can have in the transmission of hNoV, considering hNoV is the 
most infectious agent described, with an infection probability of about 0.5 per 
single hNoV particle (Teunis et al.,  2008 ). 

 An important requirement for any exposure assessment is data on the 
amount of a particular food item that has been consumed and the meth-
ods used to prepare it. Regarding the amount of food consumed, several 
national studies have been collected and assembled by the European Food 
Safety Authority (EFSA) in a database (Comprehensive European Food 
Consumption Database) (EFSA,  2011a ). This database specifi es consump-
tion data on aggregated levels (for example ‘total consumption of vegetables 
per day, including mushrooms and other fungi’). Specifi c data for a particular 
product, such as ‘lettuce’ or, more specifi cally ‘butterhead lettuce’, are not 
retrievable from the database. Data for the consumption of drinking water are 
similarly available from a Dutch national food consumption survey (Teunis 
et al.,  1997 ), which used as a mean estimated volume of unboiled drinking 
water 0.28 L day −1  (described by a lognormal distribution with  μ  = −1.86 and 
  σ   = 1.07). 

 Specifi c information and population frequencies for food and bever-
age preparation methods used in homes and restaurants prior to consump-
tion are scarce but essential for quantitative risk assessments. Heating or 
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cross-contamination can affect the virus concentration in and on food items, 
and therefore alter the exposure dose. Consumer habits and preferences 
regarding the state of a food item at consumption are highly diverse within 
and across different countries, meaning region- specifi c data is often required. 
Ignoring any possible effects of preparation on virus presence/infectivity can 
result in either under- or overestimation of the risk, depending on the effi cacy 
of the disregarded process. 

 For high-risk foods such as soft fruits and salad vegetables, irrigation water 
may be one of the sources of contamination, making it important that this 
process is modelled. To estimate virus concentration on fresh produce due to 
irrigation, it is important to assess the volume of retained water on such prod-
ucts, as a function of the duration of irrigation. Furthermore, the clinging of 
viruses to food products and their wash-off during prolonged or subsequent 
irrigation events needs to be determined. The lack of available data currently 
prevents the possibility of such estimation. 

 The persistence of viruses on sources is another important aspect to con-
sider in QMRA. On surfaces, hands and other environments, as well as once 
transferred onto food products or into water, viruses may persist for pro-
longed periods of time (De Roda Husman et al.,  2009 ). Experiments to assess 
the stability of viruses make use of cell culture systems. By growing  in vitro  
cells that are susceptible to infection with the virus under study, and assessing 
the infectivity before and after treatment, parameters on virus stability can be 
estimated and used in risk assessment studies. However, no robust cell culture 
systems for the detection of infectious human noroviruses, HEV and HAV 
are available. Information on the persistence of infectious particles of these 
viruses in the environment is therefore limited. 

 However, several studies have been conducted using a surrogate virus, espe-
cially with regard to norovirus. At present, the most promising surrogate is 
the culturable murine norovirus due to its genetic similarity and environmen-
tal stability (Bae and Schwab,  2008 ). In general, infectivity reduction rates 
of surrogates were shown to be higher at higher temperatures (>25 ° C) and 
room temperature than at 4 ° C, for matrices such as surfaces of stainless steel, 
lettuce, berries, deli ham, surface and ground waters (Cannon et al.,  2006 ; 
D’Souza et al.,  2006 ; Bae and Schwab,  2008 ; Butot et al.,  2008 ). In addition, 
the relative humidity is an important determinant for survival in the environ-
ment (Stine et al.,  2005 ; Cannon et al.,  2006 ). Data obtained for the stability 
of norovirus-like particles, as well as surrogate viruses, demonstrated stability 
over a pH range of 3–7 and up to 55 ° C (Duizer et al.,  2004 ; Ausar et al.,  2006 ; 
Cannon et al.,  2006 ). 

 Viruses on foods are challenged by applied or natural production condi-
tions, such as storage temperature, storage humidity and exposure to sun-
light. Furthermore, the food matrix itself  can induce virus inactivation due 
to, for example, the effects of pH or the presence of proteases. For most intact 
fresh produce, no recommended storage temperature is provided by legisla-
tion. In general, low temperatures and high relative humidity are applied in 
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the fresh produce industry to prolong shelf-life and maintain produce quality. 
Unlike for bacteria, these conditions generally promote viral persistence. The 
usual storage temperature of lettuce, for example, is about 4 ° C with a relative 
humidity (RH) of about 80%. The shelf-life of lettuce is strongly dependent 
on storage conditions: a shelf-life of 21–28 days can be expected at 0 ° C with 
>95% RH, whilst at 5 ° C a shelf-life of 14 days can be expected. At point of 
sale, whole lettuces are usually stored at ambient temperature. Persistence of 
feline calicivirus (FCV) on lettuce in commonly applied storage conditions 
was studied by Mattison  et al . ( 2007 ). After 4 days of storage at 21 ° C the virus 
was not detectable, which is equivalent to a reduction of about 2.5 log 10 -units. 
Infectious FCV was reduced by about 2 log 10 -units after seven days of storage 
at 4 ° C. Murine norovirus (MNV-1) was found to be persistent on raspberries 
and strawberries at 4 and 10 ° C, meaning that the D-values (fi rst 1 log 10  unit 
reduction) reached or exceeded the 7-day shelf-life of the berries. However, 
MNV-1 infectivity dropped by about 1.5 log 10 -units on strawberries after just 
one day of storage at room temperature, whereas no virus decay was observed 
on raspberries in this period. A 1 log 10  unit decrease in MNV-1 infectivity 
only occurred on raspberries after 3 days at room temperature, yet in practice, 
raspberries are rarely stored over such a long period. Please see Chapter 13 
for further information on the natural persistence of food- and waterborne 
viruses. 

 Foodborne viruses may be reduced by a diverse range of food treat-
ment processes, each displaying a different estimated effi ciency in infectivity 
reduction (EFSA,  2011b ). The effectiveness of treatment processes for virus 
reduction has mostly been assessed by use of indicator viruses such as MNV 
(murine norovirus), FCV and phages. In order to conduct a quantitative 
viral risk assessment, it is important to fi rst know which decontamination 
practices are used in food production, whilst acknowledging that lab experi-
ments may produce different outcomes to standard virus reduction due to 
current practices in the fi eld. Secondly, process-specifi c infectivity rates for 
each virus, or an appropriate surrogate thereof, should ideally be included in 
the study. Unfortunately, the lack of cell culture systems for certain viruses, 
including NoV and HEV, have hampered such studies in the past. Alternative 
approaches, such as the use of animal models (Feagins et al.,  2008 ) or cell 
infection experiments (Emerson et al.,  2005 ) have been developed for HEV. 
The results of both experiments indicated that HEV was still viable when 
heated at 56 ° C for an hour. In an  in vivo  animal experiment, one of the livers 
used as inoculum was stir-fried at 191 ° C (internal temperature of 71 ° C) for 
5 min and infection was not observed after inoculation. Furthermore, recent 
progress in HEV culture has been made in the European project ‘VITAL’, 
by using a 3D cell culture system. Initial experiments with this system have 
shown that HEV is inactivated when heated at 100 ° C for 15 s (Berto et al., 
 2012 ). Hence, HEV seems to be heat-intolerant above a certain temperature, 
but the temperature-dependent inactivation rate is yet to be determined.  
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  8.3.3   Dose–response relation 
   Limited information on human dose–response relationships is currently avail-
able for quantitative viral risk assessment. The dose–response relationship for 
norovirus is based on ingestion of an inoculum by volunteers (Teunis et al., 
 2008 ), and the exposure dose was quantifi ed using RT-PCR detection. The 
currently available dose–response model for HAV is based on inoculation of 
institutionalized individuals with faeces from a patient (Haas et al.,  1999 ), with 
the original dose quantifi ed as grams of faeces ingested (Ward et al.,  1958 ). 
In a subsequent study, this dose was adjusted to PCR detectable units using a 
maximum likelihood estimation to increase usability (the ingested amount of 
faeces is not frequently the outcome of an exposure assessment) (Bouwknegt 
et al., in preparation). The dose–response model currently available for HEV 
is based on intravenous inoculation of pigs, and corrected to represent oral 
ingestion (Bouwknegt et al.,  2011 ). This dose was quantifi ed using RT-PCR. 

 These available dose–response models need to be applied with particular 
care in quantitative microbiological risk assessment. The ratio between infec-
tious and non-infectious viruses can differ by several orders of magnitude 
between samples (De Roda Husman et al.,  2009 ). This ratio can therefore 
differ signifi cantly between the samples used for the dose–response modelling 
and those used for quantifying viruses at the risk assessment contamination 
points. The estimated risk can consequently over- or underestimate the actual 
risk by several orders of magnitude. As indicated before, the availability of 
an effi cient cell culture system might allow the inclusion of a correction fac-
tor in the dose–response model, although this factor is expected to be highly 
variable. 

 In addition, dose–response relations are often established based on food-
borne viruses in spiked water, whilst no dose relation for viruses on food is 
determined. However, very recently, a study was published in which it was 
demonstrated, via consumption of treated shellfi sh by human volunteers, that 
high hydrostatic pressure was effective for reduction of Norwalk virus in oys-
ters (Leon et al.,  2011 ). 

 In comparison to the general population, vulnerable subpopulations 
exposed to foodborne viruses may experience higher disease incidence. 
However, the details of this are at present largely unknown (Gerba et al., 
 1996 ). Exposure to foodborne viruses may result in more severe disease out-
comes for vulnerable subpopulations, such as immunodefi cient transplant 
recipients, those living with HIV/AIDS, children, the elderly and pregnant 
women. NoV infection, for example, is common in all age groups but the inci-
dence is highest in young children (<5 years). In the case of HAV, severe infec-
tions among adults are rare in high endemic areas, due to induced life-long 
immunity upon exposure as a child, whereas in low endemic areas the disease 
mainly occurs in adulthood with an increased likelihood of severe symptom-
atic illness developing. Hepatitis E (at least genotype 1) poses a particular 
threat to pregnant women, who are at high risk of developing severe hepa-
titis, resulting in mortality in up to 25% of cases for this category. Similarly, 
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individuals with underlying diseases, such as chronic liver disease, liver cir-
rhosis or a history of high alcohol consumption, are at a higher risk of devel-
oping hepatitis E, whilst immunosuppressed transplant patients are at risk of 
developing chronic hepatitis E.    

  8.4     Future trends 

 One of the predominant challenges in quantitative viral risk assessment is 
absolute quantifi cation of infectious viruses. When cell culture systems are 
available, the number of cytopathologic effects in cell culture, or plaques in a 
plaque assay, can be interpreted as an indicator of the number of infectious 
viruses per unit of sample examined. At present, where such systems are not 
routinely available, as is the case for NoV, HAV and HEV, one is restricted 
to the use of indirect methods such as genome detection by (RT-) PCR. The 
methods for correct use of qPCR data in QMRA are lacking, which leads to 
the currently unavoidable ignorance of two aspects: (1) distinction between 
genomes originating from infectious (viable) and non-infectious (non-viable) 
micro-organisms; and (2) uncertainty and bias in quantifi cation of genomes. 
Distinction between infectious and non-infectious micro-organisms cannot 
be made with qPCR directly, because the detected genomes can originate 
from both types of micro-organism. Approaches to distinguish between the 
two by using, for example, enzymatic pre-treatment are being explored at pre-
sent (Schielke et al.,  2011 ). 

 Furthermore, results generated by qPCR are, when quantifi ed, translated 
into point estimates of genome quantities according to a standard curve, 
based on samples with supposedly known concentrations of targets (i.e., 
the standards). However, points often neglected in such quantifi cation are 
the effi ciency of isolation of genomic material from samples, differences in 
amplifi cation effi ciency between the standard and targeted micro-organisms, 
uncertainty around the estimated concentration of the standards and target 
viruses, and measurement error of the apparatus. For results of molecular 
methods to be useful in quantitative risk assessment, new procedures are 
needed to provide correct quantifi cation, including uncertainty, of infectious 
micro-organisms detected by qPCR. 

 Another important challenge for QMRA for viruses is to retrieve the 
required information from published results. The majority of published stud-
ies on the contamination of products with enteric viruses, for instance, detail 
the percentage of detected positive samples (so-called prevalence studies). 
The effi ciency of such prevalence studies correlates directly to the effi ciency 
of the method used, thus yielding method-dependent data. Factors that 
affect the data quality include the limit of the detection assay, the ineffi ciency 
in amplifi cation, the RNA isolation effi ciency, and the procedure used for 
quantifi cation. 
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 Approaches have been published to account for several of these factors in 
the detection protocol (see, e.g., Costafreda et al.,  2006 ). Nevertheless, when 
proper controls were included in the analyses, results described in published 
papers were found to be lacking suffi ciently detailed descriptions for the data 
to be included in risk assessment studies. A solution to this problem can be to 
share the raw laboratory data with risk analysts. Alternatively, the science com-
munity could strive to ensure raw data are included with their publications in 
journals, and/or submitted to global databases maintained by networks of sci-
entists, such as the COST network for Food and Environmental Virologists or 
the Food and Water Department of the responsible Ministry, Inspectorate or 
research institute. When made available, virus concentrations, including details 
of any uncertainty/variation may be assessed and included in risk estimation. 

 Once conceptual mathematical models for estimating virus contamination 
per contamination source have been developed, validated and made available, 
such models can be reprogrammed as stand-alone software tools. This allows 
the access and application of data by a wide range of scientists and specialists, 
including those who have not necessarily received specialist training in math-
ematics and statistics (e.g., Schijven et al.,  2011 ; Schijven et al., submitted). 
Future trends might include the use of such tools for real-time monitoring, 
for instance when the models are linked to rapid methods for virus detection 
in potential sources.  

  8.5     Conclusion 

 Quantitative microbiological risk assessment is a method by which avail-
able quantitative data for a microbiological hazard can be utilized to esti-
mate human exposure and resultant levels of morbidity or mortality. The 
results of applying this method can be more informative for public health risk 
management than the presence/absence and pathogen prevalence data often 
presented. Furthermore, by identifying the available and the required data 
for a risk assessment, data gaps can be identifi ed. This information can sub-
sequently be used to allocate research resources more effectively. The devel-
opment of statistically sound sampling plans for proper data collection that 
target these data gaps can extend the effective use of resources still further. 

 The continuing development of risk assessment models and their possi-
ble distribution in risk assessment tools might increase the use of QMRA to 
assist public health policy makers. However, it is important that the limita-
tions of risk assessments are considered when interpreting the results, which 
differ per hazard examined. These, usually data-driven, limitations should be 
included in the development or analysis of any product based on risk assess-
ment outcomes, as should the assumptions made during assessment.  
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 Natural persistence of food- 
and waterborne viruses   
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Czech Republic    
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  Abstract:  This chapter summarises data on the persistence of food- and waterborne 
viruses in the natural environment and discusses the different factors which can affect 
this persistence. Conventional and alternative methods by which persistence can be 
studied are described, and the natural factors infl uencing virus persistence outside 
the host organism are discussed. Available data concerning virus persistence in water, 
soil, on surfaces and in food products are reviewed. 

  Key words:  food and waterborne viruses, methods for study of virus persistence, 
factors affecting virus persistence, water, soil, surfaces, food products. 

    9.1     Introduction 

 Data on the persistence of food- and waterborne viruses in the environment 
outside the host organism are very important to the understanding of viral 
ecology and thus in determining the risk to the human population represented 
by these viruses. This chapter is focused mainly on the existing data regarding 
virus persistence in the most important matrices associated with the spread 
of food- and waterborne viruses (i.e., water, soil, food-related surfaces and 
food products). As virus persistence outside the host organism is affected by 
a combination of biological (presence of envelope, type of virus genome and 
presence of other micro-organisms), physical (temperature, relative humidity 
and UV) and chemical (pH, presence of salts and adsorption state) factors, 
the chapter contains a special section which reviews these factors and their 
general infl uence on virus survival. 
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 To obtain information about the presence and persistence of viruses in 
the environment, appropriate methods are needed; that is, methods which 
are able to distinguish between infectious and non-infectious particles and 
are thus suitable for use to determine the real risk of infection. Therefore, 
common (cell culture and polymerase chain reactions) and new alternative 
methods (e.g., a special pre-treatment of samples) available for such stud-
ies are also discussed. Virus transmission via food and the environment is 
now a well-recognised problem. This awareness of foodborne and waterborne 
viruses emphasises the need for data regarding the persistence of viruses in 
the environment and the effects of preservation methods upon viruses. During 
recent years, there has been an increase in the number of survival and inac-
tivation studies. Despite this, there is still a lack of general information about 
the risk to the human population represented by these viruses, which remains 
to be fully determined. The important foodborne and waterborne viruses (e.g. 
norovirus, hepatitis E virus and several strains of hepatitis A virus) cannot 
be commonly cultivated in the laboratory, which hinders the study of their 
stability in food and in the water environment. To address this problem, cul-
tivable surrogate viruses, which are genetically related to the strains which 
infect humans, are used as substitutes for these viruses in order to obtain pre-
liminary information about their behaviour in the environment. However, the 
use of such surrogates is questionable due to the differences in susceptibility 
to environmental factors even between different surrogates. At present, novel 
cultivation methods and approaches based on molecular methods are being 
developed. Although these methods are promising, none are commonly appli-
cable to all viruses and thus further development is needed. In addition, the 
study of virus persistence in the environment would benefi t greatly from the 
standardisation of experimental protocols, which would allow the generation 
of complete and comparable data about the natural persistence of viruses. 
Therefore, standardised methods applicable for the detection of infectious 
viral particles in different kinds of matrices and for the subsequent statistical 
analysis of results need to be developed. 

 Environmental and especially food virology are relatively new subject areas. 
To date, most experiments dealing with virus persistence in the environment 
have been conducted at the national level. At the international level, only a 
limited number of  projects focused on waterborne and foodborne viruses 
have been implemented: for example, Virobathe ( http://www.virobathe.org ) 
which evaluated methods for detecting noroviruses and adenoviruses in rec-
reational waters; VITAL (Integrated Monitoring and Control of  Foodborne 
Viruses in European Food Supply Chains;  http://eurovital.csl.gov.uk ) which 
focused on foodborne viruses within selected food supply chains from farm 
to market; and COST 929 ENVIRONET ( http://www.cost929-environet.org/
index.html ) as an international network for environmental and food virol-
ogy. These projects have contributed to our understanding of  foodborne and 
waterborne viruses and enabled the risks associated with the transmission of 
these viruses to be partially determined. Notably, the research group CEN/
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WG6/TC275/TAG4 ‘Detection of  viruses in foods’ has been established to 
investigate the occurrence of  foodborne viruses and introduce standard 
methods for their detection. Current information about virus persistence 
and appropriate methodologies is available in the form of research articles 
and several reviews; for example, data concerning viral persistence, par-
ticularly in fresh food, were summarised by Seymour and Appleton ( 2001 ) 
and Rzezutka and Cook ( 2004 ); overviews of  data with respect to reduc-
tion/inactivation of  viruses by food preservation methods were published by 
Baert  et al . ( 2009 ) and Hirneisen  et al . ( 2010 ) and methods for assessing 
the infectivity of  enteric viruses in environmental samples were discussed by 
Rodriguez  et al . ( 2009 ).  

  9.2     Methods for studying persistence 

 Studies of virus persistence and the determination of a virus’ ability to retain 
infectivity are usually performed according to basic principles. Generally, 
tested samples are artifi cially contaminated by a virus suspension containing 
a determined concentration of infectious particles, and the samples are then 
stored or processed under defi ned conditions. Subsequently, the viruses are 
extracted from the sample and the infectious units are quantifi ed. The com-
parison between the number of infectious viruses isolated from a tested sam-
ple and the number which was originally introduced provides data about the 
persistence of virus infectivity (Rzezutka and Cook,  2004 ). 

 Studies can be performed under laboratory or under natural conditions; 
both approaches have their advantages and disadvantages. The advantages 
of studies carried out under laboratory conditions are the possibilities for 
precisely defi ned and stable conditions (e.g., temperature, relative humidity 
and pH). Virus persistence is infl uenced by combinations of biological, phys-
ical and chemical factors, the various permutations of which it is not feasible 
to successfully recreate under laboratory conditions. Thus, laboratory experi-
ments can be used only to defi ne the effect of individual factors on virus per-
sistence. In contrast, experiments performed under natural conditions provide 
compact data about virus persistence in the environment. However, problems 
could arise with regard to the defi nition of specifi c conditions infl uencing 
virus persistence. 

 Successful detection of infectious viral particles in the environment is com-
plicated by several factors, such as virus size; the wide variation among and 
within viral genera; low concentration; the presence of substances which can 
interfere with analysis procedures; the limits of detection of different tech-
niques; and the absence of reliable controls (Vasickova  et al .,  2010 ). Various 
methods have been developed for the isolation of infectious viral particles 
from different kinds of matrices (e.g., water, soil, food and surfaces). Their 
basic principles and aims are similar; they involve the separation of viral par-
ticles (elution, washing or fi ltration) from the sample and their subsequent 
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concentration to an amount which is suitable for proper detection. Successful 
detection depends on both the extraction method and the detection tech-
niques. The standard methods for the detection of infectious viruses and thus 
viral survival under different conditions still involve cell culture. Susceptible 
cell lines in which the viruses propagate are required. The advantages are the 
direct detection of infectious viral particles and their sensitivity; theoretically, 
these methods can detect a single viable viral particle (Reynolds  et al .,  2001 ). 
The quantifi cation of infectious virions can be achieved through the use of 
cell culture in a quantitative format, for example, plaque assay. Routinely 
cultivable viruses include poliovirus and related viruses from the family 
 Picornaviridae , astroviruses, rotaviruses, and cell culture-adapted strains of 
hepatitis A virus (HAV) (Richards,  2012 ). However, each virus type or even 
strain has different capabilities and thus may require different conditions for 
effective propagation in cell culture; for example, not all enteroviruses are 
able to propagate on one cell line (Dahling,  1991 ). Cell culture methods can 
also be time-consuming: the time required varying between 4 and 30 days 
depending on the virus. Furthermore, detection is problematic in the case of 
those viruses which cannot be grown in conventional cell culture: for example, 
human norovirus (NoV) and hepatitis E virus (HEV) (Rodriguez  et al .,  2009 ; 
Vasickova  et al .,  2010 ). Although NoVs have been reported growing in highly 
differentiated 3D cell cultures (Straub  et al .,  2007 ), these systems require spe-
cialised equipment and extensive experience, and have proven diffi cult to suc-
cessfully reproduce (Parshionikar  et al .,  2010 ). 

 The lack of a suitable cell culture method for the detection of infectious 
particles of non-cultivable viruses such as HAV or NoV has led to the use of 
surrogate viruses, which provides at least predictive data about the survival 
of non-cultivable viruses in the environment. The selection of a proper sur-
rogate virus is usually based on its ability to propagate in cell cultures, and 
its genetic, biological, physical and chemical relatedness to the virus which 
is to be isolated. Although several surrogates have been used specifi cally 
for NoV ( Table 9.1 ; Richards,  2012 ), differences have been found between 
the inactivation of NoV and these viruses. It was also shown that the sus-
ceptibility of different NoV surrogates to temperature, environmental and 
food-processing conditions or disinfectants differs dramatically between these 
viruses (Cannon  et al .,  2006 ). Moreover, several studies reported that HAV 
strains that have adapted to cell culture have diverse sensitivities to heat and 
high pressure (Shimasaki  et al .,  2009 ). Differing modes of inactivation can be 
anticipated also among other kinds of viruses. However, differences between 
strains of viruses belonging to the same genus may not be as pronounced as 
those between the non-cultivable viruses and their surrogates. Therefore, data 
obtained by the use of surrogate viruses should be evaluated and presented 
carefully as presumptive evidence of how pathogens may respond to differ-
ent treatments. Thus, the use of surrogate viruses and extrapolation from the 
persistence of surrogates to the persistence of non-cultivable viruses is ques-
tionable (Richards,  2012 ).    
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 Molecular techniques are an alternative method, particularly for the 
detection of viral genomes. These methods, based on polymerase chain 
reaction (PCR) (Malorny  et al .,  2003 ; Shimasaki  et al. ,  2009 ), nucleic acid 
sequence-based amplifi cation (NASBA) (Cook,  2003 ; Casper  et al .,  2005 ) or 
their quantitative format (qPCR, qNASBA), represent highly sensitive and 
specifi c assays. Molecular techniques can be used for all types of viruses (in 
the case of RNA viruses it is necessary to run a reverse transcription reaction 
prior to PCR), can determine the presence of different agents in the same 
sample, allow the identifi cation of non-cultivable viruses, are rapid and can 
be used to quantify the viral load in the sample. Besides, additional sequenc-
ing of the amplicons allows the establishment of epidemiologic associations. 
The disadvantage of molecular methods is that, when used alone, they are not 
able to distinguish between infectious and non-infectious viruses. This is due 
to the ability of the viral capsid to protect nucleic acid even in non-infectious 
particles in many instances (Ogorzaly  et al .,  2010 ). Therefore, the use of PCR 
or NASBA has limited application for persistence studies. 

 In the case of commonly cultivable viruses, the integration of cell culture 
and PCR (i.e., integrated cell culture-polymerase chain reaction; ICC-PCR) 
can allow the detection of infectious viruses in the space of hours or days 
compared with the days or weeks necessary with cell culture alone (Reynolds 
 et al .,  2001 ; Gallagher and Margolin,  2007 ). The detection of enteroviruses 
in water samples, for example, is reduced to 5 days. The assay is based on 
an initial replication of viral particles using an appropriate cell culture for 
a short period, followed by PCR amplifi cation of a specifi c part of the viral 
genome. The sensitivity of this method is comparable to that obtained using 
a second passage of cell culture (Rodriguez  et al .,  2009 ). So far the use of 
ICC-PCR has been described for the detection of enteroviruses, HAV, enteric 
adenoviruses, reovirus and astroviruses (Shoeib  et al .,  2009 ; Rigotto  et al ., 
 2010 ; Schlindwein  et al .,  2010 ). Despite the major advantages of this method, 
namely that it overcomes the limitations of cell culture and PCR methodolo-
gies when used alone, a system capable of detecting infectious non-cultivable 
viruses is still lacking. 

 To address the limitations of PCR-based methods several new approaches 
have been developed recently (Gilpatrick  et al .,  2000 ; Nuanualsuwan and 
Cliver,  2002 ; Parshionikar  et al .,  2010 ; Li  et al .,  2011 ). Generally, these 
include additional sample pre-treatment steps prior to nucleic acid isolation 
or PCR. These steps utilize the essential properties of the viral capsid, which 
are associated with the loss of infectivity of viruses (Cliver,  2009a ). However, 
these methods have been successfully used to prevent the transcription and 
amplifi cation only of certain kinds of inactivated viruses, and serious limita-
tions have arisen during their application ( Table 9.2 ). Despite this, with fur-
ther development these assays have the potential to provide more information 
about virus persistence.    

 Generally, for public health protection, the usefulness of a method is 
determined by its applicability to all cultivable and non-cultivable strains 
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of viruses, its detection of viral infectivity and the rapidity with which the 
results are obtained (Parshionikar  et al. ,  2010 ). A combination of molecular 
techniques and cell culture methods should be used (Cliver,  2009b ), but this 
does not solve the problem of non-cultivable viruses such as NoV and HEV. 
The ideal solution would involve a single and simple pre-treatment of any 
kind of sample that would quickly preclude nucleic acid amplifi cation from 
non-infectious viruses (Cliver,  2009b ). None of the pre-treatment procedures 
is applicable for all viruses and further optimization is needed. 

  9.3     General factors affecting the natural persistence 
of viruses 

 The potential for viral spread depends in large part on the ability of viruses 
to persist in the environment (Boone and Gerba,  2007 ). The infectious viral 
particles of non-enveloped viruses consist of two major components: the viral 
genome and the genome-protecting capsid. Infectivity requires the functional 
integrity of both of these components; that is, infection will occur only if  the 
viral genome (either DNA or RNA) has retained its functional integrity and 
if  the undamaged capsid is able to attach to the host cell receptor and initiate 
the process by which the nucleic acid enters the host cell (Cliver,  2009a ). Many 
viruses have an envelope that covers the capsid and helps viruses to enter 
the host cell. Thus, the persistence (preservation of infectivity) of enveloped 
viruses is also strongly dependent on the integrity of the envelope. Viruses 
cannot replicate outside the host organism. Since specifi c and living host 
cells are not present in the environment, the number of viral particles cannot 
increase and the amount of any contaminating viruses should decline over 
the storage time. However, foodborne and waterborne viruses are infectious 
in very low doses (Carter,  2005 ; Vasickova  et al .,  2005 ). 

 Virus survival outside the host organism (i.e., the integrity of the viral 
genome, capsid and envelope) is affected by a combination of various envi-
ronmental conditions and biological, physical and chemical factors (Carter, 
 2005 ;  Fig. 9.1 ).    

 The persistence of viral particles can be predicted primarily according to 
the virus classifi cation. However, variations in virus survival occur within a 
given virus family or even genus. Based on its similar classifi cation and thus 
similar genomic organisation and physicochemical characterisation, feline 
calicivirus (FCV) is used as a surrogate virus for non-cultivable NoV. It has 
been found, however, that human NoVs are more resistant than FCV to low 
and high pH and to other environmental factors (Duizer  et al .,  2004 ; Hewitt 
and Greening,  2004 ). The coronaviruses OC43 and 229E represent an exam-
ple of variation within the same genus. The infectivity of these two viruses dif-
fers temporally: coronavirus 229E was detectable after 3 h on various surfaces, 
while coronavirus OC43 persisted for only 1 h or less (Sizun  et al .,  2000 ). 
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 It is generally known that non-enveloped viruses have a higher resistance 
to desiccation and thus are spread more easily than viruses with an enve-
lope, which corresponds also with their mode of transmission. Enteric viruses 
produced in either the intestines or livers of infected humans or animals are 
relatively stable outside the host organism. They are able to withstand a pH 
as low as 3 for a certain period, which allows them to pass through the stom-
ach and cause infection in the small intestine or liver. In contrast, enveloped 
non-enteric viruses such as respiratory viruses are less often transmitted via 
contaminated food or surfaces and are generally less stable in the environ-
ment (Duizer  et al .,  2004 ; Howie  et al .,  2008 ). 

 The biological factors affecting viral persistence also include other 
micro-organisms present in the environment. Bacteria or microscopic fungi 
can attack and inactivate viral particles by direct or indirect actions. For exam-
ple, micro-organisms produce metabolites such as proteolytic enzymes, which 
adversely affect viral capsid. In fact, some environmental isolates of bacteria 
can use viral proteins and nucleic acids as a nutrient source. Also, certain 
bacteria can produce substances with antiviral activity, but whose molecular 
weight is so low that they cannot act enzymatically (Cliver and Hermann, 
 1972 ; Deng and Cliver,  1992 ; Deng and Cliver,  1995 ). In contrast, an increas-
ing number of microbes have been described that can protect viruses from 
desiccation or disinfection (Storey and Ashbolt,  2001 ,  2003 ). Various studies 
have suggested that infectious viral particles may be trapped and thus accu-
mulate in biofi lms. Although the rate of contamination of biofi lms with path-
ogenic viruses could be low and even though this attachment was observed 
only experimentally, biofi lms should be considered as protective reservoirs of 
pathogenic viruses and could be implicated in numerous persistent viral infec-
tions (Lacroix-Gueu  et al .,  2005 ). 

Persistence

Biological factors

Virus classification
(genome, presence of
envelope)

Presence of
microorganisms

Organic matter

•

•

•

Chemical factorsPhysical factors

pH

Salts and ionic strength

Adsorption state

Antiviral substances

•

•

•

•

•

•

•

Temperature

Relative humidity

Sunlight and UV

 Fig. 9.1      General factors affecting virus persistence in the environment.  
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 Notwithstanding all of the above, the degree of virus persistence is mostly 
affected by temperature, with relative humidity (RH) also being an infl uenc-
ing factor. However, infectious viral particles are able to persist for days or 
even months over a range of temperatures and RH. Although viruses are 
destroyed by boiling, the thermal stability of some is remarkable (Carter, 
 2005 ). Temperatures of above 90 ° C are required for a 2 log 10  inactivation of 
HAV in shellfi sh extract (Millard  et al .,  1987 ), and a heat treatment of 100 ° C 
for 2 min has been recommended (Croci  et al .,  1999 ) for elimination of infec-
tious HAV in shellfi sh. On the other hand, viruses are preserved by refriger-
ation or freezing, which could cause problems, particularly with regard to 
food. The effect of RH is variable within virus types. It is believed that viruses 
with higher lipid contents (enveloped viruses) tend to be more resistant to 
lower RH and non-enveloped viruses are more stable at higher RH; that is, 
the survival of enveloped viruses is better when the RH is lower than 50%, 
while an RH level of higher than 80% is more benefi cial for the persistence of 
non-enveloped viruses. However, several exceptions exist. In general, reducing 
the temperature promotes virus survival, but viruses might respond differ-
ently to RH (Mbithi  et al .,  1991 ). 

 Sunlight and ultraviolet radiation (UV) are also important factors pro-
moting the inactivation of viruses (Sagripanti and Lytle,  2007 ). UV light pri-
marily not only targets viral nucleic acids but can also modify proteins of the 
viral capsid. Virus resistance to UV is infl uenced by virus type. Viruses with 
double-stranded genomes (dsRNA or dsDNA) are more resistant against UV 
inactivation than viruses with genomes consisting of single-stranded nucleic 
acid (ssRNA or ssDNA). Viral resistance to UV also depends on the size of 
the genome; it was found that the rate of nucleic acid degradation increased 
linearly with increasing fragment size of nucleic acid (Gerba  et al .,  2002 ; 
Hijnen  et al .,  2006 ; Tseng and Li,  2007 ). According to Hijnen  et al . ( 2006 ), 
adenoviruses are the most resistant to UV. The sensitivities of FCV, rotavi-
ruses, poliovirus and coxsackievirus were found to be similar, and HAV was 
the most sensitive virus (Hijnen  et al .,  2006 ). The effect of UV-B was less 
pronounced on surrogate caliciviruses (enteric canine calicivirus and respira-
tory FCV) than on bacteria (De Roda Husman  et al .,  2004 ) and enteroviruses 
(Gerba  et al .,  2002 ) and it was more effective against phage MS2 (De Roda 
Husman  et al .,  2004 ), adenoviruses (Gerba  et al .,  2002 ) and  Bacillus   subtilis  
spores (Chang  et al .,  1985 ). 

 Due to the mode of infection, foodborne and waterborne viruses are able 
to survive the extremes of the gastrointestinal tract. In general, viruses are 
most stable at pH values close to 7 and prefer low pHs (3–5) rather than 
alkaline pHs; 9–12 (Vasickova  et al .,  2010 ). The pH can also indirectly affect 
virus persistence in the environment when persistence is infl uenced by the 
virus adsorption on solid particles or surfaces (Gerba,  1984 ). Persistence is 
increased while the viral particles are immobilised (adsorbed) and viruses 
are able to keep their infectivity after desorption. The interactions that take 
place between the viral particles and the adsorbent surface are determined by 
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their characteristics and involve electrostatic and hydrophobic interactions 
and ionic strength. Due to the fact that the surface charge of viral particles is 
related to the pH of the environment, any disruption of such interactions is 
connected with pH changes (Gerba,  1984 ). Viral adsorption is theoretically 
better at high ionic strengths. Therefore, salt solutions are commonly used 
to promote adsorption. Viruses can also be stabilised and protected by dis-
solved, colloidal and solid organic matter including faecal and humic mate-
rial. Organic matter has a low isoelectric point and thus carries a negative 
surface charge at most pH levels (Boone and Gerba,  2007 ). Besides, some 
viruses have more than one isoelectric point (Michen and Graule,  2010 ). 

 Comprehensive information regarding the infl uence of the environment 
on all viruses and their stability under external conditions does not exist. 
Most studies have used only a few target viruses or their surrogates and have 
not considered the effects of a combination of treatments or factors. Since 
experimental conditions or methods vary and studies performed to date have 
yielded contradictory results, it is diffi cult to draw conclusions from these 
experiments (Carter,  2005 ). Because the majority of foodborne or waterborne 
viruses which infect humans cannot be cultivated routinely, survival data and 
inactivation rates are sparse.  

  9.4     Persistence in aquatic environments 

 Foodborne and waterborne viruses can be present in any kind of untreated 
water, due to contamination caused by faecal material of human or animal 
origin. Despite the possible dilution of faecal contamination, the evidence 
suggests that viruses can persist in water in suffi cient amounts to cause dis-
ease (Seymour and Appleton,  2001 ). In addition, it was found that these 
viruses might survive wastewater treatment and thus pose a threat to recrea-
tional users, consumers of shellfi sh or consumers of fresh fruit and vegetables 
(Carter,  2005 ). Viruses present in untreated water are inactivated slowly by 
a combination of the biological, physical and chemical effects mentioned 
above. It appears that the temperature of contaminated water and virus type 
are the most important factors affecting persistence (Seymour and Appleton, 
 2001 ). It was found that outbreaks caused by NoV are much more prevalent 
in the winter than in the summer, which is possibly due to lower temperatures 
(Doultree  et al .,  1999 ; Mattison  et al .,  2007 ) promoting survival. 

 Virus persistence in water can vary widely; the time required for a reduc-
tion of 1 log titre of enteroviruses ranges between 14 and 288 h (Chung and 
Sobsey,  1993 ; Callahan  et al .,  1995 ). These variations could refl ect the dif-
ferent conditions under which the experiments and studies were performed. 
Generally, viruses are capable of persisting for weeks or months at environ-
mental temperatures and when sheltered from UV in combination with low 
temperature can even survive for years (Carter,  2005 ). HAV and poliovirus 
were shown to persist for more than 1 year in mineral water stored at 4 ° C 
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while they remained infectious for 90 days at 10 ° C in wastewater and ground 
water (Biziagos  et al .,  1988 ). According to Sobsey  et al . ( 1988 ), HAV can sur-
vive in fresh or salt water for up to a year. No signifi cant loss of infectious 
rotavirus particles was observed after 64 days at 4 ° C in raw water, treated tap 
water or fi ltered water, but a 99% reduction of titre was observed after 10 days 
at 20 ° C (Raphael  et al .,  1985 ). Further studies have demonstrated the persis-
tence of rotaviruses and poliovirus for more than 1 year (Biziagos  et al ,  1988 ) 
and of adenoviruses 40 and 41 for 300 days in artifi cially contaminated water 
(Enriquez  et al .,  1995 ). Infectious astroviruses have been detected in drinking 
water after 90 days at 4 ° C (Abad  et al .,  1997 ). 

 The rate of virus inactivation at or below 30 ° C is dependent on the pH 
and the ionic composition of the water environment (Salo and Cliver,  1976 ). 
It was previously thought that inactivation is associated mostly with genome 
degradation (Dimmock,  1967  as quoted by Cliver,  2009b ), but subsequent 
studies demonstrated that viruses can be inactivated due to the loss of the 
ability to attach to host cell receptors, which implies a subtle denaturation 
of capsid proteins (Nuanualsuwan and Cliver,  2003 ). The pH and presence 
of salts do not appear to have a signifi cant direct effect on virus persistence 
in natural waters, but instead infl uence the interaction between viruses and 
solid particles present in water (Seymour and Appleton,  2001 ). Several stud-
ies have suggested that adsorption of viral particles to particulate matter and 
sediments can result in substantial protection against inactivation procedures 
in the water environment (Mandel,  1971  as quoted by Cliver,  2009b ). It was 
found that enteric viruses are destabilised and subsequently inactivated in 
water which is poor in salt ions, for example, Mg 2+ . In contrast, increased 
concentrations of salts (NaCl) could be virucidal for several kinds of viruses 
(Vasickova  et al. ,  2010 ). 

 Viruses have been shown to persist better in sewage-polluted water than 
in non-polluted water environments, probably due to the presence of organic 
matter or solid particles. Alvarez  et al . ( 2000 ) reported that the inactivation 
of bacteriophage MS2 and poliovirus in pre-fi ltered ground water was faster 
than in raw ground water. On the other hand, micro-organisms normally pre-
sent in fresh and sea water can play an important role in the inactivation of 
viruses. The study by Gordon and Toze ( 2003 ) showed reduced inactivation 
rates in ground water in the absence of bacteria. Bosch ( 1995 ) demonstrated 
antiviral activity of bacteria present in sea water. However, bacteria can also 
have protective effects on viruses. Recent studies have revealed that viral par-
ticles are able to penetrate biofi lms and in this way benefi t from protection 
against environmental stress such as desiccation or other effects of antimicro-
bial agents. In addition, during biofi lm erosion or sloughing, protected immo-
bilised viral particles may be released into the environment, subsequently 
contacting their target host organism (Lehtola  et al .,  2007 ; Briandet  et al ., 
 2008 ; Helmi  et al .,  2008 ). Although the protective effects of biofi lms were 
observed only experimentally and natural biofi lms can be contaminated with 
only a very low dose of viruses, biofi lms should be considered as a protective 
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reservoir for pathogenic viruses and facilitate numerous persistent viral infec-
tions (Lacroix-Gueu  et al .,  2005 ). 

 As mentioned above, enteric viruses may survive the treatment of wastewa-
ter. Most enteric viruses (e.g., HAV, NoV, adenoviruses and HEV), have been 
found in wastewater and subsequently in treated water using PCR, and the 
detection of viruses in sewage systems has been conducted using the cultiva-
tion of some viruses on cell lines (Gantzer  et al .,  1998 ; Matsuura  et al .,  2000 ; 
Sedmak  et al .,  2005 ). Astroviruses have been found in sewage treatment plant 
inlet and effl uent waters. A reduction of approximately 2 log of viruses was 
detected in response to waste water processing and 10 5  copies of the astrovi-
rus genome (per 1 l) were found in effl uent water (Le Cann  et al .,  2004 ). In 
addition, intact enteroviruses and HAV were detected in sludge originating 
from a wastewater plant (Albert and Schwarzbrod,  1991 ; Graff  et al .,  1993 ). 

 Enteric viruses have also been detected in drinking water (Payment,  1989 ), 
which may in large part be due to contamination of water sources, failures in the 
treatment process (i.e., pressure failure, insuffi cient disinfection or exception-
ally high concentration of pathogenic viruses), or contamination of an already 
treated water source (Carter,  2005 ). Filtration together with subsequent disin-
fection (e.g., chlorination, ozone or UV treatment) of raw water can achieve 
up to a 10 000-fold reduction in contaminating agents. During the disinfection 
procedure, turbidity has the greatest effect on virus survival. It was found that 
increasing the turbidity could decrease the effect of free chlorine, shield the 
viruses from UV and promote virus aggregation. It is assumed that the proce-
dures used commonly for drinking water treatment might not destroy all viruses 
(Le Chevallier  et al .,  1981 ). The study by Gofti-Laroche  et al . ( 2003 ) showed 
a correlation between the presence of astrovirus RNA in drinking water and 
increased risk of intestinal disease. The results of a volunteer study suggested 
that NoVs could survive some water chlorination (Keswick  et al .,  1985 ). In con-
trast, rotavirus is inactivated effi ciently by chlorine (Carter,  2005 ). 

 Water plays an important role not only in the spread of human pathogenic 
viruses. Waterborne outbreaks of enteric viruses are common and thus inter-
est has recently been focused on virus survival in drinking water and waste-
water. The contamination of water sources is also a crucial step determining 
the potential of viruses to contaminate soil or crops. Although a number of 
experiments have been performed to investigate this issue, there is still a lack 
of information regarding the persistence of these viruses in the water envi-
ronment and thus about their ecology. Furthermore, variations in the results 
of studies of virus survival in water emphasise the need for experiments to be 
performed under comparable conditions using standardised methods.   

  9.5     Persistence in soils 

 Predictably, viruses and bacteria are more abundant in a diverse range of 
moist soil types compared to dry and arid soil (Srinivasiah  et al .,  2008 ). 
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Foodborne or waterborne viruses may contaminate soil via land disposal of 
sewage sludge or already contaminated water. Prolonged persistence has also 
been shown in such environments. Hurst  et al . ( 1980 ) investigated the effects 
of several environmental conditions on virus persistence in soil. Based on the 
results, temperature, soil moisture content, degree of virus adsorption to soil, 
soil levels of resin-extractable phosphorus, exchangeable aluminium and the 
pH of the soil were found to infl uence virus persistence. Temperature and 
virus adsorption appear to be the most important factors affecting virus per-
sistence in soil (Hurst  et al .,  1980 ). 

 Infectious poliovirus was detected in spray-irrigated soil after 96 days dur-
ing the winter season, while a maximum survival period of 11 days was demon-
strated during the summer time (Tierney  et al .,  1977 ). Oron  et al . ( 1995 ) found 
that a relatively high soil temperature (30 ° C) together with low moisture con-
tent hindered poliovirus survival. Infectious particles of poliovirus and echo-
virus were recovered from loamy soil (pH 7.5) after 110–130 days at 3–10 ° C, 
while at 18–23 ° C the duration of persistence fell to 40–90 days (Bagdasaryan, 
 1964  as quoted by Rzezutka and Cook,  2004 ). Damgaard-Larsen  et al . ( 1977 ) 
studied the persistence of enteroviruses in sludge-amended soil, where the 
temperature of the environment varied between −12 ° C and 26 ° C. A loss of 
0.5–1 log 10  of viral titre was observed per month, and viruses were still detected 
after 6 months of monitoring. In general, viruses persist for longer periods of 
time at low temperatures (4–8 ° C) than higher temperatures (20–37 ° C). 

 Wet conditions are usually associated with low soil temperatures. Poliovirus 
persistence was found to increase as more liquid was added to soil beyond the 
saturation point and then decrease as the soil moisture content increased up to 
the soil saturation point; that is, the inactivation rate for poliovirus increased 
when the water content of sandy soil increased from 5% to 15% and subse-
quently decreased when the water content further increased to 25% (Hurst 
 et al .,  1980 ). It was also shown that virus survival is apparently prolonged in 
anaerobic conditions. The effect of soil water content on virus inactivation is 
dependent on soil type (Zhao  et al .,  2008 ). Yeager and O’Brien ( 1979 ) found 
that viruses are able to persist for at least 180 days in saturated sandy loam 
or sandy soil, while no infectious viral particles were detected in dried soil 
regardless of soil type after 25 days. 

 Phosphorus, aluminium and pH have indirect effects on virus survival via 
their infl uence on the adsorption state. Whilst the presence of aluminium 
increases the virus adsorption rate, the level of resin-extractable phospho-
rus (phosphate anions) results in the elution of the adsorbed viral particles 
from soil. Virus adsorption on soil particles is increased when the pH of soil 
decreases and higher pH values result in the release of virus from soil particles 
(Zhao  et al .,  2008 ). Virus survival is likely to be highest in types of soil that 
would be most effective in preventing ground water contamination. The study 
of Sobsey  et al . ( 1980 ) compared the interactions of different soil materi-
als and two different virus types (poliovirus type 1 and reovirus type 3). The 
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behaviour of both viruses was found to be similar, which is in contrast to 
the studies of Goyal and Gerba ( 1979 ) and Landry  et al . ( 1979 ), who found 
that adsorption varies with virus type and even strain. Generally, clay materi-
als effi ciently adsorbed viruses from waste water over a range of pH values, 
while sands and organic soil materials were poorer adsorbents; their ability to 
adsorb viruses increased only at low pHs together with the addition of total 
dissolved solids or divalent ions (Sobsey  et al .,  1980 ). A further study con-
fi rmed that the presence of clay mineral enhances the persistence of viruses 
(Vettori  et al .,  2000 ). Sobsey  et al . ( 1980 ) also reported that even under unsat-
urated conditions viruses could still be washed from sandy soil and were able 
to contaminate water sources during heavy rainfall. 

 Virus survival in soil also appears to be generally greater under sterile than 
non-sterile conditions, suggesting the infl uence of other micro-organisms on 
virus survival in soil (Nasser  et al .,  2002 ). The presence of aerobic bacteria 
could decrease virus survival due to the production of proteolytic substances. 
However, a study by Hurst  et al . ( 1980 ) did not confi rm this hypothesis: virus 
survival was not signifi cantly affected by the addition of sewage effl uent. 

 Due to the increasing land application of wastewater, it is important to 
evaluate the infl uence of different factors on virus survival in soil and thus 
evaluate the risk of resultant human illness. In addition, virus adsorption and 
inactivation in soil are crucial steps determining the potential of viruses to 
contaminate water resources (Zhao  et al .,  2008 ). Viruses from sewage do not 
bind readily with soil particles and thus they can easily enter ground waters 
and in this way contaminate water sources (Seymour and Appleton,  2001 ). 
Furthermore, studies with poliovirus suggested that viral particles can infi l-
trate the roots and body of tomato plants (leaves) from the soil (Oron  et al ., 
 1995 ). However, there is no evidence of illness from this source. To date, only 
a few studies have examined the biological factors affecting virus persistence 
in soil. Therefore, further studies are needed to evaluate the complex interac-
tions between viral particles, soil and autochthonous micro-organisms; due 
to the restrictions of laboratory conditions the study of viruses under natural 
conditions, that is, in the fi eld, should be emphasised.  

  9.6     Persistence on food-related surfaces 

 Surfaces can be contaminated directly through contact with body secretions 
and fl uids containing infectious viral particles or indirectly via the aerosol 
or other contaminated fomites. Once a surface is contaminated, it may serve 
as a source of infectious viral particles for animate and inanimate subjects; 
for example, contaminated door handles or hands were found to be an effi -
cient vector of viruses. It has been reported that at least 14 persons could 
be infected or their hands contaminated by touching a polluted door han-
dle. Successive transmission of infectious viral particles from one person to 
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another could be followed for up to six contacts via contaminated hands (von 
Rheinbaben  et al .,  2000 ). The main factors infl uencing such kinds of trans-
mission are temperature, RH, adsorption state and the character of the sur-
face (Vasickova  et al .,  2010 ). 

 Studies based on surrogate viruses indicate that NoV can persist for pro-
longed periods at low temperatures and that it can then be transmitted by 
different environmental matrices such as surfaces (Mattison  et al .,  2007 ). It 
was found that FCV dried onto a glass surface and stored at 4 ° C displayed a 
4.75 log reduction over 56 days, while the virus titre declined to undetectable 
levels at room temperature over 21–28 days and the infectious virions were 
not detectable at 37 ° C after 1 day (Doultree  et al .,  1999 ). Studies focused on 
other viruses showed similar results. The infectivity of rotaviruses decreases 
more rapidly at 37 ° C than at 20 ° C or 4 ° C. Approximately 10% of rotavirus 
particles remain infectious at 4 ° C (RH 25–50%) after 10 days, while less than 
1% of infectious virions persist at 20 ° C after 2 days (Moe and Shirley,  1982 ). 
A study by Abad  et al . ( 1994 ) found that enteric viruses, including HAV and 
rotavirus, can persist for extended periods (up to 30 days) on fomites, and 
virus survival was prolonged at 4 ° C compared to 20 ° C. Astroviruses also 
showed a faster rate of inactivation at 20 ° C compared to 4 ° C (Abad  et al ., 
 2001 ). Overall, astroviruses can persist longer than poliovirus (as a represen-
tative of enteroviruses) and adenoviruses; however, they show less robust sur-
vival than HAV or rotavirus (Mbithi  et al .,  1991 ). 

 When the effect of RH on the survival of viruses was studied, it was found 
that RH had little effect on virus persistence at 5 ° C, while at 20 ° C viruses 
were able to survive for longer periods in low RH (Sattar  et al .,  1987 ; Bidawid 
 et al .,  2000 ). Mbithi  et al . ( 1991 ) demonstrated that 34% and 52% of HAV 
particles remained infectious at high RH (80%) and low RH (25%) after 4 h 
at 20 ° C on a non-porous surface, respectively. In contrast, Abad  et al . ( 1994 ) 
reported that HAV persistence was enhanced at high RH (90%) in compari-
son with moderate RH (50%) on a non-porous material after 60 days of stor-
age at 20 ° C. Enhanced survival of rotavirus was observed at high RH on 
porous surfaces (Abad  et al .,  1994 ), while Sattar  et al . ( 1986 ) reported bet-
ter rotavirus survival in low and medium RH on non-porous ones. Based on 
these results, virus persistence on surfaces is mainly related to virus strain, 
type of surface and temperature. The results with regard to the effect of RH 
are contradictory. 

 Foodborne viruses are potentially resistant to drying: 7% of rotavirus and 
16–30% of HAV infectious particles persisted on fi nger pads after drying at 
room temperature for 4 h, although 68% of virions lost their infectivity within 
the fi rst hour of the experiment (Ansari  et al .,  1988 ; Mbithi  et al .,  1992 ). It 
was also demonstrated that NoVs could be transferred from a contaminated 
surface to clean hands and via contaminated hands could cross-contaminate 
a series of seven surfaces (Barker  et al .,  2004 ). The infectivity of NoVs is 
complicated by their problematic cultivation. A protective effect of organic 
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material was demonstrated by Lee  et al . ( 2008 ): a 2.7 log 10  reduction of 
murine norovirus (MNV; surrogate of NoV) was detected at 18 ° C in a stool 
suspension, compared to 5.3 log 10  on gauze or diaper surface. On non-porous 
surfaces, poliovirus and adenovirus persisted better in the presence of stool 
than did HAV and rotavirus. In contrast, the presence of stool material had 
a negative infl uence on the survival of poliovirus and adenovirus on porous 
fomites. The presence of food residues on steel material increased the per-
sistence of MNV; a decline of 6.2 log and 1.4 log was observed at day 30 in 
residue-free and residua-present fomites, respectively (Takahashi  et al .,  2011 ). 
The bacteria present in organic matter produce certain virucidal substances 
and thus are able to inactivate viruses (see section 9.3). This kind of inactiva-
tion is also dependent on temperature: the lower the temperature, the lower 
the activity of other micro-organisms and the longer the virus is able to main-
tain infectivity (Deng and Cliver,  1995 ).On the other hand, protective effects 
of bacterial reactions on viruses and bacterial biofi lms have been reported 
and micro-organisms could have protective effects on virus survival due to 
their production of biofi lms (see section 9.4). 

 The relationship between virus persistence and adsorption state is infl u-
enced by characteristics of both the virus and the type of surface. The majority 
of viruses remain viable for a longer period on non-porous materials (Tiwari 
 et al .,  2006 ; Boone and Gerba,  2007 ; Lamhoujeb  et al .,  2008 ); however, there 
are also several exceptions. Astroviruses are able to remain infectious at 4 ° C 
(RH 90  ±  5%) for 60 days when adsorbed on non-porous and for 90 days 
on porous surfaces; poliovirus and adenovirus persist also longer on porous 
(paper and cotton towel) than on non-porous material (aluminium, china, 
glazed tile, latex and polystyrene). Obviously, the physical properties of the 
surface may inhibit the recovery of viral particles from surfaces. Viruses can 
be trapped within the matrix, especially within the porous surface, and thus 
the results of virus persistence could be misinterpreted. Furthermore, sev-
eral studies indicate virucidal activity of surfaces such as aluminium or cop-
per. Adenovirus, poliovirus and the B40-8 phage showed lower persistence on 
aluminium than on other non-porous material (Thurman and Gerba,  1988 ; 
Abad  et al .,  1997 ). The antimicrobial properties of copper and copper-based 
surfaces were also demonstrated (Faundez  et al .,  2004 ; Noyce  et al .,  2007 ). 

 The transmission of pathogenic viruses via contaminated surfaces is clear, 
but comparable data concerning the persistence of viral particles on sur-
faces is still lacking and studies performed to date have yielded contradic-
tory results. Virological monitoring as well as studies of virus persistence on 
surfaces, using comparable methods and natural conditions, would be very 
useful in assessing the risks of virus spread via contaminated surfaces. In 
addition, information about the presence of non-cultivable viruses (NoV or 
HEV) on surfaces and hence their transmission via contaminated surfaces 
are still based on surrogate viruses (von Rheinbaben  et al .,  2000 ; Boone and 
Gerba,  2007 ).  
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  9.7     Persistence in food 

 If  food cannot be reliably decontaminated during production, adequate food 
preparation such as cooking becomes critical (Cliver,  2009b ). The consump-
tion of food which is processed only minimally before consumption or served 
raw such as fruit and vegetables, shellfi sh or some traditional meat speciali-
ties represents a considerable risk (Vasickova  et al .,  2005 ). Many studies have 
shown that the washing of already contaminated fruit and vegetables is not 
suffi cient and that the depuration of virus-contaminated shellfi sh is highly 
unreliable (Croci  et al .,  1999 ; Dawson  et al .,  2005 ). Most of these studies were 
focused on predicting the persistence of foodborne viruses or their surrogates 
in cases of non-cultivability. Despite the variability in experimental condi-
tions, several conclusions can be drawn. Virus persistence in fresh food is pri-
marily infl uenced by the surrounding temperature, RH and the characteristics 
of the food and surrounding environment. Studies indicate that viruses are 
able to persist well on chilled, acidifi ed, frozen foods and foods packed under 
modifi ed atmosphere or in dry conditions even when preservation methods 
such as high hydrostatic pressure processing and irradiation were used. The 
virus viability was found to usually exceed the shelf-life of fresh food. Further, 
the decontamination of fresh produce can cause a reduction of at most 1 to 
3 log in infectious viral particles even when chlorine and peroxyacetic acid 
solutions are used (Gulati  et al .,  2001 ; Baert  et al .,  2009 ). 

 Although viruses can be rapidly diluted in water, virus concentration 
can greatly increase in shellfi sh due to their fi lter-feeding; levels can be 100–
1000-fold higher than in the surrounding water (Carter,  2005 ). According to 
DiGirolamo  et al . ( 1970 ) and Tierney  et al . ( 1982 ), viruses can persist well in 
shellfi sh; no loss of viral infectivity was observed over a month’s refrigerated 
storage or 4 months when frozen. Ueki  et al . ( 2007 ) compared the persistence 
of MNV and NoV in the digestive tissues of oysters and after depuration for 
10 days. FCV was completely depleted, while NoV still persisted. Hewitt and 
Greening ( 2004 ) inoculated commercially prepared marinated mussels with 
HAV and FCV. A 1.7 log reduction in HAV was observed after 4 weeks of 
storage at 4 ° C and a 7 log decrease in MNV was seen after 1 week of storage 
under the same conditions. 

 The persistence of enteric viruses has been determined in a range of differ-
ent fruits and vegetables (Seymour and Appleton,  2001 ). Konowalchuk  et al . 
( 1974 ) found no signifi cant loss in coxsackievirus titre in lettuce stored for 
16 days under moist conditions at 4 ° C, but inactivation was observed during 
storage in dry conditions. Badawy  et al . ( 1985 ) reported that a cultivable strain 
of rotavirus (SA-11) is able to survive on lettuce, carrot and radishes for up to 
30 days at 4 ° C. However, virus inactivation was greater at room temperature, 
and it was found that the virus still remained infectious after 25 days. These 
results contradict the documented persistence of HAV (Stine  et al .,  2005 ). It 
was found that HAV survived longer on lettuce in medium RH (45.1–48.4%), 
compared to high RH (85.7–90.3%) (Abad  et al .,  1994 ). In general, chilled 
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storage (2–8 ° C) retards respiration, senescence, product browning, moisture 
loss and microbial growth in fruit and vegetables, but contributes to virus 
persistence (Seymour and Appleton,  2001 ). Besides, based on the inactivation 
rates calculated in the study by Stine  et al . ( 2005 ), a 99.9% reduction in HAV- 
infectious particles could require as much as 822 days in pre-harvest lettuce. 

 According to Vega  et al . ( 2008 ), it seems that electrostatic forces play the 
major role in virus adsorption to lettuce. Mattison  et al . ( 2007 ) suggested that 
smooth surfaces such as those of lettuce might provide less protection to the 
viral particles compared to ham; ham is rich in proteins and fats, which might 
protect virions against dryness and other factors. 

 Several studies indicate that on plant surfaces viruses can be exposed to 
potentially virucidal substances, such as organic acids, phenols, ethanol or 
acetaldehyde, which could accelerate the inactivation of  virions (Lamhoujeb 
 et al .,  2008 ). The presence of  such substances was described in several kinds 
of  fruits and vegetables. Signifi cant differences in viral recovery were found 
for strawberries, cherries and peaches kept in a humid atmosphere at 4 ° C; 
virus survival was lower than on other studied fruit (Konowalchuk and 
Speirs,  1975 ). Kurdziel  et al . ( 2001 ) reported 1 log reduction of  poliovirus 
after 11.6 days of  storage for lettuce and after 14.2 days for white cabbage, 
while no signifi cant decline in virus titre was observed on green onions after 
15 days. A longer survival of  HAV was detected on lettuce than on fennel 
and carrots (Baert  et al. ,  2009 ). A faster decline of  HAV was also observed 
on fennel and carrots, which was reported to be due to the antimicrobial 
activity of  carrot extracts (Babic  et al .,  1994 ). Similar effects regarding 
poliovirus inactivation were also found for grape juice, apple juice and tea 
(Konowalchuk and Speirs,  1976 ). These fi ndings could also be connected 
with the low pH of such food products. Despite this, outbreaks of  hepatitis 
A have been associated with several kinds of  fruit and fruit juices (Seymour 
and Appleton,  2001 ). 

 Freezing has a minimal effect on enteric viruses in berries (strawberries, 
blueberries and raspberries) and herbs (parsley and basil). The infectivity of 
NoV, HAV and rotavirus was not reduced signifi cantly after freezing for 3 
months; the number of infectious FCV decreased in frozen raspberries and 
strawberries, however (Butot  et al .,  2008 ). A reduction (<2 log 10 ) in infectious 
poliovirus on frozen strawberries was also reported after 15 days of storage 
(Kurdziel  et al .,  2001 ), which could be explained by the low pH values of this 
fruit or the presence of virucidal substances. Deep-frozen storage of onions 
and spinach for 6 months had no effect on MNV survival (Baert  et al .,  2008 ). 
On the other hand, FCV and canine calicivirus showed declines in infectivity 
of 0.34 log and 0.44 log after 5 cycles of freeze-thawing (Duizer  et al .,  2004 ). 

 Despite the number of studies regarding the persistence of viruses in 
food, much remains to be learned (Cliver,  2009b ), especially because of the 
absence of methods for the detection of all types of infectious viral particles. 
To resolve this problem predictive models have been proposed for persis-
tence in shellfi sh which were based on surrogate viruses such as MNV and 
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a cell culture-adapted HAV strain (Buckow  et al .,  2008 ; Grove  et al .,  2009 ). 
However, owing to the problems with surrogates, such models are not likely to 
portray the inactivation of pathogenic viruses in food accurately and the data 
obtained should be presented only as preliminary evidence of how pathogens 
might respond to different conditions (Richards,  2012 ).  
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  Abstract:  This chapter discusses occurrence and survival of viruses on fomites 
(inanimate objects). The signifi cance of transfer of viruses from fomites to hands and 
other objects is discussed and existing data reviewed. The application of transmission 
models to better quantify the extent of fomite transmission and the success of 
interventions are discussed. 

  Key words:  fomites, transmission of viruses, virus survival, modeling transmission. 

    10.1     Introduction: the role of fomites in virus transmission 

 Fomites are defi ned as inanimate objects that can be involved in the transmis-
sion of infectious disease. Fomites usually become contaminated by exposure 
to bodily fl uids (mucus, salvia, feces, vomit, urine, blood) or tissues (skin, 
organs) from infected individuals. Transmission occurs when the contami-
nated fomite comes into contract with the skin, portal of entry (mouth, nose, 
eye, wound), or tissue. Transmission of blood-borne viruses can occur from 
the re-use of needles, tattooing, sharing of towels or other fomites which may 
come into contact with open wounds. Respiratory viruses can be transmitted 
by contact of the fi ngers with fomites contaminated with respiratory secre-
tions and placement of the fi nger in the nose or eyes. Enteric viruses, similarly, 
can be transmitted by contact with fecally contaminated surfaces and hand or 
object movement to the mouth. 

 Contact with virus-contaminated inanimate objects or fomites has long been 
known as a route of potential transmission. Blankets from smallpox-infected 
individuals were provided to Native Americans in hopes of spreading the infec-
tion and blankets transported from India to England were suspected of being 
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involved in cases of smallpox. The involvement of fabrics and cotton was sus-
pected more than 100 years ago during a smallpox outbreak in England traced 
to raw cotton contaminated with variola virus crusts and scabs (Fenner and 
White,  1970 ). Variola virus can survive for several months in fabrics (England, 
 1982 ). Studies conducted on the transmission of the common cold clearly 
demonstrated the importance of this route in its transmission. In more recent 
years the importance of fomites is seen with the rapid spread of noroviruses in 
large facilities such as hotels, cruise ships and institutions. 

 The signifi cance of fomites in the transmission of respiratory and enteric 
infections is currently probably greater than at any time in the history of the 
developed world. Most of us today work in an offi ce and spend more time 
indoors than any generation in history (~80%). We go to ever larger malls, 
stores, cruise ships, airports and schools. In addition we have more buttons 
to push than any other generation in history. This allows contact with more 
surfaces that increasing numbers of other individuals have come into contact 
with previously. Every time an individual touches a surface with his hands 
there is the potential for them to contaminate the surface with viruses. When 
the surface is touched by another individual a number of these viruses will be 
transferred to that person’s hand. 

 Human activity results in the rapid contamination of fomites and hands 
by viruses. Placement of coliphage  Φ X174 on a household doorknob was 
transferred to 14 successive people by contact and then to an additional six 
successive people by the shaking of hands (Rheinbaben  et al .,  2000 ). Plotkin 
( 2012 ) placed coliphage MS-2 on the entrance door push plate to an offi ce of 
80 persons and within 4 h 44–56% of the fomites in communal areas (e.g. cof-
fee break rooms) were contaminated with the phage.  

  10.2     Occurrence and survival of viruses on fomites 

 Until the development of molecular methods, such as the polymerase chain 
reaction, data on the occurrence of viruses on fomites was limited by the 
cost of gathering the information. Infectious viruses have been detected on a 
wide variety of fomites ( Table 10.1 ). It has been demonstrated that respira-
tory viruses are common on fomites when infected individuals are present. 
For example, it was found that in households with two children with infl u-
enza infections, the virus could be detected on more than half  of commonly 
touched fomites such as phones, TV remotes, faucets, computer equipment 
and doorknobs (Boone and Gerba,  2005 ). Rhinovirus has been detected on 
40–90% of the hands of adults with colds, and from 6% to 25% of selected 
fomites in rooms with persons with colds. In a study of offi ces, parainfl uenza 
virus could be isolated in one-third of the offi ces tested across the United 
States (Boone and Gerba,  2010 ). Noroviruses are commonly detected on desk 
tops in elementary school classrooms (Bright  et al. ,  2010 ) and during out-
breaks (Jones  et al .,  2007 ; Wu  et al .,  2005 ).    
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 The occurrence of viruses on fomites may vary seasonally. Infl uenza viruses 
were only found on fomites in day care centers during the infl uenza season, 
with the number of positive fomites increasing with the number of infections 
(Boone and Gerba,  2005 ,  Fig. 10.1 ).    

 Table 10.1     Detection viruses on fomites 

 Fomite  Virus 

 Household 
  Toys  Coxsackie *  B6, hepatitis B 
  Door knob   Rhinovirus,  infl uenza virus 
  Living room and kitchen fl oors  Poliovirus 2 and 3 
  Faucet  Rhinovirus 

 Commercial 
  Drinking glasses in coffee shops  Adenovirus types 3 and 4; echovirus 11; 

herpesvirus 

 Daycare centers and schools 
  Toys   Cytomegalovirus , rotavirus, rhinovirus 
  Toilets, door handles, tables, play mats  Rotavirus, infl uenza, noro, astro 

 Offi ces 
  Desk tops, computer equipment, 

phones 
 Parainfl uenza 

  Hotels, cruise ships  Noro 
  Hospital and other health care 

facilities 
 Noro, respiratory syncytial virus, hepatitis 

A, parainfl uenza, rota, corona 

     *  Italics indicate infectious virus detected. 
Sources: Boone and Gerba,  2007 ; Sattar and Springthorpe,  1996 ; England,  1982 ; Fox and Hall, 
 1980 .    
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 Fig. 10.1      Seasonal variation in the occurrence of infl uenza viruses on fomites in day 
care centers (percent of fomites on which virus detected).   
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 The survival of viruses on fomites is depended on a number of factors, 
as listed in  Table 10.2 . The type of virus is probably the most signifi cant fac-
tor, as survival can vary with the type and strain. There are no standardized 
procedures for assessing the survival of viruses on fomites and so only broad 
generalizations on survival of viruses on fomites can be made. The relative 
importance of environmental factors varies depending upon the virus. Thus, 
lipid-containing viruses such as infl uenza virus tend to survive better at lower 
relative humidity (RH), while the non-lipid-containing reoviruses survive 
better at high RH. Still others, such as poliovirus, survive best at intermedi-
ate RH. As a general rule non-lipid-containing enteric viruses survive longer 
on fomites than respiratory viruses ( Table 10.3 ). The survival of respiratory 
viruses is usually a matter of hours to days, whereas with enteric viruses it 
ranges from days to weeks. Usually virus die-off  on surfaces is biphasic with 
greater inactivation occurring during drying of the suspension material fol-
lowed by a slower inactivation rate. The drying rate is governed by the RH 
and the suspending media. In most indoor buildings with air-conditioning 
systems, the RH ranges from 40% to 60%. It is usually less in the winter 
because of indoor heating, which may favor the survival of some respiratory 
viruses such as infl uenza.       

 Fomite type is an important and highly variable infl uence on viral 
inactivation. Fomites vary in porosity, hydrophobicity, surface charge, 
micro-topography and antimicrobial properties. These same properties may 
also infl uence the ability to recovery the viruses from the fomite over time. 
Infl uenza A and B were found to be inactivated more rapidly on porous than 
non-porous surfaces (Bean  et al .,  1982 ). Similarly avian infl uenza virus and 
avian metapneumonia virus survived longer on non-porous surfaces than 
porous surfaces (Tiwari  et al .,  2005 ). These results suggest that related viruses 
exhibit similar inactivation patterns on porous  vs  non-porous surfaces. 
However, Abad  et al . ( 2001 ) found human astrovirus 4 was inactivated more 
rapidly on non-porous surfaces than porous surfaces. In contrast hepatitis A 

 Table 10.2     Factors infl uencing the survival of viruses on fomites 

 Factor  Remark 

 Type of virus  Usually enteric viruses survive longer than respiratory 
viruses on fomites 

 Suspension media  Longer survival in feces and bodily fl uids 
 Drying rate  Generally the faster the drying rate, the more rapid the 

inactivation of the virus 
 Relative humidity  Some survive better at low relative humidity and others at 

high relative humidity 
 Type of fomite  Longer survival on surfaces that hold moisture longer, like 

clothes 
 Inoculum titer  Slower inactivation rate with higher titer 
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virus was inactivated more rapidly on porous surfaces. Some metal fomites 
such as brass, copper and silver surfaces are antiviral (Noyce  et al .,  2007 ; 
Silvestry-Rodriguez  et al .,  2007 ). Murray and Laband ( 1979 ) found that 
poliovirus was very stable on silicon dioxide surfaces (glass) but degraded on 
CuO, MnO 2  and Al 2 O 3  surfaces. 

 The medium in which virus is suspended can have a signifi cant effect on 
survival. Sattar  et al.  ( 1987 ) found suspension in bovine mucin and nasal dis-
charge decreased infectivity of human rhinovirus type 14, while suspension 
in tryptose phosphate broth had no effect. Bovine mucin and discharge were 
found to substantially reduce human rhinovirus 14 infectivity during the dry-
ing processes, with 82% and 89% of infectivity loss, respectively. In contrast 
only 3% of the viral infectivity was lost during drying in tryptose phosphate 
broth suspensions. Feces also appear to be protective. Inactivation of hepa-
titis A virus and human rotavirus was unaffected by the presence of fecal 
matter (Abad  et al .,  1994 ). However, poliovirus type 1, enteric adenovirus and 
human astrovirus type 4 exhibited varying inactivation rates in the presence 
of fecal material. Poliovirus 1 and enteric adenovirus decreased in titer at a 
slower rate on non-porous surfaces in the presence of fecal material; however, 
the opposite was observed on porous surfaces. Human astrovirus 14 had dif-
ferent inactivation rates in the presence of fecal material, depending on both 
fomite type and temperature (Abad  et al .,  2001 ).  

 Table 10.3     Inactivation rates of viruses on fomites 

 Virus  Inactivation rate (log 10 /hour) 

  Respiratory viruses  
  Avian infl uenza  0.0138 
  Infl uenza A  0.0278 
  Infl uenza B  0.0417 
  Cornavirus-229E  0.167 
  Cornavirus-OC43  0.2 
  Rhinovirus 14  0.25 
  Parainfl uenza  0.5 
  Respiratory syncytial virus (RSV)  0.625 

  Enteric viruses  
  Astrovirus 4  0.0025 
  Hepatitis A virus  0.00278 
 Adenovirus 40 
 Poliovirus type 1 

 0.011 
 0.01 

 Coliphage 
  P22  0.0379 
  MS-2  0.0062 

    Data from Bonne and Gerba, 2007; Henley,  2008 .    
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  10.3     Virus transfer and modeling transmission 

 Modeling of transfer is useful in predicting the probability of infection and 
the potential success of interventions. 

  10.3.1      Virus transfer via fomites 
 Transfer of pathogens can occur by direct contact of the fomite with an ani-
mate surface where infection can be initiated. Such would be the case with a 
contaminated needle or medical device used in the examination of a patient. 
Wounds infl icted by contact with a contaminated surface are another poten-
tial route. Risk from these can be reduced by proper disinfection of devices 
or treatment of the wounds with antimicrobials. However, the most com-
mon infections transmitted by fomites are respiratory, enteric and dermal. 
Respiratory and enteric infections are readily transmitted when the pathogen 
is placed in the eyes, mouth or nose by movement of the hands to the face. 
This occurs on a regular basis during normal everyday activity, and in small 
children it occurs an average of 81 times per hour ( Table 10.4 ). Studies have 
shown that hands easily become contaminated when fomites with infectious 
virus on them are touched. The reverse is also true. Rhinovirus was found to 
be transferred after 1–3 h on a plastic surface after being touched (Hendley 
 et al .,  1973 ). Persons infected with rhinovirus have been shown to readily con-
taminate fomites which they touched (Reed,  1975 ), and infectious virus could 
be recovered from objects previously touched by infected persons (Pancic 
 et al .,  1980 ). Hand transfer from fomites of other respiratory viruses, such as 
infl uenza (Bean  et al .,  1982 ) and respiratory syncytial virus (RSV) (Hall  et al ., 
 1980 ) has been demonstrated.    

 Hand contact with fabrics that had been dried was shown to be capable 
of transferring polio and vaccinia virus to the hands (Sidwell  et al .,  1970 ). 
Rotavirus can be readily transferred to hands by touching metal surfaces 
(Ansari  et al. ,  1989 ). Transfer to metal surfaces and fi nger-to-fi nger trans-
fer was also demonstrated. Transfer effi ciency is dependent on a number of 
factors including the pressure applied to the surface (Ansari  et al .,  1989 ), the 
nature of the contact (e.g. turning a door knob  vs . pushing a button) (Rusin 
 et al .,  2002 ), the type of virus, suspending material, relative humidity and 
the composition of the fomite. Generally, the smoother and the easier it is to 
clean a surface, the more virus can be transferred ( Fig. 10.2 ). Thus, ~68% of 
coliphage MS-2 was transferred from an acrylic plastic surface to the fi nger 
 vs  less than 1% from paper money when the relative humidity was 40–60% 
(Lopez,  2012 ). The transfer from the acrylic was reduced to 21% when the 
relative humidity was 15–30%. Julian  et al.  ( 2010 ) reported that coliphage fr 
transfer from fomites was signifi cantly greater than that of MS-2 and  Φ X174 
and transfer was less to recently washed hands.    

 The pressure of the hand applied in a handshake or to a doorknob when 
opening a door has been estimated at 1 kg/cm 2  (Ansari  et al .,  1988 ). Mbithi 
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 et al . ( 1992 ) and Julian  et al . ( 2009 ) used 0.2 kg/cm 2  and 25 kPa (kilo Pascals) 
respectively. Mbithi  et al . ( 1992 ) found that the amount of pressure and fric-
tion applied made a signifi cant difference to the amount of HAV transferred. 
Ansari  et al . ( 1991 ) found transfer effi ciency for rotavirus and parainfl uenza 
virus 3 to be 0.67% and 1.48%, respectively, from stainless steel disks to fi ngers 
using a 5-s contact time. The difference between the rotavirus transfer rates 
can possibly be attributed to the decrease in contact time. Using 0.2 kg/cm 2  

 Table 10.4     Frequency of face touching 

 Age  Average touching 
frequency per hour 

 Reference 

  Adults (alone)   Nicas and Best,  2008  
  Total  15.7 
  Lips  8 
  Nostrils  5.3 
  Eyes  2.4 

  Adults (public-church)   Henley  et al ., 1973 
  Nostrils  0.33 
  Eye  0.37 

  Children (in  door)   Tulve  et al .,  2002  
  <2 years (mouth)  81 
  2–5 years (mouth)  42 

  Children (in  door)   Xue  et al .,  2007  
  3 months to 11 years, 

mouth 
 6.7–28 

  Children (out  door)  
  7–12 years, mouth  12.6  Beamer  et al .,  2012  
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 Fig. 10.2      Transfer effi ciency of viruses from various surfaces.  
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of pressure with a 10-s contact time Mbithi  et al . ( 1992 ) found a 22% trans-
fer rate for hepatitis A virus from stainless steel to fi ngers. Rusin  et al . ( 2002 ) 
found a transfer rate for PRD1 phage to be 33.5% and 65.8% from faucet 
handle and phone receiver, respectively. They used a 30-s contact time, and 
both the palms of hands and fi ngers were tested for virus.  

  10.3.2      Modeling virus transmission via fomites 
 Modeling of virus transmission in indoor environments is seen as a way of 
better understanding the importance of different routes of transmission (inha-
lation  vs  fi nger contact to the nose) and assessment of different interventions 
in the reduction of transmission (Spicknall  et al .,  2010 ). For example, the rel-
ative importance of inhalation of droplets and fi nger contact to the face in the 
transmission of infl uenza virus is still debated (Nicas and Jones,  2009 ). In the 
case of infl uenza, models can help us understand if  face mask wearing would 
be more successful than hand sanitizers in reducing transmission. A number 
of factors have to be considered in the development of models as shown in 
 Table 10.5 . Data are limited at the current time on concentration of viruses 
on fomites and degree of exposure.. The signifi cance of fomite transmission 
increases with the density of the population in an indoor environment, but 
is not as dependent upon population density as aerosol transmission, if  the 
virus has a reasonable survival time on the fomite. Nicas and Sun ( 2006 ) used 
an integrated model with a discrete-time Markov chain model to represent 

 Table 10.5     Factors to consider in modeling virus transmission in an 
indoor environment 

 Shedding 
  Shedding rate 
  Shedding magnitude (~volume) 
  Virus concentration 
 Shedding Distribution 
  Size of the droplets 
  Target membrane surface area 
 Environment 
  Inactivation rate on the fomite 
 Host/Environment 
  Touch rate 
  Transfer effi ciency (skin/surface area) 
  Inactivation rate on the skin 
  Rate of changing location (movement from one surface to the next) 
  Host density 
 Exposure 
  Self-inoculation rate 
  Transfer effi ciency to the skin-membrane 
  Infectivity (dose response) 

  Modifi ed from Spicknall  et al .,  2010 .  
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physical elements in various source-receptor pathways as ‘states’ in a health 
care environment. The various pathways considered movement of the organ-
ism from hands to various fomites (such as bed sheets) to resuspension in the 
air and movement from one fomite to another by the hands. By using these 
models to change the die-off  rate of the virus on a surface, refl ecting treat-
ment with an antimicrobial, the reduction in the probability of infection can 
be determined. Thus, Nicas and Sun ( 2006 ) determined that the use of textiles 
in health care facilities treated with an antimicrobial would result in a 50% 
reduction in risk of infection. By application of a model to estimate proba-
bility of rotavirus infection in small children Julian  et al . ( 2009 ) found that 
direct mouthing of fomites was a more signifi cant route than hand-to-fomite 
contact. Similar approaches could be used to assess other interventions such 
as hand washing, hand sanitizers and self-sanitizing surfaces.      

  10.4     Disinfection and other interventions to prevent 
fomite transmission 

 Successful interruption of virus transmission by fomites has been documented 
by numerous studies on hand washing and the use of hand sanitizers (Aiello 
 et al .,  2007 ). Interventions with the use of disinfectants and self-sanitizing 
surfaces are not as well documented, and data on reduction of illness for 
specifi c viruses is generally lacking. The use of virucidal iodine solution on 
the fi ngers was found to reduce the infection rate of rhinovirus among moth-
ers by 66% relative to a control group (Hendley  et al .,  1988 ). Instruction in 
hand hygiene and encouragement of the use of hand sanitizers was found to 
reduce the number of laboratory-confi rmed infl uenza cases by 52% and total 
absenteeism by 26% (Stebbins  et al .,  2011 ). Norovirus is more resistant to 
inactivation by commonly used alcohol gel sanitizer than many other com-
mon enteric viruses, and its preferential use over hand washing was found to 
result in increased risk of norovirus infection (Blaney  et al .,  2011 ). A specially 
formulated alcohol gel sanitizer has been developed which is more effective 
against norovirus (Macinga  et al .,  2008 ). 

 Ward  et al.  ( 1991 ) assessed the ability of a disinfectant spray to prevent 
the transmission of rotavirus from contaminated surfaces using human vol-
unteers. Volunteers who licked a contaminated surface or touched the surface 
with their fi nger and then licked the fi nger became infected. Prior treatment 
of the surface with a disinfectant prevented transmission. In similar studies 
it was shown that rhinovirus transmission could be prevented by treatment 
of stainless steel surfaces with a disinfectant spray (quat) or bleach (Sattar 
and Springthrope,  1996 ). Combined use of hand sanitizer and a disinfec-
tant wipe was shown to reduce both school absenteeism and gastroenteritis. 
Signifi cantly fewer noroviruses were detected on fomites (desk tops, water 
fountain) in classrooms using the wipes and hand sanitizers (Sandora  et al ., 
 2008 ).  
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  10.5     Future trends 

 The role of fomites in virus transmission has probably increased in recent years 
because of changes in work, play, healthcare and lifestyle which bring us into 
more contact with more surfaces that have the potential to be contaminated 
with infectious virus. Integration of exposure models with quantitative micro-
bial risk assessment will help us better understand the importance of fomites 
in virus transmission and provide tools for understanding which interven-
tions may be most successful in reducing exposure. The greatest amount of 
uncertainty in risk models is created by the lack of quantitative data on expo-
sure (Haas  et al .,  1999 ). Data on the concentration and occurrence of viruses 
on fomites is needed to reduce the amount of uncertainty in risk estimates. 
Knowledge of the infectivity of viruses on fomites is also needed. Hopefully, 
advances in molecular biology will allow us to provide a low-cost method of 
assessing virus infectivity on fomites. This would also enable assessment of 
the effectiveness of disinfectants or self-sanitizing surfaces in actual indoor 
environments in occupied buildings.  
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   Viral contamination by food handlers 
and recommended procedural controls   
    I. L. A.   Boxman    , Food and Consumer Product Safety Authority (NVWA), 
The Netherlands    
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  Abstract:  Virus contamination as a consequence of human handling can occur at 
any stage of food production or processing. This chapter reviews evidence of the 
role of food handlers in the transmission of norovirus and hepatitis A virus, their 
current knowledge of and compliance with food hygiene practices. The new Codex 
Guidelines for the Application of the General Principles of Food Hygiene to the 
Control of Viruses in Food are summarized. The possible application of risk analysis 
of critical control points to control of viruses is discussed. 

  Key words:  norovirus, hepatitis A virus, virus transmission, food safety, HACCP. 

    11.1      Introduction 

 Norovirus (NoV) and hepatitis A virus (HAV) are the human enteric viruses 
most frequently reported as involved in foodborne outbreaks. Estimates of 
the proportion of viral illness attributed to food are in the range of around 
5% for HAV and 12–47% for NoV (FAO/WHO,  2008 ). Food handlers play an 
important role in transmission of these viruses at the end of the food chain, 
for example, in food establishments, but also further back in the production 
chain. During production, harvest, packaging and preparation, food can 
become contaminated with viruses by food handlers or after contact with 
virus-contaminated water or surfaces. 

 This chapter summarizes evidence that has been collected in recent years 
on the role of food handlers in the transmission of foodborne viruses. It also 
reviews studies of food handlers’ knowledge of and compliance with food 
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hygiene rules, with particular reference to foodborne viruses and to hand 
washing practices. The provision of effective food hygiene training is essen-
tial for food handlers and for everyone employed in the food business. The 
Codex Alimentarius Commission has adopted the new Guidelines for the 
Application of the General Principles of Food Hygiene to the Control of 
Viruses in Food (FAO/WHO,  2012b ).  

  11.2      Role of food handlers in virus transmission 

 Food handlers play an important role in transmission of foodborne patho-
gens, including foodborne viruses, to food. Virus contamination as a conse-
quence of human handling can occur at virtually any stage during harvest, 
packing, distribution, at retail establishments or at home. Alternatively, food 
can become contaminated with foodborne viruses by contaminated water or 
surfaces (WHO/FAO, 2008; EFSA,  2011 ). Not practising good hand hygiene 
after toilet use may lead to the spread of enteric pathogens to food handling 
areas and to food. In food service operations, Kassa  et al . ( 2001 ) reported 
that enteric bacteria, as indicators of faecal contamination, were present on 
57% of the cooler and freezer door handles tested in the food processing area, 
and spreading on this scale may also occur with enteric viruses. Bidawid  et al . 
( 2000 ) were the fi rst to demonstrate transmission of enteric viruses from arti-
fi cially contaminated fi nger pads to food or inanimate surfaces; this study 
was followed by others (Bidawid  et al .,  2004 ; D’Souza  et al .,  2006 ). Whereas 
transmission of viruses to food is a direct risk for consumers, transmission to 
food contact surfaces in food handling areas may serve as a secondary source 
of contamination (Boone and Gerba,  2007 ; Lopman  et al .,  2011 ). From the 
analyses of more than 800 outbreak reports, it was concluded that the most 
frequently reported factor associated with the involvement of the infected 
worker was bare hand contact with the food (Todd  et al .,  2007 ). Manual han-
dling of food by food handlers seems therefore to be crucial in the transmis-
sion of viruses to food. 

 Foodborne viral outbreaks of  NoV or HAV are often associated with 
ill food handlers on the premises (Koopmans  et al .,  2002 ; Fiore,  2004 ). In 
early outbreak reports, evidence was mainly based on epidemiological data. 
The development of  molecular techniques enabled the epidemiological link 
between the suspected food or setting and cases to be identifi ed through 
detection of  NoV and HAV in faecal samples of  patients and food handlers. 
In some studies, further evidence was obtained in the form of identical viral 
sequences in faecal specimens of  both cases and (asymptomatic) food han-
dlers (Barrabeig  et al .,  2010 ; Nicolay  et al .,  2011 ), or viral RNA on food 
samples prepared by the food handler (Schwab  et al .,  2000 ; Boxman  et al ., 
 2007 ,  2009a ). Detection of  viral RNA on food samples is, however, diffi cult, 
and absence of  faecal samples or leftovers for analysis could hamper out-
break investigations. 
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 Environmental swabs taken from surfaces in outbreak settings in institu-
tions and hotels (Dalling,  2004 ; Wu  et al .,  2005 ) and in the catering indus-
try (Boxman  et al. ,  2009a ) have recently become an additional tool in 
NoV-associated outbreak investigation, especially when leftover food or fae-
cal specimens are not available. Particularly when viral RNA is detected from 
swabs taken from surfaces in the food handling area, positive samples indicate 
that a contagious person has been present. Boxman  et al . ( 2009a ) showed that 
where clinical symptoms consistent with viral gastroenteritis were present and 
the period between consumption of suspected food and onset of symptoms 
was at least 12 h, NoV RNA was present in 48 of 119 (40%) environmental 
swab specimens taken from 14 of 27 outbreaks (52%), with sequences match-
ing positive clinical samples in seven outbreaks. Further evidence for the feasi-
bility of transmission of NoV by a food handler to food was the presence of 
NoV RNA on a food handler’s hands in an outbreak setting (Boxman  et al ., 
 2009b ). In addition, a year-round prevalence study showed that the presence 
of NoV in catering companies seemed to mirror the presence of NoV in the 
population. Sequence analysis of NoV-positive environmental swabs showed 
that NoV strains in catering companies were interspersed with NoV strains 
found in outbreaks of illness in humans. The prevalence of NoV on surfaces 
in catering companies associated with recently reported outbreaks (61%) was, 
however, signifi cantly higher than in randomly selected catering companies 
with no such association (4%) (Boxman  et al .,  2011 ). 

 This raises the question of who is shedding viruses in food handling areas. It 
is known that NoV- and HAV-infected persons shed large amounts of virus in 
their stools while symptoms are present, and that infectious particles are also 
present in vomit (Atmar  et al .,  2008 ; FAO/WHO,  2008 ). For both NoV and 
HAV infections the infectious dose is only a few particles (Teunis  et al .,  2008 ). 
For these reasons, ill persons should be excluded from the premises. The tim-
ing of exclusion (e.g., for 48 h after symptoms have ceased) may, however, vary 
in practice. Sometimes employees continue working or return immediately 
after symptoms have ceased. Shedding of viruses is, however, not restricted 
to the symptomatic period. It can occur before the onset of symptoms, and 
may continue on average for at least two weeks post-symptomatically (FAO/
WHO,  2008 ), which further underlines the importance of strict hand hygiene 
after toilet use at all times. In addition, prolonged shedding has been noticed 
in immuno-suppressed persons and small children (Murata  et al .,  2007 ; 
Kirkwood and Streitberg,  2008 ; Henke-Gendo  et al .,  2009 ). Food handlers 
should therefore be particularly careful to practice good hand hygiene before 
returning to the food preparation area when known to be immuno-suppressed 
or after caring for young children or being in contact with soiled nappies. 
Daniels  et al . ( 2000 ) were the fi rst to report an outbreak most likely caused 
by a food handler caring for a child with watery diarrhoea before returning to 
the food premises to prepare deli sandwiches. 

 Some NoV and HAV infections occur without symptoms (Atmar  et al .,  2008 ; 
FAO/WHO,  2008 ). Recently, the age-adjusted prevalence of asymptomatic 
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NoV infection in the UK has been shown to be 12%; it is at its highest in chil-
dren under fi ve, especially in winter (Phillips  et al .,  2010 ). It can be assumed 
that the proportion of food handlers shedding without symptoms is similar 
to that in the general population. Ozawa  et al . ( 2007 ) reported that NoV was 
detected in 73% of the stool specimens of symptomatic food handlers and 
7% of the stool specimens of asymptomatic food handlers associated with 
outbreak- and sporadic NoV-associated gastroenteritis. Even in non-outbreak 
facilities, NoV was detected in 12% of the stool samples derived from asymp-
tomatic food handlers (Okabayashi  et al .,  2008 ). Good hand hygiene should 
therefore always be practiced as it is impossible for food handlers to know 
when they are contagious and shedding viruses.  

  11.3      Current knowledge and hygiene practices 
among food handlers 

 A major barrier to the spread of disease in food production is the practice 
of good hand hygiene before handling food, but also after using the toilet, or 
being in contact with faecal material (e.g., after changing nappies or cleaning 
toilets) or vomit (FAO/WHO,  2008 ). Unfortunately, the level of compliance 
with hand washing practices is low and where it does occur, it is not always 
performed effectively. Among the 800 establishments in a study by the US 
Food and Drug Administration (FDA), failure to wash hands properly and 
adequately was observed in every type of facility investigated, but was noticed 
in up to 76% of the full service (i.e., non-fast food) restaurants (FDA,  2009 ). 
By law, hand washing by food workers is required after many activities, for 
example, after touching raw food of animal origin, non-food surfaces or the 
worker’s own body parts such as nose or mouth. Precise and detailed obser-
vational studies indicate that the number of times hand washing is required, 
according to the national FDA Food Code (USA), ranges from 9 to 29 times 
per hour. This number depends greatly on the variety of work activities and 
the organizational structure within the food establishment. There will be a 
higher number of hand washing requirements, for example, where food han-
dlers are undertaking many different activities than when handling of money 
and food is performed by separate workers (Green  et al .,  2006 ; Strohbehn 
 et al .,  2008 ). The observational studies (Green  et al .,  2006 ; Strohbehn  et al ., 
 2008 ; Lubran  et al .,  2010 ), unfortunately, focused on hand hygiene practices 
within the food handling area only and did not collect data on food employ-
ees’ behavior outside the food area, that is, hand washing after toilet use. A 
survey about food hygiene knowledge and behavior in the workplace among 
catering managers and staff  in the United Kingdom (FSA,  2002 ) showed that 
more than a third of those questioned (39%) did not wash their hands after 
visiting the toilet at work, and as it was a self-reporting study, the true pro-
portion may be even higher. Moreover, hand washing methods may be inad-
equate, for example, omitting the use of soap or omitting to dry hands (Todd 
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 et al .,  2010a ). Reasons given by employees for not washing hands at appropri-
ate times included laziness, time pressure, inadequate facilities and supplies, 
lack of accountability, risk of skin damage or dermatitis, lack of involvement 
of managers and co-workers, and organizations that were not supportive of 
hand washing (Pragle  et al .,  2007 ; Todd  et al .,  2010b ). The fi ndings of Green 
 et al . ( 2007 ) support this list of reasons. In their study, hand washing was 
more likely to occur in restaurants whose food workers received food safety 
training, with more than one hand sink available, and with a hand sink in the 
worker’s sight. 

 Apart from good hand hygiene, hygiene practice in the workplace also 
includes the exclusion of ill food handlers and effi cient sanitation and disin-
fection. A food worker who has an infectious disease that can be transmitted 
through food, for example, diarrhoea, should be excluded from food handling 
or from the premises. Five per cent of the respondents in the Environmental 
Health Specialists Network telephone survey among food service workers 
in restaurants indicated that they had worked while sick with vomiting or 
diarrhoea (Green  et al .,  2005 ). In a recent questionnaire in the Netherlands, 
20% of the food handlers working in catering companies and 11% of those 
working in institutional settings responded that they would continue work-
ing while sick with diarrhoea (Verhoef, submitted). In the same study, 10% 
of those working in catering companies and 5% of those working in institu-
tional settings responded that they would continue while sick with vomiting in 
the future (Verhoef, submitted) despite the sickness benefi ts that apply in the 
Netherlands. It is thought that company policies, such as not allowing ill food 
workers sick leave, result in food workers staying at the premises instead of 
reporting their illness to the manager (Moe,  2009 ). In order to examine how 
obligatory exclusion of ill food handlers works in practice, the FDA looked 
at whether establishments have written policies on when to exclude food 
employees based on illnesses or symptoms, when to remove such exclusions 
(e.g., length of time without symptoms of diarrhoea and vomiting after which 
employees are allowed to return to work), and also on responsibilities of food 
employees to report illnesses and symptoms. Formal written employee health 
policies were most likely to be found in hospital food service settings (46%) 
and least likely in full service restaurants (13%), but were missing in all types 
of facility investigated (FDA,  2009 ). 

 Further differences between various food service settings were noted, such 
as the educational level of food workers, management involvement and hand 
hygiene facilities. Institutional food service facilities placed a higher value on 
formal food safety training than did restaurants (Strohbehn  et al .,  2008 ) and 
committed signifi cantly fewer violations than restaurants (Kassa  et al .,  2010 ). 
Given the high turnover of largely part-time workers, lack of training in food 
safety in restaurants is not surprising. Any training provided will generally be 
on the job. 

 In order to improve food safety practices in kitchens, accredited training 
and testing programs have been set up for certifi cation of kitchen managers 
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(CKM). In a systematic environmental evaluation of food safety in restau-
rants, the presence of a certifi ed kitchen manager (CKM) was shown to be the 
major difference between outbreak and non-outbreak restaurants. Thirty-two 
percent of outbreak restaurants had a CKM against 71% of non-outbreak 
restaurants (OR 0.2; 95% CI 0.1–0.5). In addition, the presence of a CKM 
was associated with fewer NoV outbreaks (Hedberg  et al .,  2006 ). In an FDA 
study, the presence of a CKM during regular inspections was shown to posi-
tively correlate with higher percentage of observed occurences being in com-
pliance with the appropriate FDA Food Code provision for the data item in 
full service restaurants and retail food centres for deli food, seafood or pro-
duce (FDA,  2009 ). No signifi cant difference was observed with or without the 
presence of a CKM for institutional settings or meat and poultry retail stores, 
probably because these food service types already had a higher IN compli-
ance percentage (FDA,  2009 ). One of the risk factors for which the presence 
of a certifi ed food protection manager had the most positive correlation in 
restaurants and deli retail stores was poor personal hygiene. Other studies 
support these results by showing that restaurants with a CKM present were 
less likely to have critical violations than those without a CKM (Cates  et al ., 
 2009 ; Kassa  et al .,  2010 ). 

 Knowledge among food handlers of food safety issues and transmission 
routes of specifi c foodborne pathogens has been assessed using question-
naires (Angelillo  et al .,  2000 ; DeBess  et al .,  2009 ) that targeted common food 
safety issues but included one question about HAV. In a study by DeBess 
 et al . ( 2009 ), 47% of the food handlers in Oregon, USA, knew that HAV 
can be spread through uncooked food via faeces transferred from unwashed 
hands. In the Angelillo  et al.  study ( 2000 ), the proportion of food handlers 
in Italy who were able to specify a food vehicle for transmission of HAV 
was signifi cantly higher for those with a higher educational level and with 
longer food handling experience. Data on knowledge of NoV among food 
handlers is limited. A recent questionnaire study among food handlers in the 
Netherlands (Verhoef, submitted), showed that in catering industries 60% of 
the staff  members were aware of the existence of a virus that causes gas-
troenteritis, but only 20% had ever heard of NoV. In institutional settings, 
such as hospitals and care homes, awareness among food handlers was much 
higher – 90% for a virus causing gastroenteritis, and 84% for NoV specifi cally. 
Regardless of whether they were working in catering or institutional settings, 
however, 20% of all participants incorrectly answered that shedding of NoV 
was restricted to 1–2 days after symptoms have subsided, and 12% incorrectly 
stated that vomit was not infectious.  

  11.4      Guidance documents on food hygiene 

 It is clear that guidance documents on food hygiene and on food transmittable 
diseases are essential for the training of food handlers as well as companies 

�� �� �� �� ��



 Viral contamination by food handlers and procedural controls 223

© Woodhead Publishing Limited, 2013

in the food business. In the early 1960s, the Codex Alimentarius Commission 
was created by FAO and WHO to develop food standards, guidelines and 
related publications under the Joint FAO/WHO Food Standards Programme; 
The main aims of the programme are to protect consumer health, ensure fair 
practices in the food trade and promote the coordination of all food standards 
work undertaken by international governmental and non-governmental orga-
nizations (FAO/WHO,  2011 ), and its publications are based on the work of 
eminent individuals and organizations in food and related fi elds. Countries 
have responded by introducing food legislation and Codex-based standards 
and by establishing or expanding the role of food control agencies to monitor 
compliance with such regulations (FAO/WHO,  2006 ). 

 The basic document for food hygiene is the Codex document ‘General 
Principles of Food Hygiene’, CAC/RCP 1-1969, which was adopted in 1969, 
and has since been revised (FAO/WHO,  2003 ). It defi nes hygiene practices 
during the production, processing, manufacturing, transport and storage of 
foods that are considered essential for safety and suitability of food for con-
sumption. The document describes measures to be taken at different stages 
along the chain, and these are summarized below. 

 The ‘General Principles of  Food Hygiene’ (CAC/RCP 1-1969) (FAO/
WHO,  2003 ) comprises ten sections referred to as Sections I to X. Sections 
I and II describe the objectives and scope of  the document and how it 
should be used. Section III states that primary production should be man-
aged in a way that ensures that food is safe and suitable for its intended use, 
including, where necessary, avoiding the use of  areas where the environ-
ment poses a threat to the safety of  food, and controlling contaminants, 
pests and diseases of  animals and plants so as not to pose a threat to food 
safety. In addition, primary production should adopt practices and mea-
sures to ensure food is produced under appropriately hygienic conditions 
(FAO/WHO,  2003 ). 

 Section IV targets premises, equipment and facilities (FAO/WHO,  2003 ). 
These should be located, designed and constructed in such a way as to min-
imize contamination of food and permit appropriate maintenance, cleaning 
and disinfection. Surfaces and materials, in particular those in contact with 
food, should be non-toxic. Temperature and humidity should be controlled 
where appropriate, and there should be effective protection against pests. 
Section V recommends the control of food hazards through systems such as 
Hazard Analysis and Critical Control Points (HACCP). The HACCP food 
safety system itself  and guidelines for its application are described in detail 
in the Annex to the General Principles of Food Hygiene (CAC/RCP 1-1969) 
(FAO,  1997 ; FAO/WHO,  2003 ).Effective control procedures should be imple-
mented and monitored in any parts of a food business where food safety is 
critical. Periodically, and at times of change, the control procedures should 
be reviewed. 

 In addition, each establishment should have effective systems for adequate 
and appropriate maintenance and cleaning, pest control, waste management 
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and monitoring of effective maintenance and sanitation procedures (Section 
VI). Food workers themselves should maintain an appropriate degree of per-
sonal cleanliness (Section VII) to avoid contamination of food and transmis-
sion of illness to consumers. People known or suspected to be suffering from, 
or to be a carrier of a disease or illness likely to be transmitted through food, 
should not be allowed to enter any food handling area if  there is a likelihood 
of their contaminating food. Any person so affected should immediately 
report their illness or symptoms to the management. Examples of symptoms 
of illnesses given in the document are jaundice, diarrhoea and vomiting (FAO/
WHO,  2003 ). 

 During transportation (Section VIII) (FAO/WHO,  2003 ) of food, mea-
sures should be taken where necessary to protect food from potential sources 
of contamination or damage likely to render it unsuitable for consumption, 
and to provide an environment which effectively controls the growth of path-
ogenic or spoilage micro-organisms and the production of toxins in food. 
Products should be labelled (Section IX) (FAO/WHO,  2003 ) to ensure that 
adequate and accessible information is available to the next person in the food 
chain to enable them to handle, store, process, prepare and display the prod-
uct safely and correctly. Labelling also enables easy identifi cation and recall 
of a lot or batch if  necessary. Finally those engaged in food operations who 
come directly or indirectly into contact with food should be trained (Section 
X), and/or instructed in food hygiene to a level appropriate to the operations 
they are to perform (FAO/WHO,  2003 ).  

  11.5      Guidelines on the application of general principles 
of food hygiene to the control of viruses in food 

 Following adoption of the ‘General Principles of Food Hygiene’ (CAC/RCP 
1-1969) (FAO/WHO,  2003 ) codes and standards for specifi c products or spe-
cifi c pathogen-product combinations have been developed. These are all avail-
able on the Codex Alimentarius Commission website (FAO/WHO,  2012a ). 
However since foodborne viral infections remain very common in many parts 
of the world, the Commission decided to develop specifi c guidelines for the 
control of viruses in food, and an Expert Meeting on Viruses in Food was 
convened by FAO and WHO in May 2007 (FAO/WHO,  2008 ). The meeting 
concluded that NoV and HAV are the viruses of greatest concern from a food 
safety perspective, whereas the virus-commodities combinations of great-
est public health concern are NoV and HAV in ready-to-eat-food, bivalve 
shellfi sh or fresh produce. Two Physical Working Groups (2009, 2010) and 
an Electronic Working Group (2011) led by the Netherlands, but with con-
tributions from many other countries, resulted in the Codex ‘Proposed Draft 
Guidelines on the Application of General Principles of Food Hygiene to the 
Control of Viruses in Food’ (FAO/WHO,  2012b ), which was agreed on at 
the 43rd Session of Codex Committee on Food Hygiene in Miami, USA, 
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December 2011, and at time of writing has been sent for adoption to the 
Codex Alimentarius Commission. 

 The introduction to the new Codex guidelines provides background infor-
mation on foodborne viruses, but also emphasizes that management strategies 
regarding foodborne viruses and associated illnesses should be different from 
those for bacterial pathogens. The Codex guidelines for the control of viruses 
in food do not replace the General Principles of Food Hygiene (CAC/RCP 
1-1969), but should be used in conjunction with it, together with the Code of 
Hygienic Practice for Precooked and Cooked Foods in Mass Catering (CAC/
RCP 39-1993), the Code of Practice for Fish and Fishery Products (CAC/
RCP 52-2003) and Code of Hygienic Practice for Fresh Fruits and Vegetables 
(CAC/RCP 53-2003) (FAO/WHO,  2012a ). Two supplementary annexes pro-
vide specifi c virus-commodity recommendations on the Control of Hepatitis 
A Virus (HAV) and Norovirus (NoV) in Bivalve Molluscs (Annex I) and 
on the Control of Hepatitis A Virus (HAV) and Norovirus (NoV) in Fresh 
Produce (Annex II) (FAO/WHO,  2012b ). References in brackets below are to 
the specifi ed sections of the new document. 

 The primary purpose of the Codex guidelines for the control of viruses 
in food is to give guidance on how to prevent or minimize the presence of 
human enteric viruses in food, and more specifi cally of NoV and HAV in 
food. The guidelines are applicable to all foods, with a focus on ready-to-eat 
food, from primary production through consumption. The new guidelines 
should be used as a main reference (FAO/WHO,  2012b ) to describe proce-
dural controls to prevent viral contamination of food, but especially by food 
handlers. Below, references are made to the to the specifi ed sections of the 
new document in brackets. 

 Section III identifi es different aspects of primary production processes that 
should be controlled to reduce the chance of viral contamination of food. 
Sources of contamination can be either water, soil, harvesting containers or 
utensils contaminated by faeces or vomit or by food handlers. Prior to start-
ing production activities, such potential sources of viral contamination of 
the environment should be identifi ed. In areas where the presence of viruses 
may lead to the viral contamination of food, primary food production should 
consequently not be started or carried on. During growing and harvesting 
of fresh produce only water that does not compromise food safety should 
be used, and aquaculture should not be established in areas susceptible to 
sewage contamination. Hygiene and health requirements for food handlers 
(described in Section VII, see below) (FAO/WHO,  2012b ) should also be fol-
lowed in primary production to ensure that those who come directly into con-
tact with food during production do not contaminate the product with faecal 
material or vomit. 

 The establishment of appropriately designed and adequate hygiene facil-
ities is a prerequisite for hygienic production of food (Section IV) (FAO/
WHO,  2012b ). Equipment and facilities should be designed, constructed 
and laid out to ensure that surfaces can be cleaned and disinfected if  needed. 
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Suffi cient hygiene and sanitary facilities should be available to food workers 
to ensure that an appropriate and acceptable degree of personal hygiene can 
be maintained. These sanitary facilities should be suffi cient to cover any sea-
sonal infl ux of workers. They should also be located in close proximity to the 
production area, but without direct access to it. There should be adequate 
facilities for washing and drying hands which can be appropriately cleaned 
and disinfected and, when feasible, separate facilities should be provided for 
staff  and visitors. 

 All hand washing facilities should be supplied with hand cleanser (soap) 
and, where possible, have non-hand operable taps and single-use towels. 
Hand washing and drying instructions should be displayed for all users of 
these facilities. Hand washing and drying facilities should be suitably located 
in food preparation or production areas to ensure food handlers have ready 
access to them. There should also be hand washing facilities in close proxim-
ity to the toilets and positioned so that staff  must pass by them before return-
ing to the food handling area. 

 Widespread contamination of food production premises is likely to occur 
after vomiting and diarrhoea events and when individuals are shedding 
viruses. Each establishment should keep a record of regular cleaning and dis-
infection and have procedures and equipment readily available. As viruses are 
more resistant than bacteria, specifi c guidance on disinfectant methods is pro-
vided in Section VI of the document (FAO/WHO,  2012b ). Cleaning and dis-
infection should take place immediately after each vomiting event in premises 
or rooms, but also after reported symptoms of gastroenteritis or of hepatitis 
in any personnel. All food handling in the same area(s) should be stopped. 
Disinfection should include all surfaces suspected to be contaminated with 
viruses, both in the hygiene facilities and toilets and (as a preventive measure) 
in food production areas (e.g., equipment, utensils, telephones, keyboards, 
door handles, etc.), as viruses in vomit, aerosols and faecal matter are persis-
tent and can remain infectious for a long period. 

 Surfaces should always be cleaned prior to disinfection. For surface dis-
infection, (preferably fresh) solutions of  ≥ 1000 ppm free chlorine should 
be applied for 5–10 min at room temperature. Alternatively, chlorine diox-
ide solutions at concentrations of 200 ppm may be used. These solutions 
are corrosive, and need to be thoroughly rinsed from food contact surfaces 
afterwards. Alternative disinfection procedures include vaporized hydrogen 
peroxide (VHP) treatment at >100 ppm for 1 h, which has been shown to be 
effective against a range of viruses or UV irradiation at >40 mWs/cm 2  (=mJ/
cm 2 ). Most other surface disinfectants are not effective against enteric viruses 
at manufacturer’s recommended concentrations and exposure times (FAO/
WHO,  2012b ). 

 Ideally, cleaning and disinfection is performed by a person who is trained in 
cleaning up infectious material, wearing disposable materials such as gloves, 
facemasks and aprons. Absorbent material such as paper towels and tissues 
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may be used to limit the spread of contaminated fl uids, but should then be 
properly disposed of, for example, in closed plastic bags, to avoid further con-
tamination of foods, surfaces or personnel. 

 Food handlers should perform strict personal hygiene, particularly in rela-
tion to the prevention of NoV and HAV contamination (Section VII) (FAO/
WHO,  2012b ). Food handlers with clinical symptoms of gastroenteritis or 
with symptoms of acute hepatitis should be excluded from food production 
areas. Worker(s) should leave the food handling area, if  possible, before the 
onset of vomiting or any diarrhoea event and in any case directly after these 
events. Any person with symptoms of acute hepatitis should seek medical 
advice. 

 An employee who has had gastroenteritis should only be allowed to return 
to work after a period without symptoms of  diarrhoea and vomiting. No 
agreement has been reached on the precise length of  this period, but 48 h 
without symptoms is generally recommended (Moe,  2009 ). A person who 
has had hepatitis should only be allowed to return to work after disappear-
ance of  jaundice – this is not actually a very strict criterion. More impor-
tantly, all staff  should receive training on the infectivity, transmission and 
disinfection of  foodborne viruses, and the importance of  following strict 
hand hygiene instructions at all times as shedding of  viruses, such as NoV or 
HAV, may continue for several weeks after symptoms have subsided (FAO/
WHO,  2012b ). 

 Moreover, when an employee has symptoms of gastroenteritis or hepa-
titis, other staff  members may be or become (asymptomatically) infected. 
Similarly, when an employee’s family member has symptoms of gastroen-
teritis or hepatitis, that employee may be (asymptomatically) infected, and/
or act as a carrier of infectious virus. Compliance with strict hand hygiene 
measures is particularly important in these situations to reduce the risk of 
further spread of the illness. Vaccination of food handlers against hepatitis A 
should be recommended where necessary to reduce the risk of viral contam-
ination of the food, taking into account the epidemiological situation and/or 
immune status of the local population. As visitors may introduce viruses into 
the food handling areas, non-authorized persons and, as far as possible, chil-
dren should not be present in areas where food is grown, harvested, stored or 
prepared (FAO/WHO,  2012b ). 

 The most effective way of preventing the spread of viruses is thorough 
hand washing. Hands should be lathered with soap and then washed with 
clean running water. If  gloves are used, a procedure for glove use should be 
developed and followed, for example, when gloved hands have been in contact 
with potentially contaminated items new gloves should be put on before pre-
paring food. Clothes of food handlers who have been infected, or suspected 
to have been infected, should be washed. It has been shown that conventional 
household washing detergents have a good virucidal effi ciency at 40 ° C (FAO/
WHO,  2012b ). 
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 Food handlers were shown to be unaware of or less familiar with controls 
specifi c to enteric viruses. Food handlers who come directly or indirectly into 
contact with foods should therefore receive specifi c training on this subject 
at a level appropriate to their job (Section X) (FAO/WHO,  2012b ). Training 
programmes should include the following information:

   The potential for food to be a vehicle of virus transmission.  • 
  The potential sources and routes of transmission of human enteric • 
viruses.  
  The potential for persistence of infectious virus in/or contaminated food • 
and food production settings.  
  The incubation periods of foodborne viruses, specifi cally NoV and HAV.  • 
  The duration of virus shedding during and even after recovery from clini-• 
cal symptoms and the possibility of pre- and post-symptomatic shedding.  
  The infectivity of vomit.  • 
  Procedures for cleaning and disinfection of contaminated surfaces; proper • 
hand washing practices and the importance of strict compliance with hand 
washing instructions at all times, particularly after being in contact with 
faecal or vomit matter.  
  Proper hand washing instructions given to each new employee.  • 
  The possibility that if  one staff  member or household member has a viral • 
illness, other staff  members or household members may also be infected.  
  The need for children, as far as possible, to stay away from food growing • 
fi elds and food preparation areas in HAV-endemic areas (since in endemic 
areas children are a primary source of the virus).  
  Procedures for the disposal of contaminated food items.    • 

 Managers are responsible for educating and training their staff, and for the 
proper operation of both cleaning and disinfection programmes. Employers 
and management are responsible for monitoring to ensure that employees are 
undertaking good hygiene practices; this should include regular observation 
of hand washing prior to entering food handling areas. Employees are respon-
sible for informing the supervisor or employer if  they are ill with diarrhoea or 
vomiting, or have symptoms indicative of hepatitis or gastrointestinal illnesses. 
It is also the responsibility of all employees to adhere to strict hand washing 
instructions after returning from the toilet or after being in contact with faecal 
or vomit matter. Extensive training and instructions should be given to all new 
staff, but also to inspectors or other relevant authorities who inspect fi elds, 
post-harvest processing plants, and eating facilities. Incorporation of these 
instructions into National Codes of Hygienic Practice would be advisable. 

 The control of human enteric viruses such as NoV and HAV in food 
(Section V) (FAO/WHO,  2012b ) typically requires hygiene control systems, 
such as good hygiene practice and standard sanitation operating procedures, 
to be strictly applied.  Table 11.1  summarizes the key aspects of the hygiene 
control systems recommended in the guidelines.     
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  11.6      Designing Hazard Analysis and Critical Control Points 
(HACCP) with the viruses NoV and HAV in mind 

 The HACCP system identifi es specifi c hazards and measures for their con-
trol to ensure the safety of food (FAO,  1997 ). Any HACCP system is capable 
of accommodating change, such as advances in equipment design or pro-
cessing procedures, or technological developments. HACCP can be applied 

 Table 11.1     Key aspects of hygiene control systems to control viruses in food 

  Risks posed by food possibly contaminated by viruses  
 Any food possibly contaminated by vomit particles or by aerosols containing • 
vomit particles should be disposed of. 
 Any food handled by an ill person should be evaluated to determine the need • 
to dispose of it, having the incubation periods for NoV (1–2 days) and HAV (at 
least 2 weeks) in mind. 
 If  an outbreak has been traced back to an establishment, the necessary steps • 
should be taken to fi nd the source of contamination, to eliminate the virus, and 
to avoid future outbreaks. 
 Based on the determined level of risk associated with the presence of viruses in a • 
given food product, a decision may be taken to recall the contaminated product 
from the market. The need for public information and communicated warnings 
should be considered. 

  Effects of food processing steps on viral infectivity  
 Cooling and freezing processes should not be considered suitable for the control • 
of foodborne viruses. 
 The effects of heat treatment on virus infectivity in foods are highly dependent • 
on virus (sub)-type, food matrix and the initial level of viral contaminants. 
Cooking procedures in which an internal temperature of the food reaches at least 
90  º C for 90 s are considered adequate treatments. Conventional pasteurization 
may not adequately inactivate viruses in a contaminated food. Commercial 
canning is considered an adequate treatment. 
 Other food processing (combinations) should be subject to rigorous validation to • 
ensure consumer protection. 
 Various types of packaging are not effective against human viruses. • 

  Management responsibilities to prevent contamination of food by viruses  
 Preferably use raw ingredients from suppliers or production plants with an • 
adequate food safety management system as raw ingredients contaminated with 
viruses may lead to contamination of food handlers’ hands, other foods, or food 
contact surfaces. 
 Managers and supervisors should understand the importance of applying • 
good hygiene practices, including the availability of adequate hygiene facilities; 
compliance with hand washing instructions; and how to clean and disinfect 
surfaces. 
 Exclusion from the premises of food handlers or any persons, including children, • 
with symptoms of gastroenteritis or acute hepatitis or those recovering from 
these infections. 
 Control procedures used for viruses should be monitored to ensure their • 
continuing effectiveness. 
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throughout the food chain from primary production to fi nal consumption and 
its implementation should be guided by scientifi c evidence of risks to human 
health. HACCP is a tool to assess hazards and establish control systems that 
focus on prevention rather than relying mainly on end-product testing. 

 Although international standard detection methods for NoV and HAV 
RNA in shellfi sh and fresh produce, and on food surfaces for end products 
are expected in 2013 (Anonymous,  2013a ,  b ), end-product testing is both 
time-consuming and expensive. Moreover, to date no critical or safe limits 
have been set internationally, although the issue is under discussion (EFSA, 
 2012 ). A further complication is that the commonly used molecular detec-
tion methods do not discriminate between the presence of infectious and 
non-infectious virus particles in food, and NoV and HAV cannot be reliably 
cultured  in vitro . This makes it hard to state whether food that tests positive 
for NoV or HAV RNA poses a risk to human health (although the presence 
of NoV and HAV in the food chain is clearly undesirable). The absence of 
methods for assessing the level of inactivation of viruses in food has made it 
impossible to directly evaluate the effectiveness of (new) food processing steps 
in reducing virus infectivity. This has led to the use of surrogate viruses, for 
example, feline calicivirus or murine calicivirus (see Chapter 12). Surrogates, 
however, will not always mimic the resistance of the subject foodborne viruses. 
With these uncertainties, it is particularly challenging to design an HACCP 
system that focuses on prevention of viral contamination of food. 

 Each HACCP system should follow seven Principles (FAO,  1997 ). The fi rst 
two principles describe hazard analysis and determination of the critical con-
trol points. In this case, the most important hazards are NoV and HAV in 
food (FAO/WHO,  2008 ). Zoonotic transmission of hepatitis E virus (HEV) 
may occur after consumption of raw or undercooked products of animal ori-
gin (EFSA,  2011 ); the risks of HEV will be discussed in Chapter 19. Hazard 
analysis (Principle 1) is the process of collecting and evaluating information 
on NoV and HAV in food and conditions leading to their presence. With this 
information one can decide which conditions are signifi cant for food safety 
and which therefore should be addressed in the HACCP plan. This process 
leads to determination of critical control points (CCPs) (Principle 2). CCPs 
are defi ned as stages at which control can be applied and which are essential 
to prevent or eliminate a food safety hazard or reduce the hazard to an accept-
able level. For foodborne viruses there are several stages at which food can 
become contaminated and at which prevention therefore should take place. 
However, once contaminated, elimination of the hazard is almost impossible 
except for a treatment requiring the internal temperature of the food to reach 
at least 90 ° C for 90 s (FAO/WHO,  2008 ). Verifi cation of hazard reduction to 
an acceptable level, as is possible for bacterial pathogens, is hard to achieve 
for NoV and HAV, due to the lack of infectivity assays and because accept-
able levels have not yet been established. Currently, the HACCP system for 
the control of viruses can only identify the stages where contamination of 
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food should be prevented and regard these stages as CCPs. Examples may be 
the exclusive use of water that does not compromise food safety in primary 
production; the exclusion of ill food handlers from farm to fork; and good 
hand hygiene practices at all times, but particularly after being in contact with 
faecal material or vomit, or when returning to work after illness. 

 The next three principles of a HACCP system deal with the control loop, 
that is, the critical limit(s) (Principle 3); the system for monitoring CCPs 
(Principle 4); and corrective actions if  monitoring indicates that a particular 
CCP is not under control (Principle 5). A critical limit in the HACCP sys-
tem is defi ned as a criterion that separates acceptability from unacceptability 
(Principle 3). Not being able to refer to acceptable levels of NoV and HAV 
in food at this moment other than being absent, we can only refer to accept-
able processes that prevent food becoming contaminated. In the examples 
described above, production of food can only continue if  water used for pro-
duction of food is not contaminated with human excreta, all sick members of 
staff  report their illness and stay away from the premises, and good hygiene 
practices are used at all times. Under the monitoring system, water would be 
tested for its quality, employees’ knowledge of foodborne illnesses would be 
checked, and compliance with good hand hygiene would be monitored. If, in 
the examples above, the water is not safe for use, a sick employee is reported 
to be present on the premises or hand hygiene is not being satisfactorily prac-
ticed, the management must take corrective actions (Principle 5). To increase 
the control of hand hygiene compliance, some food industries have, for exam-
ple, incorporated hand hygiene stations that only allow staff  to enter the food 
processing area if  their hands have been washed suffi ciently. 

 The last two principles of a HACCP system relate to documentation and 
verifi cation, that is, verifi cation procedures to confi rm that the HACCP sys-
tem is working effectively (Principle 6) and to establish documentation con-
cerning all procedures and records appropriate to these principles and their 
application (Principle 7).  

  11.7      Conclusion and future trends 

 The main requirements for hygienic production of food were described sev-
eral decades ago in the General Principles of Food Hygiene (CAC/RCP 
1-1969) (FAO/WHO,  2003 ). Recently a Codex document on the Application 
of the General Principles of Food Hygiene to the Control of Viruses in Food 
(FAO/WHO,  2012b ) has been added. Studies reveal a lack of knowledge on 
the former document and also non-compliance with hand hygiene practices 
among food handlers., Ensuring familiarity among food handlers and their 
managers, but also food branches, with the contents of the new Codex docu-
ment and compliance with these new guidelines (FAO/WHO,  2012b ) will be 
challenging. 
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 Reasons given by food handlers for not complying with good hand hygiene 
frequently include lack of time and skin irritation (Pragle  et al .,  2007 ). If  all 
staff  members adhered to good hand hygiene practice after each visit to the 
toilet – only a few on a working day – viral spread in food preparation areas 
would be greatly reduced. Moreover, setting the same priority to the cleaning 
of frequently touched sites, such as refrigerator and freezer handles, or kitchen 
equipment, as to food contact surfaces might offer a useful adjunct to the cur-
rent preoccupation with hand hygiene and lead to a reduction in the transmis-
sion of foodborne viruses through contaminated surfaces. This would be in 
line with a recently suggested approach to reduce hospital-acquired infections 
of prioritizing the cleaning of hand-touch sites near patients, such as bed rails, 
bedside lockers, or nurse-call buttons, in addition to fl oors and toilets (Dancer, 
 2009 ). Warnings of any sudden rise in national NoV activity issued by pub-
lic health authorities to the food industry, may reduce foodborne illnesses by 
drawing attention to the need for compliance with good hand hygiene and the 
exclusion of ill members of staff. HAV vaccination should be mandatory for 
non-immune employees planning to travel to HAV- endemic areas. Reducing 
the potential for food handlers to contaminate foods would be a signifi cant 
step towards reducing the public health challenge of foodborne viruses.  
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   Foodborne virus inactivation 
by thermal and non-thermal processes   
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  Abstract:  Heating, high hydrostatic pressure processing and irradiation are 
preservation methods that can be used to establish microbial inactivation. The 
effi cacy of these techniques to inactivate foodborne viruses is discussed in this 
chapter. Cultivable viral strains and representative surrogate viruses generally used 
to estimate the behavior of their related human-infecting strains are summarized and 
their appropriateness discussed. 

  Key words:  inactivation of foodborne viruses, heating, irradiation, high hydrostatic 
pressure, surrogates. 

    12.1      Introduction 

 In contrast to most microbiological agents, viruses cannot grow on food and 
thus the contamination level cannot increase during processing or storage, 
but due to their low infectious dose their survival should be considered a 
risk (Carter,  2005 ; Koopmans and Duizer,  2004 ). Several studies indicate 
that chilling or freezing fresh produce (Baert  et al .,  2008b ; Butot  et al .,  2008 ; 
Dawson  et al .,  2005 ; Hewitt and Greening,  2004 ) and other foods (Mattison 
 et al .,  2007 ) can allow survival of a considerable number of viruses before 
deterioration of the food. Enteric viruses are also reported to be able to per-
sist at acid conditions (pH 2) (Cannon  et al .,  2006 ) or modifi ed atmosphere 
packaging (Bidawid  et al .,  2001 ). 

 Food preservation methods which have a greater impact on micro-organisms 
are required due to (i) the long-term survival of viruses under these conditions 
and (ii) the low infectious dose. Heating, high hydrostatic pressure processing 
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and irradiation are preservation methods that can be used to establish micro-
bial inactivation. The effi cacy of these techniques to inactivate viruses is dis-
cussed in this chapter. 

 Because the majority of the human-infecting viruses present on food cannot 
be cultivated in the laboratory, inactivation rates are mainly obtained by the 
use of surrogate viruses. Cultivable viral strains and representative surrogate 
viruses generally used to estimate the behavior of their related human-infecting 
strains are summarized and their appropriateness is discussed.  

  12.2      Thermal processes 

 The inactivating effect of thermal processes on foodborne viruses is presented 
in  Table 12.1 . Duizer  et al . ( 2004 ) observed similar inactivation rates of feline 
calicivirus (FCV) and canine calicivirus (CaCV) at temperatures ranging from 
37 ° C to 100 ° C. Similar thermal inactivation rates at 63 ° C and 72 ° C were noted 
for FCV and murine norovirus 1 (MNV-1) (Cannon  et al .,  2006 ). Different 
reductions of FCV for the same time-temperature combination ( Table 12.1 ) 
were achieved by Doultree  et al . ( 1999 ) and Buckow  et al . ( 2008 ). The exper-
imental set-up, 100  μ L virus suspension heated in Sarstedt tubes (Doultree 
 et al .,  1999 ) or 10  μ L virus suspension added to 90  μ L preheated medium in 
0.2 ml reaction tubes (Buckow  et al .,  2008 ), was likely to be responsible for the 
differences in heat inactivation rates.    

 Bidawid  et al . ( 2000b ) studied heat inactivation of hepatitis A virus (HAV) 
in sterile skimmed milk (0% fat), homogenized milk (3.5% fat) and table cream 
(18% fat). At 71 ° C, exposure of 0.16, 0.18 and 0.52 min were needed respec-
tively in skimmed milk, homogenized milk and cream to reduce HAV by 1 
log, whereas 4 log reduction required 6.55 (skim), 8.31 (homogenized) and 
12.67 (cream) min ( Table 12.1 ). Longer heat treatment was needed in cream 
to achieve similar inactivation of HAV compared to milk. The high fat con-
tent presumably protected HAV towards heat. In addition, the loss of infec-
tivity of poliovirus was lower in milk after 0.25 min exposure to 72 ° C than 
in water, proving the protective effect of milk constituents (Strazynski  et al ., 
 2002 ). Furthermore, a protective effect of the mussel matrix was indicated by 
Croci  et al . ( 1999 ). A 2 log reduction of HAV was found in a mussel homoge-
nate after 10 min exposure at 60 ° C or after 3 min at 80 ° C, whereas at least 4.6 
log reduction was induced after the same treatments in cell culture medium 
(Croci  et al .,  1999 ). 

 Bidawid  et al . ( 2000b ) noted a nonlinear decline of HAV in milk between 
65 ° C and 75 ° C. The observed rapid inactivation in the initial phase could 
be explained by freely suspended virus particles along with virus particles 
present at the outside of viral aggregates. It is assumed that a subpopulation 
of a viral aggregate may be more resistant as presumably all virions must be 
inactivated before the aggregate is non-infective as a whole (Grant,  1995 ). 
Virus aggregation is infl uenced by the ionic composition of the medium, pH 
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and the isoelectric point of the virus. Conditions inducing aggregation will 
consequently be infl uenced by the food matrix and virus type. 

 Thermoresistance of HAV inoculated in synthetic media mimicking chem-
ical characteristics of strawberry mashes was investigated by Deboosere  et al . 
 (2004) . These experiments showed that sucrose concentration (indicated as 
Brix value) and pH affected HAV heat inactivation. In 1 g strawberry mash, 
HAV was lowered by 1 log after a heat treatment consisting of 2 min to reach 
85 ° C followed by 0.96 min at 85 ° C (Deboosere  et al .,  2004 ). It appeared that a 
pH increase (from 2.5 to 3.3) resulted in increased heat resistance (Deboosere 
 et al .,  2010 ). MNV-1 showed a reduction of 2.81 log after exposure to 75 ° C for 
0.25 min in 10 g of preheated raspberry puree (Baert  et al .,  2008a ). Although 
HAV seems to be more resistant than MNV-1, the composition of strawber-
ries – their higher sucrose concentration (indicated by Brix in  Table 12.1 ) and 
possibly other protective components – the initial warming-up period of 2 min 
and the higher virus inoculum (10 7  PFU/ml HAV  vs  10 5  PFU/ml MNV-1), 
could be partially responsible for this difference in inactivation rate. 

 Slomka and Appleton ( 1998 ) investigated the inactivation of FCV by immer-
sion of FCV-contaminated cockles in boiling water for 0.5 min and found 1.7 
log reduction of the virus. At that time, the internal temperature of the cock-
les reached approximately 60 ° C. After 1 min, the internal temperature reached 
78 ° C and FCV (initially 4.5 log TCID50  /g present) could no longer be detected. 
Di Girolamo  et al . ( 1970 ) demonstrated the survival (7%) of poliovirus in oys-
ters after steaming for 30 min, when a temperature above 88 ° C was reached 
after 25 min. Millard  et al . ( 1987 ) reported that when the internal tempera-
ture of the cockle meat was raised to 85–90 ° C and maintained for 1 min, HAV 
was inactivated. In contrast with the observations in oysters reported by Di 
Girolamo  et al . ( 1970 ), Millard  et al . ( 1987 ) noted that an internal temperature 
of more than 88 ° C was reached after 2 min steaming of cockles. At this point 
infectious HAV (initially 10 5  infectious units) was no longer detected. Harlow 
 et al . ( 2011 ) demonstrated that 6 min steaming of mussels induced >3 log reduc-
tion of HAV. HAV was completely inactivated (>5.47 log) after heating clams 
(spiked digestive gland surrounded by clam meat) for 180 s at 90 ° C (Sow  et al ., 
 2011 ). Without the clam meat, HAV (spiked in digestive gland without the sur-
rounded clam meat) was not completely inactivated at this time-temperature 
combination ( Table 12.1 ), because the time needed to reach the temperature of 
interest was much longer in the presence of clam meat. Since the preparation 
of shellfi sh usually involves heating until the shells are opened, which in clams 
occurs at 70 ° C after 47  ±  5 s (Koff and Sear,  1967 ), this heating process would 
be insuffi cient to inactivate viruses. Remarkably, Dolin  et al . ( 1972 ) reported 
remaining infectivity of norovirus (NoV) in stool fi ltrate exposed to 60 ° C for 
30 min. The latter study showed contradictory results compared to studies using 
NoV surrogates ( Table 12.1 ) and should be further investigated. 

 The mechanism of inactivation above 65 ° C might be caused by large irre-
versible structural changes presumably due to extensive protein unfolding 
(Volkin  et al .,  1997 ). Nuanualsuwan and Cliver ( 2003 ) suggested that heat 
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treatment did not cause loss of RNA infectivity of poliovirus but that the 
presumed target might be the viral capsid. In addition, the quaternary struc-
ture of NoVLPs (NoV virus-like particles) was found to be unaffected up to 
60 ° C. However, above 65 ° C particles were irregular in shape with signifi cant 
disruption of their icosahedral structure (Ausar  et al .,  2006 ). 

 Because heat affects primarily the viral capsid, a discrepancy between virus 
infectivity and RT-PCR detection can be observed. MNV-1 exposed to 80 ° C 
for 2.5 min showed 6.5 log reduction of PFU, while the RT-PCR signal, rep-
resenting the number of genomic copies, was not reduced even after 1 h heat-
ing at this temperature (Baert  et al .,  2008c ). Accordingly, genomic copies of 
MNV-1 were detected on blanched spinach by real-time RT-PCR while no 
infective MNV-1 particles were found by plaque assay (Baert  et al .,  2008c ). 
Discrepancies between the reduction in the number of infectious viruses 
(HAV and FCV) and the number of genomes detected by real-time RT-PCR 
were observed in heat-treated herbs (Butot  et al .,  2009 ). RT-PCR signals 
obtained from heat-treated samples should therefore be interpreted with cau-
tion because an overestimation of viral infectivity and consequently viral risk 
would be possible. However, similar log reductions were observed for HAV 
by plaque assay and real-time RT-PCR in clam digestive gland surrounded 
by clam meat (Sow  et al .,  2011 ). The effect of heating foods upon NoV GII.3 
was studied by real-time RT-PCR (Mormann  et al .,  2010 ). After heat treat-
ment, NoV was extracted from the artifi cially inoculated food and subjected 
to an RNase treatment before detection by real-time RT-PCR. More than 4 
log reduction was obtained by baking frozen pizza (200 ° C 12 min), while no 
signifi cant decrease was observed when pasteurizing (72–74 ° C 1 min) spiced 
tomato sauce. Due to the lack of a culturing system, it is diffi cult to evaluate 
the correlation with the viral infectivity. Topping  et al . ( 2009 ) predicted by 
extrapolation that for a 2 min treatment the temperature of 76.6 ° C obtained 
a maximal RNA exposure (and thus reduction) of NoV GII.4 in diluted clin-
ical specimen. These authors investigated the heat resistance of NoV GII by a 
combination of RNase treatment and RT-PCR in low copy number samples.  

  12.3      Non-thermal processes 

 Besides thermal processes or heat treatments, non-thermal processes are of 
interest for more perishable foods such as shellfi sh and fresh produce. Milder 
treatments are preferred in order to maintain nutritional and sensorial prop-
erties of the food. High pressure processing and irradiation are two alterna-
tive non-thermal treatments which are discussed in this chapter. 

  12.3.1      High hydrostatic pressure processing 
 High hydrostatic pressure processing (HPP) has been applied to raw bivalve 
shellfi sh, fruit juices, cider, jams and jellies, drinkable yoghurt, smoothies, 
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avocado products, chopped onions and ready-to-eat meat products (Kingsley 
 et al .,  2005 ). In contrast to heat, HPP does not disrupt covalent bonds, thus 
maintaining the primary structure of proteins and retaining appearance, fl a-
vor, texture and nutritional qualities of the unprocessed product (Murchie 
 et al .,  2005 ). Changes in the tertiary structure, maintained by hydrophobic 
and ionic interactions, are in general usually observed for proteins above 
200 MPa (Balny and Masson,  1993 ). It was shown for MNV-1 that the viral 
structure was disrupted by HPP without degradation of the viral capsid pro-
tein or the antigenicity (Lou  et al .,  2011 ). The effi cacy of HPP to inactivate 
foodborne viruses is shown in  Table 12.2 .    

 Kingsley  et al . ( 2005 ) studied the persistence of HAV in mashed raspber-
ries and sliced green onions. HAV exposed to pressures of 375 MPa at 21 ° C 
for 5 min was reduced by respectively 4.3 and 4.7 log in strawberry puree and 
on sliced green onions ( Table 12.2 ). Structural and organoleptic changes were 
observed for treated whole green onions and strawberries, although sliced 
green onions or strawberry puree might be accepted by consumers and can be 
used as fl avor enhancers or as ingredients for cream, jams, juices or smoothies. 
HPP was used to treat oysters with a pressure of 400 MPa for 1 min (9.0 ° C) 
and induced 3 log reduction of HAV (Calci  et al .,  2005 ), whereas MNV-1 was 
reduced by 4 log (5 ° C) (Kingsley  et al .,  2007 ). 

 The effect of HPP on picornaviruses other than HAV was investigated in 
cell culture medium by Kingsley  et al . ( 2004 ). Aichivirus and coxsackievirus 
B5 remained fully infectious if  600 MPa was applied for 5 min at ambient 
temperature, whereas coxsackievirus A9 was reduced by 7.6 log under the 
same conditions. Similarly poliovirus was found to be resistant to 600 MPa 
for 1 h (Wilkinson  et al .,  2001 ). 

 It can be concluded that sensitivity towards HPP can vary even between 
genetically related taxonomic groups or strains. A possible explanation could 
be the difference in protein sequence and structure. Members of the genus 
 Enterovirus , such as poliovirus, are characterized by large capsid proteins 
that may protect these virions against HPP (Grove  et al .,  2008 ). The aberrant 
behavior of coxsackievirus A9 by HPP (high sensitivity towards HPP com-
pared to other viruses within the genus  Enterovirus ) may be explained by an 
atypical protein capsid. Herrmann and Cliver ( 1973 ) indicated a distinct viral 
capsid of coxsackievirus A9 as this virus was sensitive towards protease activ-
ity in contrast to the majority of enteroviruses. The mechanism by which HPP 
inactivates viruses (HAV) is believed to be due to alterations in the proteins of 
the viral capsid (Kingsley  et al .,  2002 ). 

 The effi cacy of HPP might be infl uenced by ionic strength. Kingsley  et al . 
( 2005 ) reported an ionic strength (salt concentration) of 3.2‰, 2.1‰, 4.1‰ 
and 5–20‰ for respectively strawberry mash, onion extracts, cell culture 
media and oysters. An inverse correlation between ionic strength and viral 
inactivation induced by HPP ( Table 12.2 ) was observed. Moreover, an increas-
ing concentration of sucrose (0–40%) or NaCl (0–12%) had an increasing 
protective effect upon FCV in cell culture medium regarding HPP (Kingsley 
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and Chen,  2008 ). Water activity did not necessarily play a role because FCV 
suspended in a sucrose solution decreased to a lesser extent compared to FCV 
suspended in a NaCl solution having equivalent water activity. A baroprotec-
tive effect was also observed for HAV (suspended in cell culture medium + 
10% fetal bovine serum) in the presence of 1–6% NaCl (Kingsley and Chen, 
 2009 ). Accordingly, Grove  et al . ( 2009 ) noticed protection of HAV against 
HPP by the presence of salt ( Table 12.2 ). A protective effect of CaCl 2  was 
observed against HPP for MNV-1 (Sanchez  et al .,  2011 ). MNV-1 infectious 
titer was only reduced marginally by a pressure of 400 MPa at 25 ° C or 45 ° C 
when 10 mM CaCl 2  was added to the test suspension. Additionally, a baro-
protective effect of some components in oysters was reported for FCV and 
HAV (Kingsley and Chen,  2009 ; Murchie  et al .,  2007 ). Lou  et al . ( 2011 ) inves-
tigated the inactivation of MNV-1 in different purees (strawberry, tomato, 
carrot, lemon) and observed the effects of both the pH and the food matrix. 
Observations from the studies mentioned have thus assumed protection of 
viruses against HPP by components of the food matrix. 

 Temperature can also affect HPP effi cacy. FCV was reduced by 4 to 5 log at 
low temperatures (−10 ° C) when treated with a pressure of 200 MPa (4 min); 
however the same treatment at 20 ° C only reduced the titer by 0.3 log (Chen 
 et al .,  2005 ). Also Kingsley  et al . ( 2007 ) found only 1.15 log reduction when 
MNV-1 was treated with a dose of 350 MPa (5 min) in propagation medium 
at 30 ° C, while a reduction of 5.56 log was observed at 5 ° C. On the other 
hand, temperatures above 30 ° C can enhance pressure inactivation for particu-
lar virus strains as >5 log reduction of MNV-1 was obtained when a pressure 
of 400 MPa at 45 ° C was applied (S á nchez  et al ., 2011). 

 A possible disadvantage of HPP is that viral strains might develop resis-
tance to this technology, as was assumed by Smiddy  et al . ( 2006 ). They noticed 
altered plaques of Q ß  (ss-RNA coliphage) after HPP treatment when the 
altered shaped plaques persisted by sub-culturing. These phages with unusual 
plaque morphology might be more pressure-resistant but this hypothesis was 
not further investigated. An extensive overview of the effect of HPP upon 
foodborne viruses is described by Kovac  et al . ( 2010 ).  

  12.3.2      Irradiation 
 Irradiation is another non-thermal approach to inactivate foodborne viruses; 
results of studies on its effi cacy are presented in  Table 12.2 . UV light treatment 
of lettuce at a dose of 40 mW s/cm 2  achieved 4.3, 4.0 and 3.5 log reduction of 
respectively HAV, aichivirus and FCV (Fino and Kniel,  2008 ). Inactivation 
was greatest on lettuce and least effective on strawberries. Viruses were likely 
sheltered from UV light by the strawberry matrix. A 3 log reduction was 
achieved for FCV, CaCV and MS2 in tenfold-diluted cell culture medium after 
exposure to UV at a dose of, respectively, 12, 20 and 65 mW s/cm 2  (de Roda 
Husman  et al .,  2004 ). The protein load present in the viral suspension did 
not infl uence inactivation obtained by UV treatment,although cell-associated 
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echovirus 12 (harvested by washing infected FRhK-4 cells 3 times with PBS 
followed by centrifugation) had an approximately threefold higher resistance 
to UV light than did the viruses obtained by freeze-thaw cell lysis and subse-
quent serial fi ltration (0.2 and 0.08  μ m pore polycarbonate fi lters) (Park  et al ., 
 2011 ). It might be that large organic particulates (>1  μ m) would infl uence 
virus inactivation by UV irradiation (Templeton  et al .,  2005 ). 

 UV inactivation of micro-organisms is probably due to the absorption 
of UV by nucleic acids causing dimerization of thymine in DNA or uracil 
in RNA (Nuanualsuwan and Cliver,  2003 ; Sommer  et al .,  2001 ). At higher 
doses ( ≥ 1000 mW s/cm 2 ) UV light can also affect the capsid proteins. The 
combined effect of size/type of the virion and nucleic acids is thought to be 
factors determining the resistance/sensitivity of viruses towards UV (Sommer 
 et al .,  2001 ). Surprisingly, Ma  et al . ( 1994 ) found 4.5 log reduction of infective 
poliovirus particles by plaque assay after treatment with a UV dose of 22 mW 
s/cm 2 ,while only 1 log reduction of the genomic copies, detected by RT-PCR, 
was observed since UV was thought to break down the genome. Damage of 
the genomic material after UV treatment might be not suffi cient to break 
down the small target RNA fragment needed for RT-PCR detection. As with 
heat-treated samples, RT-PCR signals obtained from UV-treated samples 
should be interpreted with caution. 

 In contrast to UV treatment, high intensity broad spectrum pulsed light 
covers wavelengths between 200 and 1100 nm. The latter treatment involves 
short pulses of high intensity (at least 1000 times that of conventional UV 
light (Roberts and Hope,  2003 )). A dose of 1 J/cm 2  (corresponding with 1 W s/
cm 2 ) reduced HAV and poliovirus by at least 5.7 and 6.7 log in PBS. Jean  et al . 
( 2011 ) observed a 4.8 log reduction of HAV in PBS when treated with pulsed 
UV light at a dose of 0.5 W s/cm 2 . In the presence of proteins, in this case, 5% 
fetal calf  serum, virus inactivation was less effective ( Table 12.2 ). Inactivation 
of viruses in food matrices and the effect of (high intensity broad spectrum) 
pulsed light upon the organoleptic and structural properties of foods should 
be further examined. 

 Gamma irradiation at doses of 2–4 kGy is often used for bacterial con-
trol in particular food products, and its effect on foodborne viruses has been 
reported by several investigators. The US FDA approved doses up to 4.0 
kGy to treat fresh iceberg lettuce and spinach (Feng  et al .,  2011 ). Due to 
their small size and genome, enteric viruses are more resistant towards expo-
sure to ionizing irradiation than bacteria, parasites and fungi (Hirneisen 
 et al .,  2010 ). Bidawid  et al . ( 2000a ) found that 3 kGy was needed in order 
to achieve 1 log reduction of HAV on lettuce or strawberries. Mallett  et al . 
( 1991 ) reported that 2.0 kGy was able to reduce HAV by 1 log in oysters and 
clams but 2.4 kGy was needed to achieve this for rotavirus. Coxsackievirus B2 
was reduced by 1 log in ground beef when treated with 7 kGy (Sullivan  et al ., 
 1973 ). A dose of 200 Gy reduced CaCV and FCV, respectively, by 2.4 and 
1.6 log (De Roda Husman  et al .,  2004 ). The same conditions induced 7 log 
reduction of MS2. Gamma irradiation was found to be greatly affected by the 
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presence of proteins (De Roda Husman  et al .,  2004 ). The authors assumed 
that free OH radicals induced by gamma irradiation, which normally interact 
with nucleic acids and the virus coat, were scavenged and therefore induced 
less inactivation. The infl uence of the food matrix in protecting MNV from 
gamma irradiation was also suggested by Feng  et al . ( 2011 ). These authors 
showed that gamma irradiation produced physical distortion of the virion 
geometry, degradation of the capsid protein and genomic RNA of MNV-1. 
Additionally, the degradation kinetics of human norovirus capsid, studied by 
using norovirus virus-like particles (VLPs), by gamma irradiation was shown 
to be similar to that of MNV-1 (Feng  et al .,  2011 ).   

  12.4      Appropriateness of surrogates 

 The effect of thermal and non-thermal processes are evaluated upon infectiv-
ity in  Tables 12.1  and  12.2 . Consequently, only cultivatable viruses where the 
reduction in infectivity can be measured are presented. Due to the diffi culties 
or the inability to culture foodborne viruses causing illness in humans, surro-
gate viruses are used to evaluate the effect of food processes. A point of view 
on the use of different surrogate viruses is given. 

  12.4.1      Why use surrogates? 
 In general, foodborne viruses cannot be cultivated, or diffi culties are encoun-
tered in the culturing assay. A culture system for human NoV strains is not yet 
established. Although a 3D cell culture model for NoV was described (Straub 
 et al .,  2007 ), it has not been successfully reproduced. Cell culture propaga-
tion of HAV is hampered due to the non-cytopathic replication of wild-type 
strains, and it may take several weeks before detection based on HAV antigen 
can be established (Cromeans  et al .,  1989 ). Growth of environmental wild-type 
rotavirus (RoV) strains is also laborious and diffi cult (Rutjes  et al .,  2009 ). 
Molecular assays have been developed for these viruses to facilitate detection. 
The major drawback is the lack of the link with viability because detection 
is based on genomic copies. It has been shown that there is no straightfor-
ward correlation between detection of genomic copies and cell culture assay 
after heat treatment of MNV-1 (Baert  et al .,  2008c ). As a result, the effect 
of thermal and non-thermal processes upon viruses is mainly studied by the 
use of surrogate viruses. Busta  et al . ( 2003 ) defi ned criteria for surrogates 
used in fresh produce processes although these criteria can also be valuable 
for the validation of other food-processing steps. Ideally, surrogates should 
be non-pathogenic, behave similarly to the target micro-organism, have inac-
tivation characteristics and kinetics that can be used to predict those of the 
target micro-organism, be easily prepared and enumerated using rapid, inex-
pensive detection methods, be easily differentiated from other microfl ora and 
be genetically stable (Busta  et al .,  2003 ). An overview of viral strains that have 
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been used as surrogates for foodborne viruses is given in  Table 12.3 . Below, 
various proposed surrogates for foodborne viruses such as caliciviruses, bac-
teriophages, cell culture-adapted strains, VLPs, etc. are briefl y discussed.     

  12.4.2      Caliciviruses 
 Surrogates used to represent human NoV comprise several strains of the 
 Caliciviridae  family, selected for their ability to be cultivated in cell lines. 
Feline calicivirus strain F-9 was introduced as surrogate by Slomka and 
Appleton ( 1998 ). The USEPA recommends the use of FCV as surrogate in 
virucidal tests for products to disinfect hard non-porous surfaces against 
NoV (USEPA,  http://www.epa.gov/oppad001/pdf_fi les/initial_virucidal_test.
pdf ). FCV belongs to the same family as human NoV but is part of the genus 
 Vesivirus . It is readily cultured in established cell lines and a TCID 50  assay 
(Doultree  et al .,  1999 ) and plaque assay is available, allowing enumeration 
of the virus (Bidawid  et al .,  2003 ). FCV cause a severe respiratory illness in 
cats, which calls into questions the reliability of using this virus as model 
for NoV, which produces an enteric illness. To a lesser extent canine calicivi-
rus (CaCV), isolated from dogs, has been used to represent human NoV (De 
Roda Husman  et al .,  2004 ; Duizer  et al .,  2004 ). In  2004 , MNV-1 was identi-
fi ed. This virus is biochemically, pathologically and molecularly more related 
to human NoV than other surrogates (Wobus  et al .,  2006 ), and is also culti-
vable in vitro. MNV-1 appears to be more stable than FCV, or at least equally 
persistent towards tested conditions of pH and temperature except at 56 ° C 
(Cannon  et al .,  2006 ). 

 An increasing number of other caliciviruses are being characterized and 
might offer alternative ways to study NoV. Recently, Tulane virus was isolated 
from rhesus macaques and showed to be genetically more closely related to 
 Norovirus  than other caliciviruses (Farkas  et al .,  2008 ,  2010 ). Tulane virus prob-
ably replicates in the intestine of these animals, but it is not known whether 
infection is associated with clinical illness, such as diarrhea. Tulane virus has 
been cultivated successfully in LLC-MK2 rhesus monkey kidney cells, making 
it a potential model for the study of human caliciviruses (Wei  et al .,  2008 ).  

  12.4.3      Bacteriophages 
 Bacteriophages are proposed as surrogate for foodborne viruses because they 
are easily cultured in the laboratory without the need of mammalian cell lines 
and thus cell culture facilities. MS2, a coliphage (virus that infects  E. coli ), is 
mostly used ( Table 12.2 ). It is a non-enveloped virus, having a similar virion 
size to most foodborne viruses and its genome likewise consists of ss-RNA. 
MS2 belongs to the family  Leviviridae  that infect only F+ male hosts through 
the F pili. Coliphages are not pathogenic to humans and cultivation assays are 
inexpensive. These factors contribute to the interest in using bacteriophages 
as potential surrogates.  
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  12.4.4      Other 
 NoV VLPs have been tested as potential surrogates for human NoV. The 
expression of VP1 protein in insect cells results in self-assembly of VLPs 
that are structurally and antigenetically similar to native virions (Jiang  et al ., 
 1992 ). A similar degradation of the capsid proteins of MNV-1 and human 
NoV was observed after exposure to gamma irradiation (Feng  et al .,  2011 ). 
RoV VLPs established by coexpression of VP2 and VP6 in a baculovirus 
expression system have been used to investigate the effect of UV light irradia-
tion (Caballero  et al .,  2004 ) and persistence in shellfi sh (Loisy  et al .,  2005 ). It 
should be noted that detection of VLPs is based on ELISA, fl ow cytometry 
or electron microscopy; these assays have a high detection limit requiring the 
use of high concentrations of VLPs to evaluate treatments. 

 Although wild-type strains of HAV and RoV are fastidious in growth, cell 
culture-adapted strains are available. These cell culture-adapted strains are 
frequently relied upon to study virus survival and the effect of thermal and 
non-thermal processes. The HAV HM-175 strain can be grown in FRhK-4 
cells and plaque assays are described (Mbithi  et al .,  1991 ). The simian RoV 
SA11 is used as model virus because it is easily grown (Estes  et al .,  1979 ). 
Other tissue culture-adapted RoV strains exist, such as the strains Wa and 
DS1 that can be cultured in the African Green Monkey Kidney cell line 
MA104 and CaCo-2 cell line (Mahony  et al .,  2000 ). Previously, poliovirus 
was often used as the prototype virus representing enteric viruses. The Sabin 
attenuated poliovirus type 1 strain (LSc/2ab) was frequently used as a surro-
gate in studies investigating the stability of enteric viruses. Aichivirus, part 
of the family  Picornaviridae , genus  Kobuvirus,  and Coxsackieviruses A9 and 
B5, family  Picornaviridae,  genus  Enterovirus,  have been investigated regard-
ing their persistence against high hydrostatic pressure by plaque assay and 
TCID 50 , respectively (Kingsley  et al .,  2004 ). 

 The mengovirus vMC 0  can potentially be used as a surrogate. It can be cul-
tivated, is not pathogenic and belongs to the same family as HAV (Costafreda 
 et al .,  2006 ).  

  12.4.5      Criticism about the use of surrogates 
 Surrogates are needed because of the lack of, or the diffi culties involved with, 
infectivity assays for foodborne viruses. Depending on the choice of surro-
gate, inactivation profi les differ. Differences in susceptibility of the surro-
gates may lead to different interpretations of the effectiveness of thermal or 
non-thermal processes. FCV and MNV showed distinct inactivation profi les 
towards different alcohols (Park  et al .,  2010 ). Some tested conditions, such as 
low pH, indicated that the infectivity of FCV reduced signifi cantly faster than 
that of MNV (Cannon  et al .,  2006 ). No signifi cant difference between MNV-1 
and HAV (HM-175) was observed after heat exposure (63 ° C and 72 ° C up to 
10 min), indicating that MNV-1 is a suitable surrogate (Hewitt  et al .,  2009 ). 
However, log reductions in real-time RT-PCR titre were signifi cantly different 
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between MNV-1, HAV, human NoV GI.2 and GII.4, calling into question 
the appropriateness of these surrogates for human NoV. It is therefore not 
appropriate at present to claim that a particular surrogate would be supe-
rior to other surrogates. For HAV, no surrogate is used but most experiments 
are based on the cell culture-adapted HM-175 strain. Wild-type HAV strains 
are diffi cult to culture in vitro, hampering the evaluation of their resistance 
towards processing techniques. However, the extent of the similarity between 
cell culture-adapted and circulating wild-type HAV strains is not known. 

 Instead of relying upon surrogates, the use of molecular assays to follow 
up reduction in nucleic acids of the virus of interest might be meaningful. The 
heat resistance of NoV GII.4 was investigated by including a RNase treat-
ment prior to real-time RT-PCR detection, and it proved more heat-resistant 
than FCV (Topping  et al .,  2009 ). A theoretical framework was developed to 
estimate virus infectivity of MS2 after UV treatment, and this might be appli-
cable to nonculturable viruses such as NoV (Pecson  et al .,  2011 ). The appli-
cability of these alternative approaches was evaluated only for limited test 
conditions and should thus be further explored. 

 Richards ( 2012 ) reviewed the uncertainties and drawbacks of the use of 
surrogates and stated that human clinical studies would provide the defi nitive 
answer to what methods are needed to inactivate NoV. Indeed surrogate stud-
ies have not answered the question regarding NoV inactivation (Richards, 
 2012 ). Differences in the choice of surrogate, matrix and treatment param-
eters resulted in variability regarding the inactivation outcome. Nevertheless, 
taking critical account of all the available data could at least enable a reason-
able suggestion of treatment conditions per matrix and inactivation method 
that is likely to be effective to inactivate/reduce the NoV load to some extent 
Validating the effectiveness of the treatment will require human challenge 
studies, but due to the costs associated with volunteer studies, data obtained 
by using surrogates provides valuable initial information. A considerable 
number of issues will remain when clinical trials of this nature are carried 
out, because the outcome will only be valid for one specifi c condition, inac-
tivation method and matrix. Additionally, there will be issues around not only 
the selection of NoV strains to be investigated to determine the inactivation 
profi le against a particular treatment, but also the choice of volunteers, due 
to differences in susceptibility in the population.   

  12.5      Future trends 

 Studies of foodborne viral inactivation have increased exponentially during 
the past decade. Treatments frequently applied in the food industry and dis-
infection strategies with a proven antibacterial effect are increasingly being 
examined for their effect on enteric viruses. Discrepancies in inactivation 
profi les that are observed in different studies may be partially due to differ-
ences in the experimental approach (initial viral titre, matrix composition, 
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etc.). Harmonization and standardization of test conditions and surrogates 
is urgently needed. 

 Tailing of viral inactivation curves was observed in several studies using 
different inactivation approaches. The reason for tailing is not clear, which is 
a disadvantage in the use of inactivation models. It is therefore recommended 
that the inactivation method of interest is validated using the food on which 
its use is intended. In addition the experimental set-up of the validation needs 
as far as possible to refl ect industry practice in order to obtain a reliable and 
useful outcome. 

 The reductions induced by inactivation treatments are described but expla-
nations of the observed effects are lacking at present. The mechanism of viral 
inactivation needs to be explored in order to understand the strong and the 
weak points responsible for their stability/sensitivity. This will provide new 
ideas for potential strategies of viral inactivation. 

 Food preservation techniques are often a combination of growth-reducing 
factors and inactivation procedures used either in tandem or sequentially and 
referred to as hurdle technology. It would be interesting to evaluate the effect 
of the hurdle approach on foodborne viruses, since they seem to be relatively 
resistant to the single inactivation strategies used to control bacteria. Studies 
combining inactivation techniques to examine if  a synergistic effect on food-
borne viruses can be observed are therefore of interest.  

  12.6      Sources of further information and advice 

 Data with regard to survival of viruses on foods and particularly on fresh pro-
duce is reviewed by Rzezutka and Cook ( 2004 ) and Seymour and Appleton 
( 2001 ). An extensive overview of the effect of preservation methods and 
food-processing technologies on inactive foodborne viruses is described 
by Baert  et al . ( 2009 ) and Hirneisen  et al . ( 2010 ). In particular, the effect 
of HPP is detailed by Kovac  et al . ( 2010 ). Additional information can be 
found in  Viruses in food  (ed. Goyal,  2006 ) and  Foodborne Viruses: Progress 
and Challenges  (eds Koopmans  et al. , 2008).  
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  Abstract:  With mounting evidence indicating an increase in produce (fruits, 
vegetables and ready-to-eat food) contamination along the food continuum, food 
safety authorities and the scientifi c community are examining the best options 
to prevent contamination of food (pre- and post-harvest) before it reaches the 
consumer, as well as devising intervention strategies to combat and contain any 
inadvertent post-harvest food contamination. 

  Key words:  foodborne viruses, norovirus, hepatitis A virus (HAV), food 
contamination, outbreaks, prevention, guidelines. 

    13.1      Introduction: why food contamination occurs 

 It has been clearly evident in recent years that foodborne viruses are a lead-
ing cause of  major foodborne outbreaks and illness which have a signifi cant 
impact on public health and infl ict economic losses globally. As a result, 
more focus has been placed on increasing our knowledge of  the charac-
teristics of  these viruses, developing more effi cient and rapid methods for 
their isolation and detection in various food matrices, and developing strat-
egies to prevent food contamination and/or inactivating viral contaminants 
in foods before they reach the consumer. The widespread impact of  these 
foodborne viruses on public health worldwide prompted the World Health 
Organization and the Food and Agriculture Organization of  the United 
Nations to convene a panel of  international experts to assess the risk asso-
ciated with viruses in foods, identifying, among others, noroviruses (NoV) 
and hepatitis A virus (HAV) as having the most prominent impact (WHO/
FAO,  2008 ). Many types of  foods, such as shellfi sh, fresh produce, and 
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ready-to-eat foods have been implicated in foodborne outbreaks. Norovirus 
is now considered the leading non-bacterial causative agent of  gastroenter-
itis in the USA and Europe, and is associated with the greatest burden of 
illness (WHO/FAO,  2008 ; EFSA,  2011 ; Gould  et al .,  2011 ). Aspects of  the 
different food- and waterborne viruses, their physical and biological charac-
teristics, and detection methodology have already been detailed in various 
chapters in this book. Therefore, this chapter will focus on the prevalence 
and survival of  viruses in produce-type foods and environments, mecha-
nisms of  virus-food adsorption and internalization, and major outbreaks 
associated with NoV and HAV, as well as addressing selected control and 
intervention strategies to mitigate and/or prevent contamination of  food 
and environmental settings. 

 Enteric viruses are prevalent in environmental soil and water, sewage, and 
sewage-contaminated irrigation water. These viruses are hardy and survive well 
for long periods of time in their environmental niche, as well as other matri-
ces such food, on inanimate surfaces, on hands and in faeces (Sattar  et al ., 
 2000 ; Stine  et al .,  2005b ; Ethelberg  et al .,  2010 ; Mattison  et al .,  2010 ). Enteric 
viruses may contaminate soil through the land disposal of sewage sludge and 
dirty irrigation water, which in turn contaminate produce. Mounting evidence 
suggests that viruses can survive long enough and in high enough numbers to 
cause human diseases through direct contact with polluted water or contam-
inated foods (Seymour and Appleton,  2001 ). Astrovirus survived in drinking 
water after 90 days at 4 ° C (Abad  et al .,  1997 ), HAV and poliovirus can survive 
in fresh or salt water for up to a year (Sobsey  et al .,  1988 ) and in wastewa-
ter and groundwater for 90 days or more at 10 ° C. HAV, rotavirus and other 
enteric viruses persisted for extended periods (>30 days) on several types of 
porous and nonporous surfaces (Abad  et al .,  1997 ; Sattar  et al .,  2000 ). Viruses 
survived for more than 12 days on lettuce (Bidawid  et al .,  2000a ; Mattison 
 et al .,  2007 ), 30 days on radishes and carrots, and up to 60 days in roots, closed 
leaves and internal fruit parts (Smith,  1982 ). Studies by Fallahi and Mattison 
( 2011 ) showed a one log 10  reduction in Murine Norovirus-MNV (a surrogate 
for norovirus) infectivity after 29 days in water, 4 days on lettuce, 12 days on 
soil, and 15 days on stainless steel disks. However, MNV genomes were not 
signifi cantly reduced for up to 42 days, suggesting that genomic detection is 
not a reliable indicator of viability. Seitz  et al . ( 2011 ) demonstrated that NoV 
spiked in groundwater remained infectious, when given to human volunteers, 
after storage at room temperature in the dark for 61 days, and NoV RNA 
within intact capsids was detected in groundwater for up to 1266 days with 
no signifi cant reduction. This study demonstrates that NoV in groundwater 
can remain detectable for over 3 years and can remain infectious for at least 
61 days. Similar studies conducted in Japan showed that 100% infl uent and 
50% effl uent samples were positive for NoV genomes belonging to a total 
of 152 different NoV strains, suggesting that genetically diverse NoV strains 
are co-circulating in aquatic environments and human populations (Kitajima 
 et al .,  2012 ). 
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 Viruses have also been found in produce. A survey of salad vegetables con-
ducted in the Slovak Republic in spring 2008 found that fi ve out of 60 retail 
produce samples (of lettuce, leeks, spring onions and mixed vegetables) were 
contaminated with NoV (EFSA,  2011 ). In a study conducted in Canada in 
2009, Mattison  et al . ( 2010 ) surveyed 275 samples of packaged leafy greens 
for the presence of NoV and rotavirus. Of the samples tested, 148 (54%) were 
positive for NoV and one (0.4%) for RoV group A by RT-PCR. However, 
the detection of these viruses was not linked to illness or outbreaks. In a 
survey conducted in Belgium in 2009, Stals  et al . ( 2011 ) reported ten of the 
29 (34.5%) soft red fruit samples, seven of eight (87.5%) samples of cherry 
tomatoes and one of two (50%) fruit salads tested were positive for NoV by 
real-time RT-PCR, but were not confi rmed by sequence analysis. These fi nd-
ings were not associated with illness or outbreaks. Based on these and other 
studies, it is obvious that foodborne viruses are prevalent in our surroundings 
and that foods are vulnerable to contamination along the food continuum 
from farm to fork.  

  13.2      Contamination of produce 

 Contamination can occur at source in the growth and harvesting area from 
contact with polluted water and inadequately treated or untreated sewage 
sludge used for irrigation and fertilization. Pre-harvest contamination of 
produce by foodborne viruses can occur through a variety of routes, includ-
ing animal faeces/manures, contaminated soil and irrigation water, animals, 
and human handling. Problems of contamination are magnifi ed by potential 
countrywide distribution and the possibility of cross-contamination during 
transport. A primary contamination arises when food materials are already 
contaminated before they are harvested (e.g., shellfi sh grown in contaminated 
waters or soft fruits and vegetables irrigated or sprayed with contaminated 
water) (Le Guyader  et al .,  2004 ; Hjertqvist  et al .,  2006 ; Butot  et al .,  2007 ; 
Vivancos  et al .,  2009 ). A secondary contamination occurs at harvest or dur-
ing processing, emphasizing the role of the food handler where produce can 
become contaminated with foodborne viruses during food handling and prep-
aration, or through the use of polluted water, contaminated surfaces, utensils 
or materials in processing. This is mostly attributed to infected food handlers 
not adhering to hygiene standards and regulations (Calder  et al .,  2003 ; Ozawa 
 et al .,  2007 ). The possibility that viruses may be mechanically transmitted to 
fruits and vegetables during irrigation and harvest was suggested by Sadovski 
 et al . ( 1978 ) who observed the persistence of inoculated poliovirus in drip 
irrigation pipes and soil. Enteric viruses are the most likely human patho-
gens to contaminate groundwater. Their extremely small size allows them to 
infi ltrate soils from contamination sources such as broken sewage pipes and 
septic tanks, eventually reaching aquifers. Viruses can move considerable dis-
tances in the subsurface environment with penetration as great as 67 m and 
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horizontal migration as far as 408 m (Borchardt  et al .,  2003 ). In a study in the 
USA, 72% of groundwater sites were positive for human enteric viruses (Fout 
 et al .,  2003 ). Contaminated soil and irrigation water play an important role 
in pre-harvest contamination of produce (Mara and Sleigh,  2010 ). Poliovirus 
injected 10 cm below the surface of the soil was later detected in tomato plant 
leaves but not in the tomato fruit itself, suggesting that poliovirus can pene-
trate into plant tissue through the root system (Oron  et al .,  1995 ; Hirneisen 
 et al .,  2012 ). Song  et al.  ( 2006 ) indicated that signifi cantly greater virus con-
tamination of lettuce was observed in furrow-irrigated plots than in subsur-
face drip-irrigated plots, suggesting that the virus was transported through 
the soil matrix via irrigation water movement. When tomato and cucumber 
plants were irrigated with wastewater effl uent, using surface drip irrigation 
or subsurface drip irrigation methods, Alum  et al . ( 2011 ) demonstrated that 
viral contamination of the plant stems was greater than plant roots when 
surface drip irrigation was applied, whereas greater contamination of plant 
roots occurred when subsurface drip irrigation was applied. Other studies on 
contamination of produce (iceberg lettuce, cantaloupe, radishes, bell peppers) 
with viruses (HAV, coliphage, poliovirus, NoV, adenovirus) have also suggested 
contamination due to the use of contaminated water as diluents of pesticides 
for spray application (Ward and Irving,  1987 ; Stine  et al .,  2011 ) and fl ooding 
plots with wastewater or discharge of wastewater into feeding rivers (Tierney 
 et al .,  1977 ; Hernandez  et al .,  1997 ; Petterson and Ashbolt,  2001 ; Stine  et al ., 
 2005a ). Potential contamination of foods with viruses has also been shown to 
occur during post-harvest processing of produce, which may involve spray-
ing, washing, or immersion into water with disinfectants. Alternatively, fruits 
and/or vegetables can become contaminated when handled by an infected 
person(s) who can transmit the virus to these commodities which, in turn, 
become vehicles for virus transmission to consumers, resulting in subsequent 
infection and illness (Bidawid  et al .,  2000b ,  2004 ; Seymour and Appleton, 
 2001 ; Sumathi  et al .,  2004 ; Verhoef  et al .,  2008 ). With increased globalization, 
immigration and increased consumer demand for a wide variety of foods, a 
greater infl ux of non-traditional foods has fl ooded ethnic and domestic mar-
kets, particularly in the developed regions of the world. These foods usually 
originate from countries where good agricultural practice (GAP) and good 
manufacturing practice (GMP) may be sub-standard and, thus, pose a greater 
likelihood of food contamination with various microbial pathogens, includ-
ing viruses. Recent reports have shown that, in addition to traditional food 
(e.g., leafy greens, fruits) contamination, norovirus is the leading viral patho-
gen to have caused outbreaks associated with consumption of tropical fruits, 
whether consumed as whole, fresh cut, dried, juice blends, frozen, pulp, or 
nectars in markets around the world (Strawn  et al .,  2011 ). At the post-harvest 
stage, infected food handlers not complying with hygiene regulations play a 
prominent role in contaminating foods which are handled and not intended 
to be heated before consumption (Widdowson  et al .,  2005 ; Ozawa  et al .,  2007 ; 
Marvin  et al .,  2009 ). Epidemiological and/or laboratory-confi rmed data of 

�� �� �� �� ��



 Preventing and controlling viral contamination of fresh produce 265

© Woodhead Publishing Limited, 2013

NoV-related food- and waterborne outbreaks from 2000 to 2007 showed that 
in 42.5% of the cases food handlers were implicated in these outbreaks, fol-
lowed by water (27.5%), bivalve shellfi sh (17.5%) and raspberries (10.0%). 
Studies in Japan indicate that 73% of symptomatic food handlers and 7% 
of asymptomatic food handlers were positive for norovirus, suggesting that 
asymptomatic infections are common and contribute to the spread of the 
infection in outbreak areas (Ozawa  et al .,  2007 ). This is further supported by 
evidence from an investigation of a 2009 norovirus foodborne outbreak in 
Ireland suggesting a potential role of asymptomatic kitchen food handlers 
(Nicolay  et al .,  2011 ). 

  13.2.1      Foodborne outbreaks 
 Although many types of  fruit and vegetable have been implicated, salad, let-
tuce, juice, melon, sprouts, green onion, tomatoes, berries, and ready-to-eat 
foods have been most often reported as causing a large number of  major 
outbreaks and illness (Mayet  et al .,  2011 ; Smith  et al .,  2011 ; Donnan  et al ., 
2012; Sarvikivi  et al .,  2012 ). According to EFSA ( 2011 ), foodborne viruses 
are the second most common cause of  outbreaks in Europe, second only 
to the ubiquitous Salmonella bacterium. In 2009, they were responsible for 
19% of all outbreaks in the EU, causing over 1000 outbreaks and affecting 
more than 8700 citizens. The total number of  outbreaks caused by viruses 
has been increasing since 2007, with norovirus having contributed to almost 
10.2% of the foodborne outbreaks in Europe (Tuan Zainazor  et al .,  2010 ; 
EFSA,  2011 ). Data analysis by Gould  et al . ( 2011 ) showed that during 2008, 
1034 foodborne disease outbreaks were reported in the USA, resulting in 
23,152 cases of  illness, 1276 hospitalizations and 22 deaths. Among the 479 
outbreaks with a laboratory-confi rmed single etiological agent reported, 
norovirus was the most common, accounting for 49% of outbreaks and 46% 
of illnesses. A recent CDC survey estimated that 58.3% of all foodborne 
disease outbreaks associated with leafy greens and with confi rmed etiologies 
between 1973 and  2006  were caused by NoV (Herman  et al .,  2008 ). Many 
outbreaks result from contamination of  food during preparation and ser-
vice via unwashed or improperly washed hands of  food handlers who are 
norovirus shedders, resulting in contamination of  more than one food item 
which transmit the virus to consumers who, in turn, extend the spread of 
the virus through contact with others (Gould  et al .,  2011 ). A norovirus out-
break of  acute gastroenteritis involving 147 military staff, in which pasta 
and some raw vegetables were tested positive for norovirus by PCR, as was 
a cook who prepared the meals, was also reported by Mayet  et al . ( 2011 ). 
Likewise, Smith  et al . ( 2011 ) reported norovirus outbreaks affl icting 240 per-
sons who had eaten oysters, passion fruit jelly and lavender dish at a gourmet 
restaurant over a period of  7 weeks in 2009 in England. It was suggested the 
virus was persistent in oysters but was spread via infected food handlers or 
the restaurant environment. Data analysis of  outbreaks in 2009 in Finland 
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suggested that at least 6 of  the 13 norovirus outbreaks which had affected 
about 900 people could be linked to imported frozen raspberries (Sarvikivi 
 et al .,  2012 ). 

 With respect to HAV, surveillance data suggest that foodborne outbreaks 
account for nearly 5% of reported cases of hepatitis A in the USA (CDC, 
 1996 ). Most outbreaks occur in a single food establishment and result from 
contamination of uncooked or previously cooked food by an infected food 
handler (Carl  et al .,  1983 ; Cliver,  2009 ). Occasionally, more widespread food-
borne outbreaks are associated with uncooked or fresh food contaminated 
before distribution, including shellfi sh, lettuce, frozen raspberries and straw-
berries (Ramsay and Upton,  1989 ; Rosenblum  et al .,  1990 ; Desenclose  et al ., 
 1991 ; Niu  et al .,  1992 ). In approximately 40% of reported cases of hepati-
tis A, the source of infection could not be identifi ed (Astridge  et al .,  2011 ). 
However, HAV was linked to some major outbreaks such as that in which 
HAV was associated with green onions (Hutin  et al .,  1999 ). More recently, 
a number of hepatitis A cases associated with the consumption of contami-
nated semi-dried tomatoes, solely or as ingredients in salad, were reported in 
England, France, the Netherlands and Australia. These cases were epidemio-
logically linked implicating semi-dried tomatoes to be the potential source of 
this outbreak; no common source could be identifi ed (Carvalho  et al .,  2011 ; 
Donnan  et al ., 2012; Fournet  et al .,  2012 ). 

 Foodborne outbreaks are often linked to food handlers who acquire the 
viral infection as a result of environmental exposure or being in contact with 
ill family members, including children, before handling food. Consequently, 
sick food handlers contaminate foods which are eaten raw or not further pro-
cessed (ready-to-eat (RTE) foods) prior to consumption (Anderson  et al .,  2001 ; 
Lederer  et al .,  2005 ; de Wit  et al .,  2007 ; Schmid  et al .,  2007 ). Food handlers 
can contaminate food either with particles from vomit (e.g., NoV) or from 
faeces (NoV/HAV) when practicing sub-standard personal hygiene, especially 
when shedding viruses themselves, for example, after using the toilet, but also 
after caring for infected persons (e.g., changing of diapers) or cleaning toilet 
areas used by infected persons (Rizzo  et al .,  2007 ; Todd  et al .,  2007 ; Noda 
 et al .,  2008 ). Food handlers can transfer viruses from contaminated surfaces 
and inanimate objects such as utensils to their hands during preparation of 
ready-to-eat food or from contaminated food to other ready-to-eat foods and 
surfaces (Bidawid  et al. ,  2000b ,  2004 ; Boxman  et al .,  2009 ). It has also been 
suggested that food handlers who themselves are not sick but may have been 
in contact with sick family members can pick up and transmit the virus to the 
workplace. An example of a foodborne NoV outbreak related to a food han-
dler, which was described by Kuo  et al . ( 2009 ), occurred in Austria in  2007 , 
when 21 out of 63 persons became ill after a pre-Christmas celebration among 
a group of local people. The outbreak was attributed to ham roll which most 
likely became contaminated with NoV during preparation by a disease-free 
kitchen assistant, whose infant became sick with laboratory-confi rmed NoV 
gastroenteritis 2 days before the party. Outbreaks of infection with HAV 
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associated with a food handler have also been reported (Chironna  et al .,  2004 ; 
Greig  et al .,  2007 ; Todd  et al .,  2007 ; Boxman  et al .,  2011 ).   

  13.3      Attachment, adsorption and internalization 

 A considerable amount of research has focused on the attachment of bac-
teria to produce such as lettuce, cabbage and sprouts (Elhariry,  2011 ; 
Guti é rrez-Rodriguez  et al .,  2011 ; Kroupitski  et al .,  2011 ; Salda ñ a  et al ., 
 2011 ). However, NoV attachment to shellfi sh tissue has also been reported 
in some studies. Most of these studies seem to identify specifi c ligand recep-
tors in shellfi sh tissue to which NoV binds (Maalouf  et al .,  2010 ). Studies on 
VLP (virus-like particle) binding and bioaccumulation have suggested that 
specifi c glycan ligands impact bioaccumulation effi ciency and that binding 
to the sialic acid-containing ligand present in all tissues would contribute to 
retention of virus particles in the gills or mantle (Le Guyader  et al .,  2006 ; 
Maalouf  et al .,  2011 ). In contrast, few studies have been conducted to assess 
viral-produce attachment, adsorption and internalization. Electrostatic and 
hydrophobic interactions are thought to contribute towards virus adsorption 
and are controlled by the characteristics of the soil (Gerba,  1983 ) and the 
texture of food matrices and environmental infl uences such as pH, moisture, 
and surface receptors (Vega  et al ., 2005,  2008 ; Esseili  et al .,  2012 ). The protein 
coats of most viruses give the viral particles a net charge due to the presence 
of amino acids such as glutamic acid, aspartic acid, histidine and tyrosine 
that contain ionized carboxylic and amino groups. Most enteric viruses have 
a net negative charge at a pH above fi ve and a net positive charge below pH 
5 (Olson  et al .,  2005 ). The adsorptive interaction between the virus particle 
and the adsorbents is a function of the isoelectric point of the virus, as well as 
that of the adsorbent particle, and also its hydrophobicity. A number of stud-
ies have been conducted to elucidate factors infl uencing virus adsorption to 
matter. Vega  et al ., (2005,  2008 ) investigated (i) 1% Tween 80, (ii) 1 M NaCl, 
and (iii) 1% Tween 80 with 1 M NaCl to determine the role of hydrophobic, 
electrostatic, and combined hydrophobic and electrostatic forces, respectively. 
Echovirus 11 appeared to exhibit reversible attachment above its pI, while 
exhibiting strong adsorption below its pI. In contrast, FCV demonstrated 
maximum adsorption above its pI. Attachment above the pI of FCV and 
echovirus 11 was reduced or eliminated in the presence of NaCl, indicating an 
electrostatic interaction between the viruses and lettuce. Overall, 1 M NaCl 
was the most effective treatment in desorbing viruses from the surface of let-
tuce at pH 7.0 and 8.0. The results imply that electrostatic forces play a major 
role in controlling virus adsorption to lettuce, and further indicate that incor-
porating 1 M NaCl in a washing solution would improve the removal or elu-
tion of unenveloped viruses from lettuce (Vega  et al ., 2005,  2008 ). 

 Histo-blood group antigens (HBGA), identifi ed as receptors on human 
gastrointestinal cells to which NoV virions bind (Marionneau  et al .,  2002 ; 
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Huang  et al. ,  2003 ; Hutson  et al .,  2003 ), are also present on the surfaces of 
oyster gastrointestinal cells. It is postulated, therefore, that during the course 
of fi lter feeding, oysters bioaccumulate NoV particles through HBGA bind-
ing (Le Guyader  et al .,  2006 ; Tian  et al .,  2007 ). Since human NoVs have 
been shown to use carbohydrates of histo-blood group antigens as receptors/
coreceptors, Esseili  et al . ( 2012 ) examined the role of carbohydrates in the 
attachment of NoV to lettuce leaves by using VLPs of a human NoV/GII.4 
strain. Immunofl uorescence analysis showed that the VLPs attached to the 
leaf surface, especially to cut edges, stomata, and along minor veins, suggest-
ing that virus binding to cell wall material (CWM) of older leaves was signif-
icantly ( P  < 0.05) higher (1.5–2-fold) than that to CWM of younger leaves. 
Disrupting the carbohydrates of CWM by using 100 mM sodium periodate 
signifi cantly decreased the binding by up to 43% in older leaves. These results 
indicate that NoV VLPs bind to lettuce CWM by utilizing multiple carbo-
hydrate moieties. This binding may enhance virus persistence on the leaf 
surface and prevent effective decontamination. Likewise, using appropriate 
carbohydrate-disruptive agents may aid in the removal of virus from produce. 
In a recent study, Gandhi  et al . ( 2010 ) observed that recombinant Norwalk 
virus-like particles (rNVLP) applied to the surface of romaine lettuce local-
ized as large clusters primarily on the leaf veins. They indicated that extracts 
of romaine lettuce leaves (RE) bound rNVLP in a dose-dependent manner. 
However, RE did not bind rNVLP by histo-blood group antigens (HBGA) 
nor was RE competitive with rNVLP binding to porcine gastric mucin. These 
results suggest that non-HBGA molecules in RE bind rNVLP by a binding 
site(s) that is different from the defi ned binding pocket on the virion. Extracts 
of cilantro, iceberg lettuce, spinach, and celery also bound rNVLP. Samples 
of each of the vegetables spiked with rNVLP and tested with anti-NVLP 
antibody revealed, by confocal microscopy, the presence of rNVLP not only 
on the veins of cilantro but also throughout the surface of iceberg lettuce. 
Therefore, it appears that there are some distinct receptors that promote virus 
binding to different types of produce. However, these data remain scant, and 
further research on virus-binding receptors is needed.  

  13.4      Prevention 

 Most Hazard Analysis and Critical Control Point (HACCP) plans developed 
by the food industry focus on identifying Critical Control Points (CCPs) aimed 
at decreasing the amount of bacteria present in food. These plans, however, 
may not be entirely applicable when attempting to address issues of viral con-
tamination of foods (Koopmans and Duizer,  2004 ; WHO/FAO,  2008 ,  2011 ). 
Therefore, food manufacturers should consider enteric viruses as a major 
public health risk in their HACCP plans, particularly when dealing with raw 
or ready-to-eat food. Effective measures to control the spread of foodborne 
viruses should focus on preventing contamination at all levels of production 
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rather than on trying to remove or inactivate these viruses from contaminated 
food (EFSA,  2011 ). Various proactive approaches can be applied along the 
food continuum to reduce or prevent viral contamination of produce. Such 
measures include GAP and GMP, and also good hygienic and handling prac-
tices (GHP), good processing practices (GPP), HACCP, monitoring and sur-
veillance. However, intervention measures should also be planned in case of 
inadvertent contamination of foods, water, food preparation surfaces, and 
environmental settings. Key recommendations geared towards developing a 
HACCP system and advice to prevent virus contamination of produce and 
ready-to-eat foods have been proposed by various investigators and food safety 
authorities (Koopmans and Duizer,  2004 ; Cliver,  2009 ; Doyle,  2010 ; Havelaar 
 et al .,  2010 ). Furthermore, other sources are available, such as HACCP plan 
microbiological criteria set by EU 2073/2005, the Codex Alimentarius code 
of hygiene practice for fresh fruits and vegetables (CAC/RCP 53-2003), and 
the Recommended International Code of Practice – General Principles of 
Food Hygiene (CAC/RCP 1-1969) which aims at controlling microbial haz-
ards associated with all stages of the production of fresh fruits and vegetables 
from primary production to packing. The code focuses on the water quality 
to be used in primary production (such as irrigation), the use of manure, bio-
solids and other natural fertilizers, workers (growers, pickers), and transport 
(open transportation may provide contamination opportunities) from the fi eld 
to the packing and processing units. In addressing future challenges in food 
safety, a more proactive, science-based approach is required, starting with 
predicting where problems might arise by applying the risk analysis frame-
work. The development of effective surveillance networks for early detection 
of international common-source outbreaks of foodborne viruses is needed to 
track potential links between outbreaks (Duizer  et al .,  2008 ; Koopmans  et al ., 
 2008 ; Havelaar  et al .,  2010 ).  

  13.5      Recommendations 

 The following guidelines could help reduce or prevent contamination of pro-
duce with food viruses.  

   Primary and secondary wastewater treatment processes typically reduce • 
virus loads by 1–2 log 10  (Verschoor  et al .,  2005 ) and can be rendered 
more effi cient by using novel processes such as a membrane bioreactor 
(MBR) which can achieve a 2–5 log 10  decrease in viral load (Zhang and 
Farahbakhsh,  2007 ; Kuo  et al .,  2009 ; Hirani  et al .,  2010 ).  
  Animals (wild or domestic) should be kept away and fenced off  from • 
produce-growing lots, irrigation water, river streams, or surface water, in 
case they become a dumping ground for animal excreta.  
  Irrigation water should be monitored for any potential contamination • 
with sewage, and corrective measures should be applied immediately. 
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Consideration should be given to the disposal or treatment of any produce 
that may have been exposed to sewage material.  
  Adequate and clean hygiene and hand washing facilities are essential and • 
should be located in close proximity to the fi elds, easily accessible, and well 
equipped with clean potable water and cleaning supplies such as soap, dis-
infectants, preferably disposable paper hand towels, etc. (Koopmans and 
Duizer,  2004 ).  
  Hand washing with soap and running water for at least 20 s is the most • 
effective way to reduce or remove viruses from hands, whereas 70% 
alcohol-based hand sanitizers might serve as an effective adjunct between 
proper hand washings, but should not be considered a substitute for soap 
and water hand washing (Bidawid  et al .,  2000b ; Macinga  et al. ,  2008 ; Liu 
 et al. ,  2010 ; Park  et al. ,  2010 ). As an additional preventive strategy, it is 
recommended that there be no bare-hand contact with ready-to-eat foods 
(Hall  et al .,  2011 ).  
  Food handlers with clinical symptoms of gastroenteritis (diarrhoea and/• 
or vomiting) or with symptoms of acute hepatitis (fever, headache, fatigue 
combined with dark urine and light stools, or jaundice) should be excluded 
from food handling and should not be present in the primary production 
area. Considering the highly infectious nature of norovirus and HAV, 
and the shedding of viruses in stool for long periods of time (2–8 weeks), 
exclusion and isolation of infected persons to minimize contact with other 
people are often the most practical means of interrupting transmission of 
virus and limiting contamination of the environment (FDA,  2010 ; Harris 
 et al .,  2010 ).  
  Vaccination is effective against HAV. However, it can be very costly and • 
requires two doses at least 6 months apart; also, worker turnover in some 
segments of the food industry is too great to ensure that the two-shot series 
will be completed (Cliver,  2009 ).  
  Food industry operators producing or harvesting plant products should • 
keep work areas, equipment, utensils, transport vehicles, containers and 
storage areas clean and should use appropriate disinfection strategies to 
eliminate any risk of contamination.  
  Randomized and unannounced inspections of work areas should be • 
undertaken to ensure compliance with best practice in support of the safe 
production of foods.  
  Detailed logs and records of inspection, testing, identifi ed areas of con-• 
cern and corrective actions taken must be maintained. This will help rec-
tify potential problems in a timely manner.  
  Workers in the food industry should be trained on various aspects of GMP, • 
GHP, GPP, and HACCP to increase their awareness of potential areas of 
contamination risk. They should also be made aware of the importance of 
personal hygiene.  
  Intervention plans and strategies should be in place for immediate appli-• 
cation in the event of inadvertent workplace contamination, such as by 
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a vomiting episode. Action protocols and cleaning procedures should 
be immediately available so that appropriate corrective decontamination 
measures can be taken.  
  Chlorine is the most widely used sanitizer in the food industry. A level • 
of decontamination can be achieved by incorporating 20–200 ppm free 
chlorine (if  the washing water is not highly contaminated/polluted/of high 
chlorine demand). It has been shown that these amounts of chlorine may 
result in a reduction of 2–3 log 10  in virus titre as compared to washing 
produce with water only. Since washing occurs at the beginning of the pro-
cess in the plants, it is very important to refrain from bare-hand contact 
after the washing step(s). A possible alternative to chlorine is peracitic acid 
(PAA), which is a mixture of acetic acid and H 2 O 2  in an aqueous solution. 
It outranges the oxidation potential of chlorine and is hardly infl uenced 
by organic compounds present in produce wash water. The use of 150–250 
mg/L PAA can induce at least an additional one log 10  reduction compared 
to washing produce in water alone (Fraisse  et al .,  2011 ).  
  Heat treatment at 90 ° C for 90 s, or pasteurization at 70 ° C for 15 min to • 
reduce post-packaging contamination, may also be used (Sattar  et al ., 
 2003 ; Baert  et al .,  2008 ).  
  Food preparation surfaces and equipment should be routinely cleaned • 
with sanitizers and disinfectants to remove food residues and inactivate 
pathogens (Lages  et al .,  2008 ; Baert  et al .,  2009 ; Eterpi  et al .,  2009 ; Hall 
 et al .,  2011 ). The use of chemical disinfectants is important to interrupt 
virus spread from contaminated surfaces. Chlorine, as a gas or calcium/
sodium hypochlorite, is probably the most commonly used sanitizing agent. 
Exposure to a range between 20 and 200 ppm,  ≥ 1000 ppm, and 5000 ppm, 
for 5–10 min, can reduce virus titres by 1, 3 and 4 log 10 , respectively (Park 
 et al. ,  2006 ; EPA,  2001 ; Hall  et al .,  2011 ; Park and Sobsey,  2011 ). Other 
sanitizers include: oxidizing agents, such as peroxyacetic acid and hydrogen 
peroxide (Fraisse  et al .,  2011 ); quaternary ammonium compounds; pheno-
lic compounds and aldehydes (Jimenez and Chiang,  2006 ; Hudson  et al ., 
 2007 ; Park  et al .,  2007 ; Pottage  et al .,  2010 ). The USEPA-approved product 
list is available at  http://www.epa.gov/oppad001/list_g_norovirus.pdf .  
  Any spillage or contamination with faeces or vomit should be cleaned and • 
disinfected immediately, and food handling in the same area(s) should be 
stopped.     

  13.6      Additional intervention strategies 

 Irradiation may be useful in controlling bacteria and parasites, but the high irra-
diation doses required to signifi cantly reduce viral titres may adversely affect 
organoleptic properties of foods. A dose of 3 kGy is required to achieve one log 10  
reduction of HAV on lettuce or strawberries (Bidawid  et al .,  2000c ). Approved 
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maximum limits for irradiating foods in the USA are: spinach and lettuce, 4.0 
kGy; spices and herbs, 10.0 kGy; seeds for sprouting, 8.0 kGy (FDA, 2011). 

 High hydrostatic pressure effectively inactivates some viruses under cer-
tain conditions (Grove  et al .,  2006 ,  2009 ; Kingsley  et al .,  2006 ; Kingsley and 
Chen,  2008 ,  2009 ; Hirneisen  et al .,  2010 ). Exposure to 500 MPa at 4 ° C for 5 
min reduced titres of HAV/FCV/rotavirus by 2.89–3.23 log 10  in sausage, green 
onions, and strawberries (Kingsley  et al .,  2005 ). 

 UV light can be used for disinfection of water and for inactivating microbes 
on environmental and food surfaces (Nuanualsuwan  et al .,  2002 ). Inactivation 
of HAV, FCV, and aichi virus on lettuce by UV was 4.5–4.6 log 10 , as compared 
to only 1.9–2.6 log 10  inactivated on strawberries (Fino and Kniel,  2008 ). 

 Ozone gas is a strong oxidizing agent that can effectively kill microbes. 
However, there are limitations to its use in foods. Organic compounds in 
foods react with and consume ozone, thereby decreasing the amount avail-
able to inactivate microbes. Furthermore, ozone reacts with food components 
and may alter fl avors and colors. Ozone is most stable in solution at pH 5 and 
starts to decompose as pH increases (Hirneisen  et al .,  2011 ). 

 Vacuum freeze-drying is used to manufacture high-quality dehydrated 
products. This process inactivated HAV and NoV on berries and herbs by 
0.29–3.5 log 10  (Butot  et al .,  2009 ).  

  13.7      Future trends 

 More studies are needed in the following areas to determine the different 
receptors and mechanisms for virus attachment and internalization:

   The development of more effi cient and rapid technologies for the isolation • 
of virus particles from different food matrices.  
  The development of more sensitive, rapid and fi eld-deployable methodol-• 
ogy for virus detection and genotyping in fresh produce.  
  Harmonization of methodology for international standardization to • 
enhance source tracking, risk analysis and real-time intervention strategies 
for viruses in fresh produce. This will also help in establishing integrated 
international networks for epidemiological monitoring and surveillance.     

  13.8      Sources of further information and advice 

  http://www.fao.org/fileadmin/user_upload/agns/pdf/HAV_Tomatoes.pdf  
(HACCP) 

WHO Guidelines for the safe use of wastewater, excreta and groundwater. 
ISBN 924 154686 

  http://www.codexalimentarius.net/web/index_en.jsp  
  http://www.efsa.europa.eu/en/efsajournal/doc/2190.pdf  
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  http://ec.europa.eu/food/food/biosafety/hygienelegislation/legisl_en.htm  (EU 
2073/2005) 

  http://www.codexalimentarius.org/standards/list-of-standards/en/  (Codex 
Alimentarius code of hygienic practice for fresh fruits and vegetables (CAC/
RCP 53-2003), and the Recommended International Code of Practice – 
General Principles of Food Hygiene (CAC/RCP 1-1969). 

 CDC (Centers for Disease Control and Prevention) (2006).  Norovirus in 
Healthcare Facilities Fact Sheet . Atlanta, GA: US Department of Health 
and Human Services,  http://www.cdc.gov/ncidod/dvrd/revb/gastro/down-
loads/noro-hc-facilities-fs-508.pdf.   
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   Preventing and controlling viral 
contamination of shellfish   
    J. W.   Woods       and     W.   Burkhardt       III, US Food 
and Drug Administration, USA    

   DOI:  10.1533/9780857098870.3.281 

  Abstract:  A signifi cant proportion of infectious foodborne illnesses worldwide can be 
attributed to human enteric viruses. Bivalve molluscan shellfi sh can act as vehicles for 
transmission of enteric viruses. Viruses accumulate in shellfi sh digestive diverticula 
and can infect humans upon ingestion of raw or undercooked shellfi sh meat. The 
use of indicator bacteria as an index of fecal contamination in shellfi sh growing 
areas reduced bacterial gastrointestinal infections but this practice is believed to 
have limited predictive value for enteric viral pathogen contamination. Mitigation 
strategies such as depuration or relaying exist to reduce or eliminate potential enteric 
virus hazards associated with consumption of raw or undercooked shellfi sh. 

  Key words : enteric viruses, shellfi sh, norovirus, detection, mitigation. 

    14.1      Introduction 

 According to epidemiological evidence, enteric viruses are the leading cause of 
foodborne infectious diseases in the United States (Mead  et al .,  1999 ; Scallan 
 et al .,  2011 ). Of the 9.4 million annual estimated cases of known foodborne 
illnesses, 58% are attributed to human noroviruses (NoV).Virtually any food 
may be implicated in norovirus transmission, but bivalved molluscan shellfi sh 
present a relatively high risk because of their ability to concentrate viruses 
from contaminated waters. Human NoV and hepatitis A virus (HAV) are the 
agents of greatest concern from the consumption of shellfi sh and NoV is the 
leading cause of non-bacterial shellfi sh-associated illnesses in the US (Katz 
 et al .,  2012 ). Since most enteric viruses are robust and environmentally sta-
ble, they may withstand current wastewater treatment methods and pollute 
shellfi sh harvested for human consumption. The effi ciency of wastewater 
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treatment is generally assessed on the removal/inactivation of fecal coliform 
bacteria. However, since the relationship between indicator organisms and 
levels of enteric viruses is known to vary, measurement of bacterial levels pro-
vides little reassurance of the risks imposed by enteric virus levels in water. 

 The National Shellfi sh Sanitation Program (NSSP) and its Model Ordinance 
(MO) provide information on establishing the sanitary classifi cation of estu-
arine waters to produce safe shellfi sh and establishing safeguards to insure 
minimal pollution impact (NSSP, 2009). The shellfi sh growing waters in the 
United States are classifi ed by sanitary surveys and can be categorized as 
approved, conditionally approved, conditionally restricted, restricted, or pro-
hibited. Shellfi sh harvested from approved and conditionally approved areas 
can be directly sold to market without any post-harvest processing and those 
harvested from restricted areas require relay or depuration. Shellfi sh from 
restricted areas are also suitable for low acid canning. While these guidelines 
are rigorously adhered to by State shellfi sh control authorities, viral gastroen-
teritis attributed to shellfi sh consumption still occurs.  

  14.2      Human enteric viruses in the environment 

 Human enteric viruses pose a signifi cant health threat in the aquatic environ-
ment since they are transmitted via the fecal oral route. Human activities such 
as faulty septic systems, agricultural runoff, urban runoff, sewage outfall, and 
direct illegal wastewater discharge from vessels are ways enteric viruses are 
introduced into the environment. There are approximately one hundred and 
forty enteric viruses found in human waste and at least 10% of the population 
can shed these viruses at any given time (Griffi n  et al .,  2003 ). Enteric viruses 
can be transported throughout the environment by attaching to particulates 
in groundwater, estuarine water, seawater and rivers, estuaries, and by aerosols 
emitted from sewage treatment plants (Bosch,  1998 ). The fate of these enteric 
viruses can take many routes such as rivers, lakes, sewage, land runoff, estu-
aries, and ground water. Humans can be exposed to enteric viruses through 
various routes: crops grown in land irrigated with wastewater or fertilized with 
sewage, shellfi sh grown in contaminated water, sewage-polluted recreational 
waters and contaminated drinking water. In a waterborne disease outbreak 
study between 1946 and 1980, water system defi ciencies that contributed to 
these outbreaks were categorized under fi ve major headings: (i) use of contam-
inated untreated surface water, (ii) use of contaminated untreated groundwater, 
(iii) inadequate or interrupted treatment (iv) distribution network problems, 
and (v) miscellaneous (Lippy and Waltrip,  1984 ). Defi ciencies in treatment and 
distribution of water contributed to more than 80% of the outbreaks. 

 Human enteric viruses can be transmitted by water, food, fomites, and by 
person-to-person contact. They typically have a low infectious dose, which 
makes them an immediate public health concern. In some instances, such as 
norovirus infections, the infectious dose can be a little as one to ten virions 
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with a secondary attack rate of 50% (Koopmans and Duizer,  2004 ; Teunis 
 et al .,  2008 ). The risk for infection when consuming viral contaminated water 
is at least tenfold greater than that for pathogenic bacteria with similar expo-
sures (Haas  et al .,  1993 ). 

 Enteric viruses in water are of particular concern because of the poten-
tial for contamination from a variety of sources. Because signifi cant advances 
have been made in the area of environmental virology, enteric viruses have 
now been recognized as the causative agents in many non-bacterial gastro-
enteritis cases and outbreaks previously identifi ed as of unknown etiological 
origin (Bosch,  1998 ). Enteric viruses encompass a diverse group of organisms 
and have been detected and linked to many outbreaks from contaminated 
water and foods (Beuret  et al .,  2002 ; Daniels  et al .,  2000 ; Munnoch  et al ., 
 2004 ). Since it is not practical to monitor all pathogenic viruses and indicator 
bacteria have not been shown to be effective viral surrogates, an indicator of 
viral contamination should be a human enteric virus or bacteriophage.  

  14.3      Enteric viruses in sewage and shellfish 

 Molluscan bivalves are shellfi sh that have two shell halves that hinge together. 
Commercial types commonly harvested and sold in the United States are 
the Pacifi c oyster ( Crassostrea gigas ), Eastern oyster ( Crassostrea virginica ), 
Quahog clam ( Mercenaria mercenaria ), and blue mussel ( Mytilus edulis ) 
(NOAA, 2007). These animals attach a substrate or bury themselves in the 
water fl oor. Molluscan bivalves vary in their characteristics and habitat. 
When out of the water, most animals close their shell tight to retain a marine 
environment around their internal parts (Lees,  2000 ). Most shellfi sh can sur-
vive weeks out of the water under refrigeration, but their quality declines over 
time. 

 Individuals infected with enteric viruses transmitted by the fecal oral route 
can shed billions of viral particles in their feces. Sewage treatment plants 
remove the majority of viruses and other micro-organisms but removal effi -
ciency, which can range between 87% and 99%, varies between groups of 
organisms and the type of treatment (Burkhardt  et al .,  2005 ). Although 
enteric viruses may be present in low concentrations after treatment, it may 
only take one virion to cause disease. Once in the environment, enteric viruses 
can survive for weeks to months either in the water column or by attach-
ing to particulate matter and accumulating in sediments (Bosch,  1998 ). In 
the process of fi lter feeding, bivalve shellfi sh concentrate and retain human 
pathogens from their surrounding water, thus making microbial contamina-
tion levels in shellfi sh tissue signifi cantly greater than those in overlying water 
(Cabelli,  1988 ; LaBelle and Gerba,  1979 ). The risks posed by bioaccumula-
tion of pathogenic micro-organisms are exacerbated by the traditional con-
sumption of shellfi sh raw or lightly cooked. This circumstance is unique to 
bivalved shellfi sh and it represents a special case among microbial hazards 
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associated with food that dates back to the 1800s (Rippey,  1994 ). Recent epi-
demiological evidence suggests that human enteric viruses are the most com-
mon etiological agent implicated in the transmission of infectious disease due 
to the consumption of contaminated shellfi sh (Katz  et al .,  2012 ). As these 
viruses are retained in the shellfi sh, they do not increase in number because 
they are obligate intracellular parasites and require human cells in which to 
replicate. Current microbiological indicators serve as a predictor of fecal con-
tamination in shellfi sh growing areas and have succeeded to some extent in 
preventing shellfi sh-associated bacterial gastrointestinal infections but are 
considered to have limited predictive value for viral enteric pathogen contam-
ination in shellfi sh (Goyal,  2006 ; Pina  et al .,  1998 ; Rippey,  1994 ). 

 In recent years the incidence of gastroenteritis caused by enteric viruses 
has not signifi cantly increased while advances in research and technology have 
allowed for better detection methods and understanding of these viruses. While 
most enteric viruses are found more commonly in the winter or during colder 
temperatures, the ability of the shellfi sh to accumulate viruses coupled with 
increased community illnesses in colder climates increases the risk of gastroin-
testinal illnesses associated with shellfi sh consumption (Mounts  et al .,  2000 ). 
This phenomenon has been documented in several outbreaks which occurred 
during cold times of the year (DePaola  et al .,  2010 ; Iritani  et al .,  2010 ; Maalouf 
 et al .,  2010 ; Woods and Burkhardt,  2010 ). Cold storage or immediate freezing 
of shellfi sh after harvest can also represent ideal conditions for maintaining 
enteric viruses in shellfi sh. In outbreaks occurring in 2006 and 2011, shellfi sh 
that had been imported were fl ash frozen immediately upon harvesting. These 
shellfi sh were later consumed and subsequently implicated in a shellfi sh out-
break of gastroenteritis cause by norovirus (Woods and Burkhardt,  2010 ).  

  14.4      Survival of enteric viruses in the environment 

 Dissemination of enteric viruses is dependent on their interaction not only 
with a host, but also with the environment. Viruses possess no inherent metab-
olism outside the host and may be thought of as inert particles that do not 
require nutrients to persist outside the host. They somehow possess a level of 
toughness that allows them to remain infectious during various conditions in 
the environment as they are transferred from one host to another. The sheer 
number of enteric viral diseases transmitted by fecal oral route in the environ-
ment demonstrates their robustness (Rippey,  1994 ; Scallan  et al .,  2011 ). 

 Enteric viruses increase their chance of transmission the longer they can 
survive outside the host. Various environmental conditions and other factors 
such as heat, moisture and pH will affect their chances of survival (Bosch, 
 1998 ). The presence and extent of these conditions will vary among different 
environments. If  the risks that enteric pathogens pose are to be fully under-
stood, knowledge of enteric virus survival in the environment and the factors 
that infl uence it are important. 
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 Most studies used to determine the potential for survival of enteric viruses 
have been conducted using basic principles. For example, a known number 
of infectious viruses have been artifi cially introduced into a sample of water, 
food, soil etc., and the sample stored under conditions relevant to those in the 
environment. After a specifi ed time, the viruses are extracted and enumerated. 
There are varying methods for extraction of viruses from the environment and 
from foods, including, typically, inorganic extraction, ultracentrifugation, and 
proteinase K digestion, coupled with detection using molecular techniques or 
cell culture. Using cell culture plaque assays for culturable viruses, along with 
molecular methods for detection, allows comparison of infectious particles 
remaining in the sample with the amount of virus that was introduced into 
the sample. Statistical analysis can be used to determine the signifi cance of 
the results. 

 Survival of enteric viruses in environmental water has been extensively 
investigated. Utilizing simulated natural conditions, Loh  et al . ( 1979 ) inoc-
ulated poliovirus into samples of coastal water from the plume of a sewage 
outlet and samples of water from 6.4 km away from the plume. Samples were 
mixed continuously and incubated at 24 ° C for 4 days. The virus titer had 
dropped slightly after 1 day and a complete inactivation was observed after 
72–120 h. In this study, there was data to suggest that a virus-inactivating 
component of a biological nature was present in the sewage-polluted water 
and the water retrieved miles away from the plume. In 1980, Fujioka  et al . 
( 1980 ) substantiated this evidence in a study where the antiviral activity of 
the seawater samples was lost when it was challenged with fi ltration, boil-
ing, or autoclaving. A study conducted by Hurst  et al . in 1989 analyzed the 
long-term survival of species of enteroviruses in surface freshwater. Over a 
period of 12 weeks, temperatures of −20, 1, and 22 °  C were shown to have 
virus inactivation levels of 0.4–0.8, 4–5, and 6.5–7.0 log reduction, respec-
tively. In this study, many physical and chemical parameters appeared crucial 
to virus survival, including turbidity and suspended solids. 

 Although the majority of foodborne viral outbreaks can be traced to food 
contaminated by infected food handlers (Koopmans and Duizer,  2004 ), sur-
vival and persistence of enteric viruses in shellfi sh represents a unique chal-
lenge because of the nature of these fi lter feeding animals. Molluscan shellfi sh 
accumulate the virus from contaminated harvest water and when contami-
nated shellfi sh are consumed raw or slightly cooked, there is a potential for 
infection to occur. There are several recorded outbreaks of gastroenteritis 
where shellfi sh contaminated with enteric viruses was implicated as the vehi-
cle of transmission (Berg  et al .,  2000 ; Butt  et al .,  2004 ; Gallimore  et al .,  2005 ; 
Woods  et al .,  2010 ). There have also been several studies demonstrating the 
survival and persistence of enteric viruses in shellfi sh. A 1970 study conducted 
by DiGirolamo  et al . examined the survival of poliovirus in chilled, frozen, 
and processed Pacifi c ( Crassostrea gigas ) and Olympia ( Ostrea lurdia ) oysters. 
After 15 days of storage at 5 ° C, infectious virus in the Olympia oyster was 
reduced by 60%, and 13% remained infectious after 30 days. In the frozen 
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Pacifi c oyster, infectious virus was reduced by less than 10% in 4 weeks, and 
by 12 weeks only 10% of the infectious virus remained. In 2004, Hewitt and 
Greening studied the survival and persistence of NoV, HAV, and feline cali-
civirus (FCV) in marinated mussels. Marinated green-lipped mussels ( Perna 
canaliculus ) and marinade liquid were inoculated with NoV, HAV, and FCV 
and held at 4 ° C for up to 4 weeks. Survival of HAV and FCV was determined 
by TCID 50  and persistence of the non-culturable NoV was determined by 
RT-PCR assay. Over 4 weeks, HAV survived exposure to the marinade at a 
low pH (3.75). There was a 1.7 log reduction in HAV TCID 50  titer but no 
reduction in the NoV or HAV RT-PCR titer after 4 weeks. 

 Persistence and survival of enteric viruses in shellfi sh pose a challenge. 
Further work is required to gain a better understanding of enteric viruses 
causing illnesses. Development of robust and reliable detection methods for 
recovery of these viruses will provide additional information necessary to 
recover clinically signifi cant enteric viruses in the environment and foods.  

  14.5      Mitigation strategies and depuration 

 Mitigation strategies, such as relaying or depuration, are post-harvest treat-
ments used to reduce or eliminate infectious micro-organisms in shellfi sh. 
Depuration is a form of post-harvest processing where shellfi sh are placed in 
tanks with clean estuarine water and allowed to depurate or purge; the con-
cept dates back to the 1900s (Liu  et al .,  1967 ). Relaying of shellfi sh focuses 
on harvesting shellfi sh from contaminated water and relocating them to clean 
water where shellfi sh will naturally purge contaminants. These approaches 
reduce the levels of micro-organisms present in the shellfi sh in an effort to 
decrease the potential of ingesting infectious micro-organisms. 

 The majority of current research on mitigation strategies in relation to 
viruses has been carried out on surrogates because the most common agents 
identifi ed as causing shellfi sh-associated outbreaks cannot be propagated 
using traditional cell culture techniques. 

 Many studies on the depuration dynamics of shellfi sh have consistently 
demonstrated that bacteria levels can be effectively reduced within 24–48 h, 
but enteric viruses, such as norovirus and hepatitis A, have depuration rates 
from 96 h up to 3 weeks (Dore and Lees,  1995 ; Kingsley and Richards,  2003 ; 
Love  et al .,  2010 ). Metcalf   et al ., ( 1979 ) demonstrated an 80–88% elimination 
of poliovirus from soft-shelled clams after 48 h and 98–99% elimination after 
144 h. Their study also demonstrated that bioaccumulation rates of viruses 
vary according to size, with the larger shellfi sh having higher rates. 

 Since it has been suggested that male-specifi c bacteriophage (MSB) would 
be an ideal indicator for enteric virus contamination, studies have demon-
strated that their depuration rates vary depending on the type and species 
of shellfi sh (Dore  et al .,  2000 ; Humphrey and Martin,  1993 ; Lasobras  et al ., 
 1999 ). In Love  et al . ( 2010 ), MSB was shown to depurate at much faster rates 
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in oysters ( Crassostrea virginica ) than clams ( Mercenaria mercenaria ), though 
both shellfi sh types demonstrate a slower rate of depuration for NoV and 
HAV than MSB. Despite mitigations strategies, outbreaks due to shellfi sh 
contaminated with enteric viruses still occur. In 1983, oysters contaminated 
with norovirus were implicated an outbreak that occurred in Tower Hamlets, 
London (Gill  et al .,  1983 ). The investigation demonstrated that the oysters 
were depurated for at least 72 h and there was no evidence of fecal contami-
nation. In 2007 an oyster-associated outbreak occurred in France, where 111 
cases of HAV infection were identifi ed (Guillois-Becel  et al .,  2009 ).The source 
of the shellfi sh contamination was unknown but it was thought that the con-
tamination occurred in the storage depuration tanks. In 2008, Le Guyader 
 et al ., reported on a shellfi sh-associated outbreak where fi ve different enteric 
viruses (Aichi virus, norovirus, astrovirus, enterovirus, and rotavirus) were 
detected in oysters. The investigation showed that heavy rains led to increased 
enteric virus contamination in the shellfi sh growing area. The French Institute 
of Research for the Exploitation of the Sea (IFREMER) and the Department 
Directorate of Health and Social Affairs (DDASS) recommended closure of 
shellfi sh harvesting, due to the heavy rainfall. Instead, shellfi sh were depurated 
for additional days before being released for sale. In the US, shellfi sh grow-
ing areas are most frequently closed due to increased levels of fecal coliforms 
that often occur after a signifi cant rainfall event. Reopening is based upon 
the length of time after the event has occurred and is verifi ed by post-event 
water monitoring for fecal coliform levels. Due to the limited approved grow-
ing areas for harvest of shellfi sh and the cost of depuration, availability of 
depurated shellfi sh in the United States is very limited. 

 Despite current guidance for the control of shellfi sh safety, the US does 
experience occasional shellfi sh-associated outbreaks due to enteric viruses, 
although a recent survey demonstrated NoV and HAV levels of 3.8% and 
4.2% respectively in US retail market oysters (DePaola  et al .,  2010 ).  

  14.6      Current regulations 

 In the United States, the NSSP and its Guide identifi es the requirements nec-
essary to regulate interstate commerce of molluscan shellfi sh to assure sale 
of safe shellfi sh (NSSP, 2009). The US Food and Drug Administration and 
shellfi sh-producing States administer this program. The NSSP and its pre-
cursor Committees were established in the 1920s to prevent shellfi sh-borne 
 Salmonella   typhi  illnesses. Initial controls were premised upon acceptable lev-
els of coliforms (total and fecal coliforms) in the water where the shellfi sh were 
harvested. Additional controls to minimize the potential impact of anthropo-
genic pollution on the sanitary quality were instituted through comprehensive 
sanitary surveys. These surveys are based upon the identifi cation of pollution 
sources, their magnitude, and their potential impact on the shellfi sh growing 
area. NSSP requirements and guidance are set out in FDA’s  Guide for the Control 
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of   Molluscan Shellfi sh , which is published on the FDA website at:  http://wcms.
fda.gov/FDAgov/Food/FoodSafety/Product-Specifi cInformation/Seafood/
federalStatePrograms/NationalShellfi shSanitationProgram/ucm046353.htm . 
In addition to physical and administrative controls, the NSSP requires that 
State authorities educate all licensed harvesters about the hazards associated 
with overboard and direct vessel discharge of human body waste into shellfi sh 
areas. These are explicitly prohibited by the NSSP and all shellfi sh industry 
vessels must be equipped with receptacles on board to contain and segregate 
body wastes from harvested shellfi sh. 

 While the utility of coliform organisms has proven effective in prevent-
ing shellfi sh-borne bacterial illnesses, their effectiveness in preventing enteric 
viral illnesses has been questioned. The inability of coliforms to index viral 
pathogens in shellfi sh and water is likely due to several reasons including 
differential susceptibility to wastewater treatment and disinfection, environ-
mental stability, differences in bioaccumulation, and elimination by shellfi sh. 
With the recognition of this disparity between coliforms (including total coli-
forms, fecal coliforms, and  E. coli)  and enteric viruses, the identifi cation and 
utility of alternative indicator micro-organisms have been sought. Currently 
MSB which have similar physio-chemical properties to those viruses of great-
est concern to shellfi sh consumers (notably norovirus and hepatitis A virus) 
have been identifi ed as an indicator group that can be used to augment the 
existing bacterial indicator system. 

 In 2009 the Interstate Shellfi sh Sanitation Conference (ISSC) adopted for 
inclusion into the NSSP’s Model Ordinance (MO) the use of MSB to reopen 
shellfi sh harvest areas that were closed as an emergency measure due to a 
discharge of raw untreated sewage from a large community sewage collection 
system or wastewater treatment plant. The MO requires that: (i) the water 
quality, as assessed by coliform bacteria, achieve suitable quality, and (ii) the 
male-specifi c coliphage (MSC) levels in the shellfi sh ‘not exceed background 
levels or a level of 50 MSC/100 grams’. This reopening criterion is not cur-
rently applicable to conditional closures of the harvest areas due to insuffi -
cient scientifi c support. 

 In instances when shellfi sh from a particular harvest area have been impli-
cated in illness, the State Control Authority (SCA) is required to immediately 
investigate the source of contamination in the implicated shellfi sh area, close 
the area to further shellfi sh harvesting, and remediate the cause. The SCA 
must also initiate a recall of all shellfi sh by harvest dates. When viral etiol-
ogy is indicated by epidemiology, the identifi ed area must remain closed for 
at least 21 days after the cause has been remedied. In addition, SCAs are 
required to close classifi ed shellfi sh areas when adverse events affecting shell-
fi sh resources may cause contamination. Such closures may be either precau-
tionary in advance of forecast major storms and distant spills, or in response 
to accidental discharges and treatment failures. 

 When an epidemiological link is established between illness and shell-
fi sh, the SCA most often issues public notifi cation and institutes a recall of 
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implicated shellfi sh. Shellfi sh implicated in illnesses cannot be reconditioned 
for human consumption, and such products are usually destroyed. A prod-
uct recall may not be appropriate when the product is no longer available in 
the market. When the source of illness is attributed to lapses in the sanitary 
distribution and processing system, the product is immediately recalled (and 
destroyed) and the cause requires immediate correction. 

 The NSSP currently does not recommend virus monitoring of shellfi sh or 
their waters due to the technical complexity, time requirement, cost, and limi-
tations of technology to detect and recover viruses from shellfi sh. However, 
with the advent of more rapid and effi cient technologies for extraction and 
detection of enteric RNA viruses and the adherence to robust validation cri-
terion, these methods may be incorporated into regulatory compliance pro-
grams and applied routinely in support of outbreak investigations. 

 The public health risk associated with the detection of virus genome with-
out knowing viral infectivity is a regulatory challenge. Little progress has 
been made in propagation of human NoV  in vitro  and therefore it is not 
possible to determine infectivity of norovirus extracted from shellfi sh. In an 
effort to determine relative risk associated with fi ndings of molecular tests to 
partially overcome this obstacle, investigators have begun to enumerate the 
levels of HAV and NoV in shellfi sh that have caused illness to determine if  
an acceptable threshold can be established (Lowther  et al .,  2012 ; Woods and 
Burkhardt,  2010 ). This approach, however, has not been adopted by federal 
or State regulatory agencies.  

  14.7      Conclusion 

 Enteric viruses in the aquatic environment have been thoroughly studied over 
several years. Most enteric viruses can survive under many environmental 
stressors; effective wastewater treatment is therefore paramount in minimiz-
ing the discharge of potentially pathogenic micro-organisms into receiving 
waters. The use of bacterial indicators as a predictor of fecal contamination 
in shellfi sh growing areas is believed to have limited predictive value for viral 
enteric pathogen contamination. Development of molecular techniques has 
allowed detection of these viral pathogens, especially those that cannot be 
readily propagated utilizing cell culture techniques. As the scientifi c commu-
nity continues to make advances in understanding the pathogenic nature of 
these viruses, we can be instrumental in preventing disease outbreaks and 
improving public health.  
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   Viral presence in waste water and 
sewage and control methods   
    C. P.   Gerba   ,        M.   Kitajima       and     B.   Iker   ,    University of Arizona, USA    

   DOI:  10.1533/9780857098870.3.293 

  Abstract:  This chapter discusses the occurrence of different virus types in 
wastewaters (sewage) and their removal by various treatment processes. Factors that 
infl uence the occurrence and concentration of viruses in wastewater are reviewed and 
the mechanisms involved in their removal discussed. 

  Key words:  wastewater, sewage, treatment, activated sludge, soil aquifer treatment, 
wetlands, disinfection. 

    15.1      Introduction: virus occurrence in wastewater 

 Various types of viruses known to infect humans have been identifi ed in sew-
age, and most of them can be transmitted through water. Since large quan-
tities of enteric viruses are shed in the feces of infected individuals (up to 
more than 10 11  virus/g-feces), raw sewage, which gathers domestic wastewater 
including toilet fl ushes, contains viruses at high concentrations. Viruses in raw 
sewage may be reduced in numbers by certain sewage treatments, but it is very 
diffi cult to achieve complete removal with conventional wastewater treat-
ment processes, and it usually does not occur. Thus, viruses can be expected 
to be present in sewage discharges. The treated sewage and combined sewer 
overfl ows (CSOs) are obviously the major sources of environmental pollution 
with human enteric viruses in surface waters. 

 Considering that much of the sewage discharged into the world’s aquatic 
environment is untreated, more detailed information on the number and 
types of viruses associated with raw sewage would be most useful in under-
standing the fate of these agents after discharge into the environment and the 
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associated risk to public health. The occurrence and concentration of viruses 
in raw sewage is determined by the incidence of infection in the population, 
season, and water usage. Higher concentrations of viruses are usually seen in 
developing countries and arid regions where per capita water use is lower than 
other regions. Some viral infections are seasonal and seasonal changes in the 
concentration of the viruses are seen throughout the year. Thus, noroviruses 
are usually at greater concentrations in sewage in the winter and enteroviruses 
in the summer or early fall months in temperate climates. The numbers are 
also affected by the concentration and purifi cation procedures used to isolate 
the viruses, and in the case of infectivity assays, the cell lines which are used. 

 Traditionally (until the 1990s), viruses in wastewater were mainly identifi ed 
by cell-culture assay and the use of specifi c antisera. Viruses identifi ed were 
limited to cultivable viruses, such as enteroviruses, adenoviruses, rotaviruses, 
and reoviruses ( Table 15.1 ). This was made more diffi cult because of the need 
for multiple cell lines, since all types of viruses will not grow in the same cell 
line. Usually greater numbers of viruses are detected by the use of primary 
cell lines than continuous cell lines ( Table 15.1 ). The highest concentration 
of viruses in raw sewage ever reported was by Nupen  et al.  (1974) who found 
463 500 infectious viruses per liter in raw sewage in South Africa using pri-
mary rhesus monkey kidney cells.    

 The advent of the polymerase chain reaction (PCR) enabled the detection 
of viral genomes in wastewater, including those of non-cultivable viruses such 
as human noroviruses and sapoviruses, based on their nucleotide sequence 
information. Initial attempts were made to determine the concentration 
of viral genomes with semi-quantitative PCR (based on regular PCR and 
end-point dilution). Recently, real-time quantitative PCR (qPCR) assays have 
been applied to detect viral genomes in wastewater, allowing us to determine 
the concentration of viruses including non-cultivable types. As a result, data 
on the concentration of viruses in wastewater has rapidly accumulated in 
recent years ( Table 15.2 ).    

 However, it should be noted that not all techniques used to detect and 
quantify viruses in sewage are easily comparable. Methods used for virus 
recovery, extraction, and quantifi cation may be drastically different from one 
study to another, making it diffi cult to compare results from different studies. 
In addition, inhibition of PCR caused by various substances (such as humic 
acids and heavy metals) in wastewater can be problematic for molecular quan-
tifi cation. Therefore it has recently been recommended that internal process 
controls should be included to monitor effi ciency of viral nucleic acid extrac-
tion and RT-PCR (da Silva  et al.,  2007). Some researchers back-calculate the 
actual concentration using the raw qPCR data and extraction-RT-PCR effi -
ciency (called, e.g. ‘corrected’ copy number) (Sano  et al.,  2011; Pérez-Sautu 
 et al. , 2012), while others report the raw qPCR data (even if  they included 
an internal process control) and use the extraction-RT-PCR effi ciency data 
to ensure the reliability of the qPCR data, not for back-calculation (da Silva 
 et al.,  2007; Sima  et al.,  2011; Skraber  et al.,  2011). 
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300 Viruses in food and water

 Human caliciviruses, noroviruses and sapoviruses, typically show a strong 
seasonal trend: their concentration is generally higher in the winter, which 
is an epidemic period of human caliciviruses in many countries (Haramoto 
 et al.,  2006b; Iwai  et al.,  2009; van den Berg  et al.,  2005). A study conducted 
in Sweden, interestingly, found that the concentration of GI NoV in sewage 
increased in the summer season (Nordgren  et al.,  2009). On the other hand, 
concentrations of other commonly found enteric viruses like adenoviruses 
and Aichi viruses are relatively constant over a year and do not show a clear 
seasonal trend (Katayama  et al.,  2008; Kitajima  et al. , 2012b). 

 Other potential factors impacting on virus occurrence in raw sewage are 
population size, structure, and geographical location (Hewitt  et al.,  2011). 
The relative abundance and occurrence of a particular viral pathogen greatly 
depends on how well it is transferred or spread throughout a community, the 
community’s herd, innate, or acquired immunity to said virus, and the rate 
of introduction of viral pathogens into a population. Although there is no 
direct evidence that population size has a signifi cant effect on virus occur-
rence, it is useful to think about the presence or absence of viruses from an 
epidemiological perspective (Yorke  et al.,  1979). Community structure and 
geographical location of a sewage service area may provide a better estima-
tion of virus occurrence in sewage than population size alone. Populations 
comprising relatively high numbers of immuno-compromised patients, areas 
of poor socio-economic status, or high rates of immigration and emigration 
may provide more opportunity for viruses to spread, affecting occurrence in 
sewage. 

 Several types of newly recognized viruses, cardioviruses, cosaviruses, 
bocaviruses, circoviruses, and picobirnaviruses, have also been identifi ed 
from wastewater, suggesting that these viruses potentially could be transmit-
ted through water (Blinkova  et al.,  2009; Hamza  et al.,  2011). Recently, viral 
metagenomic analyses have been performed on raw sewage and reclaimed 
water, which demonstrated the high diversity of viral types in wastewater 
(Cantalupo  et al.,  2011; Rosario  et al.,  2009).  

  15.2      Natural treatment systems 

 Natural systems for treatment of wastewater usually involve land treatment, 
wetlands, and aquaculture. Virus removal in these systems is a combination 
of die-off  and attachment to plants, soil, and sediments. Land application 
systems can be divided into low rate irrigation, overland fl ow, and high rate 
infi ltration. In developed countries land application systems are usually used 
as a tertiary treatment for further improvement of water quality after acti-
vated sludge treatment. In developing countries application to farmland may 
occur with no, minimal, or low cost technology (e.g. stabilization ponds) 
treatment. In irrigation systems the wastewater may be recovered by drain 
tiles under the farmland or by return fl ow (e.g. overland fl ow). The most 
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studied land application systems for virus removal are soil aquifer systems 
(also referred to as soil aquifer treatment) groundwater, recharge, or rapid 
infi ltration extraction. In these systems the wastewater is allowed to percolate 
through the soil and into the groundwater where it may be later recovered. 
Wetlands and aquaculture systems are also used to treat raw wastewater or 
to further improve water quality. There are two types of wetlands in general 
use: free water surface (FWS) and subsurface fl ow systems (SFS). An FWS is 
a wetland similar to a natural marsh with the water surface being exposed to 
the atmosphere. Both fl oating and submerged plants may be used. In an SFS 
wetland the water is never exposed to the atmosphere and fl ows underground, 
usually in a pit or in tanks fi lled with gravel. Aquaculture systems may be used 
for production of feed for animals or fi sh. 

  15.2.1      Virus removal by activated sludge 
 All sewage treatment processes usually remove or inactivate most viruses to 
some degree, but none is likely to remove all of the viruses present. Viruses 
can be removed during sewage treatment physically and by inactivation of 
the virus. Physical removal can take place by adsorption to the biological fl oc 
that forms during treatment or enzymatic attack, or by antiviral substances 
produced by the organisms that grow during sewage treatment. 

 The three most widely used biological processes for secondary sewage 
treatment are trickling fi ltration, activated sludge, and oxidation ponds. All 
three generate large amounts of microbial biomass to which viruses read-
ily adsorb. In fact, the degree of virus removal which occurs during these 
processes appears to largely depend on virus adsorption to the solids (Berg, 
1973; Balluz and Butler,  1978 ; Sobsey and Cooper, 1973), although biolog-
ical antagonism may also be a major factor in the eventual inactivation of 
the virus. Studies on the detection of enteric viruses in activated sludge aer-
ation basins indicate that 83–99% of the indigenous enteroviruses may be 
solids-associated. Generally, trickling fi ltration is less effective than activated 
sludge because of the lower biomass available for viral adsorption, and the rel-
atively short contact time between the wastewater and the biological growth 
on the fi lter medium (Sorber, 1983). 

 Typically, removal rates are around 1–2 log 10  or 90–99% by activated sludge 
treatment ( Table 15.3 ). Recent evidence has suggested that some viruses are 
resistant to removal by the activated sludge process. For example Aichi virus 
has been found in high titers in raw sewage, but little removal of at least the 
genome appears to take place during wastewater treatment (Kitajima, 2011; 
Kitajima  et al.,  2012b).     

  15.2.2      Die-off of viruses in natural systems 
 The major mechanisms of virus removal by natural systems are die-off  (inac-
tivation) and retention by soil or other substrates (e.g. plants). Many factors 
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may infl uence virus die-off  in natural systems, but the most predictive fac-
tor is temperature since all chemical and biological activities are infl uenced 
by temperature (Gerba  et al.,  1991). Persistence of viruses in the soil also 
depends upon location, with greater inactivation occurring near the soil sur-
face and in the vadose zone (the water unsaturated region of the subsurface). 
Temperatures will vary more in this region, moisture content is more variable, 
and drying during non-fl ooding events will result in desiccation. Hurst  et al.  
(1980) found that poliovirus 1 and echovirus 1 were inactivated at 0.04 to 0.15 
log/day when attached to soil during fl ooding of infi ltration basins and 0.11 
to 0.52 log per day during drying of the basins. The greater microbial activity 
in this region can also aid in virus inactivation. Thus, viruses held near the soil 
surface can be expected to be inactivated at a greater rate than those viruses 
which reach the saturated zone. 

 Temperature and the presence of native microfl ora also infl uence the per-
sistence of virus detection by PCR (Bae and Schwab, 2008; de Roda Husman 
 et al.,  2009; Ogorzaly  et al.,  2010). A review of the literature on the survival of 
viruses in groundwater by John and Rose (2005) found that hepatitis A virus 
and the coliphage PRD-1 were the viruses with the slowest decay rates ( Table 
15.4 ). Recent data on the survival of enteric viruses in groundwater suggest 
that adenoviruses and coliphages  Φ X-174and PRD-1 are the longest surviv-
ing viruses in groundwater ( Table 15.4 ).    

 Predicting long-term persistence in the environment is diffi cult because 
of the usual bi-phasic nature of die-off, where a rapid inactivation occurs 
for a few days, followed by a much slower rate. The persistence fraction is 
most likely simply due to variation in the virus population, where some small 

 Table 15.4     Inactivation rates of viruses in ground water 

 Organism  Temperature 
( ° C) 

 Mean inactivation 
 rate (log/day) 

 Inactivation rate 
range (log/day) 

 Poliovirus  0–10  0.02  0.005–0.05 
 11–15  0.08  0.03–0.2 
 16–20  0.1  0.03–0.2 
 26–30  0.08  0.006–1.4 

 Hepatitis A virus  0–10  0.02  0–0.08 
 20–30  0.04  0.009–0.1 

 Echovirus  11–15  0.1  0.05–0.2 
 16–20  0.1  0.05–0.2 
 21–25  0.2  0.06–0.6 

 Coxsackievirus  8–20  0.06  0.002–0.2 
 25–30  0.1  0.007–0.3 

 Rotavirus  3–15  0.4  One study 
 23.2  0.03  One study 

 Adenovirus  4  0.0076  One study 
 12–22  0.028  0.01–0.047 

    Data from John and Rose, 2009; Sidhu and Toze,  2012 ; Sidhu  et al. ,  2010 .    
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fraction of viruses is more thermally stable or more resistant to other factors 
that infl uence survival. The nucleic acid of an organism will persist for a much 
longer time than its infectivity, but it will eventually decay after the organisms 
become inactivated. The ability to detect viruses by PCR is also dependent 
on temperature, native microfl ora (whose enzymes result in the degradation 
of the nucleic acid), and the type of virus. Ogorzaly  et al.  ( 2010 ) found that 
ability to detect adenovirus 2 by PCR declined at about half  the rate of the 
decline of infectivity in groundwater at 20 ° C, and no loss occurred after 400 
days at 4 ° C.  

  15.2.3      Soil aquifer treatment systems 
 A major parameter in assessing virus removal by soil aquifer treatment sys-
tems is their retention during transport through the soil. Factors involved in 
transport are complex and site-specifi c and require a good understanding of 
the nature of the substrata. As with pathogen die-off, removal is different near 
the soil surface, in the vadose zone and in the saturated aquifer. The great-
est removal occurs near the soil surface with decreasing removal at greater 
distances. It is also important to recognize that viruses are not permanently 
immobilized on soil particles and can become remobilized, especially if  
changes in water quality occur. Pang (2009) concluded that virus removal 
determined from laboratory column studies could be from two to three orders 
of magnitude greater than that determined from fi eld studies. This is because 
the greatest removal of viruses usually occurs within the fi rst meter of the soil 
surface. Thus, removal rates for viruses of less than one meter should not be 
exploited to rates beyond one meter (Pang, 2009). The removal of viruses is a 
power function (or hyper-exponentially) decreasing with distance (Pang  et al.,  
2009). Pang (2009) found that removal rates for enteroviruses are lower than 
MS2 coliphage, other bacteriophages (except in some cases for PRD1), and 
other human viruses.  

  15.2.4      Wetlands 
 A summary of virus removals by wetlands is shown in  Table 15.5 . Most of 
these wetlands had a retention time of approximately fi ve days, which is usu-
ally considered the minimum time required to ensure wastewater quality. 
Most studies have involved the reduction of naturally occurring coliphages 
and added tracer coliphage. Few studies have been done on the reduction of 
human enteric viruses. As can be seen in  Table 15.5 , a fi ve-day retention time 
results in a ~95–99% reduction in viruses if  plants are present. Longer reten-
tion times have not been studied in detail. Virus removal is increased in the 
presence of plants ( Table 15.5 ) and is related to plant density (Gersberg  et al.,  
1987; Nokes  et al., , 2007). Viruses adsorb onto plant surfaces within hours 
of entering the wetlands (Quinonoez-Dias  et al.,  2001). Subsurface fl ow wet-
lands appear to result in greater removal of viruses than surface fl ow wetlands 
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( Table 15.5 ), perhaps because of greater contact with roots, surface biofi lms 
or granular material. Removals are also greater in the summer than the win-
ter, probably due to lower temperatures increasing virus survival and lowered 
plant activity.      

  15.3      Disinfection of wastewaters 

 Disinfection of wastewater is required in some locations and countries. 
Chlorine is the most commonly used disinfectant, but ultraviolet light is 
becoming more common, because it has less environmental impact. 

 Table 15.5     Virus removal by wetlands 

 Location  Vegetation  Virus  % Virus removal 

 Free water surface 

 Glendale, AZ  Typha, Scripus  Coliphage  95 
 Oxelosunf, Sweden  Typha  Coliphage  94.7 
 Duplin County, NC  Typha, 

Sparganium 
 Somatic coliphage  84–92 

 F-specifi c 
coliphage 

 84–92 

 Houghton Lake, MI  Typha, Carex  Reovirus, polio 1  90 
 Waldo, FL  Cypress  Coliphage  85.5–99.8 
 Tucson, AZ  Scripus, Typha  PRD-1  96.4 
 Subsurface fl ow 
 Santee, CA  Bullrush  MS-2  >99 

 Bullrush  Polio 1  >99.9 
 Bullrush  F-specifi c phage  99 
 Not planted  F-specifi c phage  94.5 

 Duluth, MN  Bullrush  Somatic phage  90 (winter) 
 Bullrush  Somatic phage  98.4 (summer) 

 Abu Arwa, Egypt  Phragmites  Coliphage  99.7 
 Budds Farms, UK  Phragmites  Coliphage  97.3 

 Phragmites  Enteroviruses  99.3 
 Etenbuttel, Germany  Phragmites  Coliphage  96.7 
 Wiedersburg, Germany  Phragmites  Coliphage  99.9 
 Barcelona, Spain  Salix attocinera  Coliphage  94.9 
 Tucson, AZ  Mixed species, 

trees, bushes, 
reeds 

 PRD-1 
 Coliphage 

 98.8 
 95.2 

 Wickenburg, AZ  No plants  Coliphage  61.5 
 Sahuarita, AZ  Cottonwood and 

Willow 
 Coliphage  86.6 

    Data from Kadlec, 2002; Vadles  et al.,   2003 ,  2006 ; Nokes  et al. ,  2003 ; Reinoso  et al.,   2008 ; 
Thurston  et al.,   2001 .    
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  15.3.1      Ultraviolet light 
 Ultraviolet (UV) treatment has become a widely accepted method for water 
and wastewater disinfection in recent years in the United States. UV is highly 
effective at inactivating most waterborne pathogens and, unlike conventional 
chloride or ozone disinfection methods, it is generally not thought to cre-
ate potentially harmful disinfection by-products. Most studies with viruses 
have been conducted with low-pressure (LP) UV light sources. In addition 
to LP UV, medium-pressure (MP), pulsed UV lamps and UV light-emitting 
diodes (LEDs) are also being used for water disinfection. Differences in the 
source lamp characteristics of these types of UV result in radiation with 
different spectral outputs, and photon densities that vary in their action on 
micro-organisms. LP UV lamps used in disinfection contain mercury vapor 
at a pressure of 0.001–0.01 torr and produce largely monochromatic UV light 
at 253.7 nm. MP UV lamps contain mercury vapor at 100–10 000 torr and 
emit polychromatic UV light ranging from 200 nm to as high as 1400 nm 
with several peaks between 185 and 300 nm, which is generally considered to 
be the practically applicable germicidal range (US Environmental Protection 
Agency,  2003 ). Standard pulsed UV lamps differ from LP and MP lamps in 
that they contain xenon vapor rather than mercury and emit intense pulses 
of light at high photon densities rather than the continuous, lower-density 
wave of LP and MP UV. Pulsed UV lamps emit polychromatic UV ranging 
from 185 nm to about 800 nm. Pulsed UV units may have an advantage in 
that they emit light of the highest intensity: the power fl ux for pulsed UV 
systems can be 500 000 times greater than that for continuous-wave LP and 
MP systems (Eischeid  et al.,  2011). Pulsed UV can therefore be better adapted 
to deliver higher UV doses than LP or MP; intensity itself  may also be a 
factor in the effectiveness of UV disinfection. Weber and Scheble (2003) esti-
mated that a commercially available pulsed UV unit can deliver a UV dose 
of 650–1000 mJ/cm 2  in water with the relatively high transmittances gener-
ally found in drinking water. The spectral output of pulsed UV lamps can be 
designed to match a specifi c need by changing the energy input (McDonald 
 et al.,  2000). The differences in emission spectra between LP, MP, and pulsed 
UV are thought to be primarily responsible for the differences in their action 
on micro-organisms. 

 Since LP UV emits very near the 260 nm absorbance maximum for DNA, 
it inactivates pathogens by damaging their DNA, rendering them incapa-
ble of replicating in hosts (Eischeid and Linden, 2011). The primary DNA 
photoproduct formed during LP UV irradiation of micro-organisms is the 
cyclobutane pyrimidine dimer (CPD), and it is thought to constitute 90% of 
DNA photoproducts (Harm, 1980). MP UV and pulsed UV emit other wave-
lengths – primarily those between 250 and 300 nm – which can damage addi-
tional cellular components such as proteins, amino acids, lipids, and small 
molecules such as carboxylic acid and ketone compounds (Harm, 1980). 
Wavelengths below approximately 210 nm are absorbed by the phosphate 
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backbone of DNA, and those below 240 nm are absorbed by the peptide 
bonds of proteins. While these lower wavelengths are highly effective at inacti-
vating viruses, they do not travel through water as well as higher wavelengths. 
However, the additional wavelengths emitted by MP and pulsed UV systems 
do seem to be advantageous in that they prevent reactivation of microbes; 
damage to photo repair capabilities has been shown for  Escherichia coli  and 
 Cryptosporidium parvum  (Oguma  et al.,  2002). This is probably because dam-
age to DNA caused by LP UV lamps can be repaired but the more wide-
spread damage infl icted by MP or pulsed UV cannot; such damage can be 
expected to prevent host cell reactivation of the DNA-containing adenovirus 
as well. Recent work has shown that greater inactivation of adenovirus in 
cell culture is achieved by both MP and pulsed UV than by LP UV (Eischeid 
 et al.,  2009; Guo  et al. , 2010; Linden  et al.,  2007); over 4-log inactivation of 
adenovirus can be achieved using approximately 40 mJ/cm 2  of MP or pulsed 
UV, and this is in much closer agreement with the LP UV doses required to 
inactivate other viruses. 

 The dose needed to inactivate enteric viruses by low-pressure lamps is 
shown in  Table 15.6 .     

  15.3.2      Chlorine and chloramines 
 Chlorine is the disinfectant most commonly used to disinfect wastewater. 
Unless highly treated to remove organic matter and nitrogen, most of the 
chlorine is largely converted to chloramines, which are much slower in the 
inactivation of viruses. In water applications the effectiveness of a chem-
ical disinfectant is expressed as Ct, where C is the chlorine or chloramine 

 Table 15.6     Dose needed to inactivate enteric 
viruses and phage by 90% (low-pressure UV lamps) 

 Virus  Dose mJs/cm 2  

 Adeno 1  34.5 
 2  40 
 3  34 
 5  28 
 6  38.5 
 40  54.3 
 Coxsackie  11.0–15.6 
 Echo  10.8–12.1 
 Polio  5–12 
 HAV  3.7–7.3 
 Rota SA-11  8–9 
 Coliphage MS-2  18.6 

    Data from Gerba  et al.,   2002 ; Gerba  2009 ; Nwachuku 
 et al.,   2005 ; Thurston-Enriquez  et al.,   2003 .    
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concentration and t the time required to inactivate a certain percentage of virus 
at a specifi c pH and temperature. This approach allows for proper design of 
the chlorine dose and contact time needed for drinking and waste water treat-
ment. Because of the often rapid conversion of chlorine to chloramines and 
presence of suspended particles which interfere with disinfection, infectious 
enteric viruses can usually be detected in activated sludge-treated wastewater 
after disinfection. Tertiary treatment in the form of fl occulation, fi ltration or 
membrane treatment is needed to increase the effectiveness of disinfection by 
reducing the amount of suspended soluble organic matter. 

 Hypochlorous acid (HOCl) forms when chlorine is added to water and 
is the main form of chlorine responsible for its disinfecting properties. The 
amount of HOCl formed is greater at neutral and lower pH levels, result-
ing in greater disinfection ability at these pH levels ( Table 15.7 ). Chlorine 
as HOCl or OCl −  is free available chlorine. In sewage the HOCl combines 
with ammonia and organic compounds to produce combined chlorine in the 
form of chloramines. Enteric viruses vary greatly in their resistance to chlo-
rine and chloramines even among the same genus ( Tables 15.7  and  15. 8 ). The 
greater resistance of echo 11 and 12, and Coxsackie B5 is believed to be due 
to their ability to easily clump compared to the other enteroviruses (Jensen 
 et al.,  1980). To assess the Ct value likely for the human norovirus for which 
an infectivity assay was not available, Shin and Sobsey (2008) developed a 
Ct based on RT-PCR detection using short template and long template, and 
compared it to infectivity results and RT-PCR with poliovirus type 1 and 
coliphage MS-2. They concluded that despite underestimation of virus inac-
tivation by chlorine based on RT-PCR assays, the predicted Ct values for 

 Table 15.7     Ct values for chlorine inactivation 
of enteric viruses in water (99% inactivation 
at 5 ° C) 

 Virus  pH  Ct 

 Polio 1  6.0  1.7 
 Echo 1  6.0  0.24 

 7.8  0.56 
 10.0  47.0 

 Echo 11  7.0  0.54 
 Echo 12  7.5  2.1 

 9.0  8.4 
 Coxsackie B5  7.8  2.16 

 10.0  33.0 
 Adeno 2  7.0  0.04 
 Adeno 40  7.0  0.15 
 Adeno 41  7.0  0.005 
 Murine noro  7.0 and 8.0  <0.02 

    Data from Gerba  et al.,   2003 ; Gerba,  2009 ; Black 
 et al.,   2009 ; Cromeans  et al.,   2010 .    
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human norovirus based on RT-PCR are lower than the ones for most other 
enteric viruses.       

 Chlorine may inactivate viruses by damage of either the viral capsid pro-
teins or nucleic acid (Thurman and Gerba, 1988). The site of action may also 
depend on the concentration of free chlorine and the type of virus. Alvarez 
and O’Brien ( 1982 ) found that at a free chlorine concentration of less than 0.8 
mg/L inactivation of poliovirus RNA occurs without any structure changes, 
but chlorine concentrations greater than 0.8 mg/L resulted in damage to the 
viral RNA and protein capsid. The protein coat for the double-stranded RNA 
rotavirus is the target responsible for inactivation (Vaughn and Novotny, 
1991).   

  15.4      Future trends 

 As evident from studies over the last decade, almost any virus which infects 
man can be detected in wastewater by molecular methods. The potential for 
these viruses to be transmitted via water or food is not currently understood. 
Many cause illnesses not traditionally associated with waterborne disease, 
such as respiratory infections, meningitis, skin infections, etc. Linking detec-
tion of viruses by molecular methods and risk assessment is needed to better 
understand the risks of the wide variety of viruses detected in wastewater. 
Development of molecular methods capable of assessing infectivity would 
greatly increase our understanding of the survival of viruses which are diffi -
cult to culture or cannot be cultured in the laboratory. 

 Table 15.8     Ct values for chloramines in 
water (99% inactivation at 5 ° C) 

 Virus  pH  Ct 

 Polio 1  9.0  1420 
 Coxsackie B3  8.0  240 
 Coxsackie B5  8.0  670 
 Echo 1  8.0  8 
 Echo 11  8.0  880 
 Hepatitis A  8.0  592 
 Rota SA-11  8.0  4034 
 Adeno 2  7.0  600 

 8.0  990 
 Adeno 40  8.0  360 
 Adeno 41  8.0  190 
 Mouse Noro  8.0  36 
 Coliphage MS-2  8.0  2100 

    Data from Sobsey  1989 ; Cromeans  et al.,   2010 .    
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 Data is surprising limited on the ability of wetland treatment systems to 
remove naturally occurring enteric viruses. Most of the studies have been 
done with coliphages. Studies are needed on the removal of enteric viruses by 
both conventional and molecular methods to get a more quantitative estimate 
of the performance of these systems over longer retention times than that 
which has been obtained to date. Data on the removal of adenoviruses in both 
wetland treatment and aquifer recharge is also lacking. Since adenoviruses 
appear to be one of the longer surviving viruses in the environment, such 
information would provide better assurance that these systems are designed 
to reduce all types of enteric viruses present in wastewater. 

 The use of UV light systems for disinfection of treated wastewater is a rap-
idly increasing replacement for chlorine in the United States and elsewhere. 
Recent studies indicate that this is resulting in increased release of the highly 
UV light-resistant adenoviruses into surface waters (Rodríguez  et al.,  2008). 
UV systems are primarily designed to meet bacterial standards in sewage dis-
charges, which require UV light doses far below these required to inactivate 
viruses. Studies are needed to assess if  this is increasing the risk of water 
transmission of adenoviruses. UV light technology is rapidly changing and 
a better understanding of the molecular mechanisms underlying wavelength 
sensitivity of enteric viruses will aid in the better design of such systems. 

 Although development of PCR has allowed us to detect any known virus, 
including non-cultivable viruses such as noroviruses and sapoviruses, PCR is 
still database-dependent and able to detect only previously identifi ed viruses. 
Recently, various viruses putatively associated with human gastroenteritis 
have been newly identifi ed through a metagenomic approach (Rosario  et al ., 
2009). Application of the metagenomic analysis utilizing pyrosequencing, 
which is a database-independent, unbiased, and high-throughput technique, 
should provide a better understanding of the viral community in wastewater 
and the molecular epidemiology of viruses among human populations.  
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 Advances in understanding of norovirus 
as a food- and waterborne pathogen and 
progress with vaccine development   
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  Abstract : Noroviruses are the commonest cause of infectious intestinal disease, 
and are frequently associated with outbreaks of gastroenteritis, mainly in 
healthcare-associated settings, but also in outbreaks associated with contaminated 
food and/or water. The contamination of foods can occur during  production, 
preparation, and/or service, or, more rarely by contamination of water supply. 
Contamination of water supply with norovirus is rare, and usually occurs as a 
consequence of leakage of sewage or as a result of leaching after heavy rainfall. 
Outbreaks of norovirus gastroenteritis associated with contaminated food and water 
can have high impact as a large number of individuals can become affected quickly 
over a large geographical area, with a high number of secondary cases. However, 
adequate capture of both epidemiological and laboratory data of norovirus 
outbreaks remains a major challenge, as many outbreaks fail to be identifi ed and/
or followed up and so the incidence of norovirus-associated foodborne outbreaks 
is not well defi ned. Measures for preventing norovirus contamination are centred 
on good hand hygiene and environmental cleaning practices in healthcare settings, 
food establishments and on board cruise ships. Several guidelines for responding to 
outbreaks in food preparation premises are available, and there is a wide range of 
generic legislation for food processing and handling. There is currently no licenced 
vaccine or antiviral drug for prophylaxis or treatment of norovirus. However, the 
fi rst trial demonstrating homologous protection against illness and infection using 
a norovirus VLP (virus-like particle) was reported recently. Whilst promising, the 
vaccine is monovalent and the evidence suggests that there is little cross-protection 
between norovirus strains, a multivalent vaccine is likely to be the only viable option 
for future vaccine development. 

  Key words : norovirus, epidemiology, outbreaks, gastroenteritis, vaccine. 
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    16.1      Introduction 

 Noroviruses are the commonest cause of infectious intestinal disease. These 
viruses are frequently associated with outbreaks of illness, and a high genetic 
mutation rate drives the periodic emergence of new norovirus strains, both 
of which can lead to a signifi cant impact on public health. In this chapter we 
focus on the epidemiology of norovirus and in particular the public health 
impact of outbreaks associated with contaminated food and water. We dis-
cuss the control measures in place to limit norovirus outbreaks, and the cur-
rent progress made towards a norovirus vaccine. 

  16.1.1      History 
 The identifi cation of  norovirus, and its association as an aetiological agent 
of  infectious gastroenteritis, was made in 1972 following electron micros-
copy (EM) and serology studies on a panel of  specimens collected during an 
outbreak of  non-bacterial gastroenteritis from Norwalk, Ohio (Kapikian 
 et al. ,  1972 ). Viral particles were visualised by EM in faecal specimens, and 
patients infected, either during the original outbreak or experimentally, 
were shown to develop serological markers of  infection (Kapikian  et al. , 
 1972 ). The agent became known as the Norwalk agent, and later part of  a 
group of  viruses termed the Norwalk-like viruses (NLVs) or the small round 
structured viruses (SRSVs). Almost 30 years after the fi rst description, the 
classifi cation of  these viruses was reorganised. The terms NLV and SRSV 
were replaced by an updated description of  the virus family  Caliciviridae  
(from the Latin  calyx , meaning cup, after the depressions on the virus sur-
face as viewed by EM) (Mayo,  2002 ). Within this family, four virus gen-
era were described, of  which the genus Norovirus replaced the NLV group 
(Mayo,  2002 ).  

  16.1.2      Impact of norovirus gastrointestinal illness 
 Infectious gastrointestinal (diarrhoeal) disease remains a major public 
health challenge worldwide. Morbidity and mortality rates remain high in 
developing countries, largely due to inadequate treatment of  diarrhoeal 
disease. In developed countries, mortality rates are generally low; however, 
each year around one in fi ve people suffer from infectious gastrointestinal 
illness (Tam  et al. ,  2011 ). The list of  aetiological agents of  infectious gastro-
enteritis is extensive, with bacterial, parasite and viral agents all associated 
with the disease. The association between bacterial agents and foodborne 
and waterborne infection is well established. The link between many viral 
agents and foodborne and waterborne infection is less clear; nonetheless, 
outbreaks of  gastroenteritis associated with contaminated food or water, 
where norovirus has been identifi ed as the aetiological agent, are regularly 
reported.   
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  16.2      Norovirus virology and clinical manifestations 

 Studies into the replication and pathogenesis of human norovirus remain lim-
ited by the lack of a laboratory cell culture system or suitable small animal 
model. Detailed information about the structure of the norovirus particle has 
been obtained through study of recombinant virus-like particles (VLPs), and 
as genome sequencing has become more accessible, the genetic diversity and 
evolution of the norovirus genome has been studied in detail. 

  16.2.1      Classifi cation of the virus 
 Early studies of the taxonomy of norovirus strains using sequence diversity 
were confusing, with different laboratories using different regions of the viral 
genome for strain detection and classifi cation. The high level of genetic diver-
sity among norovirus strains led to data sets that were not comparable, and 
results between laboratories were confl icting. A classifi cation of norovirus 
strains that accurately refl ected the genetic diversity found among these viruses 
and allowed straightforward comparison of sequence data was proposed in 
2006 (Zheng  et al. ,  2006 ). Here the authors compared complete amino acid 
sequences of entire capsid proteins to reveal phylogenetic relationships between 
norovirus strains. This meant that the norovirus genus was classifi ed into fi ve 
genogroups, and within these numerous genetic clusters were delineated (Zheng 
 et al. ,  2006 ). The majority of human strains are classifi ed within genogroup-I 
(GI) or genogroup II (GII) strains, with 8 and 17 genetic clusters/genotypes 
identifi ed among GI and GII noroviruses, respectively (Zheng  et al. ,  2006 ). 

 The remaining genogroups (GIII, GIV and GV) contain norovirus strains 
that have been isolated from mice (Karst  et al. ,  2003 ), cows (Oliver  et al. , 
 2003 ) and macaques (Farkas  et al. ,  2008 ), respectively. Despite the diverse 
range of animal hosts for norovirus strains, there is no evidence of zoonotic 
transmission of norovirus to date.  

  16.2.2      Virus structure 
 The norovirus particle is spherical with protrusions that extend from the 
strict and local two-fold axes to an outer radius of 190  Å  (32 nm) (Prasad 
 et al. ,  1994 ; Venkataram Prasad  et al. ,  1999 ). The virus capsid is formed of 
90 homodimers of the major capsid protein (VP1), arranged in an icosahe-
dral formation ( T  = 3 symmetry). The VP1 protein is highly organised into 
functional domains: N-terminal domain (N), shell domain (S), N-terminal 
protruding domain (P1–1), hypervariable domain (P2) and a C-terminal pro-
truding domain (P1–2) (Venkataram Prasad  et al. ,  1999 ). The VP1-S domain 
forms the internal core, whilst the VP1-P domain extends from the parti-
cle surface forming spike-like protrusions. Receptor binding functions and 
immunoreactivity have been associated with the surface-exposed and hyper-
variable P2 domain. 
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 The only complete human norovirus capsid structure that has been eluci-
dated is that of the GI-1 norovirus prototype strain Norwalk virus, which was 
published in 1994 following cryo-EM studies on virus-like particles (VLPs) 
(Prasad  et al. ,  1994 ). This led to the detailed X-ray crystallographic struc-
ture of this virus (Venkataram Prasad  et al. ,  1999 ), as well as other norovirus 
strains and members of the  Caliciviridae  family (Bertolotti-Ciarlet  et al. ,  2002 ; 
Chen  et al. ,  2004 ,  2006 ; Shanker  et al. ,  2011 ). The fi rst description of a GII 
norovirus structure was published in 2007 by Cao  et al . who detailed the VP1 
P domain from baculovirus-expressed VLPs (Cao  et al. ,  2007 ). The only avail-
able structure of a native norovirus particle is that of the cell culture-adapted 
murine norovirus strain CW.1 (Katpally  et al. ,  2007 ,  2010 ).  

  16.2.3      Virus evolution 
 Genetic diversity in viral genomes is generated and maintained through sev-
eral mechanisms: reassortment/recombination, appearance of deletions and/
or insertions and point mutations. Norovirus recombination between strains 
within the same genogroup has been reported (Bull  et al. ,  2007 ; Rohayem 
 et al. ,  2005 ). For recombination to occur co-infection with two or more noro-
virus strains is a prerequisite and this is often facilitated through primary sew-
age contamination of water and/or foodstuffs such as bivalve molluscs, and 
subsequent human exposure through consumption or contact with the con-
taminated water/shellfi sh, which may contain more than one norovirus strain. 
The role of recombination in the emergence of epidemiological important 
strains is, however, limited, given that such an event is limited to involving 
strains which are relatively closely related, and in the absence of interspecies 
transmission of noroviruses, recombination does not result in the emergence 
of signifi cantly novel strains in the human population. 

 In contrast, mutation has a major impact on norovirus evolution. Driven 
by selective pressure from the individual host (Nilsson  et al. ,  2003 ) and herd 
immunity (Lindesmith  et al. ,  2011 ), the norovirus genome depends on its high 
mutation rate to generate novel genetic variants that maintain viral fi tness. The 
genetic diversity observed among circulating norovirus strains (Gallimore  et al. , 
 2007 ), the observed patterns of evolution of these viruses (Allen  et al. ,  2008 ; 
Lindesmith  et al. ,  2008 ; Siebenga  et al. ,  2007 ), and the impact of the emer-
gence of novel strains in the epidemiology of norovirus infections and epidem-
ics (Adamson  et al. ,  2007 ; Lopman  et al. ,  2004a ) indicate that mutation is the 
major contributor to the persistence of noroviruses in the human population.  

  16.2.4      Features relevant to food, water and environmental 
transmission of norovirus 

 Although the majority of transmission events for norovirus are 
person-to-person, there are properties of the virus that enable its transmis-
sion via food, water and through the environment. 
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 The norovirus particle demonstrates exceptional stability under a range 
of chemical and physical conditions (Ausar  et al. ,  2006 ; Cuellar  et al. ,  2010 ; 
Shoemaker  et al. ,  2010 ), making these viruses highly stable in the environ-
ment. Studies have found virus contamination on environmental surfaces 
even after deep cleaning (Morter  et al. ,  2011 ; Xerry  et al. ,  2008 ). A surrogate 
virolysis study found the norovirus capsid to be resistant to disruption using 
common disinfection reagents (Nowak  et al. ,  2011 ). 

 This stability means that foodstuffs and water sources at risk of primary 
contamination must be carefully treated in order to avoid infection following 
consumption. High-risk foods are those that are eaten raw such as oysters 
(Le Guyader  et al. ,  2006 ) and soft fruits (Maunula  et al. ,  2009 ), and are at 
risk of primary sewage contamination. In addition, contamination of food 
by infected food handlers can also be an important source of norovirus out-
breaks and often involves foods that may be cooked, but that are prepared 
and handled without subsequent cooking such as salads, buffets (de Wit  et al. , 
 2007 ; Nicolay  et al. ,  2011 ; Vivancos  et al. ,  2009 ; Wadl  et al. ,  2010 ). 

 The number of particles required to establish infection in an individual is 
probably very low; studies have indicated that fewer than 100 particles (Glass 
 et al. ,  2000 ; Teunis  et al. ,  2008 ) may be suffi cient to cause symptomatic gas-
troenteritis in a susceptible individual. This contributes to the ease with which 
these viruses transmit, and to the high norovirus attack rates reported, partic-
ularly in closed or semi-closed environments (Harris  et al. ,  2010 ; Noda  et al. , 
 2008 ; Ter Waarbeek  et al. ,  2010 ; Werber  et al. ,  2009 ).  

  16.2.5      Clinical presentations and treatment 
 Noroviruses have long been recognised as a cause of relatively mild, 
self-limiting gastroenteritis, which was fi rst described as winter vomiting dis-
ease in 1929 (Zahorsky,  1929 ). 

 Typically norovirus infection has a short incubation period of 24 h (12–48 
h). Illness is characterised by diarrhoea and vomiting, which in a proportion 
of cases is described as ‘projectile’. Onset is sudden with no prodromal symp-
toms and other symptoms reported include nausea, abdominal cramps and 
fl u-like symptoms. 

 Norovirus illness generally lasts 12–60 h (Kaplan, 1982), however, illness is 
prolonged by 24 h in the elderly (Lopman  et al. ,  2004c ), and infection in severely 
immunocompromised/immunodefi cient patients is associated with severe and 
persistent symptoms. There are few studies of mortality due to norovirus; 
in one study using a modelling approach a few deaths linked to norovirus 
were identifi ed each year in the UK (Harris  et al. ,  2008 ). Recent research has 
suggested that norovirus infection may play a role in post-infectious irrita-
ble bowel syndrome (PI-IBS), and that the number of individuals developing 
PI-IBS may be as high as 13% (Zanini  et al. ,  2012 ). 

 Community-based studies show that most norovirus infections cause mild 
disease and are managed without intervention from healthcare services (Pang 
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 et al. ,  2000 ). Only a minority of cases cause severe gastroenteritis as defi ned 
by the Vesikari scale, a scoring system used to measure the severity of gas-
troenteritis symptoms between 0 and 20 (low to high, respectively) (Ruuska 
and Vesikari,  1990 ). The low severity of cases is refl ected in the relative lower 
numbers of paediatric hospital admissions associated with norovirus infec-
tion in comparison to rotavirus infections. Dehydration is the main concern 
and this is generally treatable with oral rehydration therapy (ORT). Few cases 
require intravenous rehydration. 

 It is noteworthy that norovirus infection does not always lead to symptom-
atic illness. Around 16% of infections will lead to asymptomatic carriage of 
the virus (Amar  et al. ,  2007 ; Phillips  et al. ,  2010b ).  

  16.2.6      Pathogenesis 
 Histopathology studies have shown that norovirus infects the villus entero-
cytes of the duodenum and jejunum (small intestine), where it establishes a 
cytolytic infection. The infection-induced cell death causes blunting of the 
villi through cellular atrophy and crypt hyperplasia (Agus  et al. ,  1973 ). The 
mucosa and epithelium remain intact (Meeroff  et al. ,  1980 ). 

 Noroviruses cause secretary diarrhoea with malabsoption and enzymic 
dysfunction in the small intestinal brush border. Vomiting is due to changes 
in gastric motility and delays in gastric emptying (Meeroff  et al. ,  1980 ).   

  16.3      Susceptibility, immunity and diagnosis 

  16.3.1      Volunteer studies 
 Understanding of the pathogenesis of norovirus remains poor, due to the 
lack of a laboratory cell culture model (Duizer  et al. ,  2004 ) and the lack of a 
suitable animal model in which to study these viruses. Available information 
on the pathophysiology of norovirus infection has largely been derived from 
histological and pathological information collected during volunteer studies 
with the virus. 

 Soon after the identifi cation of norovirus as an agent of gastroenteritis, it 
was demonstrated that a specifi c antibody response to the virus was gener-
ated following infection, and protection against subsequent re-infection with 
an homologous strain was observed (Dolin  et al. ,  1972 ). Subsequently, a fi rst 
study with volunteers showed that primary infection with one of three dif-
ferent norovirus strains caused illness in some but not all individuals (Wyatt 
 et al. ,  1974 ). Individuals who became symptomatic following primary chal-
lenge were immune when re-challenged with the homologous virus 6–14 
weeks later. However, heterologous challenge gave a spectrum of results that 
suggested cross-protection between norovirus strains was limited (Wyatt 
 et al. ,  1974 ). Other subsequent volunteer studies have presented confl icting 
data, demonstrating that some individuals with pre-existing high anti-NV 
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antibodies were more susceptible following virus challenge than others with 
low or no anti-NV antibodies (Baron  et al. ,  1984 ; Parrino  et al. ,  1977 ). The 
duration of long-term immunity to norovirus following experimental infec-
tion is unclear, as studies found volunteers experimentally challenged 27–42 
months after original challenge were not necessarily protected from symp-
tomatic infection. When a proportion of the volunteers displaying clinical 
symptoms after two experimental infections were challenged a third time 4–8 
weeks after the second challenge, one quarter remained susceptible to symp-
tomatic infection (Parrino  et al. ,  1977 ). In a separate study, 77% of volunteers 
with pre-existing immunity to norovirus became ill following experimental 
infection, whilst only 32% of volunteers without pre-existing immunity to 
norovirus became ill (Blacklow  et al. ,  1979 ). 

 More recent attempts to evaluate homotypic and heterotypic responses to 
norovirus infection (Iritani  et al. ,  2007 ; Parker  et al. ,  1995 ; Rockx  et al. ,  2005a ) 
have yielded equally mixed results. Results from a seroepidemiological study 
revealed a slight one-way cross-reactivity (Parker  et al. ,  1995 ). The authors 
note that the cross-reactive antibodies could be derived from an immunologi-
cal memory to a previous infection; this is one of the main problems encoun-
tered when studying immunity to noroviruses in the population. Norovirus 
infection is common in the community: it has been demonstrated that sero-
prevalence of norovirus in the population is around 24% in infants, and rises to 
almost 90% in persons >60 years old (Gray  et al. ,  1993 ), therefore the presence 
of immunological memory to norovirus infection must be considered in all 
serological studies. Studies of homotypic and heterotypic antibody responses 
to natural norovirus infection in a population cohort found a higher degree of 
intra-genogroup cross-reactivity compared to inter-genogroup cross-reactivity, 
and that antibody avidity could not distinguish between homotypic and hetero-
typic antibody responses (Rockx  et al. ,  2005a ). A recent study of the humoral 
response to norovirus infection in children showed that a strong serum IgG 
response was mounted to infection that remained high more than two years 
following infection, and that whilst both serum IgM and IgA could be detected 
following the infection, the IgM response was short-lived and the IgA response 
was maintained but at a low level (Iritani  et al. ,  2007 ).  

  16.3.2      Antigenic drift 
 Data from volunteer studies seem to indicate a limited role for serum antibody 
in protection from norovirus infection. The presence of norovirus-specifi c 
serum antibody does not correlate with protection against either symptom-
atic or asymptomatic infection. This is in line with the norovirus strict tro-
pism, infecting only the gut mucosa without further dissemination in the host, 
meaning that local antibody responses will be important in protection from 
infection and/or symptoms, and serum antibody is unlikely to signifi cantly 
impact on the progression of infection. Any immunity generated during a 
norovirus infection is likely to be limited in cross-protection against different 
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norovirus genotypes (Matsui and Greenberg,  2000 ). In fact, data suggest that 
immune response to a particular genotype may be specifi c to the infecting 
strain, and may not be reactive against a different strain of the same genotype 
(Allen  et al. ,  2009 ). An individual’s historical immunity to norovirus infection 
is further complicated by the rapid mutation rate of some strains, particularly 
the common GII-4 norovirus strains. These norovirus strains evolve rapidly, 
and frequently acquire genetic changes that can manifest as phenotypic dif-
ferences which may confer a selective advantage to the virus, making it ‘fi tter’ 
in the population (Allen  et al. ,  2008 ; Lindesmith  et al. ,  2008 ; Siebenga  et al. , 
 2007 ). If  such mutations in the genome give rise to antibody-escape mutants 
capable of evading existing immunity, then an individual can potentially be 
re-infected if  the virus has suffi ciently altered its antigenic profi le to be unrec-
ognised by the immunological memory from the fi rst infection.  

  16.3.3      Virus binding to blood group antigens 
 The confl icting data from volunteer studies indicates that host susceptibil-
ity to norovirus infection is complex, and may not be dependent wholly on 
immune status of the individual. Some individuals may have a degree of nat-
ural resistance to particular norovirus genotypes, conferred by a genetically 
determined phenotype. Such a link was proposed between susceptibility to 
infection and the ABO blood group status of the individual (Hutson  et al. , 
 2002 ). In their study, Hutson  et al . showed that individuals with type O anti-
gen exhibited a higher susceptibility to infection, whereas type B individuals 
had a decreased risk of infection and did not develop symptoms (Hutson 
 et al. ,  2002 ). In humans, HBGAs are expressed on different tissues with par-
ticular restrictions: ABH and Lewis antigens are expressed on the epithelia of 
tissues that are in contact with the external environment, such as the respira-
tory and gastrointestinal tracts. HBGA molecules are also secreted into the 
saliva of some individuals. The secretor phenotype is controlled by a single 
genetic locus; approximately 80% of Caucasian people are HBGA secretors. 

 Early serological studies showed that different norovirus genotypes dis-
played different HBGA-binding patterns (Harrington  et al. ,  2002 ; Huang 
 et al. ,  2003 ). Whilst GI-1 norovirus bound to saliva of all secretor but no 
non-secretor individuals, GII-2 norovirus bound only to that of B/AB secre-
tor individuals, and a third genotype (GII-1) did not bind any of the types 
(Harrington  et al. ,  2002 ). Since these initial observations, a number of studies 
have sought to defi ne binding relationships between the different norovirus 
genotypes and HBGAs (Huang  et al. ,  2005 ; Tan  et al. ,  2003 ,  2006 ; Tan and 
Jiang,  2005 ). These studies suggest a complicated relationship between noro-
viruses and HBGAs, with no robust binding pattern defi ned to date. The data 
certainly indicate a role for HBGAs as a susceptibility factor for norovirus 
infection (Hutson  et al. ,  2002 ; Lindesmith  et al. ,  2003 ; Rockx  et al. ,  2005b ), 
with a strong but not exclusive link demonstrated between non-secretor sta-
tus and resistance to infection (Lindesmith  et al. ,  2003 ). Multiple binding 
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patterns have been observed between HBGAs and the ubiquitous GII-4 noro-
virus strains isolated at different time points (Lindesmith  et al. ,  2008 ). 

 Efforts have been made to elucidate the relationship between norovirus 
and HBGA at a structural level (Bu  et al. ,  2008 ; Cao  et al. ,  2007 ; Choi  et al. , 
 2008 ; Shanker  et al. ,  2011 ; Tan  et al. ,  2003 ,  2008 ). The crystallographic 
structural data presented in these studies support the idea that interactions 
between norovirus and HBGAs is strain-specifi c, and demonstrate that the 
structure of the GI and GII norovirus capsid, especially in the hypervariable 
P2 domain where it is predicted that the HBGA-binding site is located, are 
very different (Bu  et al. ,  2008 ). There is no evidence that HBGAs are the pri-
mary receptors for noroviruses; given the systemic distribution of HBGAs, 
but lack of systemic norovirus infection/disease, it is more likely that HBGAs 
are co-receptors for effi cient virus entry, in parallel to an as yet unidentifi ed 
primary receptor (Bucardo  et al. ,  2010 ; Le Pendu  et al. ,  2006 ; Nordgren  et al. , 
 2010 ).  

  16.3.4      Diagnosis of norovirus infection 
 The diagnosis of individual cases of viral gastroenteritis requires specifi c lab-
oratory investigation but clinical diagnosis of norovirus-associated outbreaks 
of gastroenteritis is based on the ‘Kaplan criteria’ and is specifi c although a 
little insensitive in discriminating between outbreaks of gastroenteritis caused 
by norovirus from other aetiological agents (Turcios  et al. ,  2006 ). Four criteria 
are used: (i) bacterial/parasitic pathogen cannot be detected; (ii) >50% cases 
show vomiting; (iii) illness lasts 12–60 h; and (iv) incubation period is 24–48 h 
(Kaplan  et al. ,  1982a ,b). The availability of laboratory-based diagnostic tests 
for norovirus have evolved dramatically, moving from EM, to immunoassays, 
reverse transcriptase-polymerase chain reaction (RT-PCR) and gel analysis, 
and most recently to real-time RT-PCR. 

 Initially, the only laboratory method for norovirus diagnosis was electron 
microscopy (EM), a technique used by many laboratories in the routine diag-
nosis of gastroenteritis until the advent of molecular methods. EM can be 
a powerful method, and since it is unbiased it is a true ‘capture-all’ method. 
However, its effective use in clinical diagnostics suffered from limited sensi-
tivity and the high cost of a labour-intensive method requiring highly skilled 
workforce. At best the lower limit of detection for EM is one million virus 
particles per gram faeces, roughly the same as the peak levels of shedding 
during a norovirus infection. The sensitivity of EM can be increased through 
concentration of the virus in the clinical sample by ultracentrifugation and/or 
through the use of immune EM (IEM) (Kapikian  et al. ,  1972 ). 

 Following cloning and sequencing of the prototype norovirus strain 
Norwalk virus (Jiang  et al. ,  1990 ), VLPs were produced (Jiang  et al. ,  1992b ) 
which could be used as antigen in immunoassays and as immunogens for pro-
ducing antibodies in laboratory animals. This led to production of norovirus 
VLPs for representative strains of the different genogroups and genotypes, 
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which in turn allowed the development of enzyme-linked immunosorbent 
assays (ELISAs) based on type-specifi c monoclonal antibodies. These assays 
quickly became adopted in the clinical setting for the detection of norovirus 
antigen in clinical samples (Jiang  et al. ,  2000 ). The relatively low sensitivity of 
these assays limits their use to the diagnosis of outbreaks of gastroenteritis, 
and only when several samples are available from the same outbreak. These 
methods are insuffi ciently sensitive and specifi c for the diagnosis of sporadic 
cases and their use may be further limited with time as the viruses evolve. 

 Also following the cloning and sequencing of norovirus prototype genomes 
(Jiang  et al. ,  1990 ; Lambden  et al. ,  1993 ), molecular assays for the detection 
of norovirus were developed, concurrent with the increasing use of polymer-
ase chain reaction (PCR) methods in diagnostic laboratories (Ando  et al. , 
 1995 ; Green  et al. ,  1993b ; Willcocks  et al. ,  1993 ). RT-PCR methods for the 
detection of noroviruses have overtaken other methods for routine detection 
of norovirus in clinical specimens (Green  et al. ,  1993a ; Jiang  et al. ,  1992a ). 

 The majority of assays now used in the clinical settings are real-time 
RT-PCR based on the methods of Kageyama (Amar  et al. ,  2005 ; Gunson 
and Carman,  2005 ; Kageyama  et al. ,  2003 ; Richards  et al. ,  2004 ). With such 
sensitive methods of detection available, it becomes important to understand 
when positive results are indeed clinically relevant. Given that a high level of 
asymptomatic carriage of norovirus has been found in the community, and 
the relatively high incidence of mixed infections with more than one patho-
gen, it is increasingly important to understand the limitations of the diagnos-
tic methods in order to assign causality between symptoms/disease and the 
detection of a pathogen in a clinical sample. To address this, over 300 samples 
collected from patients in the UK were tested by real-time RT-PCR for detec-
tion of norovirus, half  of which were from individuals with symptomatic 
gastroenteritis, and half  of which had no symptoms nor recent history of 
gastroenteritis (Phillips  et al. ,  2010a ). Asymptomatic individuals were found 
to have lower norovirus loads correlating with Ct (cycle threshold) values  ≥ 31: 
whilst technically positive by defi nition in the assay, these were not deemed 
to be clinically relevant, and so defi ned a cut-off  for clinical interpretation of 
real-time RT-PCR detection of norovirus (Phillips  et al. ,  2010a ).   

  16.4      Epidemiology of norovirus gastroenteritis associated 
with food, water and the environment 

 Many countries now run national surveillance programmes with the aim of 
understanding the burden of disease attributable to norovirus. However, due to 
underreporting, accurate fi gures are diffi cult to determine. The pattern of dis-
ease observed for norovirus is affected by a number of factors, and there have 
now been several studies to understand the impact of both endemic and epi-
demic norovirus-associated disease. Whilst mostly associated with person-to-
person transmission, the environmental stability of norovirus means that it can 
also be transmitted via contaminated food, water and environmental vehicles. 
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  16.4.1      Norovirus epidemiology 
 Many countries have surveillance programmes for norovirus, but because 
most cases are not laboratory investigated, and depending upon healthcare 
system structure the sufferer may or may not seek medical attention (Tam 
 et al. ,  2011 ), accurate fi gures are diffi cult to determine (Dedman  et al. ,  1998 ). 
In the USA, norovirus is estimated to cause about 21 million cases of acute 
gastroenteritis and 70 000 hospitalisations per year (Centers for Disease 
Control and Prevention,  2012a ). 

 Food-related norovirus outbreaks resulting from primary sewage con-
tamination of shellfi sh, soft fruit or salads, and from food contaminated 
by infected food handlers after cooking or during preparation have been 
described (Dedman  et al. ,  1998 ). However, these outbreaks are often not 
recognised or reported, and so the incidence of foodborne outbreaks is not 
well defi ned. In the USA, it is estimated that 50% of foodborne outbreaks 
due to known agents are related to noroviruses (Centers for Disease Control 
and Prevention,  2012a ). In the UK, it has been estimated that 700 000 (of 
3  million) cases annually may be food-related (Adak  et al. ,  2002 ), but the pre-
cise burden of foodborne norovirus illness is not known. 

  Seasonality 
   Noroviruses have a worldwide distribution. The range of strains seen in differ-
ent geographical regions overlap, suggesting global circulation. Some GII-4 
strains have been shown to spread rapidly worldwide. In developed countries, 
norovirus infections exhibit a clear winter peak, with outbreaks occurring pre-
dominantly from the autumn through to the spring (see  Fig. 16.1 ). Infections 
and outbreaks continue to occur throughout the year at a lower rate in tem-
perate countries (Lopman  et al. ,  2003 ). Foodborne outbreaks refl ect this 
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 Fig. 16.1      Seasonality of norovirus outbreaks and laboratory confi rmed cases in 
England and Wales, reported to HPA between January 2009 and May 2012 . This repre-
sents the standard surveillance output, which illustrates the scale of underreporting.  

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

330 Viruses in food and water

pattern in the community, with the majority of outbreaks occurring in the 
winter season. This may be a result of both peak incidence of infection lead-
ing to more environmental contamination and subsequent contamination of 
foodstuffs at primary production, and colder temperatures reducing bivalve 
mollusc activity with reduced rates of viral clearance. The temporal pattern 
of infection in developing countries is less pronounced, with infections occur-
ring throughout the year.     

  Age 
   Studies of norovirus incidence and prevalence all show the peak age of infec-
tion to be children under 5 years (Tam  et al. ,  2011 ). However in contrast to 
other viral gastroenteritis agents, infection and outbreaks occur throughout 
the age range due to the extreme viral diversity, rapid evolution and lack of 
long-term immunity.  

  Endemic disease 
   Noroviruses are the commonest cause of infectious intestinal disease (IID). 
The most comprehensive data on the burden of gastrointestinal disease attrib-
utable to norovirus comes from specifi c studies such as the infectious intestinal 
disease studies (IID studies) (Phillips  et al. ,  2010a ; Tam  et al. ,  2011 ,  2012 ) and 
the Sensor Study in the Netherlands (de Wit  et al. ,  2001 ). Data from the sec-
ond IID study estimated that there are 3 million community cases of norovirus 
in the UK each year, but only 130 000 (4.3%) of these cases result in affected 
persons accessing healthcare (Phillips  et al. ,  2010a ; Tam  et al. ,  2011 ).  

  Outbreaks of norovirus gastroenteritis 
   Norovirus is the major aetiological agent of outbreaks of viral gastroenteritis, 
and its propensity to cause large outbreaks is related to the high infectivity, 
broad diversity and lack of long-term immunity of the virus. There is evi-
dence that a proportion of the population excrete norovirus asymptomatically 
(Amar  et al. ,  2007 ; Phillips  et al. ,  2010b ), and with its low infectious dose and 
wide dissemination throughout the population, norovirus is easily transmitted 
(Lopman  et al. ,  2004b ). The most signifi cant impact of norovirus-associated 
outbreaks is found in healthcare settings. Estimates from the Health Protection 
Agency’s Norovirus Outbreak Reporting scheme suggest that in England over 
a 1-year period, there are more than 2000 outbreaks of norovirus in hospitals, 
affecting over 24 000 patients and resulting in >15 000 days of ward closure 
and >47 000 bed-days lost (Harris,  2010 ; Harris  et al. ,  2011 ). This is a com-
mon problem in hospitals in Europe and the USA. Much smaller numbers of 
point-source outbreaks in association with food consumption are reported 
annually (10–20). Food-related outbreaks can be large, potentially resulting in 
widespread outbreaks. In addition, secondary person-to-person transmission 
after a point-source outbreak (Alfano-Sobsey  et al. ,  2012 ) complicates inves-
tigation and appropriate ascertainment of food-related norovirus outbreaks 
and cases.  
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  Epidemic disease 
   The pattern and burden of norovirus infection varies from year to year and 
thus has been associated with genotype evolution. In particular the genogroup 
II-genotype 4 (GII-4) group of norovirus strains have been periodically asso-
ciated with epidemic waves of gastroenteritis (Adamson  et al. ,  2007 ; Allen 
 et al. ,  2008 ; Lopman  et al. ,  2004a ), linked to the appearance in the popula-
tion of a novel strain that has acquired a new phenotype (Allen  et al. ,  2008 ). 
This is suggested to be a change in the antigenic profi le of the virus allowing 
it to evade existing herd immunity, and so cause increased epidemic levels of 
disease following emergence (Allen  et al. ,  2009 ). The different norovirus geno-
types are detected with varying frequencies; however circulating strains world-
wide have been dominated by GII-4 since the early 1990s (Hale  et al. ,  2000 ). 
These strains are most frequently associated with outbreaks of gastroenter-
itis, particularly in healthcare settings, but also other semi-closed environ-
ments and even outbreaks in the community. The success of GII-4 norovirus 
strains is due, at least in part, to their high degree of genetic variation. Over a 
winter season (September–March) a genetically diverse population of GII-4 
norovirus strains circulate, and this diversity gives rise to successful GII-4 
strains which circulate for a time and are succeeded by different genetic vari-
ant strains (Gallimore  et al. ,  2007 ). The reservoir of genetic diversity among 
the GII-4 norovirus population has been used to model the evolution of these 
viruses (Allen  et al. ,  2008 ; Lindesmith  et al. ,  2008 ; Siebenga  et al. ,  2007 ). 
It is predicted that there is population-mediated selection exerted on these 
variants, likely through herd immunity, which gives rise to viruses with novel 
phenotypes that may have a selective advantage in the population, such as 
antibody-escape mutants (Allen  et al. ,  2009 ). This pattern of evolution among 
GII-4 norovirus strains is supported by epidemiological data collected since 
the early 2000s. A novel GII-4 norovirus strain was detected in 2002, which 
went on to cause an increase in outbreaks during the summer and autumn of 
2002, resulting in a 77% increase in outbreaks compared to the previous high 
in 1995 (Lopman  et al. ,  2004a ). In the same year, this strain emerged across 
Europe and caused the same increase in outbreaks in all countries (Lopman 
 et al. ,  2004a ). This pattern was repeated in 2006 when a different, novel, GII-4 
norovirus strain emerged, causing a higher than normal number of outbreaks 
in the summer months, followed by epidemic numbers of outbreaks in the 
subsequent winter season (Adamson  et al. ,  2007 ). Since then, an increase 
in outbreak numbers was reported in the winter of 2009/2010 (Harris  et al. , 
 2011 ), and it is predicted that a change in the virus phenotype will once again 
lead to the emergence of a novel virus strain resulting in higher numbers of 
infections and outbreaks of norovirus gastroenteritis.   

  16.4.2      Transmission routes 
 There is an extensive literature documenting various causes of  outbreaks 
of  norovirus gastroenteritis in a variety of  settings. Primary transmission 
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of  norovirus occurs via the faecal-oral route. The most common transmis-
sion route for norovirus is directly from person to person. Transmission 
can also occur via foodstuffs contaminated by an infected food handler. 
Contamination of  the environment with faecal material has also been 
reported associated with outbreaks of  norovirus gastroenteritis (Kimura 
 et al. ,  2010 ; Morter  et al. ,  2011 ). See Fig. 16.2.    

  Person-to-person transmission 
   Person-to-person transmission of norovirus is the most signifi cant route of 
transmission, as humans are the only known reservoir of the human-pathogenic 
strains. During symptomatic infection, the virus is shed in faeces and vomit, 
both of which can contaminate the environment and/or become aerosolised 
leading to transmission of the virus. In addition, following infection norovi-
rus can be shed before the onset of clinical symptoms (prodromal excretion), 
and after clinical symptoms have resolved (Goller  et al. ,  2004 ), and can also 
be shed entirely asymptomatically (Phillips  et al. ,  2010b ). Although tentative 
links between asymptomatic carriage of norovirus and transmission in out-
breaks have been made in the literature (Barrabeig  et al. ,  2010 ; Nicolay  et al. , 
 2011 ; Schmid  et al. ,  2011 ; Sukhrie  et al. ,  2012 ), the role of asymptomatic 
cases in transmission has yet to be established. Outbreaks of norovirus gas-
troenteritis in healthcare settings have been investigated using high-resolution 
strain tracking methods (Xerry  et al. ,  2008 ). These methods show that indi-
vidual strains can be tracked during the course of an outbreak, and dem-
onstrate that transmission events must have occurred between individuals 
in the hospital (Morter  et al. ,  2011 ; Xerry  et al. ,  2008 ). However, to under-
stand the dynamics of transmission in such a setting would require both the 
high-resolution strain tracking virological data and detailed epidemiological 

Infected food handlers

Contaminated
water 

Food
Fruit, salads, buffets

Shellfish
Oysters

Environmental
contamination 

Person-to-person

Drinking water,
Recreational 
water

 Fig. 16.2      Norovirus transmission routes, illustrating the role of food and environ-
mental contamination in the virus infection cycle. The overall burden of infection is 
predominantly person-to-person. The signifi cance of foodborne transmission is yet to 

be defi ned.  
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information on patient and staff  movements and infection control measures 
implemented during the outbreak. As well as direct contact between infected 
and uninfected individuals, the virus can be transmitted through aerosols gen-
erated from faeces and vomit contamination of the environment. Virus in 
vomit aerosols have been linked to transmission during outbreaks in hospitals 
(Sawyer  et al. ,  1988 ), cruise ships (Ho  et al. ,  1989 ), schools and following 
events at hotels (Marks  et al. ,  2000 ) and concerts (Evans  et al. ,  2002 ) and 
sports venues (Repp and Keene,  2012 ).  

  Food, water and environmental transmission 
   Individuals excreting the virus through faecal material and/or vomit can also 
contaminate environmental surfaces, foods and water, all of which can then 
act as vehicles for transmission of the virus. The low infectious dose (Glass 
 et al. ,  2000 ; Teunis  et al. ,  2008 ) and environmental stability (D’Souza  et al. , 
 2006 ; Nowak  et al. ,  2011 ) of norovirus means that contamination of food and 
water with human faecal material can also be the cause of large outbreaks. 
The foods most commonly associated with norovirus gastroenteritis are con-
taminated shellfi sh (particularly oysters) (Baker  et al. ,  2010 ; Doyle  et al. , 
 2004 ; Gallimore  et al. ,  2005 ; Le Guyader  et al. ,  2006 ), soft fruits (Falkenhorst 
 et al. ,  2005 ; Le Guyader  et al. ,  2004 ; Maunula  et al. ,  2009 ), salads (Wadl 
 et al. ,  2010 ), and meat products (Malek  et al. ,  2009 ; Vivancos  et al. ,  2009 ). 
In terms of waterborne norovirus illness, both contaminated drinking water 
(Kvitsand and Fiksdal,  2010 ; Nenonen  et al. ,  2012 ; Riera-Montes  et al. ,  2011 ; 
Scarcella  et al. ,  2009 ) and recreational water (Hoebe  et al. ,  2004 ) have been 
implicated in outbreaks of gastroenteritis. 

    16.4.3      Epidemiology of food-, water- and environment-associated 
norovirus 

 Contamination of an intermediate vehicle with norovirus can cause out-
breaks to become protracted and more widespread as the exposure rates are 
increased. The impact of transmission via food, water and the environment 
are discussed in more detail below. 

  Norovirus food outbreaks 
   Contamination of  foods can occur at the point of  production (such as sew-
age contamination of  oysters), the point of  preparation (such as food-handler 
contamination of  salads), or at the point of  service (such as contact con-
tamination of  buffet foods by other diners). One of  the major impacts of 
food-associated norovirus gastroenteritis is that a large number of  individu-
als can become affected quickly, as the number of  exposed people can be 
large and can cover a large geographical area, and these cases can lead to 
a high number of  secondary cases (Alfano-Sobsey  et al. ,  2012 ). Outbreaks 
of  norovirus gastroenteritis have been reported in association with con-
taminated oysters (Baker  et al. ,  2010 ; Lamden  et al. ,  2004 ; Nenonen  et al. , 
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 2009 ; Westrell  et al. ,  2010 ). Contamination of  oysters with micro-organisms 
occurs when the seawater in oyster beds becomes contaminated with sewage 
(Pommepuy  et al. ,  2004 ). Oysters are natural fi lter-feeder organisms, and as 
such can concentrate material in their tissues up to 99-fold of  that in their 
surrounding environment (Burkhardt and Calci,  2000 ). Other foods, partic-
ularly fruits and salads, have been implicated as vehicles of  transmission for 
norovirus (de Wit  et al. ,  2007 ; Malek  et al. ,  2009 ; Sala  et al. ,  2005 ; Schmid 
 et al. ,  2007 ). Ready-to-eat foods such as these can become contaminated at 
the point of  origin with human sewage. As these foods are eaten uncooked, 
improper washing or preparation will not remove the virus. Food can also 
become contaminated during preparation via the food handler (Greig  et al. , 
 2007 ), and a number of  outbreaks of  norovirus gastroenteritis originating in 
eating establishments or at catered events have been associated with contam-
ination of  the food by food handlers (Barrabeig  et al. ,  2010 ; Boxman  et al. , 
 2009 ; de Wit  et al. ,  2007 ; Schmid  et al. ,  2007 ).  

  Norovirus water outbreaks 
   Water supplies in developed countries are predominantly clean. Contamination 
occurs rarely, usually as a consequence of leakage of sewage from civic basins 
or septic tanks, or as a result from fl ooding or runoff associated with heavy 
rainfall. All of these can leach faecal-contaminated water into water sup-
plies for consumption or recreational use. Contamination of both drinking 
water (Gallay  et al. ,  2006 ; Maunula,  2005 ; Nygard  et al. ,  2004 ; Ter Waarbeek 
 et al. ,  2010 ) and recreational water (Hoebe  et al. ,  2004 ; Maunula  et al. ,  2004 ; 
Podewils  et al. ,  2006 ; Sartorius  et al. ,  2007 ) with sewage or faecal material has 
been association with large outbreaks of norovirus gastroenteritis. Waterborne 
outbreaks, particularly those involving contamination of drinking water sup-
ply chains, have the potential to affect very large numbers of people in a short 
period of time, as the exposure to the contaminated water source can be high 
(Maunula,  2005 ; Riera-Montes  et al. ,  2011 ; Scarcella  et al. ,  2009 ).  

  Norovirus environmental outbreaks 
   Contamination of the environment can have an important role in the dynam-
ics of an outbreak. The majority of available data on this topic has been col-
lected during outbreaks occurring in healthcare settings. Following outbreaks 
on hospital wards, environmental contamination has been detected in patient 
areas (bedside furniture, bathrooms, etc.) and on equipment (blood pressure 
monitors, keyboards, etc.) (Morter  et al. ,  2011 ). Contaminated environments 
can act as temporary reservoirs of the virus that lead to re-seeding of the 
outbreak if  the environmental cleaning is ineffi cient. In this situation, despite 
implementation of infection control measures, the outbreak can persist and 
become protracted. Additionally, if  contaminated equipment is shared, then 
the outbreak can spread geographically (e.g. from one ward into other wards 
or parts of a hospital). This highlights the need for stringent cleaning pro-
tocols during outbreaks and to ensure routine cleaning is effi cient and as 
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effective as possible. Fomite contamination can also lead to subsequent food-
borne contamination (Repp and Keene,  2012 ).    

  16.5      Prevention and control 

 The stability of the norovirus virion under a wide range of conditions has 
made establishing and evaluating prevention and control measures challeng-
ing. Most routinely used prevention and control methods focus on strict staff  
training and establishing good hygiene and cleaning practices. Several guide-
lines for responding to outbreaks in food preparation premises are available, 
and there is a wide range of generic legislation for food processing and han-
dling. Whilst there remains no licenced vaccine against norovirus, data from 
the fi rst clinical trials using a virus-like particle vaccine has recently been 
reported. 

  16.5.1      Prevention 
 Detailed discussion on the prevention of foodborne infections can be found 
elsewhere in this book. Measures for preventing norovirus contamination are 
centred on good hand hygiene and environmental cleaning practices in health-
care settings, food establishments and on board cruise ships. Comprehensive 
training of staff  in catering establishments focusing on good hand hygiene is a 
priority for infection control, as the virus is spread along a faecal–oral route. 
Encouraging passengers on board cruise ships and at catered events to wash 
their hands before handling buffet foods can signifi cantly reduce the risk of 
cross-contamination of the foods. Alcohol wipes which are widely used for 
hand cleaning are not effective for norovirus. Similarly, stringent environmen-
tal cleaning protocols must be followed on hospital wards and in kitchens, 
particularly during outbreaks, to limit the onward spread of contamination, 
and to remove temporary reservoirs of the virus in the environment that may 
re-seed the outbreak even after cleaning. At food handling premises, mainte-
nance of clean and hygienic food preparation surfaces and equipment must be 
maintained, alongside separation of unwashed and washed foods, uncooked 
and cooked foods, etc. to avoid cross-contamination.  

  16.5.2      Control 
 Several guidelines for responding to outbreaks in food preparation premises 
are available (Centers for Disease Control and Prevention,  2012b ; European 
Food Safety Authority,  2012 ). They are all based on staff  training, hand 
hygiene, segregation of risk foods from foods to be served, exclusion of symp-
tomatic food handlers for up to 72 h after recovery from symptoms, and sys-
tematic environmental cleaning. 
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  Food 
   There is a wide range of generic legislation for food processing and handling. 
For shellfi sh-related norovirus, several approaches have been adopted. In 
Europe, growing waters for bivalve molluscs (oysters, mussels) are monitored 
for contamination, and sale of these products is controlled depending upon 
water quality. This is an imprecise control method and the recent description 
of a reliable molecular test for detecting noroviruses in shellfi sh may enable 
more effective controls to be established. The link between shellfi sh, partic-
ularly oysters, and outbreaks of norovirus gastroenteritis has been well doc-
umented. Oysters are treated by a depuration process before sale; however, 
this process is not effi cient at removing micro-organisms from oyster tissues 
(Savini  et al. ,  2009 ). As the oyster is normally eaten raw, there is no further 
opportunity to inactivate any contaminating micro-organism in the tissues 
before consumption, and even at low numbers, this may be suffi cient to estab-
lish infection in the individual.  

  Water 
   Treatment of water for consumption or recreational use relies mainly on 
chemical treatments such as chlorination, and/or fi ltration. When treatment 
procedures fail, large outbreaks can result from faecal contamination of the 
water (Werber  et al. ,  2009 ). It is important to continue to monitor water qual-
ity and the effectiveness of water treatment methods. Both chlorination and 
sand-fi ltration of water have been shown to reduce norovirus contamination 
in water supplies (Kitajima  et al. ,  2010 ; Shirasaki  et al. ,  2010 ); however, these 
measurements are based on surrogate systems and do not account for viable 
virus particles – an important indicator that remains unavailable in norovirus 
research due to the lack of a cell culture model (Duizer  et al. ,  2004 ).  

  Environment 
   A study looking at the structural stability of the norovirus capsid under dis-
infection conditions indicated that only a combination of heat and alkali 
was suitable for breaking down norovirus capsids as a proxy for disinfection. 
Commonly used disinfectants (e.g. alcohols, quaternary ammonium com-
pounds, and chlorine dioxide) were ineffective at promoting virolysis of the 
norovirus capsid (Nowak  et al. ,  2011 ). This highlights the possible challenges 
faced by infection control teams when faced with an outbreak of norovirus 
gastroenteritis.   

  16.5.3      Vaccine 
 There is currently no licenced vaccine or antiviral drug for prophylaxis or 
treatment of norovirus. Following the cloning of a norovirus genome in the 
early 1990s (Jiang  et al. ,  1990 ), the viral capsid protein was expressed in a 
recombinant protein expression system and found to self-assemble into anti-
genically native but replication incompetent VLPs (Jiang  et al. ,  1992b ). The 
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effective use of norovirus VLPs as a potential vaccine (Ball  et al. ,  1996 ) led to 
a number of studies and trials in both humans and mice (El-Kamary  et al. , 
 2010 ; LoBue  et al. ,  2006 ,  2009 ; Parra  et al. ,  2012 ), and more recently chim-
panzees (Bok  et al. ,  2011 ). With a number of other viral pathogen VLP vac-
cines now either in development or in use, it is likely that this technology 
will be the leading choice for future vaccine development (Roy and Noad, 
 2009 ). As well as direct administration of VLPs as an oral or intranasal vac-
cine, there has been research into administration systems involving: trans-
genic plants including tobacco, potatoes and tomatoes (Mason  et al. ,  1996 ; 
Santi  et al. ,  2008 ; Tacket  et al. ,  2000 ; Zhang  et al. ,  2006 ); adenovirus-based 
systems (Guo  et al. ,  2008 ); and also yeast systems (Xia  et al. ,  2007 ). Early 
studies in mice demonstrated that immunisation with VLPs induced intesti-
nal IgA 24 h after immunisation, and mucosal IgG 9 days later (Ball  et al. , 
 1996 ). Subsequently, a phase I study found that one 250  μ g dose of VLP was 
suffi cient to induce a  ≥ 4-fold increase in serum IgG with no side effects (Ball 
 et al. ,  1999 ). Subsequent studies using VLPs as human vaccines confi rmed 
the immunological responses they induce in humans (Guerrero  et al. ,  2001 ; 
Tacket  et al. ,  2003 ). El-Kamary and colleagues reported results from a phase 
I clinical trial in which an intranasal vaccine composed of an adjuvanted VLP 
was shown to be immunogenic and was safely delivered without serious side 
effects (El-Kamary  et al. ,  2010 ). Recently, Atmar et al ( 2011 ) reported the 
fi rst trial demonstrating homologous protection against illness and infection 
using a norovirus VLP. The study in 47 recipients showed a norovirus-specifi c 
IgA seroresponse in 70% of vaccine recipients. Recipients had a signifi cantly 
reduced frequency of gastroenteritis (37%) vs placebo recipients (69%). Whilst 
promising, the vaccine is monovalent and with evidence to suggest that there 
is little cross-protection between norovirus strains, a multivalent vaccine is 
likely to be the only viable option for vaccine development. The high muta-
tion rate of the virus, coupled with the strain replacement events observed 
among circulating virus strains, means that any vaccine developed would pos-
sibly require regular re-development as the circulating strains change, simi-
larly to that for the seasonal infl uenza vaccine.   

  16.6      Conclusion 

 Noroviruses are an important enteric pathogen and recent fi ndings on viral 
diversity, human susceptibility and immunity have improved our understand-
ing of the pattern of infection. The transmission of noroviruses via contami-
nated food and water is well documented; however, the number of food- and/
or waterborne outbreaks of gastrointestinal illness attributable to norovirus is 
diffi cult to determine accurately and thus the true burden of foodborne noro-
virus is poorly defi ned. Recent data from the CDC estimated that in the USA, 
49% of the foodborne outbreaks with a single confi rmed aetiological agent 
were associated with norovirus (Centers for Disease Control and Prevention, 
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 2011 ). Adequate capture of both epidemiological and laboratory data of 
norovirus outbreaks remains a major challenge, as many outbreaks fail to be 
identifi ed and/or followed up. Improving structured surveillance and reporting 
systems would enhance understanding of the epidemiology of noroviruses in 
outbreaks, and help improve the implementation of timely public health inter-
ventions and control measures. In addition laboratory data including strain 
characterisation from samples obtained from the affected individuals can help 
understand whether outbreaks are likely to be associated with sewage contam-
ination at the point of production (as these are often associated with multiple 
norovirus strains), or whether the outbreak is likely to be associated with single 
point-source contamination, for example, food handler-associated (more likely 
to be associated with a single strain shared among all affected, including the 
food handler). Good hand hygiene practices, exclusion of affected staff and 
strict guidelines in food preparation and catering premises remains the focus 
for foodborne infection prevention strategies. Methods to control transmis-
sion by food and/or water contaminated at the point of production, such as 
controls on oyster farming, are in place, but these have been proved to be less 
than completely effi cient due to the levels of contamination found in European 
waters, and thus remain a major challenge.  
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  Abstract:  Despite effi cient vaccine and improved hygiene, hepatitis A remains 
the most common viral hepatitis worldwide. Its genome has evolved to render an 
extremely quiescent replication phenotype, through slow translation of the genomic 
region encoding the capsid protein to ensure an accurate capsid folding. This 
capsid is resistant to many biological and environmental constraints during virus 
transmission, as it is very stable and has a very low antigenic variability. However, 
the inherent genetic variability of an RNA virus in association with vaccination 
campaigns may promote the emergence of new variants. 

  Key words:  hepatitis A virus, fi ne-tuning translation kinetics, quasispecies, 
vaccine-escape variants. 

    17.1      Introduction: hepatitis A infection 

 Hepatitis A is an acute infection of the liver produced by the hepatitis A virus 
(HAV). Among children below the age of fi ve the infection mostly develops 
asymptomatically while in older children and in the adulthood the infection 
usually proceeds with symptoms (Cuthbert, 2001). In this latter case, the clini-
cal course of hepatitis A is indistinguishable from that of other types of acute 
viral hepatitis. The clinical case defi nition of hepatitis A is an acute illness 
with a moderate onset of symptoms including fever, malaise, anorexia, nau-
sea, abdominal discomfort, dark urine and jaundice, and elevated serum bili-
rubin and aminotransferases levels later on (Cuthbert, 2001). The incubation 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

350 Viruses in food and water

period of hepatitis A ranges from 15 to 50 days and clinical illness usually 
does not last longer than 2 months. There is no evidence of chronicity of the 
infection although 1.5–15% of patients have prolonged or relapsing signs and 
symptoms for up to 6 months and, occasionally, the infection may proceed 
to a fulminant hepatitis, mainly among patients with underlying chronic liver 
diseases. 

 Immunoglobulin M (IgM) antibodies are usually detected by the onset of 
clinical symptoms and later on IgA and IgG are also synthesized (Cuthbert, 
2001). The anti-HAV IgM response is usually limited to the initial infection 
and is used as a marker of acute disease for diagnosis. In contrast, the IgG 
response is delayed compared with the IgM response but is long-lasting and 
confers resistance to re-infection. 

 A high and long-lasting viraemia develops (Bower  et al ., 2000; Costafreda 
 et al ., 2006; Costa-Mattioli  et al ., 2002c; Normann  et al ., 2004), with the viral 
titre reaching a peak of up to 10 7  genome copies/ml of sera at just before 
the beginning to 2 weeks after the onset of symptoms; it then progressively 
declines during the following 4 weeks. Peaks of virus faecal shedding reach 
their maximum during the same period as those in sera but with titres up to 
10 8  genome copies/g (Costafreda  et al ., 2006). Disease diagnoses based on the 
molecular detection and or quantifi cation of genome copies in clinical speci-
mens are still not widely used, despite their ability to provide information on 
virus genotype and viraemia level, respectively.  

  17.2      Susceptibility in different sectors of the population 

 Hepatitis A, although clinically a moderate illness, still remains the most 
important acute hepatitis worldwide with regard to the number of cases. 

 Hepatitis A infection is highly endemic in developing regions and much 
less frequent in developed regions (Cuthbert, 2001; Pint ó   et al ., 2007a). This 
epidemiological pattern has important implications for the average age of 
exposure and hence the severity of the clinical disease. Since hepatitis A infec-
tion induces a life-long immunity, severe infections among adults are rare in 
highly endemic regions where most children are infected early in life. In con-
trast, in low endemic areas the disease occurs mostly in adulthood, mainly 
as a consequence of travelling to endemic regions, consuming contaminated 
water or food or engaging in risky sexual practices (Faber  et al ., 2009; Frank 
 et al ., 2007; Petrignani  et al ., 2010b; Sanchez  et al ., 2002), and hence the like-
lihood of developing severe symptomatic illness is high. Men having sex with 
men (MSM) are a major group at risk for hepatitis A due to the faecal-oral 
transmission of the virus and the high excretion levels before the onset of 
symptoms, associated with some common sexual practices in that group 
(Stene-Johansen  et al ., 2007; Tortajada  et al ., 2009). 

 An epidemiological shift, from intermediate to low prevalence, has been 
noticed in recent decades in many countries, particularly in Southern Europe, 
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including Spain, Italy and Greece (Dominguez  et al ., 2008; Germinario  et al ., 
2000; Van Damme and Van Herck, 2005). In contrast, other Mediterranean 
countries such as Egypt and Turkey have recently been implicated as the source 
of intercontinental foodborne outbreaks of hepatitis A (Frank  et al ., 2007; 
Petrignani  et al ., 2010a,b). Consequently, although the fi rst well-documented 
hepatitis epidemic occurred on the Mediterranean island of Minorca 250 years 
ago, the Mediterranean basin as a whole should no longer be considered an 
endemic area (Pint ó   et al ., 2007a, 2010; Previsani  et al ., 2004). 

 Additionally, some other Eastern European countries (Cianciara, 2000; 
Tallo  et al ., 2003) have also described signifi cant declines in the incidence of 
hepatitis A. Likewise, in several Asian and American countries a shift from 
highly to moderately endemic has been described (Barzaga, 2000; Tanaka, 
2000).  

  17.3      Highly effective vaccines for hepatitis A prevention 

 Inactivated HAV vaccines have been available since the early 1990s and pro-
vide long-lasting immunity against hepatitis A infection. The immunity is 
largely related to the induction of high titres of specifi c antibodies. Thanks to 
the existence of a single serotype of HAV, these vaccines are of high effi cacy 
(Cuthbert, 2001; Martin and Lemon, 2006). 

 As a general rule in low and intermediate endemic regions, where par-
adoxically the severity of the disease is high, vaccination against hepatitis 
A should be recommended in high-risk groups, including travellers to high 
endemic areas, the MSM group, drug users and patients receiving blood 
products. In addition, the inclusion of hepatitis A vaccines in mass vacci-
nation programs in countries receiving high numbers of immigrants from 
endemic countries is particularly recommended (Vaccination require-
ments for US immigration: technical instructions for panel physicians, 
 http://www.immihelp.com/immigrant-visa/technical-instructions-panel-phy-
sicians-vaccination-requirements.pdf ). The effectiveness of paediatric mass 
vaccination programs in reducing the incidence of hepatitis A has been evi-
denced in several countries including Argentina, Catalonia in Spain, Israel 
and United States (Bjorkholm  et al ., 1995; Dagan  et al ., 2005; Dominguez 
 et al ., 2008; Samandari  et al ., 2004; Wasley  et al ., 2005).  

  17.4      Risk assessment and risk management in water and food 

 Huge foodborne outbreaks of hepatitis A due to the consumption of foods 
such as green onions (Wheeler  et al ., 2005) and dried tomatoes (Petrignani 
 et al ., 2010a,b) have been reported. The vegetables associated with these huge 
outbreaks were imported from highly/intermediate endemic areas. However, 
the foodstuff  more often associated with outbreaks of hepatitis A is shellfi sh. 
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The fi rst documented shellfi sh-borne outbreak of hepatitis A occurred in 
Sweden in 1955, when 629 cases were associated with raw oyster consump-
tion (Roos, 1956). However, the most signifi cant outbreak of HAV infection 
occurred in Shanghai, China, in 1988, when almost 300 000 cases were caused 
by consumption of clams harvested from a sewage-polluted area (Halliday 
 et al ., 1991). In fact, this is so far the largest virus-associated outbreak of food 
poisoning ever reported. Other smaller outbreaks have been reported world-
wide (Conaty  et al ., 2000; Leoni  et al ., 1998; Mackowiak  et al ., 1976; Mele 
 et al ., 1989; Pint ó   et al ., 2009; Sanchez  et al ., 2002; Stroffolini  et al ., 1990). 

 Several issues such as the fact that faecal excretion precedes the onset of 
symptoms, together with the diffi culty of completely removing and or inacti-
vating viruses through sewage treatment (Blatchley  et al ., 2007; Bosch, 2007; 
Pint ó   et al ., 2010), particularly evidenced by HAV detection in treated sewage 
samples from different wastewater treatment plants based on primary sed-
imentation, activated sludge and chlorine treatments (Pint ó   et al ., 2007a), 
make hepatitis foodborne outbreaks hard to prevent if  the virus is circulating 
among the population. However, in the particular case of shellfi sh, a signifi -
cant correlation between hepatitis A cases in the harvesting areas and positive 
HAV isolation in shellfi sh has been observed, as well as a direct correlation 
between the level of viral contamination of shellfi sh and the attack rate in the 
consumer population (Pint ó   et al ., 2009). This makes it possible to undertake 
risk assessment analyses in shellfi sh when evidence exists that a critical limit 
of viral contamination has been exceeded in the potential sources of con-
tamination discharging into the shellfi sh growing beds (Bosch  et al ., 1994; 
Pint ó  and Bosch, 2008; Pint ó   et al ., 2010; Polo  et al ., 2010). Quantitative risk 
assessment analysis should be performed in the bivalves, since HAV levels in 
shellfi sh are predictors of the magnitude of the outbreak and can be used 
for risk management purposes (Bosch  et al ., 1994; Pint ó  and Bosch, 2008; 
Pint ó   et al ., 2009) such as recommendations to consumers to cook the shell-
fi sh, or closure of contaminated shellfi sh beds. It should not be forgotten that 
coliform standards may not be effective as indicators of HAV contamination 
(Pint ó   et al ., 2009).  

  17.5      Unique properties of hepatitis A virus 

 Key factors for the viral biological cycle and infection outcome of HAV are 
a high stability of  the capsid to the acid pH of the stomach during the entry 
phase and to the action of  detergents, particularly biliary salts, during the 
exit phase. This required extremely resistant phenotype of  HAV in the body 
also explains its high persistence in the environment, with reductions of  only 
2 logs after 2 months dried in different fomites or after treatment with 1 
mg/l of  free chlorine for 2 h (Abad  et al ., 1994a,b and1997a,b), and its high 
potential for transmission by contaminated foods and drinking water (Bosch 
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 et al ., 1991; Dentinger  et al ., 2001; Pint ó   et al ., 2009; Reid and Robinson, 
1987; Rosenblum  et al ., 1990; Sanchez  et al ., 2002). But how such a highly 
stable capsid conformation is delineated is still unknown, although it has 
been proposed that a very accurate and genomically intrinsic control of  the 
kinetics of  translation could contribute to the very precise capsid folding 
(Aragon è s  et al ., 2010) (Fig. 17.1). Several critical issues of  the HAV genome 
composition, structure and coding capacity must be pointed out (Pint ó   et al ., 
2007b). First of  all, the structure of  the 5’ non-coding region (5’NCR) and 
its internal ribosome entry site (IRES). The HAV IRES is unique among 
picornaviruses and constitutes the type III model (Brown  et al ., 1994; 
Ehrenfeld and Teterina, 2002), which shows a very low effi ciency in directing 
translation (Whetter  et al ., 1994) compared to other picornavirus IRESes. 
Secondly, HAV encodes only a single protease, 3C, while other picornavi-
ruses code for additional proteases which are involved in the cellular pro-
tein shutoff  induction (Leong  et al ., 2002). Since picornaviruses utilize a 
mechanism of translation that is cap-independent and IRES-dependent, the 
inhibition of  the cap-dependent cellular translation allows an almost exclu-
sive use of  the translation machinery for the production of  viral proteins 
(Kuechler  et al ., 2002). This shutoff  of  host cell protein synthesis is mediated 
through the cleavage of  the cellular translation initiation factor eIF4G by the 
above-mentioned additional proteases. The lack of  these proteases in HAV is 
associated with the incapacity to induce the cellular shutoff  which otherwise 
is directly related to the requirement for an intact uncleaved eIF4G factor for 
the formation of  the initiation of  translation complex (Borman and Kean, 
1997; Jackson, 2002).      

 The foregoing description demonstrates that HAV must compete ineffi -
ciently for the cellular translational machinery, and thus it presents a unique 
translation strategy. This points to the third difference between HAV and 
other picornavirus members: the codon usage. HAV presents a higher codon 
usage bias compared to other members of its family, which manifests itself  
in the adaptation to use abundant and rare codons (Pint ó   et al ., 2007b; 
Sanchez  et al ., 2003b). In fact, 14 amino acid codon families contain rare 
codons, defi ned in terms of their frequencies, making a total of 22 used rare 
codons (Pint ó   et al ., 2007b). But what is more surprising is that the HAV 
codon usage has evolved to be somewhat the opposite to that of human cells, 
never adopting as abundant codons those abundant for the host cell, and even 
in some instances using these latter as rare codons. This disparity, unique to 
HAV, has been interpreted as a subtle strategy to avoid, as much as possi-
ble, competition for the cellular tRNAs in the absence of a precise mecha-
nism to induce shutoff of cellular protein synthesis (Sanchez  et al ., 2003b). 
As stated before, a consequence of this special codon bias is an increase in 
the number of rare codons used by HAV. Overall this increment is the result 
of the addition to the cellular rare codons, also used as rare by the virus, of 
the most abundant cellular codons that, being unavailable for the virus, are 
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used by it at low frequencies. The clusters of rare codons would induce a 
transient stop of the translational complex in order to seek a suitable tRNA 
present at a very low concentration. It has been suggested that one function 
of these ribosome stallings is to ensure the proper folding of the nascent pro-
tein (Adzhubei  et al ., 1996; Evans  et al ., 2005; Gavrilin  et al ., 2000). Such a 
function has been postulated for HAV, where highly conserved clusters of rare 
codons strategically located at the carboxi-ends of the structured elements 
of the capsid coding region have been reported (Sanchez  et al ., 2003b). In 
fact, the critical role of HAV codon usage, and particularly of these clusters 
of rare codons of the capsid coding region, has been shown during the pro-
cess of HAV adaptation to conditions of artifi cially induced cellular shutoff 
(Aragon è s  et al ., 2010). An overall change in codon usage is necessary to 
regain viral fi tness in these conditions, with a clear re-deoptimization with 
respect to the cellular codon usage; this particularly affects the rare codons 
located at the above-mentioned strategic positions of the capsid (Aragon è s 
 et al ., 2010). This mechanism of adaptation to the cellular shutoff proves that 
the driving selective force of HAV codon usage is translation kinetics, that is, 
the right combination of codons (common and rare) that allows a regulated 
ribosome traffi c rate ensuring the proper protein folding. This control of the 
capsid folding will ensure a highly stable phenotype (Fig. 17.1). 

Capsid translation speed

Thermal
stability

Acid
stability

Biliary
salts

stability

High Very high Very high

Very lowVery low

Slow translation kinetics

Very slow translation kinetics

Low

 Fig. 17.1      Translation kinetics control in the capsid coding region of hepatitis A virus 
(HAV) as a measure to ensure the proper capsid folding for a high survival phenotype. 
Fine-tuning translation kinetics selection, or the right combination of common and 
rare codons regulates the ribosome traffi c rate allowing a sequential folding of the 
synthesized proteins. The codon usage of hepatitis A virus is highly biased and highly 
deoptimized with respect to that of the cellular host. Rare codons of the capsid coding 
region are strategically located at the carboxi borders of the predicted  ά -helices and 
 β -sheets where they would likely induce ribosome stallings and consequently a slow-
down of the translation speed. Changes in the kinetics of translation are associated 

with changes of the capsid stability.  
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 A certain contribution of  the codon usage to the low variability of  the 
HAV capsid has been proposed (Aragon è s  et al ., 2008). Fifteen per cent of 
the surface capsid residues are encoded by rare codons. These rare codons 
are highly conserved among the different HAV strains and their substitution 
is negatively selected even under specifi c immune pressure. Many of  these 
capsid residues encoded by rare codons are surface-exposed and located near 
or at the epitope regions and this negative selection would prevent the emer-
gence of  antigenic variants. The clusters of  rare codons are maintained in 
response to the need for a proper capsid folding, which is controlled through 
the kinetics of  translation, as explained above, and a nucleotide substitution 
giving rise to a new, equally rare, codon with a compatible amino acid is 
quite unlikely to occur.  

  17.6      Quasispecies dynamics of evolution and virus fitness 

 Viral quasispecies are dynamic distributions of non-identical but closely 
related viral genomes subjected to a continuous process of genetic variation, 
competition and selection and which act as a unit of selection (Domingo  et al ., 
2001, 2006; Domingo and Vennema, 2008). RNA viruses have the capacity to 
quickly explore large regions of sequence space thanks to their high mutation 
rates which are in the range of 10 −3 –10 −5  substitutions per nucleotide copied. 
However, their genome size and diverse selective constraints limit the diversity 
that is actually expressed (Overbaugh and Bangham, 2001). 

 HAV as an RNA virus occurs as a swarm of mutants or quasispecies 
(Sanchez  et al ., 2003a). The nucleotide diversity is similar to that of other 
picornaviruses, and allows its differentiation into several genotypes and 
sub-genotypes. Six genotypes have been defi ned (Costa-Mattioli  et al ., 2002b, 
2003b; Robertson  et al ., 1992). Three (I, II and III) are of human origin while 
the others (IV, V and VI) are of simian origin. Genotypes I, II and III contain 
sub-genotypes defi ned by a nucleotide divergence of 7–7.5%. Genetic diver-
sity of HAV is evidenced by the emergence of new sub-genotypes (Perez-Sautu 
 et al ., 2011b). Genotypic characterization may be extremely useful in tracing 
the origin of outbreaks. 

 However, despite this nucleotide variability, at the amino acid level the 
diversity is limited and only a few natural antigenic variants have been iso-
lated (Costa-Mattioli  et al ., 2003a; Gabrieli  et al ., 2004; Perez-Sautu  et al ., 
2011a; Sanchez  et al ., 2002), suggesting the occurrence of severe structural 
and biological constraints of the capsid that would prevent the emergence of 
new serotypes. Consequently, a single serotype of HAV exists. 

 The emergence of a new serotype requires extensive substitutions in the 
capsid that seem quite unlikely to occur in a virus with such severe genomic 
and structural constraints. However the emergence of new variants may occur 
if  virus populations are forced through bottleneck conditions such as immune 
selective pressures. The immuno-compromised population, particularly 
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HIV-positive individuals, have an impaired immunological response to HAV 
vaccines with lower concentrations of anti-HAV IgG in sera than do healthy 
individuals after vaccination, and they require additional vaccine doses 
(Neilsen  et al ., 1997; Weissman  et al ., 2006). The normal schedule for HAV 
vaccination usually requires two doses. In immuno-compromised patients, 
the IgG level may be too low to completely neutralize the virus between the 
two doses, particularly if  the input virus is high. Conditions of high input 
virus occur in some risky sexual practices, bearing in mind that the HAV titre 
in faeces can be of 10 8  particles/g in healthy individuals and as high as 10 11  
particles/g in HIV-positive individuals at two weeks after the onset of symp-
toms (Costafreda  et al ., 2006; Costa-Mattioli  et al ., 2002a), and with even 
higher peaks during the prodromic phase. Replication of the non-neutralized 
viruses in the presence of low concentrations of specifi c IgGs may contrib-
ute to select, among the swarm of mutants generated by the quasispecies 
dynamics of replication, those variants resistant to the effect of the vaccines 
(Borrego  et al ., 1993). 

 Recently, the isolation of several natural antigenic variants of the immu-
nodominant site (Perez-Sautu  et al ., 2011a) has been described in the MSM 
community of Barcelona (Perez-Sautu  et al ., 2011a). Of particular interest 
is one of these variants with two amino acid substitutions at positions 166 
(V to G) and 171 (V to A) of the capsid protein VP1, just in the core of the 
immunodominant site. Four per cent of the patients affected by this outbreak 
had been vaccinated and among these 62% were HIV-positive. Additionally, 
among those who were vaccinated only 12% had followed the complete sched-
ule of vaccination while 88% had received only one dose. 

 Whether these newly emerged strains will circulate worldwide or disappear 
is as yet unclear. However, what is imperative is to target the MSM com-
munity with more effective information on risky sexual practices and vacci-
nation programs. Additionally efforts should be made, particularly among 
HIV-positive MSM, to complete the HAV vaccination schedule so as to avoid 
as far as possible the potential emergence of antigenic variants.  

  17.7      Conclusion 

 Hepatitis A is still the most common viral hepatitis worldwide in spite of 
improved hygiene conditions and an effi cient vaccine. Contaminated food and 
transmission through risky sexual practices are the main cause of outbreaks 
nowadays. HAV has evolved to render a very controlled translation kinetics 
which ensures a very accurate capsid folding. Such a capsid is resistant to many 
biological and environmental constraints during virus transmission and the 
need to maintain such a phenotype contributes to the low antigenic variability 
of HAV. However, the inherent genetic variability of an RNA virus in associa-
tion with vaccination campaigns may promote the emergence of new variants.  
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as food- and waterborne pathogens and 
progress with vaccine development   
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  Abstract:  Rotavirus is a double-stranded RNA virus causing severe acute 
gastroenteritis in children; except for the elderly, adults are generally asymptomatically 
infected. The virus undergoes gene reassortment during mixed infection with more 
human or animal strains. Mechanisms of rotavirus pathogenesis and host restriction 
may involve complex inter-species genome rearrangement. Molecular detection and 
genotyping are available for clinical, food, and water samples. Human and animal 
rotavirus shed into sewage and the environment can contaminate surface waters, soft 
fruits, vegetables and seafood. Health care professionals and some food workers may 
be exposed to human and/or animal rotavirus. 

  Key words:  rotavirus, gastroenteritis, molecular detection, zoonotic, waterborne. 

    18.1      Introduction 

 The discovery of rotavirus in the early 1970s represented a major break-
through in the understanding of the etiology of infectious acute gastroenter-
itis (Bishop  et al .,  1973 ). It soon became clear that these agents represented 
an enteropathogen of primary importance, particularly in childhood (Black, 
 1993 ; Kapikian  et al .,  1976 ; Ryder  et al .,  1976 ). Rotavirus remains the major 
etiological agent of acute childhood gastroenteritis worldwide, being associ-
ated with more deaths attributed to diarrhea than any other viral, bacterial 
or parasitic organism (Butler,  2011 ; Glass,  2006 ; Tate  et al .,  2012 ). There has 
been much research into rotavirus biology and epidemiology over the last four 
decades, and the high mortality rate (especially but not only in developing 

�� �� �� �� ��



 Rotaviruses as pathogens and progress with vaccine development 363

© Woodhead Publishing Limited, 2013

countries) and economic burden of disease have driven science toward con-
trolling rotavirus disease through the implementation of vaccine strategies 
(Glass,  2006 ; Kapikian  et al .,  1996 ; Parashar and Glass,  2006 ). 

 Recently, increasing evidence of zoonotic transmission of animal rotavi-
ruses to humans and host adaptation involving reassortment mechanisms 
during dual infection has been found. This has strengthened the threat of 
emerging novel rotavirus strains from domestic and wild animals (Martella 
 et al .,  2010 ). The spread of animal rotaviruses in the environment and the 
consequent contamination of raw food could favor the introduction of rare 
rotaviruses into human populations, which might eventually reduce the effi -
cacy of current vaccines. The asymptomatic infection of adults and their 
possible role in virus epidemiology also needs re-thinking. This chapter will 
summarise the current state of research on rotavirus biology and will discuss 
the possible role of food as a vehicle for rotavirus transmission.  

  18.2      Background 

 Despite its relatively small size, the rotavirus virion presents a complex 
three-dimensional structure, where the ordered interaction between six dis-
tinct proteins and eleven RNA segments fi nely regulates antigens specifi city, 
virus replication and resistance in different hosts and hard environments. 

  18.2.1      The virion 
 Rotavirus constitutes a genus of the  Reoviridae  family and derives its name 
from its wheel-like shape ( rota  in Latin). The virion is a particle approxi-
mately 75 nm in diameter, made of three concentric protein layers protecting 
a segmented double-stranded RNA (dsRNA) genome, and presents no lipid 
envelope (Estes and Kapikian,  2007 ). This complete form of the infectious 
rotavirus is also known as a TLP (triple-layered particle). Detailed studies 
using cryo-electron microscopy and image reconstruction or X-ray crystal-
lography have disclosed the relationships between different proteins in the 
complete rotavirus particle, as well as the location of amino acid residues 
involved in sialic-acid or antibody binding (Dormitzer  et al .,  2002 ; Settembre 
 et al .,  2011 ). 

 The outermost shell of rotavirus comprises two proteins, VP7 and VP4, 
both of which contain epitopes recognized by neutralizing antibodies. The 
glycosylated protein VP7 forms a continuous layer of trimers arranged in 
a  T  = 13 lattice crossed by 60 spike-like projections of the trypsin-sensitive 
protein VP4. VP7 is stabilized on the rotavirus virion by the presence of 
Ca 2+ , where it represents the major neutralization antigen, and was initially 
acknowledged as the only protein defi ning the virus serotype (Estes and 
Kapikian,  2007 ; Midthun  et al .,  1986 ). 
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 VP4 is the viral attachment protein (Ruggeri and Greenberg,  1991 ), and is 
activated by pancreatic trypsin via a cleavage yielding two fragments, VP8* and 
VP5*, resulting in enhanced infectivity (Estes  et al .,  1981 ). During viral assem-
bly, uncleaved VP4 is incorporated into virions as a trimer, but upon trypsin 
cleavage it undergoes remarkable modifi cation, and the trypsin-activated viral 
spike exhibits two lectin-like VP8* attachment domains at its tip, supported 
by three VP5* stems. The third VP8* is lost during this conformational mod-
ifi cation process (Settembre  et al .,  2011 ). 

 VP4 spikes protrude through the VP7 layer, which contributes to anchor 
them to the inner rotavirus shell, which also follows a  T  = 13 symmetry 
(Mathieu  et al .,  2001 ) and is made of the VP6 protein only, which is recog-
nized as the ‘group antigen’ of rotavirus (Tarlow and McCrae,  1990 ). Removal 
of VP7 and VP4 takes place on lowering Ca 2+  concentration, as it physiolog-
ically occurs after virus entry into susceptible gut cells by endocytic process 
(Baker and Prasad,  2010 ; Ruiz  et al .,  1996 ). The resulting double-layered par-
ticle (DLP) is released into the cytosol and is transcriptionally active, subse-
quently initiating synthesis and extrusion of mRNA transcribed from each 
of the 11 genome segments (Charpilienne  et al .,  2002 ; Lawton  et al .,  1997 ). 
The viral RNA-dependent RNA-polymerase VP1 and the capping enzyme 
VP3 are also structural constituents of the complete virion, and are present 
in the ‘core’ of rotavirus, which is made of 12 decamers of VP2 outlining the 
inner space where the 11 segments of genomic dsRNA are engulfed. Besides 
a structural role, VP2 also plays a critical role in activating replication selec-
tively in progeny virions containing packaged plus-strand RNA templates 
(McDonald and Patton,  2011 ; Patton  et al .,  1997 ). Altogether proteins in the 
three layers identify 132 channels (type I–III) for entry and release of mol-
ecules involved in genome replication and transcription (Estes and Kapikian, 
 2007 ; Prasad  et al .,  1988 ).  

  18.2.2      Rotavirus genome 
 The genome of rotavirus consists of 11 independent segments of 
double-stranded RNA, with molecular size ranging between approxi-
mately 670 and 3300 base pairs (www.iah.bbsrc.ac.uk/dsRNA virus pro-
teins/Rotavirus.htm). Each segment is monocistronic except the shortest, 
segment 11, which contains two functional open reading frames encoding 
non-structural proteins NSP5 and NSP6, respectively. Besides the six viral 
proteins (VPs) mentioned above, the rotavirus genome also codes for six 
non-structural proteins (NSP1-6), involved in either RNA transcription or 
progeny virus maturation. When the 12 viral 5’-capped mRNAs are released 
into the cytosol by activated DLPs, they are translated into viral proteins. 
In the fi rst stages of infection, electron-dense structures named viroplasms 
appear in the cytoplasm of infected cells. Viroplasms are the structures where 
synthesis of dsRNA (genome replication) and the initial steps of assembly 
of new particles take place (Altenburg  et al .,  1980 ). Besides several rotavirus 
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structural proteins (e.g., VP1, VP2, VP3, and VP6) accumulating in viro-
plasms, non-structural proteins NSP2 and NSP5 are believed to be essential 
for viroplasm formation, dsRNA synthesis, and virus replication (Campagna 
 et al .,  2005 ; Silvestri  et al .,  2004 ).NSP6 also localizes in the viroplasm, where 
its ssRNA and dsRNA binding properties probably contribute to RNA pack-
aging within assembling virions (Rainsford and McCrae,  2007 ). NSP3 and 
NSP1 appear to have specifi c roles in rotavirus virulence and possibly host 
range restriction. The former controls the protein response of the cell but has 
no inhibitory effect on viral protein synthesis (Trujillo-Alonso  et al .,  2011 ); 
NSP1 is an antagonist of the host innate immune response, especially the 
type I interferon (IFN) response (Barro and Patton,  2005 ). Finally, NSP4 
has different properties. It is functional in virus fi nal morphogenesis, since it 
interacts with newly assembled DLPs, assisting their budding into the endo-
plasmic reticulum lumen. At this stage DLPs acquire a transient envelope, 
which is then replaced with the VP7-VP4 layer (Estes and Kapikian,  2007 ). 
A second independent property of NSP4 is an enterotoxin-like effect asso-
ciated with protein secretion into the lumen and subsequent binding to spe-
cifi c cell receptors (Seo  et al .,  2008 ). Virus-free NSP4 can induce diarrhea in 
infant mice (Ball  et al .,  1996 ). Possible further involvement of NSP4 in cell 
functions impairment is related to Ca 2+  homeostasis, extracellular Ca 2+  sig-
naling pathways, and cell membrane permeability (Dong  et al .,  1997 ; Newton 
 et al .,  1997 ). At the end of the maturation processes, release of mature viral 
particles from the cell occurs either by cell lysis (Estes and Kapikian,  2007 ) or 
by a non-classical, Golgi apparatus-independent, vesicular transport pathway 
(Chwetzoff and Trugnan,  2006 ; Cuadras  et al .,  2006 ).  

  18.2.3      Viral antigens 
 Of all structural proteins of rotavirus, three are also important antigens: the 
spike-protein VP4, the major neutralization antigen VP7, and the VP6 pro-
tein forming the intermediate layer of the virion, defi ning the DLPs. The 
VP6 antigen is important in antibody-mediated diagnosis since it exhibits 
cross-reactive antigenic sites among all rotavirus belonging to as the same 
‘group’ (Ramig  et al .,  2005 ). Rotaviruses are classifi ed into seven groups des-
ignated A–G, among which group A contains by far the most important viral 
strains pathogenic for humans and many other animal species. Humans are 
also infected with group B and C rotaviruses, known to be implicated in large 
waterborne outbreaks in Asia and to cause sporadic or epidemic gastroen-
teritis cases in children and adults, respectively (Bridger  et al .,  1986 ; Chen 
 et al .,  1985 ). However, the real burden of rotavirus disease across the world is 
caused by group A rotavirus, which has consequently been the focus of scien-
tifi c and public health interest during the past 40 years. There are considerable 
differences between rotaviruses belonging to distinct groups, not only in VP6 
but also in all other proteins and genome segments sequences. For these rea-
sons, there is no cross-reactive immune response between rotavirus groups. 
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 Group A rotaviruses can be divided into serotypes according to antibody 
reactivity with hyperimmune sera or monoclonal antibodies directed at either 
VP7 or VP4 (Hoshino and Kapikian,  1996 ). Early studies have shown that 
neutralizing antibodies recognize several epitopes in both proteins and exert 
a protective effect against rotavirus diarrhea in an infant mouse model of dis-
ease (Giammarioli  et al .,  1996 ; Hoshino  et al .,  1994 ; Shaw  et al .,  1986 ). The 
biological mechanisms by which antibodies combat rotavirus infection are 
unclear, although it seems that anti-VP4 antibodies can interfere with early 
interaction of viruses with the cell surface (Ruggeri and Greenberg,  1991 ) 
whereas anti-VP7 antibodies may block virus decapsidation (Ludert  et al ., 
 2002 ). In addition to and in synergy with neutralizing antibodies to VP4 and 
VP7, other effectors are likely to contrast rotavirus  in vivo , such as T-cell 
response and innate immunity (Desselberger and Huppertz,  2011 ; Ward,  2009 ) 
or non-neutralizing antibodies to other viral proteins, such as VP6 or NSP4 
(Burns  et al .,  1996 ; Hou  et al .,  2008 ). As the two genes encoding VP4 and 
VP7 segregate independently, and both proteins elicit neutralizing antibody 
responses believed to be protective for man and animals, a binomial serotype 
system has been adopted to identify strains, as is used for infl uenza viruses 
(Gentsch  et al .,  1996 ). Today, classical serotyping is only rarely performed 
due to the cumbersome nature of immune assays and lack of specifi c reagents 
availability. Viral characterization is thus currently carried out with molecular 
approaches using semi-nested RT-PCR and large panels of genotype-specifi c 
oligonucleotide primers (Gouvea  et al .,  1990a ,  1994 ; Iturriza-Gomara  et al ., 
2004). Genotyping is considered to be a valid proxy for serotyping, is much 
more user-friendly and is widely adopted throughout the world. An enor-
mous increase in knowledge of the rotavirus sero/genotypes circulating in fi ve 
continents has thus been made possible (Santos and Hoshino,  2005 ), allowing 
instruments to evaluate the adequacy of current vaccines in relation to circu-
lating viral strains and their evolution (Desselberger  et al .,  2006 ; Glass  et al ., 
 2006 ; Heaton  et al .,  2005 ; O’Ryan,  2009 ).   

  18.3      Clinical manifestation 

 Rotavirus is a typical enteropathogen with a fecal–oral transmission, inducing 
symptoms that are mostly related to viral replication in the intestinal tract of 
susceptible hosts. However, its epidemiological cycle and pathogenic mecha-
nisms present peculiar aspects. 

  18.3.1      Fundamentals of rotavirus epidemiology 
 Rotavirus is the major cause of acute infantile gastroenteritis worldwide, 
causing approximately 530 000 deaths every year, mainly in developing coun-
tries (Glass,  2006 ; Parashar  et al .,  2006b ; Tate  et al .,  2012 ; Widdowson  et al ., 
 2009 ). Among all known enteric pathogens, rotavirus infection causes severe 
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disease most frequently, particularly in children up to 5 years of age (Bishop, 
 2009 ). Virus transmission follows the fecal–oral route, and is thought to occur 
mainly by direct inter-human passage. However, as with many other enteric 
pathogens, rotaviruses are shed in the environment by both humans and ani-
mals, can contaminate water, food and feed, and airborne transmission is also 
possible (Estes and Kapikian,  2007 ; Prince  et al .,  1986 ). Rotavirus disease is 
seasonal, infections being more common in cooler, drier months in most set-
tings, particularly in temperate climates, although seasonal peaks can occur 
year-round in different countries and vary over time in the same country 
(Atchison  et al .,  2010 ; Bresee  et al .,  2004 ; Cook  et al .,  1990 ; Levy  et al .,  2009 ). 
A recent study suggests that differences in rotavirus seasonality between areas 
may also be related to individual country birth rate and virus transmission 
dynamics, and not simply to environmental conditions favoring virus survival 
(Pitzer  et al .,  2011 ). 

 The age-group at the highest risk of rotavirus gastroenteritis requiring med-
ical attention is from 6 to 24 months (Ruuska and Vesikari,  1990 ; Velazquez 
 et al .,  1996 ), although the disease is not necessarily more serious at this age 
than in older children. Globally, the estimated annual number of rotavirus 
diarrhea cases is approximately 110 million, 2 million of which require hos-
pitalization. Although with reduced mortality, rotavirus burden is also high 
in industrialized countries, and as many as 410 000 doctors’ visits, 70 000 
hospitalizations, and 272 000 emergency department visits due to rotavirus 
were recorded annually in the US before mass vaccination was introduced in 
2006, resulting in a cost to society of at least $1 billion a year (Parashar  et al ., 
 2006a ; Widdowson  et al .,  2007 ). This and the ubiquitousness of rotavirus in 
nature have driven scientists, industry and public health authorities to imple-
ment vaccines to reduce mortality and morbidity globally (Glass  et al .,  2005 ), 
and two live-attenuated vaccines have been successfully introduced in a grow-
ing number of countries worldwide since 2006 (Parashar  et al .,  2006a , 2011; 
Vesikari  et al .,  2009 ; Jit  et al .,  2010 ; CDC, 2011). 

 The mechanisms and duration of protection in rotavirus infection are not 
completely understood, although clinical protection is likely to involve both 
gut mucosal and systemic antibody response, as well as cell-mediated immu-
nity. Intestinal secretory IgA antibodies may be one of the major effectors of 
long-term protection from rotavirus infection (Coulson  et al .,  1992 ; Franco 
 et al .,  2006 ). The extent to which different serotypes of rotavirus, and par-
ticularly their proxies ‘genotypes’, refl ect antigenic diversity relevant for the 
reaction to infection by the immune system remains an unanswered question. 
Although several studies have shown serotype- or strain-specifi c neutralizing 
activity of polyclonal or monoclonal antibodies (MAbs) raised against differ-
ent rotavirus strains (Bell  et al .,  1988 ; Dyall-Smith  et al .,  1986 ; Urasawa  et al ., 
 1984 ), the existence of antigenic sites cross-reactive between distinct strains 
and serotypes has also been demonstrated (Mackow  et al .,  1988 ; Taniguchi 
 et al .,  1988a ,b). However, most of this information derives from either  in vitro  
studies in cell cultures or from using the mouse model of passive protection 
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that may not realistically refl ect  in vivo  protection from natural infection in 
humans and other mammals. Suggestions of some degree of cross-reactive 
protection following natural infection or vaccination in humans or animals 
were fi rst made several years ago (Taniguchi  et al .,  1991 ; Ward  et al .,  1992 ). 
As a matter of fact, both major human vaccines presently in use (RotaTeq ® , 
by Merck; Rotarix ® , by GlaxoSmithKline) appear to be largely protective 
against co-circulating rotavirus genotypes in human populations, although 
they are either pentavalent or monovalent (Bernstein and Ward,  2006 ; Clark 
 et al .,  1996 ; Jiang  et al .,  2010 ). On the other hand, reduced effi cacy of vacci-
nation has been noted in less developed countries (Jiang  et al .,  2010 ), where 
uncommon rotavirus genotypes circulate more frequently among humans and 
may pose problems of unsatisfactory herd immunity (Banerjee  et al .,  2007 ; 
Santos and Hoshino,  2005 ; Sharma  et al .,  2008 ). There are enormous differ-
ences between continents with respect to the circulating rotavirus types, prob-
ably refl ecting different local virus evolution, virus spillover from different 
animal species and environmental conditions (Santos and Hoshino,  2005 ). In 
this respect, it is remarkable that as of today at least 27 different G-types and 
35 P-types of rotavirus have been reported from humans and animals world-
wide (Matthijnssens  et al .,  2011a ), underpinning the need for surveillance of 
circulating rotavirus strains so that the emergence of novel strains or reassor-
tants with unusual serotype characteristics can be promptly identifi ed.  

  18.3.2      Susceptibility to rotavirus in different sectors of the population 

  Rotavirus in childhood 
   The main target population of rotavirus, when infection is responsible for the 
highest number of cases requiring medical care, is children aged from a few 
months to 4–5 years (Kapikian  et al .,  1976 ; Monroe,  2011 ). Rotavirus infec-
tion is also more frequent and severe at younger ages in most animals, and 
vaccine development has always been considered an important line of defense 
for several animal species with an economic value (Barrandeguy  et al .,  1998 ; 
Cashman  et al .,  2010 ; Dewey  et al .,  2003 ; Otto  et al .,  2006 ). The decrease in 
rotavirus disease in humans and animals in older age groups suggests that sus-
ceptibility may change with the maturation of the intestinal epithelial cells or 
of the individual’s immune system (Ciarlet  et al .,  2002 ). 

 During the fi rst few weeks of life, in humans and other big mammals rota-
virus is only rarely associated with overt symptoms (Kim  et al .,  2009 ). This 
has been correlated with passive transfer of maternal immunity by secretory 
immunoglobulins present in breast milk helping protect the neonate’s gut lin-
ing from ingested virus (McLean and Holmes,  1981 ; Parreno  et al .,  2010 ), 
but also with biochemical changes in the gut microenvironment (McLean 
and Holmes,  1981 ; Wold and Adlerberth,  2000 ), and cell surface receptors 
(Ciarlet  et al .,  1998 ; Hempson  et al .,  2010 ; Londrigan  et al .,  2000 ). Viral bind-
ing to the cell occurs via VP4 and a series of events (Mendez  et al .,  1999 ) that 
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may involve glycosylated cell proteins presenting sialic acid or other types 
of sugars or glycans (Ciarlet and Estes,  1999 ; Haselhorst  et al .,  2009 ; Isa 
 et al .,  2006 ). This fi rst interaction occurs between the VP8* apical part of 
the spike-protein VP4; afterwards other portions of the same proteins react 
with other cell receptors, most likely including  α 2 β 1-integrins recognizing a 
DGE integrin-binding motif  present in the VP5* domain (Zarate  et al .,  2000 ). 
Other integrin types may act at a later stage, favoring rotavirus entry (Coulson 
 et al .,  1997 ). 

 Protection against disease can be afforded by both symptomatic and 
asymptomatic fi rst infection (Bernstein  et al .,  1991 ; Bishop  et al .,  1983 ) which 
is also observed with present live attenuate oral vaccines (Butler,  2011 ; Glass 
 et al .,  2006 ; Wang  et al .,  2010a ). 

 The effi cacy of present vaccines and the suitability of future vaccines 
are universally evaluated against the strains affecting children as the tar-
get population of vaccine prophylaxis, as well as consideration of antigenic 
cross-reactivity between different rotavirus strains (Ward,  2009 ). In fact, both 
RotaTeq ®  and Rotarix ® , as well as other vaccines (Kapikian  et al .,  2005 ), 
exhibit the same VP4 and VP7 genotype as one or more of the rotavirus 
wild strains affecting children globally (Santos and Hoshino,  2005 ). Even the 
monovalent GSK vaccine shares its G1 and/or P[8] types with the majority 
of strains causing moderate and severe rotavirus diarrhea in developed coun-
tries (Iturriza-G ó mara  et al .,  2011 ; Santos and Hoshino,  2005 ). In developing 
countries, virus-presenting genotypes other than G1-4, or G9, and P[4] or 
P[8] may circulate widely in the child population (Castello  et al .,  2009 ; Kabue 
 et al .,  2010 ; Santos and Hoshino,  2005 ; Than  et al .,  2011 ), and this might help 
explain the lower rate of vaccine effi cacy in some areas of the world (Fischer 
Walker and Black,  2011 ; Jiang  et al .,  2010 ).  

  Rotavirus in adults and the elderly 
   There are no data indicating that different serotypes of rotavirus may be asso-
ciated with a different virulence in children compared to adults. It is however 
clear that animal strains are normally less pathogenic for humans than they 
are in their species of origin, which led to a Jennerian approach to rotavirus 
vaccines for children (Kapikian  et al .,  1996 ). Also, genetic reassortment is 
considered necessary for heterologous rotaviruses to spread into a new ani-
mal or human community (Ghosh  et al .,  2011 ; Matthijnssens  et al .,  2011b ; 
McDonald  et al .,  2009 ; Park  et al .,  2011 ). 

 However, volunteer studies and fi eld investigations indicate that at least 
some strains deriving from sick children can infect normal adults (Awachat 
and Kelkar,  2006 ; Stelzmueller  et al .,  2006 ), despite the presence of pre-existing 
immunity, usually asymptomatically (Ward  et al .,  1986 ,  1990 ). It is worth not-
ing that in the UK the rotavirus-specifi c IgM rate among the normal adult 
population does not show any seasonality (Cox and Medley,  2003 ), suggest-
ing that adults are not infected solely by children, who are mostly infected 
during winter months. Since it has long been considered that immunity to 
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rotavirus gastroenteritis was life-long, no real study has been performed to 
assess to what extent the adult can otherwise represent a healthy carrier of 
pathogenic rotavirus strains. More cautiously, we have to assume that adults 
can act as reservoir for rotavirus as well as for other pathogens (de Wit  et al ., 
 2001 ), sometimes in the absence of symptoms, and consider possible rotavirus 
transmission pathways linking them to disease-susceptible children. 

 The elderly, as well as adults with immunosuppression, show an increased 
susceptibility to rotavirus that can require hospitalization and rehydra-
tion therapy, and exhibit a seasonal epidemic pattern similar to ill children 
(Anderson  et al .,  2012 ; Faruque  et al .,  2004 ). Elderly susceptibility to rotavi-
rus might be related to decreasing immune system activity with ageing, partic-
ularly mucosal secretory IgA production (Sakamoto  et al .,  2009 ). It has been 
suggested that mass vaccination of children against rotavirus in the United 
States might provide indirect protection to older children and adults (Lopman 
 et al .,  2011 ), and might also help reduce the threat of rotavirus-induced severe 
dehydration in the elderly.   

  18.3.3      Disease and pathogenesis 
 The main symptoms associated with rotavirus infection are diarrhea and 
vomiting, the intensity of which can vary largely from mild disease up to 
severe dehydration, osmotic shock and death. The clinical severity of cases 
is conveniently determined by the modifi ed Vesikari scoring system, which 
assigns a total score from 0 to 20 based on duration of diarrhea (days), num-
ber of stools per 24-h period, vomiting duration (days), number of vomiting 
episodes per 24-h period, maximal fever, health care provider visits, and type 
of treatment (none, outpatient and hospitalization) (Freedman  et al .,  2010 ; 
Ruuska and Vesikari,  1990 ). 

 Rotavirus infects almost exclusively mature enterocytes of the apical por-
tion of villi in the small intestine, and neither the restricted cell population 
affected nor the epithelial damage is normally proportional to the extent 
of symptoms, both in humans and in experimentally or naturally infected 
animals. Common histopathological observations included blunting of villi, 
infl ammatory infi ltration, and appearance of apoptotic bodies, in the upper 
villi but not in the crypts (Ciarlet  et al .,  2002 ; Eisengart  et al .,  2009 ; Ward 
 et al .,  1996 ). Thus, it appears that other pathophysiological mechanisms 
intervene to cause the life-threatening watery diarrhea of rotavirus, possibly 
including: (i) loss of epithelial cell absorptive functions induced by intracellu-
lar virus replication; (ii) the action of the rotaviral enterotoxin NSP4 protein; 
and (iii) the interactions between the enteric nervous system, serotonin and 
virus-induced chemical mediators, with a possible central role of enterochro-
maffi n cells (Ball  et al .,  1996 ; Kordasti  et al .,  2004 ; Lundgren  et al .,  2000 ). 
Recently, it has been proposed that serotonin also acts on the second char-
acteristic symptom of rotavirus infection, namely vomiting (Hagbom  et al ., 
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 2011 ), which opens up the possibility of therapeutic approaches to reducing 
water loss. Asymptomatic rotavirus infections also occur frequently in both 
children and adults, and infection is thought to be milder because of partial 
immune protection established during the fi rst exposure to the virus (Karsten 
 et al .,  2009 ; Phillips  et al .,  2010 ; Velazquez,  2009 ). However, these studies also 
confi rm and highlight the risk that rotavirus shedding by otherwise healthy 
children or adults may be transmitted to susceptible non-immune subjects, 
such as newborns, directly or via environmental or foodstuff  contamination 
circuits (Abad  et al .,  1994a ; Cheong  et al .,  2009 ; Gallimore  et al .,  2005 ; Le 
Guyader  et al .,  1994 ). 

 Since group A rotaviruses infect many animal species, including domestic 
animals and pets, besides transmission of human strains susceptible subjects 
are also exposed to a large variety of strains of animal origin, through a zoo-
notic transmission pathway that may include feces-contaminated environ-
mental fomites and foods (Cook  et al .,  2004 ; Martella  et al .,  2010 ; Midgley 
 et al .,  2012 ; Ziemer  et al .,  2010 ). Reassortment is probably crucial in favoring 
adaptation to humans of animal rotavirus strains transmitted zoonotically 
via the environment or food (Banyai  et al .,  2010 ; Iturriza-Gomara  et al ., 2001; 
Matthijnssens  et al .,  2006b ,  2011b ). Reassortment occurs not only between 
animal and human strains, but also between rotaviruses originating from dif-
ferent animal species (Park  et al .,  2011 ), which may have a major impact in 
generating genetic and phenotypic variability of pathogens that may eventu-
ally reach man (Matthijnssens  et al .,  2006b ,  2011b ). 

 A growing number of reports support the suggestion that rotavirus leaves 
the gut mucosa and infects secondary target organs, sometimes with overt 
pathological manifestations ranging from encephalopathy and meningism to 
pancreatitis and hepatitis to arthritis (De La Rubia  et al .,  1996 ; McMaster 
 et al .,  2001 ; Medici  et al .,  2011 ; Venuta,  2012 ). Rotavirus antigenemia and 
viremia following symptomatic or asymptomatic intestinal infection are in 
fact detected more frequently than previously thought (Blutt  et al .,  2007 ; 
Moon  et al .,  2012 ). Additional fi ndings on rotavirus systemic infections 
derive from studies on animals experimentally infected with rotavirus (Blutt 
and Conner,  2007 ; Crawford  et al .,  2006 ; Graham  et al .,  2007 ; Ramig,  2007 ), 
and it is in fact from the mouse model that the putative association of NSP3 
with the ability to support extra-intestinal rotavirus localization was estab-
lished (Mossel and Ramig,  2002 ).   

  18.4      Rotavirus detection in different samples 

 There is no univocal approach at the laboratory identifi cation of rotavirus, 
although most of diagnostic activities concern clinical samples from children 
presenting at the hospital with acute diarrhea. If  these latter can benefi t of 
a variety of validated methods, nonetheless environmental or food analysis 
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for rotavirus presents higher diffi culties and require different methodological 
protocols. Detailed typing of viral strains may also be required for epidemi-
ological investigation of outbreaks, as well as for determining the possible 
zoonotic origin of strains. 

  18.4.1      Laboratory diagnosis in clinical and veterinary cases 
 The typical clinical specimen for rotavirus search during routine diagnostics 
is feces, where viral load can be as high as 10 11  particle per gram. In partic-
ular cases, vomit or specifi c tissues can also be used. The fi rst approach to 
laboratory diagnosis of rotavirus infection was electron microscopy (Bishop 
 et al .,  1974 ); cell-culture methods have never gained the same usefulness 
for human rotavirus diagnosis and detection as in the case of other enteric 
viruses. Nonetheless, cell cultures, which have been providing information on 
different rotavirus serotypes since the early 1980s (Wyatt  et al .,  1983 ), offered 
a method for strain differentiation and posed the basis for development of 
modern vaccines (Kapikian  et al .,  1986 ; Wyatt  et al .,  1983 ). 

 Among the several methods implemented to allow diagnostic and epide-
miological studies on rotavirus, several ELISAs and latex-agglutination tests 
produced at commercial level have been widely used since the 1980s (Dennehy 
 et al .,  1988 ; Lipson and Zelinsky-Papez,  1989 ; Miotti  et al .,  1985 ) for both 
rapid diagnosis and patient management and for epidemiological investiga-
tions. In particular, the introduction of hybridoma cell technology for pro-
duction of monoclonal antibodies also gave impulse to the exploitation of 
antibody-based testing for viral detection in clinical samples (Gerna  et al ., 
 1989 ). 

 With the availability of fast and sensitive RT-PCR methods for virus detec-
tion, in the early 1990s specifi c protocols for rotavirus detection and serotype 
characterization of rotavirus directly from stool samples were established 
(Gomara  et al .,  2000 ; Nakagomi  et al .,  1991 ). Over the last decade, real-time 
RT-PCR tests in qualitative, quantitative or multiplex formats have been pro-
posed, and some are available commercially (Higgins  et al .,  2011 ; Jothikumar 
 et al .,  2009 ; van Maarseveen  et al .,  2010 ). These may be conveniently opti-
mized for routine use in hospital or research laboratories possessing adequate 
laboratory facilities for molecular methods. However, even today many lab-
oratories performing viral diagnosis of gastroenteritis more often use the 
antigen-detection methods mainly present on the market as ELISA, immu-
nochromatography, dipstick, or latex-agglutination kits (Khamrin  et al ., 
 2011 ). An interesting application of rapid test strips from rotavirus-positive 
reactions is storage of archival dsRNA for up to several years at room tem-
perature, which enables proper conservation of samples, for later molecular 
analysis, in peripheral laboratories lacking adequate cold storage systems or 
even during fi eld studies in remote areas (Shulman  et al .,  2011 ). 

 Given the strict correlations between the gene 6 of all group A rotaviruses 
of either human or animal origin, virtually all antibody-based assays target 
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cross-reactive group antigenic determinants in the viral VP6, and tests devel-
oped for human use are also suitable for veterinary virological diagnostics 
(Al-Yousif   et al .,  2001 ; Nemoto  et al .,  2010 ). This, however, is an exception, 
and in fact antibody-based assays established for detection and characteriza-
tion of other human rotaviral proteins (e.g., VP4, VP7, NSP4) are normally 
ineffi cient in the case of animal strains. 

 Detection of rotavirus antigen in the stools of a patient may guide subse-
quent clinical management procedures as well as possible outbreak contain-
ment measures. However, in the case of both humans and animals, information 
on the type of infecting or circulating rotavirus is valuable for both research 
and epidemiological purposes, as well as for the production or evaluation of 
vaccines (Chang  et al .,  2010 ; Hoshino  et al .,  2003 ; Hoshino and Kapikian, 
 2000 ; Desselberger  et al .,  2006 ). 

 For rotavirus strain typing, molecular protocols appear signifi cantly 
more feasible and effective than serological testing by either hyperim-
mune sera or monoclonal antibodies in cell-culture neutralization assays or 
ELISA (Gentsch  et al .,  1992 ; Gomara  et al .,  2000 ; Gouvea  et al .,  1990a,  b ; 
Simmonds  et al .,  2008 ). Although several typing approaches have been pro-
posed, a widely used protocol can be downloaded from the website of  the 
Rotavirus Surveillance Network, EuroRotaNet (http://www.eurorota.net/); 
it uses a multiplex nested-PCR system following an RT phase with random 
primers. The protocol for VP7 (G-genotyping) is optimized for use with a 
combination of  eight different genotype-specifi c oligonucleotide primers, 
embracing common human rotavirus G-types G1-4, and G9, and emerging 
strains G8, G10, and G12 (Banerjee  et al .,  2007 ; Iturriza-Gomara  et al ., 
2009, 2011; Steyer  et al .,  2007 ). A second VP4-specifi c multiplex uses six 
genotyping primers for the two common human P-types P(4) and P(8), and 
for types P(6), and P(9–11) which may indicate possible animal origin of 
the strain (Banerjee  et al .,  2007 ; Khamrin  et al .,  2009 ; Martella  et al .,  2006 ). 
Although VP4 and VP7 gene typing yields substantial information to verify 
the human or animal origin of  capsid antigens, and may thus indicate cir-
culation of  strains possibly emerging from the animal world, there is now 
consensus about the need for a full-genome typing approach to understand 
the evolution of  rotaviruses (Matthijnssens  et al .,  2008 ,  2011a ). It has been 
clearly demonstrated that a rotavirus strain may undergo several reassort-
ment events before and after entering human populations (Matthijnssens 
 et al .,  2006b ,  2011b ; Mukherjee  et al .,  2011 ). Although the complete mecha-
nisms governing the zoonotic passage of  rotavirus are unclear, it is remark-
able that apart from a few cases where a genuine animal strain infected a 
human being, uncommon rotaviruses causing human disease appear to 
carry most of  a typical human genome with the introduction of  one or 
two genes of  animal origin (Banyai  et al .,  2010 ; Steyer  et al .,  2007 ; Wang 
 et al .,  2010b ). Besides the VP4 and VP7 genes, VP6 and NSP4 genes are also 
particularly useful in suggesting rotavirus origin, and phylogenetic trees 
based on the nucleotide sequences of  genome segments 6 and 10 show that 
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most human versus animal strains cluster separately (Benati  et al .,  2010 ; 
Iturriza-Gomara  et al ., 2003; Tatte  et al .,  2010 ). In addition to the work 
of  several international rotavirus surveillance networks (de Oliveira  et al ., 
 2009 ; Iturriza-Gomara  et al ., 2009; Mirzayeva  et al .,  2009 ; Nelson  et al ., 
 2009 ; Tate  et al .,  2012 ), it is worth mentioning the establishment of  the 
Rotavirus Classifi cation Working Group in 2007 (Matthijnssens  et al .,  2008 , 
 2011a ). The RCWG is an international panel of  rotavirus experts seeking 
consensus and offering expertise on recognition of  novel rotavirus types at 
global level, encouraging full-genome sequencing of  rotavirus strains, and 
making use of  the rotavirus web-based genotyping platform RotaC (Maes 
 et al .,  2009 ). Organization of  the growing amount of  information worldwide 
derived from detailed genomic characterization of  rotaviruses, via genotyp-
ing and sequencing, permits the increasingly accurate discrimination of 
rotavirus strains according to the scheme Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-
Tx-Ex-Hx, which represent the genotypes of  the VP7-VP4-VP6-VP1-VP2-V
P3-NSP1-NSP2-NSP3-NSP4-NSP5/6 encoding gene segments, respectively 
(Matthijnssens  et al .,  2008 ). It has thus become clear that although humans 
and each animal species tend to maintain their own common viral strains, 
signifi cant changes of  the genotypes, variants, or strains of  rotavirus cir-
culating in an animal or human community occur with time, and spillover 
or importation of  novel strains from different species or communities will 
increasingly favor inter-type reassortment and the continuous emergence 
of  novel rotaviruses, with a genome adjusted to prevail among pre-existing 
viruses (Ghosh  et al .,  2011 ; Matthijnssens  et al .,  2011b ; McDonald  et al ., 
 2009 ; Park  et al .,  2011 ).  

  18.4.2      Rotavirus detection in food and water 
 While antigen- or genome-based diagnosis of rotavirus infection in humans 
or animals is relatively easy because of the protracted shedding and high con-
centration of virus in feces (Richardson  et al .,  1998 ), rotavirus detection in 
environmental samples, such as water, or food matrices is more complex. Virus 
is normally present extensively diluted in surface waters or irrigation waters, 
and the viral load in water-contaminated vegetables may also consequently 
be very low although exceptions may occur (Bidawid  et al .,  2000 ; Lodder and 
de Roda Husman,  2005 ). Adequate concentration and sensitive molecular 
approaches are essential for a positive laboratory testing, so antigen-based 
methods are unfeasible. Recommended molecular detection approaches 
range from conventional and nested RT-PCR to sensitive real-time methods 
(Jothikumar  et al .,  2009 ; Kittigul  et al .,  2008 ; Rutjes  et al .,  2009 ; Sdiri-Loulizi 
 et al .,  2010 ). It must however be kept in mind that due to the segmented nature 
of rotavirus genome, the complex of distinct gene types or sequences identi-
fi ed in a particular sample may not necessarily belong to the same rotavirus 
strain, since each of the 11 segments might belong to any one of the different 
viral strains possibly simultaneously present in the sample (Di Bartolo  et al ., 
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 2011 ; Ferreira  et al .,  2009 ). As mixed infections of a human or animal indi-
vidual with different strains can occur, this problem should not be ignored for 
rotavirus detection and typing also in feces, but it is defi nitely more signifi -
cant in matrices containing fecal micro-organisms originating from an entire 
human or animal community. 

 Furthermore, different environmental conditions may strongly infl uence 
the integrity and infectivity of rotavirus in watery matrices, including tem-
perature, pH and salinity, presence of biological or chemical contaminants, 
infl uencing viability or provoking aggregation and fl occulation (Butot  et al ., 
 2007 ; Hurst and Gerba,  1980 ; Pancorbo  et al .,  1987 ). Overall, rotavirus is 
considered to be as resistant in fresh and salty waters as are enteroviruses 
(Hurst and Gerba,  1980 ). Infectivity assays on rotaviruses naturally contam-
inating waters are normally impracticable since cell culturing applied to wild 
human strains is not suffi ciently sensitive, and detection of viral genomes may 
be the only way to identify infectious risks for the population (Gassilloud 
 et al .,  2003 ). 

 The presence of  rotavirus in environmental water has been demonstrated 
since the early 1990s, when molecular detection methods became available 
(Abad  et al .,  1998 ; Dubois  et al .,  1997 ). But even before proper environ-
mental virological protocols were in use, evidence for rotavirus as the agent 
of  a community waterborne gastroenteritis outbreak was clear (Hopkins 
 et al .,  1984 ). 

 Of course, a major source of environmental rotaviruses is urban sewage, 
where strains of human interest are discharged, which may eventually pass 
through waste-water treatment plants with only partial viral load reduction, 
proceeding into receiving water channels, rivers and eventually the sea (Arraj 
 et al .,  2008 ; Rodriguez-Diaz  et al .,  2009 ; Tsai  et al .,  1994 ). Despite the limita-
tions, environmental rotavirus surveillance can provide useful epidemiologi-
cal information both on the main G and P rotavirus types shed by a specifi c 
population over time, and on novel viral types not yet addressed by clinicians 
(Villena  et al .,  2003 ). 

 Rotavirus detection in food is not presently required by national and inter-
national legislation. Sensitive reliable methods are nonetheless useful for 
investigating outbreak viral sources, and further efforts should be made to 
harmonize protocols in view of the possible reassessment of rotavirus as an 
important foodborne and zoonotic agent (Cardoen  et al .,  2009 ).   

  18.5      Epidemic outbreaks 

 In countries characterized by a temperate climate, the child population suf-
fers winter-related major epidemics similar to those of seasonal infl uenza, 
whereas seasonality is less marked or absent in tropical areas (Cook  et al ., 
 1990 ; Kapikian  et al .,  1976 ). Rotavirus can also generate smaller epidemic 
outbreaks, which can affect all agegroups, although they are more prevalent 
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among children or elderly people, particularly within schools, hospitals, nurs-
ing homes, and care centers. 

 It has been estimated that this agent was responsible for 5% of all diarrhea 
outbreaks in residential geriatric institutions in England and Wales in 1992–
1994 (Ryan  et al .,  1997 ). This incidence of rotavirus among elderly adults was 
mirrored in Illinois during a survey of outbreaks within retirement commu-
nities (Lopman  et al .,  2011 ), and several other reports on intestinal disease 
outbreaks in nursing homes in different areas of the world (Luque Fernandez 
 et al ., 2008; Marshall  et al .,  2003 ; Trop Skaza  et al .,  2011 ; van Duynhoven  et al ., 
 2005 ). Deaths potentially caused by reduced state of health, and the direct 
costs of outbreaks in long-term care institutions, represent a high price for 
society (Piednoir  et al .,  2010 ). Investigation of an outbreak occurring among 
long-term residents in an institution for rehabilitation in Japan has revealed 
that rotavirus-affected subjects had a signifi cantly longer duration of stay in 
the institute than unaffected residents, suggesting that long-term residence in 
a closed community, possibly associated with absence of immuno-stimulation, 
is a risk factor for rotavirus illness (Iijima  et al .,  2006 ). 

 In addition to institutional outbreaks, household outbreaks are also 
reported, where contact with rotavirus-infected children risks transmission 
of  the virus and development of  disease to grandparents (Awachat and 
Kelkar,  2006 ). 

 With waterborne transmission, subjects of all ages can develop severe 
symptoms (Timenetsky  et al .,  1996 ). This is possibly related to a higher 
virus load (often the case in sewage-contaminated water sources) which is 
suspected to have caused a number of severe cases in both young and older 
children in an outbreak in Finland related to drinking water (Rasanen  et al ., 
 2010 ). Two-thirds of the patients involved were infected with rotavirus, which 
belonged to genotype G1 in all cases except a single G4 virus fi nding. Several 
other pathogens were also detected (mostly norovirus), but no difference was 
observed in severity of disease between patients infected with rotavirus and/
or other viruses. This unusual fi nding might be due to either a synergic effect 
of multiple pathogens or to an undetected rotavirus co-infection. 

 Due to the absence of a systematic reporting system for rotavirus out-
breaks and sporadic cases other than for children, it is not clear whether rota-
virus serotypes less common than the widespread G1P[8], such as G2P[4] or 
G4P[8], might be more frequently involved in outbreaks or cases in adults. 
Association of the G2 and G4 rotavirus genotype with gastroenteritis in adult 
elderly communities or older children has been reported (Feeney  et al .,  2006 ; 
Timenetsky  et al .,  1996 ). Nonetheless, differential immunity to viral serotypes 
remains an issue, and other factors may underlie these observations. 

 In general, it can be assumed that in countries with high standards of hygiene, 
the infectious dose of rotaviruses transmitted from person-to-person contact 
is probably small. It is thus tempting to believe that much larger amounts of 
virus from contaminated drinking water would explain the unusually severe 
clinical picture and occurrence of disease in subjects outside the target age 
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noted during some outbreaks (Rasanen  et al .,  2010 ). The presence of other 
enteric pathogens along with rotavirus in the course of common-source out-
breaks, particularly waterborne episodes, is frequent and, together with the 
challenging virus detection practice, makes it complicated to assign the proper 
etiological role to each virus detected in either patient stools or in the envi-
ronment. Surface waters and also some foodstuffs can be extensively contami-
nated with a multiplicity of viruses of human and/or animal origin, capable of 
starting epidemics (Di Bartolo  et al .,  2011 ; Gratacap-Cavallier  et al .,  2000 ; Le 
Guyader  et al .,  2008 ; Sdiri-Loulizi  et al .,  2010 ). For instance, rotavirus-specifi c 
VP7 gene sequences were detected in four drinking water samples taken from 
homes of 56 children with rotavirus diarrhea in France, but in no case did 
these sequences match with the virus detected in stools (Gratacap-Cavallier 
 et al .,  2000 ). Three water samples contained swine or bovine VP7 sequences 
and only one a human serotype 4 virus. Although sequences were too short 
for more detailed phylogeny, nonetheless it is worth noting that pipelines may 
be a vehicle of rotaviruses of both human and animal origin, leading to simul-
taneous infection of several subjects with more rotavirus strains and eventu-
ally to gene reassortment. Similarly, rotavirus – as well as other viruses – may 
be carried, to a remarkable extent, by cockles, mussels and clams, which are 
only lightly cooked or consumed raw (Le Guyader  et al .,  2000 ). Although 
virus concentration may be lower in vegetables and soft fruit (Butot  et al ., 
 2007 ; Plante  et al .,  2011 ), this type of food also carries a potential risk and 
has been sporadically involved in outbreaks (CDC,  2000 ; Gallimore  et al ., 
 2005 ; Mayr  et al .,  2009 ). A quantitative microbial risk assessment model has 
been proposed for the health risks correlated with waste-water irrigation, still 
widely used in some parts of the world (Mara  et al .,  2007 ). 

 Particular conditions for exceptional virus spread and major outbreaks may 
be generated by natural disasters such as fl ood and earthquakes (Karmakar 
 et al .,  2008 ; Kukkula  et al .,  1997 ; Schwartz  et al .,  2006 ).  

  18.6      Zoonotic transmission 

 Within the ongoing process of globalization, many infectious diseases are 
emerging or re-emerging, and novel virus variants are daily considered as new 
threats for na ï ve populations. A major component of the current risks for 
public health is posed by animals and food of animal origin, that calls for 
a one-health one-medicine approach toward an increasing range of viruses, 
including rotaviruses. 

  18.6.1      Emerging rotavirus strains in humans 
 During the past decade or so it has become very clear that inter-species 
transmission of rotaviruses, once considered to cause overt disease only in 
the homologous host species, occurs frequently, and that it often results in 
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symptomatic gastroenteritis (Cook  et al .,  2004 ; Martella  et al .,  2010 ). However, 
defi ning the evolutionary history of a viral strain is complicated. For exam-
ple, it is still questionable whether the origin of G9 rotavirus, one of the fi ve 
commonest human rotaviruses today, is human or animal. Rotavirus G9 had 
been fi rst described as a rare cause of infantile gastroenteritis in the US in 
1983–1984 (Clark  et al .,  1987 ). It was later found frequently in India but only 
in asymptomatic infections in neonates (Das  et al .,  1994 ) and sporadically in 
other countries, becoming signifi cantly more widespread among symptom-
atic children in the US in the course of the following decade (Ramachandran 
 et al .,  1998 ). G9 rotavirus had also been found in pigs in Iowa (Paul  et al ., 
 1988 ) and in later in lambs in Scotland (Fitzgerald  et al .,  1995 ). Together with 
G9, the P[6] gene normally found in swine was also circulating, and at the 
time of G9 emergence throughout the world G9P[6] strains were frequently 
observed (Iturriza-G ó mara  et al .,  2000 ). G9 rotaviruses were reported in the 
early 1990s among piglets with diarrhea in Brazil, where both G9P[6] and 
G9P[8] as well other typically human G-types were recovered from animals, 
suggesting natural human–porcine genetic reassortment (Santos  et al .,  1999 ). 
These data and others make it intriguing to speculate whether pigs or humans 
or both have been a signifi cant mixing vessel for human G9P[8], which has 
subsequently become a globally widespread virus type (Iturriza-G ó mara 
 et al .,  2000 ; Matthijnssens  et al .,  2010 ; Santos  et al .,  1999 ). 

 Newly available fast sequencing tools and powerful programs for phyloge-
netic analysis are generating more knowledge of rotavirus evolution, making 
it possible to identify and characterize phylogenetically rare and unconven-
tional rotavirus strains with the aim of promptly identifying strains with the 
potential for rapid global spread, and increasing herd immunity by extending 
vaccination (Glass  et al .,  2006 ). An appropriate example of rotavirus evolu-
tion tracking using the full-genome sequencing approach pertains to G8P[8] 
and G8P[6] strains identifi ed in children with diarrhea in the Democratic 
Republic of Congo in 2003 (Matthijnssens  et al .,  2006b ). These strains shared 
ten almost identical genome segments, suggesting a recent reassortment 
between a common G8P[6] strain of animal origin and a human strain with 
a P[8] specifi city. However, further analysis showed a very close evolutionary 
relationship between nine of their genes with rotavirus strains belonging to 
the DS-1-like (G2P[4]) sub-group, indicating at least three, and possibly four, 
consecutive reassortment events involving both DS-1-like and Wa-like human 
rotaviruses and more animal strains of bovine (G8) and swine origin. The 
virus ultimately resulting from these processes appeared to be well equipped 
to become a predominant strain within the human population. This is not the 
only route to humanization followed by G8 originating from bovines, as other 
emerging G8P[8]strains investigated in Europe appear to exhibit an almost 
complete Wa-like genome background (Steyer  et al .,  2007 ; Tcheremenskaia 
 et al .,  2007 ). Interestingly, one of these strains became a predominant cause 
of infantile gastroenteritis hospital admissions in Croatia in 2006, although it 
caused only a minority of cases the year before. It is tempting to believe that 
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these strains (Matthijnssens  et al .,  2006b ; Tcheremenskaia  et al .,  2007 ) may 
be obviously favored by their unusual gene repertoire and may displace other 
predominant human rotaviruses in at least some situations, with implications 
for future vaccine strategies (Glass  et al .,  2006 ; Jiang  et al .,  2010 ).  

  18.6.2      Animals as rotavirus reservoirs 
 There is increasingly compelling evidence that some animal species may indeed 
act as a reservoir of rotavirus strains transmitted zoonotically and emerging 
in human pathology. Several investigations on a global collection of human 
G6P[14] and animal G6P[14] or G8P[14] showed close genetic relatedness 
between strains of different origin, and suggest that ruminants and ungulates 
may be the reservoir of G6 rotaviruses for humans (Banyai  et al .,  2009 ; De 
Grazia  et al .,  2011 ; Matthijnssens  et al .,  2009 ). The bovine origin of some G12 
and G9 human isolates associated with high mortality in children in Africa has 
been clarifi ed by sequence-independent amplifi cation and pyrosequencing, and 
RotaC full-genome analysis showing peculiar evolutionary perspectives for the 
pool of rotavirus circulating in that part of the world (Jere  et al .,  2011 ). 

 Besides possible G9 strains, the pig is also regarded as a likely reservoir 
for rotavirus strains with G3, G5, G12 and P[6], P[16], P[19] genotype (Esona 
 et al .,  2004 ; Ghosh  et al .,  2006 ; Li  et al .,  2008 ; Maneekarn  et al .,  2006 ). 

 G12 rotaviruses have been reported in humans by several laboratories 
across the world and are thought to be one of the possible emerging strains 
of zoonotic origin (Castello  et al .,  2009 ; Rahman  et al .,  2007 ; Sharma  et al ., 
 2008 ; Steyer  et al .,  2007 ). These viruses may have originated from swine and 
become established in humans throughout a series of reassortments (Ghosh 
 et al .,  2006 ; Griffi n  et al .,  2002 ; Steyer  et al .,  2007 ). However, enhanced phylo-
genetic studies support alternative evolution pathways either leading a human 
G12 to eventually enter and adapt to the swine population or encompassing 
a common ancestor for both porcine G12 and Wa-like human rotaviruses 
(Freeman  et al .,  2009 ; Ghosh  et al .,  2010 ). Some of the rotavirus zoonotic 
genotypes have been known in human diseases for a long time, and the divi-
sion of animal and human strains into different lineages with the same G or 
P type might indicate that distinct evolution routes started many years before 
in different hosts (da Silva  et al .,  2011 ). 

 It has also been proposed that rabbits harbor rotaviruses with similar 
characteristics to strains found in gastroenteritis cases in children, and a 
human case in Belgium was found to be infected with a G3P[14] rotavi-
rus sharing several genes with a typical lapine rotavirus, including a closely 
related NSP4 (Matthijnssens  et al .,  2006a ) which might contribute to viru-
lence in both species. 

 Rotaviruses are not regarded as major enteric pathogens in dogs and cats, 
although pet animals living at close quarters with humans can, uniquely, eas-
ily enter pathogen transmission pathways from or to humans. Some rotavirus 
genotypes known in these animals are very similar to strains from human 
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disease, particularly G3, and the genomic repertoire of strains can range from 
a fully canine or feline to a reassorted human–animal constellation (Grant 
 et al .,  2011 ; Khamrin  et al .,  2006 ; Matthijnssens  et al .,  2011b ; Tsugawa and 
Hoshino,  2008 ). 

 Furthermore, more complex reassortments involving several different ani-
mal species can contribute to the creation of novel zoonotic strains involv-
ing different animal reservoirs (Park  et al .,  2011 ; Wang  et al .,  2010b ), which 
suggests that more than one animal species or humans can normally act as 
a mixing vessel for rotaviruses of diverse origin, as long as different species 
are in frequent direct contact or share an environment or vehicles of fecal 
contamination. 

 Unfortunately, although large collections of fully characterized human 
rotavirus strains covering several decades are available, repertoires of viral 
strains of animal origin are limited and most of the available information is 
recent. This will make it quite diffi cult to trace back the origin of most strains 
circulating currently in either man or animal species. However, molecular sur-
veillance systems now in place that involve both humans and animals provide 
a unique opportunity for the timely fi ngerprinting of novel rotavirus strains 
and variants on their emergence.  

  18.6.3      Farm-to-fork chain 
 Although person-to-person transmission via human feces plays the major 
role in rotavirus disease, foodborne transmission of this virus can occur, 
and deserves further attention and characterization. For this reason, rota-
virus was included in recent expert advice on foodborne viruses for Codex 
Alimentarius, more specifi cally targeting water used for food preparation and 
processing, including dried or powdered milk for children, infant formula, 
or juice (www.who.int/foodsafety/publications/micro/mra13/en/index.html). 
However, a possible bias is that rotavirus is regarded as a disease of neonates 
and young children, which limits the range of food types representing a pos-
sible risk of transmission. In fact, the circulation of virus is likely to be wide-
spread across the whole age range, resulting in asymptomatic or subclinical 
infection among adults. Foodborne transmission of pathogens is defi nitely 
more signifi cant among adults (Newell  et al .,  2010 ),who may pass rotavirus to 
susceptible children via interpersonal transmission or by contaminating food 
and environmental fomites at work or at home, in which rotavirus is stable 
and resistant to disinfection (Abad  et al .,  1994b ). 

 Fresh produce that is consumed raw or minimally processed, such as fruits, 
vegetables, and seafood, provide an ideal route for the transmission of cer-
tain enteric pathogenic bacteria and viruses, including rotavirus (Newell 
 et al .,  2010 ). Resistance of rotavirus in food as well as in drinking or sur-
face waters or on surfaces is high (Butot  et al .,  2008 ; Pancorbo  et al .,  1987 ), 
and the role of fecally contaminated irrigation water or organic fertilizers in 
pre-harvest contamination of fruits and vegetables with enteric viruses has 
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been illustrated (Cheong  et al .,  2009 ; Costantini  et al .,  2007 ; Gabrieli  et al ., 
 2007 ). Similarly, polluted growing/harvesting water is a potential source of 
viral contamination of shellfi sh (Lees,  2000 ). Rotavirus can be present in fi l-
trating marine mollusks to a remarkable degree, as shown recently by Wang 
and colleagues, who reported rotavirus in approximately 9% of fi eld oysters 
in China, compared with HAV in 5% and norovirus in 1.5% (Wang  et al ., 
 2008 ). As many as 18% of natural bank mussels were positive at rotavirus 
testing in Italy (Gabrieli  et al .,  2007 ), and several other fi eld studies conducted 
elsewhere confi rm natural contamination of seafood with rotavirus (Kittigul 
 et al .,  2008 ; Le Guyader  et al .,  2000 ; Rigotto  et al .,  2010 ). Although primary 
contamination is the main cause of high viral load in food, as for other viruses 
(Baert  et al .,  2009b ; Bidawid  et al .,  2000 ), post-harvest contamination of food 
by asymptomatic adult food handlers with rotavirus cannot be overlooked. 

 Conventional depuration practice may not be fully effective in removing 
rotavirus from contaminated oysters or other seafood (Bosch  et al .,  1995 ; Loisy 
 et al .,  2005 ). Furthermore, rotavirus remains infectious for periods exceeding 
the shelf lives of most vegetables and fruits, and can resist freezing, disinfec-
tion or washing procedures (Baert  et al .,  2009a ; Lees,  2000 ; Li  et al .,  2009 ). 

 Since control of environmental pollution can be a key factor in prevent-
ing contamination of food chains with rotavirus and other viral pathogens, 
the recent application of quantitative risk assessment models to water, 
waste-water and manure may be of great help in food safety (Hamilton  et al ., 
 2006 ; Seidu  et al .,  2008 ).  

  18.6.4      Professional risks 
 Information on rotavirus disease related to professional activities is scarce, 
probably due to the absence or paucity of symptoms associated with rota-
virus infection normally in adulthood (Karsten  et al .,  2009 ; Phillips  et al ., 
 2010 ). The risks of disease resulting from professional exposure to the virus 
are not as relevant as for other viral infections, particularly because immu-
nity to clinical disease is elevated among people of working age. However, 
asymptomatic re-infections may occur when workers are in close contact with 
rotavirus, for example, staff  within pediatric wards, nursing homes or hospi-
tals (Iijima  et al .,  2006 ; Trop Skaza  et al .,  2011 ). Hand carriage of virus by 
uninfected individuals is considered critical (Gleizes  et al .,  2006 ). In a recent 
review paper involving several European countries, rotavirus was detected in 
the hands of 76–78% of health workers caring for hospitalized children with 
community-acquired rotavirus gastroenteritis (Gleizes  et al .,  2006 ). Virus was 
also recovered from 20% of health care workers not having direct contact 
with pediatric patients, suggesting widespread person-to-person circulation 
and/or environmental spread of rotavirus within the nosocomial workplace 
(Cone  et al .,  1988 ). Rotavirus can survive for a few days on imperfectly cleaned 
hands and even longer on dry and nonporous surfaces (e.g., toys, medical 
tools), particularly if  the environmental humidity is low (Abad  et al .,  1994a ; 
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Ansari  et al .,  1988 ; Keswick  et al .,  1983 ; Wilde  et al .,  1992 ). Measures to 
reduce virus carry-over by personnel include strict hand hygiene and the use 
of virus-effective disinfectants; cleaning and disinfection of equipment and 
surfaces; regular room airing; proper disposal of incontinence pads; limit-
ing temporary contacts with infected patients; removal from work of infected 
staff; and vaccination (Kribs-Zaleta  et al .,  2011 ; Trop Skaza  et al .,  2011 ). It 
should be added that hospital databases severely under-report nosocomial 
rotavirus cases, at least in Europe, so there is limited awareness of the impor-
tance of this disease at country level (Gleizes  et al .,  2006 ). If  the increasing 
number of norovirus outbreaks in hospitals and residential homes (Greig and 
Lee,  2012 ) are also taken into account, it is important to increase awareness of 
epidemic transmission of gastroenteritis viruses and consequently promptly 
to develop and adopt control protocols. 

 No reports have specifi cally addressed foodborne transmission of rotavi-
rus to food handlers, although it is quite obvious that close manual contact 
with superfi cially contaminated food items could pose a risk of infection or 
cross-contamination, as in the case of other enteric pathogens (Dreyfuss, 
 2009 ). In view of this, rotavirus has been considered among the priority food-
borne zoonotic diseases of the near future (Cardoen  et al .,  2009 ). 

 One category of professionals who might play an important role in rotavi-
rus epidemiology is workers in the farming industry, due to possible exposure 
to animal rotaviruses, with an increased risk of mixed infections leading to 
gene reassortment and introduction of novel strains into the human popu-
lation (Cook  et al .,  2004 ; Martella  et al .,  2010 ). In a study of cattle ranchers 
and their families conducted in Panama in the 1980s, zoonotic transmission 
of bovine rotavirus was excluded (Ryder  et al .,  1986 ). This contrasts however 
with much recent indirect data on a major zoonotic rotavirus fl ow from farm 
animals to humans, which is likely to involve farm workers globally (Cook 
 et al .,  2004 ; Martella  et al .,  2010 ). Arable farmers may also be at risk of infec-
tion with rotavirus present in unsterilized manure of human or animal origin 
(Costantini  et al .,  2007 ; Pesaro  et al .,  1995 ; Ziemer  et al .,  2010 ). 

 Overall, it can be assumed that although professional hazards are present, 
they would rarely result in a direct health problem for the worker.   

  18.7      Future trends 

 Many aspects of rotavirus biology have become familiar to virologists and 
epidemiologists over the last four decades, and its role as the primary cause 
of severe and life-threatening gastroenteritis in childhood worldwide is uni-
versally recognized. Consequently, a great deal of research has been carried 
out into vaccine prophylaxis, and effi cacious vaccines are now available for 
human use. 

 More recently, the existence of main zoonotic streams of rotavirus from 
the most important farmed animal species to humans has been recognized. 
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Consequently there have been some changes in concepts of rotavirus epi-
demiology and evolution, with particular reference to inter-species gene 
reassortment. 

 The molecular mechanisms by which an animal rotavirus can adapt to and 
spread among humans need to be fully addressed, in a similar way to the 
current investigation into the zoonotic passage and continuing virulence of 
highly pathogenic avian infl uenza viruses. New animal studies on the genetics 
of non-structural proteins possibly involved in pathogenesis and host restric-
tion are needed. 

 Globalization has increased the chances of international virus circulation 
via human carriage and animal and food importation. Consequently, Western 
countries may face an escalation in the introduction of novel rotavirus strains, 
with a higher possibility of exotic genotypes emerging that have a modifi ed 
virulence for humans and/or animals. A global program of coordination and 
sharing of new epidemiological and molecular information generated by 
national and international surveillance networks should continue to be imple-
mented, since no single laboratory can successfully address the evolutionary 
trends of rotaviruses. These data are needed for future vaccine development, 
in preparation for the possible emergence of non-conventional rotaviruses 
that may not be fully covered by existing vaccinations. 

 More work is needed to determine the role of adults, particularly asymp-
tomatic subjects, in rotavirus transmission to susceptible children and as a 
possible virus reservoir between consecutive annual epidemic peaks of infan-
tile diarrhea. Since adults may be exposed to both environmental and food 
sources of rotavirus more easily than children, their possible role as a mix-
ing vessel, where multiple co-infecting strains may generate novel rotavirus 
reassortants of pediatric importance, should be properly addressed in future 
studies. 

 Finally, there is a need for more research into the impact of rotavirus 
on the food industry and food safety. It is necessary to know what the real 
association of infectious rotavirus and the origin of contamination is with 
the different products along the food chain, particularly in respect of seawa-
ter molluscs, vegetables and soft fruits. Food- and waterborne transmission 
of rotavirus to food handlers should be investigated, independently of the 
appearance of typical symptoms in adult workers, and the extent of possible 
virus shedding in stools of these healthy subjects should be determined to 
inform risk assessment models for guiding possible control measures.  
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  Abstract:  Hepatitis E is an acute hepatitis in humans, fi rst recognized in 1980 and 
caused by the hepatitis E virus (HEV). Mammalian HEVs are divided into four 
genotypes (1–4) of which gt1 and gt2 are involved in epidemics and gt3 and gt4 are 
more involved in sporadic cases. The principal mode of spread is faecal–oral from 
contaminated water supplies, almost exclusively in developing regions. Accumulating 
evidence indicates that HEV (gt3 and gt4)  transmission may be zoonotic in 
developed regions with swine and perhaps other animal species serving as reservoirs 
for the virus. The exact transmission routes are unclear, but HEV RNA has been 
detected in retail pig products. 

  Key words : hepatitis E, HEV, virus, foodborne, waterborne, zoonosis.  

   19.1      Introduction 

 Hepatitis E virus is a single-strand positive-sense RNA virus, designated as the 
sole member of the genus Hepevirus in the family Hepeviridae. Mammalian 
HEV genotypes 1 and 2 have been identifi ed in humans whereas genotypes 3 
and 4 have been identifi ed in humans and animals. 

  19.1.1      Hepatitis E virus aetiology 
 Hepatitis E (HEV) is a hepatotropic virus and the causative agent of hepa-
titis E, an acute viral hepatitis in humans; it is a single-strand positive-sense 
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RNA virus. The infection may vary in severity from inapparent infection to 
fulminant liver failure and death. Although considered acute, chronic infec-
tions have been observed in liver and kidney transplant and chronic liver dis-
ease (CLD) patients. The mortality rate is between 1% and 4% (Purcell and 
Emerson,  2008 ), higher than hepatitis A virus – HAV, a  Picornavirus –  and in 
people with CLD and in pregnant women it can reach 25–30%. 

 Hepatitis E is an important public health concern and a major contributor 
to enterically transmitted hepatitis worldwide ( Fig. 19.1 ) (Meng,  2003 ). Based 
on seroprevalence data, it is estimated that one-third of the world’s popula-
tion has been infected with HEV (Purcell and Emerson,  2008 ).    

 In endemic regions, hepatitis E occurs in epidemic forms, while in devel-
oped regions HEV occurs sporadically ( Fig. 19.1 ). 

 Hepatitis E is the second most important cause of acute clinical hepatitis 
in adults throughout Asia, Africa and the Middle East where the infection 
is endemic. In these countries, the infection mainly spreads through the con-
tamination of water supplies occasionally leading to large-scale outbreaks 
or epidemics. Hepatitis E is rare in industrialized countries, where infection 
is historically mostly related to travelling to endemic areas. However, more 
recently, signifi cant numbers of autochthonous cases have been documented 
in many developed countries (Dalton  et al.,   2008 ).  

  19.1.2      Taxonomy: evolutionary history and population dynamics 
of hepatitis E virus 

 HEV is divided into four genotypes and the characterization is based on the 
genomic sequence analysis of human and animal isolates (Schlauder and 
Mushahwar,  2001 ; Wei  et al.,   2003 ). A genetically distinct group has also been 
identifi ed in avian samples, sharing 50% homology with mammalian isolates. 

 Genotypes (gts) 1 and 2 appear to be anthroponotic, whereas gts 3 and 
4 are zoonotic (Teo,  2010 ). All four genotypes belong to a single serotype 
(Emerson  et al.,   2004 ). The recent discovery of novel lineages of HEV in rab-
bits (Geng  et al.,   2010 ; Zhao  et al.,   2009 ), rats (Johne  et al.,   2010 ), and wild 
boar (Takahashi  et al.,   2011 ) has further expanded mammalian HEV diver-
sity. It has been suggested that the HEV sequences found in rabbits represent 
a novel genotype (Geng  et al.,   2010 ; Zhao  et al.,   2009 ). However, additional 
phylogenetic analysis indicated that rabbit HEV is closest to gt 3 (Bilic  et al.,  
 2009 ; Johne  et al.,   2010 ) and may have zoonotic potential. In addition, the dis-
covery of a genetically distinct avian HEV (Haqshenas  et al.,   2001 ) indicates 
a very long evolutionary history for the HEV group of viruses. Unlike swine 
HEV (asymptomatic in pigs), avian HEV shows hepatomegaly in poultry. 

 The fi rst animal strain of HEV was detected in swine (swine HEV) in 1997 
in the USA (Meng  et al.,   1997 ). Since then, swine HEV strains have been iso-
lated from all over the world and from several animal species (e.g., wild boar, 
mongoose and sika deer). In developed regions the human and swine strains 
show a parallel distribution and circulation (Banks  et al.,   2004 ). 
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 Purdy and Khudyakov ( 2010 ) suggested that HEV can be segregated into 
two clades. One clade is the enterically transmitted, epidemic form represented 
by gts 1 and 2, and the other is the zoonotically transmitted, sporadic form 
exemplifi ed by gts 3 and 4 (Dalton  et al.,   2008 ; Reuter  et al.,   2005 ; Teo,  2010 ). 

 Genotypes 1 and 2 have been identifi ed only in humans; gts 3 and 4 have been 
identifi ed both in humans and in animals (Goens and Perdue,  2004 ; Meng  et al.,  
 1997 ; Okamoto,  2007 ; Panda  et al.,   2007 ). Gt 1 HEV has been identifi ed from 
human cases in Asia and Africa (Lu  et al.,   2006 ) while gt 2 was identifi ed fi rst 
in Mexico and subsequently in Africa. Gt 3 has been identifi ed in humans and 
animals in several developed countries, such as Japan, Australia, New Zealand 
and European countries. Gt 4 has been identifi ed in both animals and humans 
in China, Taiwan, Japan and Vietnam and most recently in the Netherlands 
(Hakze-van der Honing  et al.,   2011 ). HEV strains of gts 1 and 2 have less 
genomic variability than those of gt 3 and 4 (Okamoto,  2007 ). This could be due 
to the differences in the transmission patterns between the genotypes. In addi-
tion, the presence of an animal reservoir for gts 3 and 4 could have caused an 
independent evolution of the virus in specifi c animal species (Okamoto,  2007 ). 

 The clear division of HEV genotypes into two modes of transmission offers 
an important opportunity for studying molecular evolutionary processes 
related to the transition from one mode to another. Purdy and Khudyakov 
( 2010 ) studied the evolutionary history of HEV using several models estimat-
ing population dynamics, in terms of time to the most recent common ances-
tor (TMRCA), and variation in selective pressures acting on different HEV 
genotypes. They did not analyse HEV gt 2 due to lack of available samples. 
ORF2 analysis suggests that the mean time of emergence of the ancestor for 
modern HEV genotypes ranged from 536 to 1344 years ago. For gt 3, the mean 
time was from 265 to 342 years ago; for gt 4, from 131 to 266 years ago; and for 
gt 1, from 87 to 199 years ago. Thus, the anthroponotic gt 1 is the most recent 
compared to the enzootic gts 3 and 4 (Purdy and Khudyakov  2010 ). 

 Following Drummond  et al.  ( 2006 ), Purdy and Khudyakov ( 2010 ) decided 
to set up a model using ORF2 sequences for gts 1, 3 and 4 to understand the 
genotype dynamics and to study the demographic history of HEV genotypes. 
Gt 1 went through an increase in population size between 25 and 35 years 
ago. Gt 3 population had been stable since 1760, but it grew dramatically over 
the twentieth century. The effective population size of gt 4 remained constant 
until 20 years ago, decreasing over 10 years to the original level (Purdy and 
Khudyakov,  2010 ). 

 Purdy and Khudyakov ( 2010 ) suggested that HEV has histories dating 
back tens of thousands to millions of years but early members have been 
replaced by the modern variants (Purdy and Khudyakov,  2010 ). An ancient 
TMRCA is suggested due to contacts between humans and domesticated 
swine about 11 000 years ago immediately after urbanization started. HEV 
gt 1 has increased during the last 35 years whereas incidences of gts 3 and 4 
seemed lower around 1990 (Purdy and Khudyakov,  2010 ). This may be due to 
greater awareness of the HEV health problem around the world and improved 

�� �� �� �� ��



 Hepatitis E virus as a food- and waterborne pathogen 405

© Woodhead Publishing Limited, 2013

diagnostics rather than an actual expansion of the HEV strains (Purdy and 
Khudyakov,  2010 ). During the Second World War the increase of HEV cases 
was probably related to the increasing population size rather than meat con-
sumption (Tanaka  et al.,   2006 ). The country-specifi c HEV evolutionary his-
tory observed probably refl ects temporal variations in rates of transmission 
and/or exposure for HEV strains of the same genotype circulating in different 
geographic regions (Purdy and Khudyakov,  2010 ).  

  19.1.3      Genotype classifi cation 
 Extensive genomic diversity has been observed among HEV isolates, but a 
single serotype is recognized (Emerson and Purcell,  2003 ; Okamoto,  2007 ). 
Genotype 1 was fi rst identifi ed and subjected to sequencing in 1991 (Tam 
 et al.,   1991 ) from a sample that came from Myanmar (Burma strain) show-
ing more than 88% nucleotide identity with other gt 1 strains isolated in 
Asia (China, India, Nepal and Pakistan) and Africa (Chad and Morocco) 
(Okamoto,  2007 ). 

 In 1992, a new strain which was completely different from the Burma 
strain was sequenced from outbreaks in Mexico (1986) and classifi ed as gt 2. 
Compared to gt 1, which is present in many geographic regions, gt 2 occurs in 
fewer countries (Lu  et al.,   2006 ). 

 Genotype 3 was identifi ed in 1997 in the USA from an autochthonous 
infection in a patient with no history of foreign travel; it was sequenced and 
became the fi rst strain belonging to gt 3 (Kwo  et al.,   1997 ). Later on, gt 3 HEV 
was shown to be distributed in many countries in Asia, Europe, Oceania, 
North and South America (Banks  et al.,   2004 ; Peron  et al.,   2006 ; Pina  et al.,  
 2000 ; Takahashi  et al.,   2003 ). 

 Currently, the four genotypes are classifi ed into different subtypes, based 
on approximately 300–450 nucleotides of sequence in the 5′ end of the ORF2 
region which are most conserved among all HEV isolates. The phylogenetic 
analysis demonstrated that HEV can be divided into a total of 24 subtypes. 
Gt 1 was divided into fi ve subtypes (1a, 1b, 1c, 1d, 1e); gt 2 into two subtypes 
(2a, 2b); gt 3 segregates into ten subtypes (3a, 3b, 3c, 3d, 3e, 3f, 3g, 3h, 3i, 3j); 
and gt 4 into seven subtypes (4a, 4b, 4c, 4d, 4e, 4f  and 4g) (Lu  et al.,   2006 ) 
( Fig. 19.2 ) (Meng  et al.,   2009 ).     

  19.1.4      Morphology and genomic organization 
 HEV was designated in 2004 as the sole member of the genus  Hepevirus  in the 
family  Hepeviridae  (Emerson  et al.,   2004 ). The HEV genome was fi rst cloned 
from cDNA libraries prepared from the bile of macaques experimentally 
inoculated with stool suspensions from human patients (Reyes  et al.,   1991 ). A 
similar PCR was later used to clone the genomes of multiple geographically 
distinct isolates of HEV (Huang  et al.,   1992 ; Panda  et al.,   2000 ; Purcell and 
Emerson,  2001 ). 
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 HEV is a small, non-enveloped, single-stranded, positive-sense RNA 
virus. The genome size is approximately 7.2 kb (Fauquet  et al .,  2005 ; Tam 
 et al.,   1991 ) ( Fig. 19.3 ). The genome of  HEV is capped at the 5 ′  end and 
polyadenylated at the 3 ′  end ( Fig. 19.3a ). It contains short stretches of 
untranslated regions (UTR) at both ends ( Fig. 19.3 b, dark grey box). The 
HEV genome has three open reading frames (ORFs), shown in  Fig. 19.3 b. 
ORF1 encodes the non-structural polyprotein (nsp) that contains var-
ious functional units: methyltransferase (MeT), papain-like cysteine pro-
tease (PCP), RNA helicase (Hel) and RNA-dependent RNA polymerase 
(RdRp) (Chandra  et al.,   2008 ). ORF2 encodes the viral capsid protein, the 
N-terminal signal sequence and glycosylation loci. ORF3 encodes a small 
regulatory phosphoprotein. Details of  the ORF3 protein are shown in  Fig. 
19.3 . The roles of  the ORF3 protein in HEV pathogenesis are promotion of 
cell survival, modulation of  the acute phase response and immunosuppres-
sion (Chandra  et al. ,  2008 ).      
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 Fig. 19.2      HEV phylogenetic tree and genotypes. Electron micrograph showing HEV 
particles from the stool of a hepatitis E patient visualized after aggregation with 
anti-HEV positive serum and negative staining. Phylogenetic tree showing the distri-
bution of human and swine HEV isolates in four distinct genotype numbers 1–4 and 

the outlier group containing avian HEV. Image taken from Chandra  et al.  ( 2008 ).  
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  19.2      Viral proteins 

 Open reading frame one (ORF1) is the largest (5079 nt) of the three ORFs and 
it begins after the 5′ noncoding region (5′-NCR) of 27 to 35 nucleotides (nt). 
It encodes a 1693 aminoacid polyprotein including viral non-structural pro-
teins such as methyltransferase, a papain-like cysteine protease, a helicase and 
an RNA-dependent RNA polymerase (RdRp) (Aggarwal and Krawczynski, 
 2000 ; Koonin and Senkevich,  1992 ; Krawczynski  et al.,   1999 ,  2000 ; Magden 
 et al.,   2001 ). 

 The region between the end of ORF1 and start of ORF3/ORF2 appears to 
be complex and contains regulatory elements (Tam  et al.,   1991 ).  

    • Methyltransferase.  The methyltransferase domain has been suggested by 
computer-assisted assignments to encompass an amino terminal domain 
between 60 and 240 amino acids. Downstream of the methyltransferase 
domain there is a Y domain of 200 amino acids but at present no particu-
lar function is known.  
   • Papain-like   cysteine protease.  A Papain-like protease domain follows the 
Y domain. It is postulated that this viral protease is involved in either 
co- or post-translational viral polyprotein processing to yield discrete 
non-structural protein products (Panda  et al.,   2007 ).  
   • Helicase.  It promotes unwinding of DNA, RNA or DNA duplexes 
required for genome replication, recombination, repair and transcription 
(Panda  et al.,   2007 ).  
   • RNA-dependent RNA polymerase (  RdRp).  The RdRp has a crucial role in 
binding to the 3’UTR (untranslated region) of HEV RNA and directing 
the synthesis of the complementary strand RNA (Panda  et al.,   2007 ).    

  ORF2 and the major   capsid protein . Open reading frame 2 is about 1980 nt 
in length from nt 5147 to nt 7124, downstream of ORF1. Translation of 
this region produces the HEV structural polypeptide (pORF2) of 660/599 
aminoacids (Okamoto,  2007 ) and this appears to be highly conserved. The 
5’ end of ORF2 region presents an average of approximately 350–450 nt 
most conserved among HEV isolates; recently it has been used for classify-
ing different subgenotypes of HEV (Lu  et al.,   2006 ).It is strongly consid-
ered that the ORF2 protein transcomplements a replicon that is defi cient 
in capsid protein production and effi ciently encapsidates the replicon viral 
RNA to form stable HEV particles which are infectious for na ï ve hepa-
toma cells (Parvez  et al.,   2011 ). 

  • ORF3 and its product . Open reading frame 3 (ORF3) partially overlaps 
with ORF1 by 4 nt and shares most of the remaining nucleotides of ORF2 
at the 5’ end (Panda  et al.,   2007 ). ORF3 encodes for a 123/122 amino acid 
immunogenic phosphoprotein of 13.5 KDa (pORF3) with yet, a not fully 
defi ned function (Tam  et al.,   1991 ). 
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 Recent studies using a HEV replicon with a deleted ORF3 in cell culture 
showed normal RNA replication, suggesting that ORF3 is not required for 
HEV replication, virion assembly or infection of culture cells (Emerson 
 et al.,   2006 ). 
 Yamada  et al.  provided evidence that pORF3 is required for virion egress 
from infected cells (Yamada  et al.,   2009 ). 
 Chandra  et al.  suggested that ORF3 could attenuate infl ammatory 
responses and create an environment for increased viral replication and 
survival mainly in the liver ( Fig. 19.4 ) (Chandra  et al.,   2008 ).     
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 Fig. 19.4      Role of  the ORF3 protein in HEV pathogenesis. (a)  Promotion of 
cell survival.  The ORF3 protein activates MAP kinase by binding and inactivat-
ing its cognate phosphatase (MKP). Additionally, it upregulates and promotes 
homo-oligomerization of  the outer mitochondrial membrane porin, VDAC, and 
increases hexokinase levels, thus reducing mitochondrial depolarization and inhib-
iting intrinsic cell death. (b)  Modulation of the acute phase response.  The ORF3 
protein localizes to early and recycling endosomes, and inhibits the movement of 
activated growth factor receptors to late endosomes. This prolongs endomembrane 
growth factor signaling and contributes to cell survival. Through this mechanism, 
pORF3 also reduces the nuclear transport of  pSTAT3, a critical transcription factor 
for the expression of  acute phase response genes. (c)  Immunosuppression.  The ORF3 
protein promotes the secretion of   α 1-microglobulin, an immuno-suppressive pro-
tein that could act in the immediate vicinity of  the infected cell. Figure taken from 

Chandra  et al.,   2008 .  
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  19.3      Hepatitis E virus replication, pathogenesis and 
clinical symptoms 

 It is believed that the primary site of HEV replication is the liver. Hepatocytes 
are the most likely cell type but the process of binding to cell surfaces and 
entry of HEV is still unknown. Common infection symptoms include fever 
and mild to severe acute hepatitis. 

  19.3.1      The HEV replication cycle 

  Viral receptor and entry 
   The cell surface molecules that bind HEV or its capsid proteins are not known 
yet. He  et al.  ( 2008 ) described a truncated peptide of ORF2 involved in bind-
ing and entry of the following cell lines: HepG2, Huh-7, PLC/PRF5 and 
A549 cells (He  et al.,   2008 ).  

  Model of HEV replication 
   The process by which HEV RNA enters the target cells is still unknown 
( Fig. 19.5 : 1–2). In the cytoplasm the genomic RNA is translated into 
non-structural proteins ( Fig. 19.5 : 3). The genome amplifi cation step involves 
replication of positive strand genomic RNA into negative strand RNA 
intermediates ( Fig. 19.5 a). These are used as template for the synthesis of 
the genomic positive strands ( Fig. 19.5 b). This is akin to alphaviruses and a 
region homologous to alphavirus junction sequences is proposed to serve as 
the subgenomic promoter. The subgenomic RNA can then be translated into 
the structural protein(s) ( Fig. 19.5 : 5). Based on  in vitro  expression and rep-
licon studies, some details have now begun to emerge. The genomic RNA is 
packaged with the capsid protein to assemble new virions ( Fig. 19.5 : 6). The 
mechanism by which the virion is released from the cell has yet to be charac-
terized (Chandra  et al.,   2008 ).    

 It is unclear whether gut cells are infected following ingestion of  the 
virus. It is believed that the primary site of  HEV replication is the liver, with 
hepatocytes being the most likely cell type (Williams  et al.,   2001 ). Results 
support infection and replication in non-hepatic cell types such as A549 
lung carcinoma cells and in Caco-2 colon carcinoma cells. Although it is 
not effi cient, viral replication has been demonstrated. In pigs experimentally 
infected with swine HEV, positive-sense viral RNA was detected in almost 
all tissues at some point during the infection, but negative-sense RNA inter-
mediates were detected primarily in the small intestine, lymph node, colon 
and liver (Williams  et al.,   2001 ). In a recent report, HEV RNA was detected 
in peripheral blood mononuclear cells, but due to the lack of  an effi cient 
HEV,  in vitro  cell culture verifying the evidence of  viral replication in this 
compartment in patients with HEV infection was not possible (Ippagunta 
 et al.,   2010 ).   
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  19.3.2      Pathogenesis, clinical signs and symptoms 

  In humans 
   Studies on HEV have facilitated the understanding of elements of its replica-
tion, host immune response, and liver pathology in HEV-infected patients 
and primates (Balayan  et al.,   1983 ; Krawczynski  et al.,   1999 ). It has been 
estimated that the infectivity titre of HEV for macaques is 10 000-fold higher 
when inoculated intravenously compared with when it is ingested (Meng, 
 2003 ). Clinical signs of hepatitis E are dose-dependent in these animal mod-
els and production of disease may require challenge doses 1000 times or more 
greater than that required for infection (Emerson and Purcell,  2003 ). 

 After ingestion, the virus probably replicates in the intestinal tract (the pri-
mary site of replication has not been identifi ed yet) and reaches the liver, pre-
sumably via the portal vein (Panda  et al.,   2007 ). It replicates in the cytoplasm 
of hepatocytes (Hussaini  et al.,   1997 ) and is released into the bile and blood-
stream by mechanisms that are still poorly understood, and excreted in the 
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Non structural proteins
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1. EntryInfectious HEV

4A. Replication

Negative strand
RNA
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Genomic positive
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Subgenomic positive
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6. Assembly

Structural proteins

Optimization of the host
cell environment

6. Assembly4B. Replication
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 Fig. 19.5      Proposed replication cycle of HEV. The virus enters the target cell (1) and 
uncoats (2) to release the HEV genomic RNA through uncharacterized processes. The 
genomic RNA is translated in the cytoplasm into non-structural proteins (3). The 
replicase replicates the positive strand genomic RNA into negative strand RNA inter-
mediates (a) and then into positive strands (b). This is the genome amplifi cation step. 
Additionally, the positive strand subgenomic RNA is also synthesized that is trans-
lated into structural proteins (5). The capsid protein packages the genomic RNA to 
assemble new virions (6) that are then released from the cell through an uncharacter-

ized mechanism. (Image adapted from Chandra  et al.   (2008) ).  
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faeces (Emerson and Purcell,  2003 ). The incubation period is 4–5 weeks based 
on an oral infection study in human volunteers (Balayan  et al.,   1983 ; Chauhan 
 et al.,   1993 ). Viral excretion in faeces begins approximately 1 week prior to the 
onset of illness and typically persists for 2–4 weeks; in some cases RT-PCR 
has yielded positive results until 52 days after onset (Arora  et al.,   1996 ). The 
viraemia can be detected in the fi rst 2 weeks after the onset of illness (Chauhan 
 et al.,   1993 ; Clayson  et al.,   1995 ; Nanda  et al.,   1995 ). Viral excretion and virae-
mia have also been detected by RT-PCR prior to liver abnormalities, which 
normally appear with an elevation of aminotransferase levels and reach a 
peak by the end of the fi rst week of clinical symptoms. Simultaneously the 
humoral immune responses appear. Anti-HEV IgM or IgG levels are detected 
by enzyme immunoassay (Aggarwal  et al.,   2000 ; Jameel,  1999 ). Anti-HEV 
IgM appears during clinical illness and then gradually disappears over 4–5 
months). Anti-HEV IgG appears some days later than IgM, persisting for 
several years (Dawson  et al.,   1992 ; Favorov  et al.,   1992 ). The persistence of 
HEV antibody in the sera is still unclear. One study observed that 14 years 
after acute HEV infection anti-HEV antibodies were still circulating in 47% of 
patients (Khuroo  et al.,   1993 ). Anti-HEV IgM is a useful tool in the diagnosis 
of acute HEV infection, whereas IgG anti-HEV does not necessarily indicate 
recent HEV infection (Aggarwal and Krawczynski,  2000 ). 

 Hepatitis E symptoms are typical of acute icteric viral hepatitis; the most 
common recognizable symptom is an initial prodromal phase (preicteric phase) 
lasting a few days, with a variable combination of fl u-like symptoms, fever, 
mild chills, abdominal pain, anorexia, nausea, aversion to smoking, vomiting, 
clay-coloured stools, dark or tea-coloured urine, diarrhoea, arthralgia, asthe-
nia and a transient macular skin rash (Aggarwal and Krawczynski,  2000 ). 
These symptoms are followed in a few days by lightening of the stool colour 
and the appearance of jaundice. Itching may also occur. With the onset of 
jaundice, fever and other prodromal symptoms tend to diminish rapidly and 
then disappear entirely. Laboratory test abnormalities include bilirubinuria, 
a variable rise in serum bilirubin (predominantly conjugated), marked eleva-
tion in serum alanine aminotransferase (ALT), aspartate aminotransferase, 
gammaglutamyltransferase activities and a mild rise activity in serum alkaline 
phosphatase. The magnitude of the increase in transaminase levels does not 
always correlate closely with the severity of liver injury. The illness is usu-
ally self-limiting and typically lasts 1–4 weeks (Aggarwal and Krawczynski, 
 2000 ). Recent reports described evidence of chronic HEV infection in trans-
plant patients (Haagsma  et al.,   2008 ; Kamar  et al.,   2008a ). A small number 
of patients have a prolonged clinical illness with marked cholestasis (chole-
static hepatitis), including persistent jaundice and prominent itching. In these 
cases, laboratories observed a rise in alkaline phosphatase and a persistent 
bilirubin rise even after transaminase levels returned to normal (Aggarwal 
and Krawczynski,  2000 ). The prognosis is good, as jaundice fi nally resolves 
spontaneously after 2–6 months. Within the past few years, HEV has been 
demonstrated to be responsible for chronic hepatitis, which can rapidly evolve 
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to cirrhosis in immuno-compromised patients (Kamar  et al.,   2008b , c; Dalton 
 et al.,   2009 ). However, little data regarding HEV-related extra-hepatic mani-
festations has been published, although an association between neurologic 
manifestations (e.g., Guillain-Barr é  syndrome, neuralgic amyotrophy, acute 
transverse myelitis) and acute HEV infection has been suggested (Fong and 
Illahi,  2009 ; Kamani  et al.,   2005 ; Loly  et al.,   2009 ; Mandal and Chopra, 
 2006 ; Sood  et al.,   2000 ). Previously, the association between neurologic signs 
and symptoms and HEV infection has been based on detection of anti-HEV 
immunoglobulin IgM in serum. However, Rianthavorn  et al.  ( 2010 ) reported 
a case of HEV gt 3-induced neurological amyotrophic in which HEV RNA 
was detected in the serum of patients with neurologic signs and symptoms 
(Kamar  et al.,   2011 ). Recently, Kamar  et al.  ( 2011 ) detected HEV RNA in the 
cerebrospinal fl uid (CSF) of a kidney transplant recipient with chronic HEV 
infection and neurological signs and symptoms (Kamar  et al.,   2010a ). Kamar 
 et al.  also reported seven chronic HEV gt 3 infections, with development of 
neurological complications, between January 2004 and April 2009 (Kamar 
 et al.,   2010b ), and the disappearance of the neurological symptoms correlated 
with a decreasing HEV titre. 

 Other infected individuals have a milder clinical course and develop only 
non-specifi c symptoms that resemble those of an acute viral febrile illness 
without jaundice (anicteric hepatitis) (Aggarwal  et al.,   2000 ). Histological 
features of hepatitis E may differ from other forms of acute viral hepatitis. 
Nearly half  of hepatitis E patients have a cholestatic hepatitis, which is char-
acterized by canalicular bile stasis and gland-like transformation of paren-
chymal cells. In these patients, degenerative changes in hepatocytes are less 
marked (Aggarwal and Krawczynski,  2000 ; Gupta and Smetana,  1957 ). The 
Kupffer cells appear prominent. Portal tracts are enlarged and contain an 
infl ammatory infi ltrate consisting of lymphocytes, a few polymorphonuclear 
leucocytes and eosinophils. Polymorphonuclear cell volume is particularly 
increased in the cholestatic type of lesion (Aggarwal and Krawczynski,  2000 ; 
Gupta and Smetana,  1957 ). In cases with severe liver injury, a large propor-
tion of the hepatocytes are affected, leading to sub-massive or massive necro-
sis with collapse of liver parenchyma (Aggarwal and Krawczynski,  2000 ). At 
the beginning, HEV infection is entirely inapparent and asymptomatic. A 
small percentage of patients have more severe symptoms with fulminant or 
subacute (or late-onset) hepatic failure. The exact frequencies of asymptom-
atic infection and of anicteric hepatitis are not known but a large proportion 
of individuals test positive for anti-HEV IgG (Aggarwal and Krawczynski, 
 2000 ). In resource-limited regions hepatitis E is common in young adult and 
adults (15–40 years of age). Hepatitis E appears to cause more severe dis-
ease in pregnant women, particularly during the second and third trimesters 
(Aggarwal and Krawczynski,  2000 ). HEV commonly causes intrauterine 
infection as well as substantial prenatal morbidity and mortality (Khuroo 
 et al.,   1995 ), suggesting that the placenta may be the viral replication site, as 
with Lassa fever (Hamid  et al.,   1996 ; McCormick,  1986 ). Death is usually 
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due to encephalopathy, haemorrhagic diathesis or renal failure. In a prelimi-
nary report (Longer  et al.,   1993 ) cynomolgus monkeys infected intravenously 
with HEV developed acute tubular necrosis with focal haemorrhages, sug-
gesting that HEV may replicate in monkey kidneys. In pregnant monkeys, 
however, no increased mortality has been observed (Arankalle  et al.,   1993 ). In 
endemic countries such as India, the mortality rate of women with acute gt 1 
hepatitis E in the third trimester of pregnancy is usually fairly high (26–64%) 
(Navaneethan  et al.,   2008 ). Why acute HEV infection in pregnant women 
causes severe liver dysfunction is not known. 

 Experimentally, HEV transmission has occurred from infected to unin-
fected in-contact pigs, confi rming that the virus is contagious (Kasorndorkbua 
 et al.,   2004 ). 

 Many reports (Kamar  et al.,   2008b ,  2010a ,  2011 ) have described the rapid 
progress of chronic HEV infection in immunosuppressed transplant patients 
in cirrhosis(Haagsma  et al.,   2008 ). Established cirrhosis has been shown 
in two HIV-infected patients, in 2009 in the UK and France (Dalton  et al.,  
 2011 ). HEV and HIV coinfection need to be more extensively studied (Kamar 
 et al.,   2011 ). What it is known to date is that there appears to be no difference 
in anti-HEV seroprevalence between patients with HIV infection and control 
group (Dalton  et al.,   2011 ).  

  In pigs 
   The mechanisms of HEV pathogenesis and replication are poorly under-
stood, due to the absence of a practical animal model and an effi cient  in vitro  
cell-culture system for HEV. HEV may replicate in tissues and organs other 
than the liver (Aggarwal,  2011 ). 

 Williams  et al.  confi rmed the clinical and pathological fi ndings of HEV 
infection in pigs previously reported by Halbur  et al.  ( 2001 ). It is unclear how 
the virus reaches the liver and extra-hepatic site(s), but HEV is presumably 
transmitted by the faecal–oral route. The hepatocytes are the only known sites 
of HEV replication (Williams  et al.,   2001 ). It has been hypothesized that liver 
damage induced by HEV infection may be due to the immune response to the 
invading virus and may not be a direct cause of viral replication in hepatocytes 
(Kageyama  et al.,   2003 ; Williams  et al.,   2001 ). Several studies with naturally 
infected pigs described HEV RNA detectable in different organs and tissues, 
even after viraemia was cleared (Kolasa,  2010 ). For swine HEV-infected pigs, 
viral RNA was detected in small intestines, colons, lymphnodes, and livers 
(Kolasa,  2010 ; Williams  et al.,   2001 ). Other extra-hepatic tissues such as kid-
ney, tonsil, and salivary gland had detectable HEV RNA for only 1 or 2 weeks 
(Williams  et al.,   2001 ). It appears that lymphnodes and the intestinal tract are 
the main extra-hepatic sites of replication, but the signifi cance of identifying 
these sites is at present unclear. 

 Experimentally infected pigs do not present any clinical signs. Histological 
analysis shows signs of mild focal liver necrosis but no fever or other signs 
(e.g., lack of appetite) are observed.    
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  19.4      Susceptibility and effects in different sectors 
of the population 

 In developing countries HEV epidemics occur frequently and are related to 
unhygienic water conditions. In industrialized regions, HEV sequences from 
indigenously acquired cases show high homology to swine sequences. 

  19.4.1      Hepatitis E in non-endemic regions 
 In developed regions, the transmission of HEV is probably mainly via a 
zoonotic route. Evidence of this is provided by the many autochthonous (indig-
enously acquired) cases worldwide where swine isolates show a very high RNA 
sequence homology to human HEV isolates (Erker  et al.,   1999 ). Additional 
evidence comes in the form of experimental transmission of human isolates to 
pigs and of swine HEV to primates (Erker  et al.,   1999 ). Hepatitis E autochtho-
nous transmission has been recorded in most developed countries and regions 
including the USA, Europe (including the UK, France, the Netherlands, 
Austria, Spain, Greece and Italy), and developed countries of the Asia-Pacifi c 
region (Japan, Taiwan, Hong Kong, Australia) (Ijaz  et al.,   2005 ). 

 In the UK, the disease appears to be more common among residents of 
coastal and estuarine areas (Ijaz  et al.,   2005 ). Zoonotic transmission has been 
proposed (Ijaz  et al.,   2005 ) and is now widely accepted; in some developed 
regions transmission appears to be seasonal with peaks in spring and summer 
(Ijaz  et al.,   2005 ). 

 Patients with unexplained hepatitis are tested by serological tests and these 
are the cases where the disease is most often recognized. Generally, the symp-
toms are similar to those in endemic regions. In developed areas, the majority 
of the cases have been in middle-aged or elderly men, often coexisting with 
another established disease (Mansuy  et al.,   2004 ,  Table 19.1 ).     

  19.4.2      Hepatitis E in disease-endemic regions 
 Although the majority of hepatitis E cases in resource-limited countries are 
sporadic, local epidemic outbreaks occur frequently. They are usually sepa-
rated by a few years and they can affect several thousand individuals (Naik 
 et al.,   1992 ; Zhuang,  1991 ). Most outbreaks are due to consumption of drink-
ing water contaminated by human faeces and the longevity varies from a few 
weeks to over a year (Naik  et al.,   1992 ). The outbreaks frequently follow 
heavy rainfall and fl oods (Corwin  et al.,   1999 ); confl icts leading to concentra-
tions of displaced persons in refugee camps (Corwin  et al.,   1999 ); or they are 
associated with disposal of human excrement into rivers (Corwin  et al.,   1999 ). 
Foodborne transmissions have been described in resource-limited areas, but 
due to a relatively long incubation period (up to 9 weeks), establishing a cor-
relation between consumption of pork food and occurrence of disease is 
diffi cult. 
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 In India HEV is hyper-endemic, the majority of the cases reported are 
sporadic and 40% of sewage specimens obtained throughout all seasons are 
HEV-positive (Arankalle  et al.,   1995 ; Khuroo,  1980 ,  2010 ; Wong  et al.,   1980 , 
 2004 ). Interfamilial spread is not common but multiple cases in one family 
have been reported (Arankalle  et al.,   1995 ; Khuroo,  1980 ,  2010 ; Wong  et al.,  
 1980 ,  2004 ). It is suggested that this is due to shared contaminated water 
rather than person-to-person transmission, as the time interval between cases 
is too short. 

 Studies in endemic regions show high seroprevalence rates ranging from 
15 to 60% (Arankalle  et al.,   1995 ,  2000 ; Assis  et al.,   2002 ; Ataei  et al.,   2009 ; 
Clayson  et al.,   1997 ; Tran  et al.,   2003 ). Notably, the age-specifi c seropreva-
lence profi les for HEV are found to differ from those reported for antibody to 
HAV, even though in endemic countries the transmission routes for these two 
viruses are similar (Arankalle  et al.,   1995 ). HAV seroprevalence rates are over 
95% in children by the age of 10, whereas HEV infection is rarely detected in 
children (Arankalle  et al.,   1995 ). 

 The peak incidence in sporadic cases of hepatitis E in endemic regions occurs 
in the 15–35 age group (Arankalle  et al.,   1995 ; Khuroo,  1980 ,  2010 ; Wong 
 et al.,   1980 ,  2004 ). Additionally, HEV infections are predominantly reported 
in men, with a male-to-female ratio ranging from 1/1 to 3/1 (Margolis H). 
This sex bias is, however, not seen in children presenting with hepatitis E 
(Balayan,  1997 ). The reason why men more commonly develop hepatitis E 
infection is not understood, but males outnumbering females may be due to 
a greater risk of exposure to HEV infection (Balayan,  1997 ). Morbidity rates 
during hepatitis E epidemics have ranged from 1% to 15% (Khuroo  et al.,  
 1981 ). Higher mortality rates and fulminant liver disease have been described 
among pregnant women during hepatitis E outbreaks (Khuroo  et al.,   1981 ). 
Furthermore, HEV infection during pregnancy is not only associated with 
severe disease or higher mortality, but also with an increased risk of prena-
tal mortality and low birth weight. In developing regions neonatal vertical 
transmission rates have been estimated at 78.9% (Khuroo  et al.,   2009 ) but 
it remains unclear whether high morbidity and mortality rates during preg-
nancy are also seen in developed regions. The exact cause of this predilection 
to severe disease in pregnant women needs to be studied in greater depth, 
including the suspicion that it is due to hormonal or immunological factors 
(Kar  et al.,   2008 ) ( Table 19.1 ).   

  19.5      Epidemiology of hepatitis E virus 

 In industrialized countries hepatitis E occurs sporadically, and both travel 
related and autochtonous infections are reported. The route of transmission 
is seldom determined and zoonotic spread is assumed. In endemic regions 
both sporadic and epidemic outbreaks occur through contaminated water 
and food. 
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  19.5.1      Epidemiology in humans 
 The epidemiology of HEV differs signifi cantly in industrialized and 
non-industrialized countries. In resource-limited countries, the infection is 
endemic and spreads mainly through contamination of water supplies. 

 Data from sero-surveys have forced re-evaluation of the epidemiology of 
hepatitis E and has, indirectly, indicated that HEV infections are vocationally 
acquired in industrialized countries (Khuroo,  2010 ). 

 In industrialized countries, hepatitis E occurs sporadically and affects 
mainly visitors returning from endemic areas. Some of the cases in industri-
alized countries, however, are non-travel-related and are considered as being 
autochthonous. Autochthonous cases have been reported in N and S America, 
many European countries and industrialized countries of the Asia-Pacifi c 
area, including Japan, Taiwan, Hong Kong and Australia. 

 Zoonotic spread of the virus was fi rst suspected when genomic sequences 
of HEV isolates from two autochthonous cases in the USA were found to be 
closely related to swine HEV (Kwo  et al.,   1997 ). 

 In 2001 (Lees,  2010 ) HEV swine strains were identifi ed in the Netherlands, 
showing close genetic similarity to European human strains. In 2002 fi eld 
isolates of swine HEV were identifi ed from different geographic areas (Li 
 et al.,   2011 ), demonstrating nucleotide identity between swine (88–100%) and 
human strains (89–98%). In 2004 in the UK two swine HEV strains were 
identifi ed with 100% amino acid sequence identity over a partial sequence 
amplifi ed by PCR, to one autochthonous human case of HEV in the UK 
( Fig. 19.6 ) (Banks  et al.,   2004 ).    

 In Spain, 2006, de Deus  et al.  (Martin  et al.,   2007 ) identifi ed swine affected 
by HEV with 85.7–100% nucleotide identity between swine and human 
strains. 

 Recently, a hepatitis E outbreak on board a UK cruise ship returning from 
an 80-night world cruise was investigated. The UK Health Protection Agency 
(HPA) was informed of four cases of jaundice on board a cruise ship which 
departed from Southampton on 7 January and returned on 28 March 2008. 
An epidemiological investigation was launched by HPA to identify any addi-
tional cases of hepatitis E and potential risk factors for infection. The investi-
gation was a cohort study including all UK passengers who were on the cruise 
at any point, and a total of 851 of the 2850 eligible passengers took part. 
Finally, 33 (4%) individuals were identifi ed with recent acute HEV infection, 
although only 11 of these were symptomatic cases. A common source in the 
outbreak was shellfi sh eaten on board the cruise ship. The causative agent 
was identifi ed as HEV gt 3 which was closely related to the other gt 3 strains 
isolated in Europe (Emerson and Purcell,  2003 ; Hirano  et al.,   2003 ; Meng 
 et al.,   2002 ). 

 The route of transmission has not been determined in most of these cases, 
although zoonotic spread has been proposed (Dalton  et al.,   2008 ). To inves-
tigate the possible presence of animal reservoirs, several animal species have 
been tested for anti-HEV antibodies. HEV antibodies have been detected in 
different animal species – monkeys, pigs, rodents, chickens, dogs, cats, cattle 
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and sheep – both in resource-limited and industrialized countries, suggesting 
that these animals could be infected by HEV (Emerson and Purcell,  2003 ; 
Hirano  et al.,   2003 ; Meng  et al.,   2002 ). 

 Waterborne (effectively faecal–oral) and foodborne transmissions, as 
well as transfusion of infected blood products and vertical (maternal-foetal) 
transmission (Aggarwal and Naik,  2009 ), are now established routes of HEV 
transmission. 

 Faecal–oral transmission of HEV occurs primarily through contaminated 
water in endemic regions, where it is responsible for both sporadic and epidemic 
outbreaks (Balayan  et al.,   1983 ) (Fig. 19.7). In epidemic form, the disease may 
involve tens of thousands of cases and is the cause of considerable morbidity 
and mortality, posing a major public health problem in endemic regions. In 
India alone, over 2.2 million cases of hepatitis E are thought to occur annu-
ally. Hepatitis E in resource-limited countries has different epidemiological 
and clinical features and investigation is patchy. Disruption of water supplies 
in confl ict zones has been shown to have caused major outbreaks of hepatitis 
E amongst displaced persons (Boccia  et al.,   2006 ; Guthmann  et al.,   2006 ). 
During the confl ict in Darfur, Sudan, over 6 months in 2004, 2621 hepatitis 
E cases were recorded (incidence 3.3%), with a case-fatality rate of 1.7% (45 
deaths, 19 of which were pregnant women). Interestingly in this outbreak, as 
well as age, a risk factor for infection was drinking chlorinated surface water 
(odds ratio, 2.49; 95% confi dence interval, 1.22–5.08) (Guthmann  et al.,   2006 ) 
( Table 19.2 ) (Guthmann  et al.,   2006 ).    

AF503512 UK Sw99
96

92

95
100

92

100

AF362357 UK Hu
AF503511 UK Sw

AB073911 JAP Sw
AB093535 JAP Hu

AF336292 NL Sw
AF332620 NL Sw

AF336296 NL Sw
AF195063 SP Sw sewage

AF195062 SP Hu
AF336294 NL Sw

AF336295 NL Sw
AY032759 NL Sw

AF195061 SP Hu
AY032758 NL Sw

AY032757 NL Sw

 Fig. 19.6      Phylogenetic tree. Human United Kingdom isolate (AY362357) is shown 
in bold and compared with closely related swine and human hepatitis E virus isolates. 
Bootstrap values greater than 70% are considered signifi cant and are indicated. Figure 

taken from Banks  et al.   (2004) .  
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      Although on the basis of phylogenetic data it is assumed the disease has 
been around for many years, hepatitis E was fi rst recognized only during a 1978 
epidemic of hepatitis in Kashmir Valley, which involved an estimated 52,000 
cases of icteric hepatitis with 1700 deaths (Aggarwal and Naik,  2009 ). 

 Based on these data, the possibility of another human hepatitis virus dis-
tinct from post-transfusion non-A, non-B hepatitis was postulated. Balayan 
 et al.  ( 1983 ) successfully transmitted the disease to themselves by oral admin-
istration of pooled stool extracts of nine patients from a non-A, non-B 
hepatitis outbreak which had occurred in a Soviet military camp located in 
Afghanistan. Over the years, hepatitis E has been identifi ed as a major health 
problem in resource-limited countries with unsafe water supplies and poor 
sanitation facilities. 

 Foodborne transmission of HEV was fi rst demonstrated in clusters of 
Japanese patients that had eaten raw or undercooked pig, wild boar or sika 
deer meat. The genomic sequences of HEV identifi ed from these patients were 
identical to those recovered from the frozen leftover meat (Tei  et al.,   2003 ). 

 In addition, Colson  et al.  ( 2010 ) reported, based on epidemiological fi nd-
ings, that fi ve cases of autochthonous acute hepatitis E were linked to inges-
tion of raw fi gatelli (Colson  et al.,   2010 ). Figatelli are traditional sausages 
from Corsica made from pig liver and commonly eaten uncooked; they can be 
considered as a possible source of HEV infection in France. 

 Legrand-Abravanel  et al.  ( 2011 ) studied 38 patients in south-western 
France with HEV gt 3 infection. The patients were compared with matched 

 Fig. 19.7      Epidemic region in N. Africa. Drinking water is collected from a 
canal in which sewage fl ows, garbage may be dumped and people wash. Photo by 

TesfaalemTekleghiorghis 2011.  
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control participants in the same region who had no evidence of HEV infec-
tion. A questionnaire showed that consumption of game meat, consumption 
of processed pork and consumption of mussels were all statistically signifi -
cantly more common among case patients than among control participants. 

 Table 19.2     Risk factors for asymptomatic hepatitis E virus infection in a random 
sample of Mornay population, Darfur, Sudan, September 2004 

 Exposure  Number of individuals  Risk of 
asymptomatic 
HEV 
infection (%) 

 Risk ratio 
(95% CD) 

 All 
( n  = 104) 

 Asymptomatic 
HEV infection 
( n  = 49) 

 Age group (years) 
 >45  17  5  29.4  Reference 
 15–45  51  22  43.1  1.47 (0.48–4.47) 
 0–14  36  22  61.1  2.08 (0.67–6.43) 

 Sex 
 Female  73  35  47.9  Reference 
 Male  31  14  45.2  0.94 (0.45–1.99) 

 Size of the family 
  ≤ 6 persons  65  29  44.6  Reference 
 >6 persons  39  20  51.3  1.15 (0.57–2.30) 

 Presence of animals in the house 
 No  54  23  42.6  Reference 
 Yes  50  26  52.0  1.22 (0.62–2.41) 

 Ever collected water from river 
 Never  76  35  46.1  Reference 
 Yes  28  14  50.0  1.09 (0.51–2.31) 

 Number of water reservoirs in house 
 1  19  6  31.6  Reference 
 2  37  16  43.2  1.37 (0.46–4.07) 
 >2  48  27  56.3  1.78 (0.63–5.00) 

 Source of drinking water 
 Borehole, 

unchlorinated 
 42  17  40.5  Reference 

 Surface water, 
chlorinated 

 55  28  50.9  1.26 (0.61–2.59) 

 Other  7  4  57.1  1.41 (0.37–5.45) 

 Use latrines 
 At least sometimes  31  37  45.7  Reference 
 Never  23  12  52.2  1.14 (0.51–2.54) 

 Wash hands before eating 
 At least sometimes  80  35  43.8  Reference 
 Never  24  14  58.3  1.33 (0.62–2.88) 

 Wash hands after defecating 
 At least sometimes  83  38  45.8  Reference 
 Never  21  11  52.4  1.14 (0.50–2.61) 

  Source: Adapted from Guthamann et al. (2006).  
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Eating undercooked pork and pork products is quite common in Europe. 
Although the study by Legrand-Abravanel  et al.  ( 2011 ) did not address the 
consumption of undercooked meat, other studies have explored its associ-
ation with hepatitis E. A case-control study by Wichmann  et al.  ( 2008 ) in 
Germany found that consumption of raw or undercooked wild boar meat and 
offal (liver, kidney, and intestine) was statistically signifi cantly associated with 
autochthonous HEV infection. 

 Other direct evidence of zoonotic transmission was recently reported by 
Kim  et al.  ( 2011 ). A sporadic case of acute hepatitis E was confi rmed as gt 4 
HEV in a 51-year-old Korean female. The case was reported as the fi rst case 
of presumably zoonotic transmission of HEV identifi ed as gt 4 in a patient 
with acute hepatitis E after ingestion of raw bile juice from a wild boar living 
on a mountain in South Korea. 

 Furthermore, it has been shown that commercial pig livers purchased from 
local grocery stores as food in Japan, the United States (11%) and Europe 
(Feagins  et al.,   2007 ; Yazaki  et al.,   2003 ) are contaminated by HEV and that 
some of the HEV-contaminated commercial pig livers still contain infectious 
virus (Feagins  et al.,   2007 ). 

 A study performed in a UK hospital tested 500 blood donors, 336 indi-
viduals over the age of 60 years and 126 patients with chronic liver disease 
for HEV IgG. At the end of the study 40 cases of autochthonous hepatitis E 
(gt 3) were identifi ed (Dalton  et al.,   2008 ). These patients did not have a recent 
travel history and the major probability was autochthonous hepatitis (Dalton 
 et al.,   2008 ). Autochthonous hepatitis E in developed regions is frequently 
misdiagnosed as drug-induced liver injury, a common problem that occurs 
with increased frequency in elderly people. The outcome can be poor in those 
individuals with underlying chronic liver disease, with mortality approaching 
70% (Dalton  et al.,   2008 ). 

 Seroprevalence data from industrialized countries suggests that subclinical 
or unrecognised infection is common. However, the real incidence of clinical 
autochthonous hepatitis E in the UK is not known (Lewis  et al.,   2008 ), but 
increased and improved surveillance for hepatitis E has shown it may be more 
common than hepatitis A. (Dalton  et al.,   2008 ; De Silva  et al.,   2008 ). Data 
from France and Japan show similar trends (Mitsui  et al.,   2006 ; Peron  et al.,  
 2006 ). The literature contains relatively few reports from the USA regarding 
autochthonous hepatitis E (Amon  et al.,   2006 ). It is known that the HEV 
human seroprevalence is around 21% in blood donors; it is strongly possible 
that the majority of the patients with unexplained hepatitis are ‘missed’ since 
hepatitis E infection is often not considered a diagnostic possibility in the 
USA (Amon  et al.,   2006 ).  

  19.5.2      Epidemiology in pigs and other animals 
 It is now accepted that autochthonous hepatitis E in developed regions has a 
largely zoonotic source. 
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 Evidence supporting this statement can be found in many reports where 
HEV sequences derived from pigs are closely related to HEV sequences 
from humans. Many animals, for example domestic pigs, wild boar, deer, 
mongoose, trout and bivalves are found to be HEV-positive (Li  et al.,  
 2007 ; Nakamura  et al.,   2006 ). In addition, HEV antibodies are detected 
in domestic and feral animals. The detected strains in the wide range of 
animals mainly belong to genotypes 3 and 4. Some species host divergent 
non-zoonotic strains. To date only domestic pigs have been demonstrated to 
be a true reservoir of  HEV (Gt3) (Bouwknegt  et al. ,  2008 ). Data obtained 
from animal experiments suggest that genotype 3 (zoonotic) is the most 
attenuated relative to genotype 1 and 2 (human to human) where they cause 
more severe pathology (Arankalle  et al.,   2001 ; Wang  et al.,   2002 ; Yarbough, 
 1999 ). Although genotype 3 is considered by some to be the most attenuated 
for human beings, differences in genotype virulence are still not well under-
stood (Halbur  et al.,   2001 ). It is also suggested that gt 4 in India is different 
from gt 4 subtypes found in China, Japan, and Taiwan. Data show that 
Indian gt 4 is apparently not able to infect humans and it has been suggested 
that this is probably due to the substitution of  26 amino acids, 16 in ORF-1, 
8 in ORF-2 and 2 in ORF-3 (Chobe  et al.,   2006 ). 

 Autochthonous hepatitis E gt 3 was fi rst observed in the USA by compar-
ing human sequences with pig sequences (Meng  et al.,   1997 ). HEV seropreva-
lence in pig farms is high worldwide and it can be as high as 100% in some pig 
herds (Balayan  et al.,   1983 ). Furthermore, it has been demonstrated in some 
studies that slaughterhouse workers, farmers, veterinarians and people that 
work in close contact with pigs may be more exposed and at greater risk of 
HEV infection, with this category of workers presenting a higher HEV IgG 
seroprevalence than non-pig workers (Bouwknegt  et al.,   2008 ). More than 
20% of pigs close to slaughter are excreting HEV in faeces (Rutjes  et al.,   2007 ). 
Watercourses may be HEV-contaminated due to run-off of pig faeces from 
outdoor pig units. In addition HEV has been detected in slurry lagoons on 
pig farms, from urban sewage works, and from pig slaughterhouses (Wibawa 
 et al.,   2004 ). The risks of spreading untreated slurry on farmland still need 
to be quantifi ed but it should be remembered that rhesus monkeys have been 
infected with HEV recovered from sewage and slurry (Pina  et al.,   1998 ).   

  19.6      Hepatitis E virus stability and inactivation 

 HEV has proven diffi cult to propagate  in vivo , and despite some recent improve-
ments, there is no doubt that the failure to develop a repeatable and effi cient 
 in vitro  propagation system for HEV has hindered attempts to understand the 
environmental survival and other physical and pathobiological characteristics 
of HEV. The determination of these qualities would potentially offer much 
valuable information in understanding the epidemiology and control of HEV 
infections. 
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 Feagins  et al.  performed an HEV heat inactivation study in a pig animal 
model in 2008. The objective of the study was to determine if  traditional 
cooking methods are effective in inactivating infectious HEV present in con-
taminated commercial pig livers. The result obtained was that four of the fi ve 
pigs inoculated with a pool of two HEV-positive liver homogenates incubated 
at 56 ° C (Bouwknegt  et al.,   2008 ) for 1 h developed an active HEV infection, 
shedding virus in the faeces. The pigs inoculated with a pooled homogenate 
of two HEV-positive livers stir-fried at 191 ° C (Bouwknegt  et al.,   2008 ) for 
5 min and the group of pigs inoculated with a pooled homogenate of two 
HEV-positive livers boiled in water for 5 min showed no evidence of infection 
as there was no seroconversion, viraemia, or faecal virus shedding in any of 
the inoculated pigs (Feagins  et al.,   2007 ). 

 What is not clear is how effective the usual processing procedures for 
uncooked pig products are in inactivating pathogens such as HEV. Moreover, 
the risk of  HEV infection via the consumption of  HEV-contaminated pig 
tissues raises public health concerns, since it is not clear what cooking condi-
tions will be effective in inactivating the virus present in the contaminated 
pig tissues. 

 HEV can be found in the liver, blood, intestinal tract and skeletal muscle, 
all of which are consumed in one form or another and often together, for 
example in sausages. How safe are these products? The question is diffi cult to 
answer because HEV grows poorly in cell culture, and testing HEV viability 
 in vivo  requires nonstandard laboratory animals. 

 To date there have not been any other inactivation studies with HEV. 
Inactivation studies with UV light have been conducted with other viruses such 
as HAV, calicivirus or other enteric viruses, or with bacteria (Matallana-Surget 
 et al.,  2010; Nuanualsuwan  et al.,   2002 ). Exposure to solar ultraviolet (UV) 
radiation is a primary means of virus inactivation in the environment, and 
germicidal (UVC) light is used to inactivate viruses in hospitals and other crit-
ical public and military environments (Giese,  1976 ; Nicholson  et al.,   2005 ). 
Safety and security constraints have hindered exposing highly virulent viruses 
to UV and gathering the data needed to assess the risk of environments con-
taminated with high-consequence viruses (Borio  et al.,   2002 ). UV sensitivity 
has been extrapolated for some viruses from data obtained with UVC (254 
nm) radiation by using a model based on the type, size and strandedness of 
the nucleic acid genomes of the different virus families (Lytle and Sagripanti, 
 2005 ; Rzezutka and Cook,  2004 ). Therefore, there was little information to 
allow accurate modelling, confi dent extrapolation, and prediction of the UV 
sensitivity of viruses deposited on contaminated surfaces, conditions more 
likely to be relevant to public health or biodefence. 

 Other inactivation studies with disinfectants such as chlorine have not 
been performed until now with HEV. Sodium hypochlorite, a derivate of 
chlorine solution, commonly known as bleach, is frequently used as a disin-
fectant or a bleaching agent. US government regulations (21 CFR Part 178) 
allow food-processing equipment and food contact surfaces to be sanitized 
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with solutions containing bleach, provided that the solutions do not exceed 
200 parts per million (ppm) available chlorine. A 1-in-5 dilution of  house-
hold bleach with water is effective against many bacteria and viruses. 

  19.6.1      Heat inactivation 
 HEV transmission in industrialized regions is not fully understood. It has 
been suggested and is now widely accepted that HEV transmission is zoonotic 
(Meng  et al.,   2001 ; Yazaki  et al.,   2003 ). Tei  et al.  ( 2003 ) reported direct evidence 
of zoonotic HEV transmission via the consumption of grilled or undercooked 
commercial pig liver purchased from local grocery stores in Japan (Tei  et al.,  
 2003 ). The majority of the patients in that study had a history of consuming 
undercooked pig livers prior to the onset of the disease, indicating that con-
sumption of pig livers is a risk factor for hepatitis E (Tei  et al.,   2003 ). Eleven 
percent of livers purchased from local grocery stores in the United States, 6% 
in the Netherlands (Bouwknegt  et al.,   2007 ) and 9.5% in the United Kingdom 
were found to be contaminated by HEV (Berto  et al.,   2012 ). HEV inactivation 
and environmental resistance is not a well-covered topic and little information 
is available. As an orally transmitted virus, HEV is most likely resistant to inac-
tivation by the acidic conditions of the stomach. The ability of HEV to survive 
harsh or extreme environmental conditions can be attributed at least in part to 
its non-enveloped viral structure (Feagins  et al.,   2007 ,  2008 ). 

 To study the effi cacy of heat inactivation, a homogenate of pig liver known 
to contain infectious HEV was subjected to heating, simulating some nor-
mal cooking conditions, and was applied to 3D cell cultures to determine the 
effect of the virus inactivation as measured by HEV RNA copy numbers in 
cell supernatants. 

 Differences in the Ct values were observed between the supernatant of the 
cells infected with non- heated liver and supernatant of cells infected with 
HEV-positive liver heated at 56 ° C for 1 h. As we can see in  Fig. 19.8 , the Ct 
values were lower (ranging between 40 and 29) in the sample infected with the 
homogenate of non-heated liver compared to the supernatant of cells that 
received as inoculum the homogenate of liver heated at 56 ° C for 1 h. The Ct 
values in the supernatant of cells infected with HEV-positive liver heated at 
56 ° C for 1 h were higher, probably refl ecting partial virus inactivation. Full 
HEV inactivation was observed in the inoculum heated at 100 ° C, since no 
HEV RNA was detected by real-time RT-PCR at any point during the exper-
iment. The results are similar to those of Feagins  et al.  ( 2007 ,  2008 ) where the 
pigs infected with HEV-positive liver heated at 56 ° C were shedding virus in 
the faeces, showing that the treatment was not suffi cient to inactivate HEV. 
Furthermore, the similarity of the results of  in vivo  and  in vitro  experiments 
in this study underlines the potential for the 3D cell-culture system to replace 
traditional  in vivo  infectivity studies.    

 In Europe most pork meat is cooked prior to consumption, but there are 
some exceptions where pork meat is eaten raw, for example, liver sausages 
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in France. The United States Department of  Agriculture (USDA) and the 
United States National Pork Board (NPB) recommend a cooking method 
for fresh pork that will result in a minimum internal cooking temperature 
of  71 ° C (http://www.fsis.usda.gov/is_it_done_yet/, accessed on 15 March 
2007). A time stipulation is suggested based on the level of  heat but many 
recipes do not specify a minimum cooking temperature. Stir-frying and 
boiling are the two most widely used and accepted methods for cook-
ing pig livers for consumption. Feagins  et al.  established that stir-frying 
and boiling of  HEV-contaminated pig livers can effectively inactivate the 
virus by using a swine bioassay to determine the virus infectivity (Feagins 
 et al.,   2007 ,  2008 ). Using an  in vitro  system, Emerson  et al.  ( 2005 ) reported 
that HEV is approximately 50% inactivated when heated at 56 ° C for 1 h. 
Described study in the book performed by the authors (unpublished) that 
incubation of  homogenate of  contaminated pig livers at 56 ° C for 1 h (tem-
perature that produced an internal cooking temperature slightly below the 
recommended 71 ° C without burning the tissue) did not fully inactivate the 
virus, as HEV RNA was detected during the course of  the experiment. 
The results support the  in vitro  results of  Emerson  et al.  ( 2005 ) and the  in 
vivo  results of  Feagins  et al.  ( 2007 ), which show that adequate cooking of 
HEV-contaminated commercial pig livers will inactivate HEV in the tissue, 
thereby decreasing the risk of  foodborne HEV transmission. Importantly 
the work confi rmed that partial inactivation of  HEV (heat at 56 ° C for 1 h) 
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may allow the virus to initiate an active infection  in vitro  while the treat-
ment of  the liver at 100 ° C appears to be suffi cient to inactivate the virus 
completely. 

 Other HEV inactivation methods in use include UV light treatment and 
NaOCl treatment, among others. However most consistent inactivation results 
in  in vitro  and  in vivo  models are reported using heat inactivation. Thorough 
cooking of pork meat is an effective means of inactivating HEV, and should 
therefore be recommended.   

  19.7      Diagnostic procedures 

 Enzyme-linked immunosorbent assays (ELISA), conventional reverse tran-
scriptase PCR (RT-PCR) and real-time RT-PCR, cell culture, confocal 
microscopy and electron microscopy have been used for detection or confi r-
mation of HEV infection. These methods differ signifi cantly in their sensitiv-
ity and specifi city. 

  19.7.1      ELISA 
 HEV recombinant proteins and synthetic peptides, corresponding to immu-
nodominant epitopes of the ORF2 and ORF3 structural proteins of the 
virus, have been sourced as the capturing antigen (Emerson and Purcell, 
 2003 ). Sub-units of ORF2 have been expressed in different systems, such as 
prokaryotic, insect, animal and plant cells in order to obtain pure antigen 
for ELISA (Dawson  et al.,   1992 ). Recombinant antigens derived from ORF2 
generally have a superior sensitivity and specifi city. In common with all sero-
logical tests, ELISA can only be applied once antibody has developed, in most 
cases at least 2 weeks after infection. However, serological tests are able to dis-
criminate between IgM and IgG, thus enabling the acute phase to be distin-
guished from the convalescent phase of infection. HEV antibody prevalence 
has been reported in several studies in industrialized countries (Dalton  et al.,  
 2008 ; Dawson  et al.,   1992 ). Commercially available ELISAs have improved 
in recent years, but it is suspected that some of the earlier prevalence data 
refl ected subclinical infections and serological cross-reactivity that may have 
contributed to this high seroprevalence in the non-endemic areas (Emerson 
and Purcell,  2003 ; Krawczynski  et al.,   2000 ).  

  19.7.2      Conventional RT-PCR 
 Conventional RT-PCR assays are currently utilized in direct diagnosis of 
HEV. The samples collected may be faeces, serum (from animal or human), 
cultures of infected cells cultivated in 2D and 3D confi gurations, or post 
mortem tissue highly positive as bile and liver (Panda  et al.,   2007 ; Varma 
 et al.,  2011). HEV is an RNA virus and the RNA needs to be extracted before 
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being subjected to the reverse-transcription reaction phase to cDNA. This is 
a limiting step, because cDNA is easily degradable; if  in the samples the viral 
load is initially too low, a false negative may result. Various sets of sense and 
antisense synthetic oligonucleotide primers may be used for the detection of 
the HEV genome, differing according to conservative region targets in the 
genome against the central or terminal part of ORF1 or C-terminal of ORF2 
(Panda  et al.,   2007 ). There are reports describing broad-spectrum degenerate 
primers for identifying positive samples from all genotypes. For example A1/
S1 and 3156/7 primers (Li  et al.,   2008 ) are used to amplify the ORF2 region. 
Often the fi rst product of PCR amplifi cation, it is too small to be visualized 
by electrophoresis. However, if  the fi rst product of PCR has been amplifi ed 
by nested RT-PCR with the internal primers A2S2 (Martelli  et al.,   2008 ) and 
3158/9 (Li  et al.,   2008 ), respectively, the PCR product became clearly visible 
on the electrophoresis gel through ethidium bromide staining.  

  19.7.3      Real-time RT-PCR 
 Real-time RT-PCR is becoming the most popular method for direct detection 
of HEV in clinical samples. It is a sensitive tool in epidemiological investiga-
tions and a fast and reliable technique enabling both detection and confi r-
mation of specifi city genotyping. The full viral genome of HEV was cloned 
in 1991 (Tam  et al.,   1991 ). Since then several pairs of primers have been 
designed to amplify various segments of the genome. The primers are mainly 
designed to the conserved regions (helicase, polymerase and the terminal frag-
ment of ORF2) of the HEV genome (Panda  et al.,   2007 ). The development 
of real-time RT-PCR, whereby the accumulation of the PCR amplicon can be 
detected in real time, has enabled the quantifi cation of HEV.  

  19.7.4      Cell culture and new technology for  in vitro  propagation of the virus 
 Several cell lines for  in vitro  replication of HEV have been tested in the 2D 
monolayer culture system (Huang  et al.,   1992 ,  1995 ,  1999 ). These cell lines 
were hepatocytes from non-human primates, human embryonic lung diploid 
cells (2BS), human carcinoma alveolar basal epithelial cells (A549), hepato-
carcinoma cells (PLC/PRF/5), hepatocellular human carcinoma (HepG2) and 
primary hepatocytes from non-human primates. However, the majority of the 
cell lines did not support replication of HEV or the virus growth was limited, 
that is, low titre virus. The lack of an effi cient and reliable cell-culture system 
and a practical animal model for HEV have hindered studies on mechanisms 
of HEV replication, transmission, pathogenesis and environmental survival. 

 In a recent study, Tanaka  et al.  ( 2007 ) tested 21 cell lines including PLC/
PRF/5 cells using a faecal suspension with high HEV load as inoculum. 
A high load of HEV was detected in the culture supernatant of cultivated 
PLC/PRF/5 cells from day 12 post-inoculation. At AHVLA laboratory, sev-
eral attempts have been made to reproduce Tanaka’s work using fi eld swine 
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HEV PCR-positive faecal materials as inoculum, but without success. In 
2011 Okamoto described for the fi rst time a cell-culture system capable of 
secreting infectious HEV in high titres into culture media (Okamoto,  2011 ). 
The success with the original JE03–1760F strain has been extended to other 
strains that can support the replication of HEV with an even higher effi ciency, 
and can be passaged through many generations (Okamoto,  2011 ). Okamoto 
was able to infect PLC/PRF/5 cells with both sera and faeces of patients and 
observe high HEV titre in the cell-culture system (Okamoto,  2011 ). Okamoto 
has also engineered infectious HEV cDNA clones, and has affi rmed that 
this system, reinforced by reverse genetics, will answer numerous previously 
unanswered questions surrounding the epidemiology, viral absorption/entry, 
packaging and delivery of viral particles, providing further understanding of 
the life cycle of HEV. Okamoto’s experiments have not yet been successfully 
reproduced anywhere. 

 Hence, an effi cient  in vitro  propagation system for HEV is crucial for HEV 
research in general. There are several reports in the literature demonstrating 
the potential of the Rotating Wall Vessel (RWV) (Nickerson  et al.,   2001 ), a 
new 3D culture system for the growth of fastidious viruses. The RWV is a 
cylindrical bioreactor which is rotated on an axis parallel with the ground. A 
solid body mass rotation of the culture medium is obtained, creating a low 
fl uid-shear environment (Nauman  et al.,   2007 ). The RWV culture method has 
been shown to be applicable to fl uid-shear stress-related studies in suspension. 
The cells are maintained in suspension by the resolution of the centrifugal, 
gravitational and Coriolis forces, so cells placed in the RWV bioreactor expe-
rience minimal mechanical stresses and high mass transport (of nutrients, 
oxygen, etc.) and are thus able to assemble into tissue-like aggregates. The 
RWV technology is used to simulate the low-shear environment inherent to 
microgravity (Klaus,  2001 ). This 3D culture system has been used to grow fas-
tidious norovirus from faecal materials (Kageyama  et al.,   2003 ), and recently 
it was demonstrated that the system can also be used for  in vitro  cultivation 
of HEV.   

  19.8      Hepatitis E virus prevention and control 

 Several hepatitis E virus vaccine candidates have been produced and may 
contribute to HEV prevention in future. HEV vaccination in swine may be 
considered to block epidemic spread in pig populations. 

  19.8.1      Vaccination 
 In the absence of a reliable cell-culture system for HEV, vaccine develop-
ment has been diffi cult. Two candidate vaccines have successfully completed 
phase 3 clinical trials in humans. Baculovirus-expressed ORF2 protein from a 
Pakistani strain of HEV has been licensed by Smith Kline-Beecham (Shrestha 
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 et al.,   2007 ). In the Royal Nepalese Army, a vaccination trial to prevent HEV 
clinical disease showed 95.5% effi cacy (95% CI). In another trial in China, the 
vaccine was prepared with a recombinant protein from the HEV ORF2 viral 
capsid expressed in  Escherichia coli  (HEV 239) (Huang  et al.,   2010 ). Vaccine 
effi cacy after three doses was 100% (95% CI 72.1–100.0). It was considered 
that these two vaccines could prevent HEV morbidity and mortality in preg-
nant women, patients with chronic liver disease in endemic areas, organ trans-
plant patients and other immuno-compromised subjects who may contract 
HEV gt 3 in industrialized countries. 

 As far as we know, these two vaccines cover gt 1, but nothing is known 
about prevention of gt 3, and it would be impossible to set up a vaccina-
tion plan against HEV gt 3 for the entire world population, mostly because 
in non-endemic areas HEV is sporadic and incidence is generally still very 
low. The production of an HEV vaccine for pigs would be more feasible and 
cheaper, but it is acknowledged that in the absence of any disease in pigs, it 
might not be justifi ed or practicable to vaccinate pigs. However, when consid-
ering the options for control of autochthonous acquired gt 3 and gt 4 HEV 
in humans, it is important to have some data on the estimated impact and 
optional timing of HEV vaccination of pigs. This would be useful feasibility 
data in case of changes in the incidence of human gt 3 infections in developed 
regions or other events that may require the vaccination of pigs. 

 Few studies have been done on the dynamics of HEV transmission. 
Bouwknegt  et al.  ( 2008 ) described HEV transmission among pigs from chains 
of one-to-one transmission. The model describes HEV transmission in pigs 
and it can be used both with animal contact-exposure experiments and in the 
fi eld. Each age group or contact-exposure animal is subdivided into three dis-
tinct categories: pigs that are susceptible (S), infectious (I) or recovered (R). 
The system described by this SIR model is assumed to be in an endemic equi-
librium. This endemic equilibrium can only exist when the virus is suffi ciently 
transmissible. The transmissibility is expressed by the reproduction number 
( R  0 ) and it is the number of infections by an infectious individual during its 
entire infectious period (in an infi nite susceptible population). The endemic 
equilibrium assumes that  R  0  > 1. In the SIR model it is assumed that the 
infected animals reach immunity after infection. The latent period between 
infection and excretion of infectious virus was observed to be 3 days in intra-
venously inoculated pigs.  R  0  for contact-exposure was estimated to be 8.8 (CI 
95%), showing the potential of HEV to cause epidemics in populations of 
pigs (Bouwknegt  et al.,   2008 ). 

 Casas  et al.  reported a longitudinal survey study on swine HEV infection 
dynamics conducted in different herds (Casas  et al.,   2011 ), but the dynamics 
of HEV transmission were analysed using SPSS 15.1 software (SPSS Inc., 
Chicago, IL, USA) and not a mathematical model such as SIR. Mathematical 
modelling helps to understand HEV transmission dynamics (Satou and 
Nishiura,  2007 ) and can also be used to fi nd out what vaccination strategy 
would be most effective to eradicate an endemic virus such as HEV.  
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  19.8.2      Potential targets for the development of antiviral drugs 
 Various steps in the HEV life cycle can be potential targets for the develop-
ment of antiviral drugs. The methyltransferase and guanyltransferase activi-
ties in the ORF1 protein are strictly virus-specifi c and thus good targets for 
antiviral development (Magden  et al.,   2001 ). The RNA helicase of HEV has 
been biochemically characterized and it is essential for replication of the viral 
RNA genome (Karpe and Lole,  2010 ), but it is not clear how distinct a poten-
tial drug target it is from human helicases. The HEV RdRp expressed in  E. 
coli  was shown to bind the 3’ end of the viral RNA genome (Aggarwal  et al.,  
 2001 ), but its biochemical activity has so far not been characterized. Since the 
RdRp is unique to RNA viruses, it would again be a good drug target, and 
perhaps some viral inhibitors against this target can be explored. Interference 
with HEV RNA replication has been attempted using ribozymes and small 
interfering RNAs. Mono- and di- hammerhead ribozymes designed against 
the 3’ end of the HEV genomic RNA were shown to inhibit expression from a 
reporter construct in HepG2 cells (Sriram  et al.,   2003 ). In A549 cells infected 
with HEV, small interfering RNAs (siRNAs) against the ORF2 region were 
also shown to offer protection (Huang  et al.,   2010 ). While such approaches 
are feasible  in vitro , the delivery and targeting of such inhibitors  in vivo  would 
be the real challenge. At least one study in immuno-compromised transplant 
patients with chronic HEV infection has also shown the effi cacy of Ribavarin 
monotherapy (Kamar  et al.,   2010b ). Again, the utility of this approach among 
the vast majority of HEV infections that are acute remains questionable.  

  19.8.3      HEV control 
 The VITAL project (integrated monitoring and control of foodborne viruses 
in the European food chain) (http://www.eurovital.org/) has published guide-
lines that should be considered by pork consumers and pork products han-
dlers. These are summarized below.  

   Recent information indicates that a very large proportion of commercial • 
and domestic pig herds are infected by the hepatitis E virus (HEV), which 
can cause hepatitis in humans.  
  There are no offi cial control policies regarding HEV in pigs.  • 
  At any given time, it is possible that most pigs within a herd have an active • 
infection.  
  Thoroughly cooked pig meat and liver should be safe to eat as the virus • 
should be destroyed by cooking; however, consumption of these products 
raw or undercooked leads to the risk of infection for the consumer.    

 In slaughterhouses contamination of pig skin with faeces may occur dur-
ing movement of the animals through the corridor to the slaughter point. 
If  skinning is carried out without hot steaming or burning, contaminating 
viruses could be transferred to the surface of meat and increase the risk of 
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cross-contamination. Pork meat and fat, equipment and utensils, workers and 
the environment could also be contaminated especially in the case of inappro-
priate removal or accidental perforation of the intestine. Special care should 
be taken to prevent direct contact of pig muscle and fat with faeces or bile.   
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  Abstract:  Zoonoses are infections in humans transmitted by animal pathogens or 
animal infections transmitted to humans. Viruses are the main etiological agents 
of emerging or re-emerging zoonoses. This chapter will discuss the most relevant 
foodborne and waterborne viral zoonotic infections along with their specifi c 
etiological agent, the issue of global and local infections, climate change, clinical 
manifestations and epidemiology and possible control and prevention measures. 

  Key words:  zoonoses, epidemiology, viral emerging diseases, control and prevention, 
global and local issues, foodborne, waterborne. 

    20.1      Introduction 

 Zoonosis, from the Greek  zoon  (animal) and  nosos  (disease), is defi ned as 
infections that are transmitted from animals (wild and domestic) to humans 
and from humans to animals, through several different routes: (i) direct con-
tact; (ii) via intermediate vectors such as mosquitoes and ticks; or (iii) through 
food- and waterborne infections (Hubalek,  2003  ) . 

 The vast majority of  recognized human pathogenic viruses have been cir-
culating for a long time in the environment and also among the population. 
Their evolution is related to human evolution and  vice versa , resulting in 
an equilibrium in which both are able to coexist, sometimes without conse-
quences for human health. However, the crossing over of  the species barrier 
by some pathogens can have devastating consequences in terms of  infec-
tions, public health and mortality. Several factors have highly impacted the 
spread of  viral zoonoses throughout the world. Increasing globalization, 
increased mobility, changes in demography, environmental determinants 
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such as ecologic and climatologic infl uences, and intense farming have 
increased the potential for transmission of  pathogenic viruses between ani-
mals and humans (Kuiken  et al .,  2005 ; Osterhaus,  2001  ) . Human and live-
stock populations have increased globally, causing closer contact between 
animals and humans. The human impact of  changes in ecology and climate, 
together with faster transportation between countries and regions (faster 
than the incubation period of  most of  the infectious diseases), have accel-
erated the emergence or re-emergence of  zoonotic pathogens. ‘Emergence’ 
means either the appearance of  a newly evolved or a newly recognized path-
ogen, or the appearance of  a known existing pathogen in a geographic area 
where it has never been found before. ‘Re-emergence’ is used to refer to 
pathogens whose presence is already recognized in a given area but which 
have increased in incidence (locally or globally, as for pandemics) or for 
pathogens which have seen their potential to cause severe infections in 
humans increase due to a shift in their ecology allowing, for example, the 
crossing of  barriers from wildlife to domestic animals (as in the case of 
avian infl uenza) (Cutler  et al .,  2010  ) . 

 More than half  of the microbial diseases affecting humans (61%) are 
attributed to zoonotic transmission, with wildlife being one of the biggest 
sources for the spread of infectious diseases (Daszak  et al .,  2001 ; Taylor  et al ., 
 2001  ) .The majority of the viral infections in humans newly identifi ed over 
the last decade had a zoonotic background (e.g., SARS-Coronavirus, avian 
infl uenza), indicating that the infl uence of animals in human diseases has 
increased and is continuing to evolve.  

  20.2      Emerging viruses: geographical factors 

 Throughout human history, the geographical distribution of diseases has 
undergone considerable change. Several factors, including progress in urban 
sanitation, increased standards of living and improvement in personal 
hygiene, accompanied by the development of vaccines and antibiotics, have 
helped to reduce the level of infectious diseases during the last two centuries. 
Anthropogenic activities have greatly infl uenced the environment. The fol-
lowing list summarizes the anthropogenic factors contributing to changes in 
zoonosis patterns:

   national and international confl icts;  • 
  travel;  • 
  population growth, stress, social inequality, urbanization;  • 
  trade, import of exotic animals, transboundary animal transport;  • 
  water control and irrigation projects;  • 
  changes in infrastructures (such as air conditioning, cooling towers, among • 
others);  
  agricultural practices;  • 
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  conditions affecting pathogens directly or indirectly (antibiotic-resistant • 
pathogens);  
  climate change; and  • 
  demographic change.    • 

  20.2.1      Human mobility and population growth 
 Since the beginning of human history, population movement has shaped the 
patterns and the spread of infectious diseases. During migration, not only 
do people carry with them their genetic make-up, but they may also carry 
pathogens in or on their bodies and they may take with them disease vectors 
or reservoir animals. Religious pilgrimages, military manoeuvres, and trade 
caravans have facilitated the spread of many diseases, such as the plague or 
smallpox. Military manoeuvres have always been a source of epidemics since 
soldiers can be brought into new environments with different infectious zoo-
nosis (Haggett,  1994  ) . Populations in occupied areas sometimes have to aban-
don their villages and cities, and many severe outbreaks have been associated 
with poor water quality and low levels of sanitation among refugees. 

 However, for most of human history, populations have stayed relatively 
isolated. This pattern has changed in recent centuries. People started explor-
ing by sea and looking to discover new worlds. Columbus not only discovered 
the New World; he and other explorers also played a signifi cant role in the 
emergence of infectious diseases. By the time the ships arrived at the New 
World, diseases such as measles, tuberculosis and infl uenza were widespread 
throughout Europe. Explorers from infected urban areas brought diseases to 
the Americas, where they killed thousands of people who had mostly evolved 
from a very small gene pool and had no immunity to the infectious agents. So 
when the explorers arrived several epidemics occurred, the fi rst ones always 
being the most severe. For instance, the population of central Mexico fell by 
an estimated one-third in the decade following contact with Europeans and 
one-third to half  of the local population of Santo Domingo died following 
smallpox infection which then spread to other areas in the Caribbean and 
the Americas. The explorers also paid a high price for discovering the New 
World, as they became infected with tropical diseases that were not indige-
nous in Europe. 

 Global economics and advances in technology have changed the world 
greatly in recent centuries. These two factors have also contributed to the emer-
gence or re-emergence of infectious diseases and to the spread of zoonotic 
diseases that would otherwise have been confi ned to local areas. Advances in 
technology have speeded up transportation, increasing the global mobility of 
people, and allowing faster trade in products and services that can be obtained 
rapidly from anywhere in the world. Every day, around the world, more than 
1.4 billion people cross international borders in aeroplanes. According to the 
World Tourism Organization, in 2011 a total of 980 million people crossed 
international borders worldwide, an increase of 4.4% compared to 2010, and 
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it is estimated that by the year 2020 that number will increase to more than 
1.5 billion (see  Fig. 20.1 ). Other means of transport carry millions of people, 
with cruise ships transporting 47 million passengers per year (Wilson,  2003 ). 
Today it is possible to travel to virtually any part of the world in a time period 
that is shorter than the incubation period of most infectious disease agents. 
Therefore, the traveller acts as a transmitter, a sentinel and a courier of infec-
tious diseases. Wilson ( 2003 ) states that ‘the traveller can be seen as an inter-
active biological unit who picks up, processes, carries and drops off  microbial 
genetic material. A traveller can introduce potential pathogens in the absence 
of signs and symptoms.’ Thus, human travel and migration have major conse-
quences for the spread of infectious diseases worldwide.    

 By the year 2050, it is estimated that world population will increase by 27% 
from its current 7.0 billion to 8.9 billion. Many different factors – economic, 
social and political – have caused the human population to start migrating 
from rural areas to more urban ones. The number of big cities has increased, 
especially in developing countries where the population has risen steeply. The 
rapid growth of cities is often related to rapid and unplanned urbanization 
which can result in the deterioration of air and water quality, inadequate sani-
tation facilities and services, and the overuse of water resources (Moore  et al ., 
 2003 ). The burden of infectious disease in developing countries with rapid 
urbanization rates is extremely high, due to both overpopulation and pollu-
tion (Crompton and Savioli,  1993 ). Closer contact between reservoir hosts 
also results from overpopulation, which then creates a potential risk of the 
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 Fig. 20.1      International tourist arrivals (millions). Tourism is the fastest growing 
industry worldwide over the last century.  
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crossing over of species (Haggett,  1994 ). In developing countries, access to 
sanitation in urban areas lacking municipal water supply is still restricted, 
so people often use common water sources that are faecally contaminated 
(Moore  et al .,  2003 ). The rapid and uncontrolled growth of population in 
urban areas and the extension of agricultural areas to new environments pre-
cipitate the risk of the emergence or re-emergence of an infectious disease.  

  20.2.2      Trade 
 However, other factors have infl uenced the emergence and re-emergence of 
infectious zoonoses, and continue to do so. Globalization is responsible for 
an increase in global trade. Through global trade, human pathogens, insect 
vectors, and their intermediate animal hosts can be disseminated throughout 
the world. Trade in food raw materials in the globalized world is increasing 
each year. Animals can be reared and fresh produce grown, and both can be 
shipped thousands of kilometres from place of origin to point of consumption 
(Tauxe,  1997 ). Again, advances in technology have enabled mass production, 
mass processing and a better food distribution network, making it feasible for 
food grown in one location to be processed somewhere else and consumed in 
multiple destinations. As a consequence, unwanted micro-organisms can be 
transported from one place where they are endemic to another where they 
may adapt and cause major outbreaks of infectious diseases (Wilson,  1995 ). 
Vector insects can also be transported along the distribution chain, adapt to 
a new environment and infect humans through direct contact or by having an 
amplifying animal host which then can contaminate environmental waters 
(see  Fig. 20.2 ).      

  20.3      Clinical manifestations of some emerging types 

 The majority of zoonotic transmitted viral infections can be categorized into 
three different groups: (i) diseases with no illness; (ii) severe illness; and (iii) 
non-specifi c syndrome. Several emerging or re-emerging zoonotic viral dis-
eases fall into the second category. Despite research and diverse institutional 
efforts to eradicate viral diseases such as poliomyelitis and smallpox, many 
infectious diseases, including several caused by emerging or re-emerging zoo-
notic viruses, are still uncontrolled and far from being eradicated or under-
stood. Some previously known agents have become more infectious due to 
alterations in disease patterns (e.g.,Oropouche virus or Chikungunya virus). 
Others, such as Nipah and Hendra viruses or SARS-Coronavirus, were not 
discovered and described until very recently, and have a high pathogenic poten-
tial (Manojkumar and Mrudula,  2006 ). They are associated with encephali-
tis (Nipah virus, tick-borne encephalitis), haemorrhagic fevers (Hantavirus), 
fl u-like signs (avian infl uenza) and respiratory disease (SARS-Coronavirus). 
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  20.3.1      Nipah virus 
 Nipah virus was discovered recently and belongs to the genus  Henipavirus  
in the family  Paramyxoviridae  (Harcourt  et al .,  2000 ).It is a single-stranded 
RNA virus named after the village in peninsular Malaysia in which it was 
isolated for the fi rst time from a human victim (Chua  et al .,  2000 ). Nipah 
virus was the aetiological agent responsible for a large outbreak in humans 
in Malaysia during 1998 and 1999 and for fi ve subsequent outbreaks in 
Bangladesh between 2001 and 2005 (Chua  et al .,  2000 ; Hsu  et al .,  2004 ). The 
island fl ying fox, a fruit bat, ( Pteropushypomelanus ) is the primary reservoir 
for this virus where it persists in low numbers (Chua  et al .,  2002 ), and it has 
emerged via domestic animal amplifi er hosts. Nipah virus has the ability 
to replicate uncontrollably in pigs, causing respiratory and/or neurological 
diseases leading ultimately to death (MohdNor  et al .,  2000 ). The effects on 
humans of infection by Nipah virus can range from an asymptomatic infec-
tion to fatal encephalitis. The incubation period can vary from four to 45 
days. The fi rst stage of the infection is the development of fever, headache, 
sore throat, myalgia, and vomiting, similar to common ’fl u. The infection can 
then evolve to dizziness, altered consciousness, drowsiness, and some neuro-
logical signs indicating acute encephalitis. Moreover, some infected people 
can also exhibit severe respiratory problems and atypical pneumonia. The 
most severe cases develop encephalitis and seizures that progress in 24–48 h 

 Fig. 20.2      Most common routes of transmission of infectious diseases between 
 animals and humans.  
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to a coma situation. Over 20% of the people who survive acute encephali-
tis suffer subsequent neurological effects, including personality changes and 
repeated convulsions. Fatality is estimated in between 40% and 75% of cases, 
with the percentage depending on the outbreak and on the local authorities’ 
surveillance capacity. For example, of a total of 269 human cases of encepha-
litis infection with Nipah virus reported in 1999 in Malaysia, 40% (108) were 
fatal (Malaysian Ministry of Health,  2001 ).  

  20.3.2      Tick-borne encephalitis (TBE) 
 TBE virus is a non-fragmented, single-stranded RNA virus that belongs to the 
genus  Flavivirus  contained in the  Flaviviridae  family (Mandl  et al .,  1997  ) . TBE 
is endemic to northern, central and eastern Europe, Russia and the Far East. 
TBE cases have been reported not only in less developed countries such as 
Byelorussia, Bulgaria, Lithuania, and Kazakhstan but also in well-developed 
countries including Austria, Denmark, Germany, and Switzerland, where 
hygiene and sanitation standards are extremely high (Blaskovic  et al .,  1967 ; 
Korenberg and Kovalevskii,  1999 ; Lindgren and Gustafson,  2001 ; Ormaasen 
 et al .,  2001 ). The three main subtypes of TBE virus are the European, Siberian, 
and Far-Eastern (Ecker  et al .,  1999 ). TBE is a vector-borne infectious disease 
transmitted by the bite of the ticks  Ixodes ricinus  and  Ixodes persulcatus  (east-
ern Europe). Infections related to the consumption of infected unpasteurized 
milk and cheese made from such milk have also been reported (Dumpis  et al ., 
 1999 ). Infections as a result of the consumption of contaminated dairy prod-
ucts were fi rst identifi ed in the European part of Russia between 1947 and 
1951. In these situations, whole families were being infected. This is contrary 
to what was observed when the transmission was from tick bites, where only 
single persons but not the whole family were infected. Research has proven 
that this form of disease was associated with the consumption of goat’s milk 
containing infectious TBE viruses (Korenberg and Pchelkina,  1975 ; Popov 
and Ivanova,  1968 ). Later reports also demonstrated the transmission of 
TBE virus through the consumption of non-pasteurized milk from sheep and 
cows (Gres í kov á   et al. ,  1975 ; Leonov  et al. ,  1976 ). 

 The clinical manifestations resulting from an infection with TBE virus are 
well-known and a wide range of symptoms can be observed. The Far-Eastern 
subtype presents a monophasic progression, whereas the European is biphasic 
(Dumpis  et al .,  1999 ; Gritsun  et al .,  2003 ). The incubation period of a TBE 
virus infection is 7 to 14 days. In the biphasic course, symptoms in the pro-
dromal stage can be mistaken for ’fl u, with non-specifi c moderate fever and 
myalgia, accompanied by high fever and vomiting (Gritsun  et al .,  2003 ). In 
the European subtype, this is often succeeded by an asymptomatic period 
lasting 2 to 10 days. The disease can then progress to the nervous system, 
advancing to the second stage, which is characterized by the development of 
high temperatures and acute central nervous system (CNS) symptoms. 
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 Acute TBE is characterized by encephalitic symptoms in a high percentage 
of infected persons, ranging from 45% to 56% (Haglund and G ü nther,  2003 ). 
Several symptoms may be observed, including mild meningitis and severe 
meningoencephalomyelitis, which progress 5–10 days after the remission of 
the fever. The acute febrile period correlates with the presence of the viraemia. 
In the second stage, the virus infects the CNS, where it replicates, resulting in 
the infl ammation, lysis and dysfunction of the cells (Dumpis  et al .,  1999 ). The 
second stage of illness can range from 2 to 20 days. During convalescence, 
problems with concentration and memory, sleep disturbances, and headache 
following mental or physical stress have been reported. 

 Patients with severe infections may show a poliomyelitis-like syndrome 
and an altered state of awareness which may result in a long-term disability 
(Dumpis  et al. ,  1999 ; Gritsun  et al .,  2003 ; Kleiter  et al .,  2007 ). The Siberian 
TBE virus subtype is thought to be responsible for severe chronic infections 
in Siberia and far-eastern Russia (Gritsun  et al .,  2003 ). Chronic TBE infec-
tions can be divided into two forms. In one form, the infected person devel-
ops hyperkinesias (which occurs regularly and can develop during the acute 
stage), and epileptoid syndrome. The second form of chronic TBE relates to 
long-term sequelae of one of the types of acute TBE, where the neurological 
symptoms can appear several years after the infected tick bite. 

 Latvia, the Urals, and the Western Siberian regions of Russia have the 
highest incidence of TBE viruses with the rate of attack in these regions 
reaching up to 199 cases per 100 000 inhabitants per year. Mortality rates 
due to TBE virus infection are extremely high for the Eastern TBE subtype, 
ranging from 5% to 20%, and extremely low for the Western subtype where it 
is between 0.5% and 2%.  

  20.3.3      Highly pathogenic avian infl uenza (H5N1) 
 Avian infl uenza (AI) is caused by a single-stranded negative-sense RNA 
virus belonging to the  Infl uenzavirus  A genus in the  Orthomyxoviridae  fam-
ily (Swayne and Halvorson,  2008 ). Even though AI viruses are considered 
specifi c to given species and rarely cross the species barrier, since 1959 AI 
viruses subtypes H5, H7, and H9 have managed to cause sporadic human 
infections (INFOSAN IFSAN,  2004 ). H5N1 highly pathogenic AI (HPAI) 
was fi rst isolated from a domestic goose in Guangdong, China in 1996, fol-
lowed by an outbreak in the live bird markets in Hong Kong the following 
year. It was during this outbreak that the fi rst human infection occurred and 
by the end of 1997, 18 people were hospitalized with six of the cases being 
fatal. Several other H5N1 HPAI outbreaks in humans have been reported 
since 2003,the probable cause being close contact with contaminated birds 
(CDC,  2006 ; WHO,  2006 ). Surveillance data have reported the detection 
of H5N1 HPAI virus in imported frozen duck meat, and both on the sur-
face of and inside contaminated eggs (Beato  et al ., 2009; Harder  et al .,  2009 ; 
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Tumpey  et al .,  2002 ). However, although there is experimental evidence that 
the ingestion of uncooked poultry blood or meat has transmitted the H5N1 
HPAI to carnivorous animals, there is no direct established link between the 
consumption of contaminated poultry products and human infection (CDC, 
 2007 ; WHO, 2005; Writ. Comm. Second WHO Consult. Clin. Aspects Hum. 
Infect. Avian Infl uenza A Virus, 2008). Contaminated matrices such as water, 
and poultry faeces used as fertilizers or fi sh feed, have been suspected to be 
the source of transmission of H5N1 HPAI viruses when no direct contact 
with poultry or poultry products existed (de Jong  et al .,  2005 ; Kandun  et al ., 
 2006 ). Human-to-human transmission of AI virus is relatively low but has 
occurred in Thailand (2004), Vietnam (2004), Azerbaijan (2006), Indonesia 
(2006), Egypt (2007), and Pakistan (2007), generally after one member of 
the family has been in direct contact with infected poultry or other infected 
humans (CDC,  2006 ; Ungchusak  et al .,  2005 ; WHO,  2008 ). 

 The fi rst symptoms of infection with H5N1 HPAI viruses can occur 2–4 
days after the exposure to infected poultry (Beigel  et al .,  2005 ). Longer incu-
bation periods of more than eight days have also been reported (Beigel  et al ., 
 2005 ). It is not known whether and to what extent the virus is shed during this 
period (Beigel  et al .,  2005 ; Chotpitayasunondh  et al .,  2005 ; Kandun  et al ., 
 2006 ; Tran  et al .,  2004 ). The most common symptoms of an infection with 
H5N1 HPAI virus in humans include fever, shortness of breath, cough, severe 
respiratory disease, and pneumonia (Beigel  et al .,  2005 ; Chotpitayasunondh 
 et al .,  2005 ; Gilsdorf  et al .,  2006 ; Ungchusak  et al .,  2005 ). The virus appears 
to be the sole aetiological agent in the case of pneumonia, with no evidence 
of infection by any bacteria in most of the cases. In 2–8 days after the infec-
tion with H5N1 virus, patients also develop non-respiratory symptoms such 
as vomiting, diarrhoea, and abdominal pain (Ungchusak  et al .,  2005 ; WHO, 
2005; Yuen  et al .,  1998 ), diarrhoea being in some cases the primary evidence 
of infection (Apisarnthanarak  et al ., 2004; de Jong  et al .,  2005 ). 

 H5N1 HPAI virus has been isolated from the cerebrospinal fl uid and 
blood of a patient who developed symptoms of diarrhoea and convulsions, 
followed by coma (de Jong  et al. ,  2005 ). It was reported that the sister of this 
patient had also died of a similar illness just two weeks before, suggesting 
an existing predisposition to this type of disease (de Jong  et al .,  2005 ). As is 
observed for seasonal infl uenza virus, infection of the CNS appears to be rare 
(Morishima  et al .,  2002 ). The clinical pathway of an infection with H5N1 
HPAI virus usually involves a rapid progression to the lower tract, at which 
point the patient needs to be mechanically ventilated (Beigel  et al .,  2005 ; 
Chotpitayasunondh  et al .,  2005 ; Tam,  2002 ; Tran  et al .,  2004 ). Acute respira-
tory distress syndrome (ARDS) has also been associated with the progression 
to respiratory failure. Several other clinical manifestations of multi-organ 
failure have been diagnosed, with cardiac and renal dysfunction, pulmonary 
haemorrhage, ventilator-associated pneumonia, and pneumothorax (Beigel 
 et al .,  2005 ; Chotpitayasunondh  et al .,  2005 ; Gilsdorf  et al .,  2006 ; Ungchusak 
 et al .,  2005 ).The mean time between onset and hospitalization was 4.6 days 
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(median of 4.0 days), ranging from 0 to 22 days (WHO,  2008 ). An increase 
in the case fatality rate was directly correlated to time from illness onset to 
hospitalization: 12% for 0 days, 47 and 55% for days 1 and 2, respectively, and 
over 70% for 4–6 days (WHO,  2008 ). 

 The WHO epidemiological study of the confi rmed cases of H5N1 HPAI 
infection, conducted between November 2003 and May 2008, revealed a 
marked demographic incidence (WHO,  2008 ). Of 383 cases, 52% occurred 
in patients under the age of 20 years with the vast majority of the patients 
being under 40. The fatality rate was approximately 63%, infection with the 
H5N1 HPAI virus being more severe than infection with the seasonal virus. 
The demographic patterns of H5N1 virus are different to those observed for 
seasonal infl uenza. A higher fatality rate was found in the group comprising 
10–19-year-olds (78%), in contrast to a low rate in those over 50 years. A pos-
sible explanation may be an age-related resistance or the paradigm of risk or 
exposure behaviour (e.g., close contact with infected poultry).  

  20.3.4      SARS-coronavirus 
 Severe acute respiratory syndrome (SARS) is a febrile respiratory illness pri-
marily transmitted by respiratory droplets or close personal contact, and is 
caused by the SARS-Coronavirus (S → ARS-CoV) (Stockman  et al .,  2006 ). 
SARS-CoV is a positive, single-stranded RNA virus belonging to the genus 
 Coronavirus  within the  Coronaviridae  family. The major clinical features on 
presentation include persistent fever, chills/rigor, myalgia, dry cough, head-
ache, malaise, dyspnea, sputum production, sore throat, coryza, nausea and 
vomiting. Dizziness and diarrhoea are less common features. Watery diar-
rhoea is a prominent extrapulmonary symptom in 40–70% of patients with 
SARS 1 week into the clinical course of illness (Hui and Chan,  2010 ). 

 In February 2003 China reported to the World Health Organization that 
305 cases of atypical pneumonia of unknown aetiology had been identifi ed 
in Guangdong Province since November 2002, and that fi ve people had died. 
Also in February 2003, a physician from Guangdong Province, ill with atyp-
ical pneumonia, visited Hong Kong and stayed overnight in an hotel. The 
agent that caused his severe acute respiratory syndrome – SARS-CoV – was 
transmitted to at least ten persons, who subsequently initiated outbreaks in 
Hong Kong, Singapore, Vietnam, and Canada (Peiris  et al .,  2003 ). The incu-
bation period after infection was 4.6 days and the mean time from symptom 
onset to hospitalization varied between 2 and 8 days, decreasing in the course 
of the epidemic, while the mean time from onset to death was 23.7 days (Hui 
and Chang,  2010 ; Leung  et al .,  2004 ). The fi nal outcome of this outbreak was 
8000 probable or confi rmed cases and 774 deaths, the overall mortality during 
the outbreak being estimated at 9.6% (Leung  et al .,  2004 ). 

 In the 2002–2003 outbreaks, SARS transmission ceased 4 months after 
the initiation of global spread in Hong Kong. Subsequently there were three 
instances of laboratory-acquired infection and one reintroduction from 
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animals in Guangdong Province (Anderson and Tong, 2010), but none of 
these occurrences had suffi cient secondary human-to-human transmission to 
generate a threat of a recurrent global outbreak. 

 The earliest cases of SARS in Guangdong involved employees of exotic 
meat markets in the province. Research has shown that the majority of the 
infections occurred in people directly handling animals only recently captured 
from the wild, and that were to be consumed as delicacies (Graham and Bari, 
 2010 ; Li  et al. ,  2006 ; Shi and Hu,  2008 ). Moreover, infections identifi ed after 
the primary SARS epidemic was brought under control were associated with 
restaurants that prepared and served civet meat (Graham and Bari,  2010 ; 
Wang  et al .,  2005 ). The culling of civets vastly reduced the number of infected 
animals in Guangdong marketplaces (Zhong,  2004 ). 

 However, several studies revealed that palm civets were simply conduits 
rather than the fundamental reservoirs of SARS-CoV-like viruses in the wild. 
SARS-CoV-like RNA sequences and anti-SARS nucleocapsid antibodies 
were found by several studies in an Old World species of horseshoe bats in the 
genus  Rhinolophus , especially in  Rhinolophus sinicus  and  Rhinolophus macro-
tis  (Lau  et al .,  2005 ; Li  et al.,   2005 ). Further analyses suggest that Bat-SCoVs 
and SARS-CoV have been evolving independently, presumably in bat hosts, 
for a long time (Ren  et al .,  2006 ). In addition to masked palm civets and bats, 
other animal species might have been involved in the evolution and emer-
gence of SARS-CoV. At least seven animal species can harbor SARS-CoV in 
certain circumstances, including raccoon dog, red fox, Chinese ferret, mink, 
pig, wild boar, and rice fi eld rat (Li  et al.,   2005 ). In conclusion, it is likely that 
another outbreak of SARS-CoV or a similar Coronavirus may occur in the 
future. Timely measures should be taken that would restrain the virus from 
causing an epidemic like the one that occurred in 2003.   

  20.4      Possible control measures 

 Effective prevention and control measures for most zoonotic viral diseases can 
be accomplished by means of adequate diagnoses and prophylaxis. The fi rst 
step in control of any disease is surveillance. The characteristics and transmis-
sion patterns of the virus, along with the understanding of vectors and animal 
reservoirs, and the environment and epidemiology of the disease, have to be 
fully considered when control and prevention measures are defi ned. A better 
understanding of the epidemiology of the diseases associated with wildlife as 
reservoirs, including the virulence of the agents and their routes of transmis-
sion, would contribute to improving eradication measures for such scourges. 
In addition, better sanitary conditions, including proper treatment and release 
of human waste, improvement in public water supplies, proper personal 
hygiene methods and sanitary food preparation, are of extreme importance 
in control measures. Improved diagnostics and prophylaxis require research 
deep inside the molecular biology of each virus. A clear knowledge of the 
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migration pattern of birds and the diseases they transmit would help to pre-
vent outbreaks of emerging viruses such as H5N1 HPAI. The emergence and 
re-emergence of viral zoonoses must unite the efforts of two scientifi c fi elds 
that are currently working separately: public health and veterinary studies. 
Better, highly sensitive and faster detection techniques, including molecular 
biology methods such as genomics and proteomics working side-by-side with 
more conventional methodologies, would enable identifi cation of emerging or 
re-emerging viruses. Rapid detection would facilitate the timely application of 
therapeutic/prophylactic/preventive measures. Proper vaccination campaigns 
can help decrease the incidence and spread of infectious diseases. Travellers 
should obtain information from the appropriate institutions, such as govern-
ment medical advisory bodies and local health authorities, about the risks they 
incur, the prophylactic treatments available and the do’s and don’ts while vis-
iting a different country with a different environment and potential hazards. 
Medical institutions and the media should work together to disclose more 
knowledge on emerging or re-emerging diseases, the transmission routes, and 
the prophylactic measures available. Public awareness regarding the handling 
of wild animals in exotic markets and better food handling and cooking pro-
cedures would also help prevent outbreaks from occurring.  

  20.5      Conclusion 

 Globalization has enabled rapid development, but it has a darker side, accom-
panied as it is by the spread of emerging and re-emerging viral zoonoses. 
Changes in mobility patterns, favoured means of transportation, and land 
use, frequent and fast trade, and other anthropogenic factors increase the pos-
sibility of widespread viral disease. The presence of emerging or re-emerging 
zoonotic viruses can profoundly affect the environment and human health 
in a world where there is an ever increasing demand for water and food due 
to population growth. The implementation of effective prevention and con-
trol measures, up-to-date and helpful information for travellers, and better 
and improved sanitary conditions would greatly help in curbing the spread of 
emerging and re-emerging viral zoonoses.  

  20.6      References 
    ABDEL-GHAFAR   A   ,    CHOTPITAYASUNONDH   T   ,    GAO   Z   ,    HAYDEN   F   ,    HIEN N   D   ,    JONG M   D   , 

   NAGHDALIYEV   A   ,    PEIRIS J   S   ,    SHINDO   N   ,    SOEROSO   S    and    UYEKI T   M    ( 2008 ), ‘ Update on 
avian infl uenza A (H5N1) virus infection in humans’ ,  N Engl J Med ,  358 ,  261 –73. 

    ANDERSON   L    and    TONG   S    ( 2010 ), ‘ Update on SARS research and other possibly zoo-
notic coronaviruses’ ,  Int J Antimicrob Agents ,  36S ,  S21–S25 . 

    APISARNTHANARAK A ,  KITPHATI R, THONGPHUBETH K, PATOOMANUNT P, ANTHANONT 

P, AUWANIT W, THAWATSUPHA P, CHITTAGANPITCH M, SAENG-AROON S, WAICHAROEN S, 
APISARNTHANARAK P, STORCH G A, MUNDY L M    and    FRASER V   J    ( 2004 ),‘Atypical  avian 
infl uenza (H5N1)’ ,  Emerg Infect Dis ,  10 ,  1321 –4. 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

454 Viruses in food and water

    BEATO M S ,  CAPUA I    and    ALEXANDER D   J    ( 2009 ), ‘ Avian infl uenza viruses in poultry prod-
ucts: a review’ ,  Avian Pathol ,  38 ,  193 –200. 

    BEIGEL J H ,  FARRAR J, HAN A M, HAYDEN F G, HYER R   , de    JONG M D ,  LOCHINDARAT S, 
NGUYEN T K, NGUYEN T H, TRAN T H, NICOLL A, TOUCH S    and    YUEN K   Y    ( 2005 ),‘Avian 
 infl uenza A (H5N1) infection in humans’ ,  N Engl J Med ,  353 ,  1374 –85. 

    BLASKOVIC D ,  PUCEKOVA G, KUBINYI L, STUPALOVA S    and    ORAVCOCVA   V    ( 1967 ), ‘ An epide-
miological study of tick-borne encephalitis in the Tribec region: 1953–1963’ ,  Bull 
World Health Org ,  36 ,  89 –94. 

    CDC    ( 2006 ), ‘Avian infl uenza (fl u)’, In Avian Infl uenza A Virus Infections of Humans, 
1–3. Available from:http://www.cdc.gov/fl u/avian/gen-info/avian-fl u-humans.htm 
(Accessed 13 June 2012). 

    CDC    ( 2007 ), ‘Avian infl uenza: current H5N1 situation’, In Avian Infl uenza (Bird Flu), 
1–4. Available from: http://www.cdc.gov/fl u/avian/outbreaks/current.htm (Accessed 
13 June 2012). 

    CHOTPITAYASUNONDH T ,  UNGCHUSAK K, HANSHAOWORAKUL W, CHUNSUTHIWAT S, 
SAWANPANYALERT P, KIJPHATI R, LOCHINDARAT S, SRISAN P, SUWAN P, OSOTTHANAKORN 

Y, ANANTASETAGOON T, KANJANAWASRI S, TANUPATTARACHAI S, WEERAKUL J, 
CHAIWIRATTANA R, MANEERATTANAPORN M, POOLSAVATHITIKOOL R, CHOKEPHAIBULKIT 

K, APISARNTHANARAK A    and    DOWELL S   F    ( 2005 ), ‘ Human disease from infl uenza A 
(H5N1), Thailand, 2004’ ,  Emerg Infect Dis ,  11 ,  201 –9. 

    CHUA K B ,  BELLINI W J, ROTA P A, HARCOURT B H, TAMIN A, LAM S K, KSIAZEK T G, ROLLIN P E, 
ZAKI S R, SHIEH W, GOLDSMITH C S, GUBLER D J, ROEHRIG J T, EATON B, GOULD A R, OLSON 

J, FIELD H, DANIELS P, LING A E, PETERS C J, ANDERSON L J    and    MAHY B   W    ( 2000 ), ‘ Nipah 
virus: a recently emergent deadly paramyxovirus’ ,  Science ,  288 ,  1432 –5. 

    CHUA K B ,  KOH C L   .,    HOOI P S ,  WEE K F, KHONG J H, CHUA B H, CHAN Y P, LIM M E    and    LAM 

S   K    ( 2002 ), ‘ Isolation of Nipah virus from Malaysian Island fl ying-foxes’ ,  Microbes 
Infect ,  4 ,  145 –51. 

    CROMPTON D   W    and    SAVIOLI   L    ( 1993 ), ‘ Intestinal parasitic infections and urbanization’ , 
 Bull WHO ,  71 ,  1 –7. 

    CUTLER S J ,  FOOKS A R    and    VAN DER POEL W   H    ( 2010 ), ‘ Public health threat of new 
reemerging, and neglected zoonoses in the industrialized world’ ,  Emerg Infect Dis , 
 16 ,  1 –7. 

    DASZAK P ,  CUNNINGHAM A A    and    HYATT A   D    ( 2001 ), ‘ Anthropogenic environmen-
tal change and the emergence of infectious diseases in wildlife’ ,  Acta Trop ,  78 , 
 103 –16. 

    DE JONG M D ,  BACH V C, PHAN T Q, VO M H, TRAN T T, NGUYEN B H, BELD M, LE T P, TRUONG 

H K, NGUYEN V V, TRAN T H, DO Q H    and    FARRAR   J    ( 2005 ), ‘ Fatal avian infl uenza A 
(H5N1) in a child presenting with diarrhea followed by coma’ ,  N Engl J Med ,  352 , 
 686 –91. 

    DUMPIS U ,  CROOK D    and    OKSI   J    ( 1999 ), ‘ Tick-borne encephalitis ’, Clin Infect Dis ,  28 , 
 882 –90. 

    ECKER M ,  ALLISON S L, MEIXNER T    and    HEINZ F   X    ( 1999 ), ‘ Sequence analysis and genetic 
classifi cation of tick-borne encephalitis viruses from Europe and Asia’ ,  J Gen Virol , 
 80 ,  179 –85. 

    GILSDORF A ,  BOXALL N, GASIMOV V, AGAYEV I, MAMMADZADE F, URSU P, GASIMOV E, BROWN 

C, MARDEL S, JANKOVIC D, PIMENTEL G, AYOUB I A, ELASSAL E M, SALVI C, LEGROS D   , Pessoa 
da    SILVA C ,  HAY A, ANDRAGHETTI R, RODIER G    and    GANTER   B    ( 2006 ), ‘ Two clusters 
of human infection with infl uenza A/H5N1 virus in the Republic of Azerbaijan, 
February–March’ ,  Eurosurveillance ,  11 ,  122 –6. 

    GRAHAM R   L    and    BARI R   S    ( 2010 ), ‘ Recombination, Reservoirs, and the Modular Spike: 
Mechanisms of Coronavirus Cross-Species Transmission’ ,  J Virol ,  84 ,  3134 –46. 

    GRES Í KOV Á    M   ,    SEKEYOV Á    M   ,    ST Ú PALOV Á    S    and    NECAS   S    ( 1975 ), ‘ Sheep milk-borne epi-
demic of tick-borne encephalitis in Slovakia’ ,  Intervirology ,  5 ,  57 –61. 

�� �� �� �� ��



 Epidemiology, control, and prevention of emerging zoonotic viruses 455

© Woodhead Publishing Limited, 2013

    GRITSUN T S ,  LASHKEVICH V A    and    GOULD E   A    ( 2003 ), ‘ Tick-borne encephalitis’ ,  Antiviral 
Res ,  57 ,  129 –46. 

    HAGGETT   P    ( 1994 ), ‘ Geographical aspects of the emergence of infectious diseases’ , 
 Geogr Ann ,  76B ,  91 –104. 

    HAGLUND   M    and    G Ü NTHER   G    ( 2003 ), ‘ Tick-borne encephalitis – pathogenesis, clinical 
course and long-term follow-up’ ,  Vaccine ,  21 ,  S11 – S18 . 

    HARCOURT B H ,  TAMIN A, KSIAZEK T G, ROLLIN P E, ANDERSON L J, BELLINI W J    and    ROTA P   A    
( 2000 ), ‘ Molecular characterization of Nipah virus, a newly emergent paramyxovi-
rus’ ,  Virology ,  271 ,  334 –49. 

    HARDER T C ,  TEUFFERT J, STARICK E, GETHMANN J, GRUND C, FEREIDOUNI S, DURBAN M   , 
BOGNER K-H,    NEUBAUER-JURIC A ,  REPPER R, HLINAK A, ENGELHARDT A, N Ö CKLER A, 
SMIETANKA K, MINTA Z, KRAMER M, GLOBIG A, METTENLEITER T C, CONRATHS F J    and 
   BEER   M    ( 2009 ), ‘ Highly pathogenic avian infl uenza virus (H5N1) in frozen duck car-
casses, Germany, 2007’ ,  Emerg Infect Dis ,  15 ,  1 –8. 

    HSU V P ,  HOSSAIN M J, PARASHAR U D, ALI M M, KSIAZEK T G, KUZMIN I, NIEZGODA M, 
RUPPRECHT C E, BRESEE J    and    BREIMAN R   F    ( 2004 ), ‘ Nipah virus encephalitis reemer-
gence, Bangladesh’ ,  Emerg Infect Dis ,  10 ,  2082 –7. 

    HUBALEK   Z    ( 2003 ), ‘ Emerging human infectious diseases: anthroponoses, zoonoses, 
and sapronoses’ ,  Emerg Infect Dis ,  9 ,  403 –4. 

    HUI D   S    and    CHAN P   K    ( 2010 ), ‘ Severe acute respiratory syndrome and coronavirus’ , 
 Infect Dis Clin North Am ,  24 ,  619 –38. 

    INFOSAN   IFSAN    ( 2004 ), ‘Avian infl uenza’, In INFOSAN Inf. Note No. 2/04. 
    KANDUN I N ,  WIBISONO H, SEDYANINGSIH E R, YUSHARMEN   ,    HADISOEDARSUNO W ,  PURBA 

W, SANTOSO H, SEPTIAWATI C, TRESNANINGSIH E, HERIYANTO B, YUWONO D, HARUN S, 
SOEROSO S, GIRIPUTRA S, BLAIR P J, JEREMIJENKO A, KOSASIH H, PUTNAM S D, SAMAAN 

G, SILITONGA M, CHAN K H, POON L L, LIM W, KLIMOV A, LINDSTROM S, GUAN Y, DONIS R, 
KATZ J, COX N, PEIRIS M    and    UYEKI T   M    ( 2006 ), ‘ Three Indonesian clusters of H5N1 
virus infection in 2005’ ,  N Engl J Med ,  355 ,  2186 –94. 

    KLEITER I ,  JILG W, BOGDAHN U    and    STEINBRECHER   A    ( 2007 ), ‘ Delayed humoral immunity 
in a patient with severe tick-borne encephalitis after complete active vaccination’ , 
 Infection ,  35 ,  26 –9. 

    KORENBERG E   I    and    KOVALEVSKII Y   V    ( 1999 ), ‘ Main features of tick-borne encephalitis 
eco-epidemiology in Russia’ ,  Zentralbl Bakteriol ,  289 ,  525 –39. 

    KORENBERG E   I    and    PCHELKINA A   A    ( 1975 ), ‘ Multiple viremia in goats following 
sequential inoculation with tick-borne encephalitis virus’ ,  Med Parazitol Mosk , 
 44 ,  181 –4. 

    KUIKEN T ,  LEIGHTON F A, FOUCHIER R A   .,    LEDUC J W ,  PEIRIS J S,SCHUDEL A, ST Ö HR K    and 
   OSTERHAUS   A    ( 2005 ). ‘ Public health. Pathogen surveillance in animals’ ,  Science ,  309 , 
 1680 –1. 

    LAU S K ,  WOO P C, LI K S, HUANG Y, TSOI H W, WONG B H, WONG S S, LEUNG S Y, CHAN K H    
and    YUEN K   Y    ( 2005 ), ‘ Severe acute respiratory syndrome coronavirus-like virus in 
Chinese horseshoe bats ’,  Proc Natl Acad Sci U. S. A. ,  102 ,  14040 –5. 

    LEONOV V A ,  KOGAN V M, NEKIPELOVA G A, VASENIN A A    and    SHIKHARBEEV   BV    ( 1976 ), 
‘ Typifying foci of tick-borne encephalitis in the pre-Baikal’ ,  Zh Mikrobiol Epidemiol 
Immunobiol ,  5 ,  56 –60. 

    LEUNG G M ,  HEDLEY A J, HO L, CHAU P, WONG I O, THACH T Q, GHANI A C, DONNELLY C A, 
FRASER C, RILEY S, FERGUSON N M, ANDERSON R M, TSANG T, LEUNG P, WONG V, CHAN 

J C, TSUI E, LO S    and    LAM   T    ( 2004 ), ‘ The epidemiology of severe acute respiratory 
syndrome in the 2003 Hong Kong epidemic: an analysis of all 1755 patients’ ,  Ann 
Intern Med ,  141 ,  662 –73. 

    LI W ,  SHI Z, YU M, REN W, SMITH C, EPSTEIN J H, WANG H, CRAMERI G, HU Z, ZHANG H, ZHANG 

J, MCEACHERN J, FIELD H, DASZAK P, EATON B T, ZHANG S    and    WANG L   F    ( 2005 ), ‘ Bats are 
natural reservoirs of SARS-like coronaviruses’ ,  Science ,  310 ,  676 –9. 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

456 Viruses in food and water

    LI W ,  WONG S K, LI F, KUHN J H, HUANG I C, CHOE H    and    FARZAN   M    ( 2006 ), ‘ Animal origins 
of the severe acute respiratory syndrome coronavirus: insight from ACE2-S-protein 
interactions ’,  J Virol ,  80 ,  4211 –19. 

    LINDGREN   E    and    GUSTAFSON   R    ( 2001 ), ‘ Tick-borne encephalitis in Sweden and climate 
change’ ,  Lancet ,  358 ,  16 –18. 

    MALAYSIAN MINISTRY OF   HEALTH    ( 2001 ),  Malaysian Annual Reports 2001 . 
    MANDL C W ,  ECKER M, HOLZMANN H, KUNZ C    and    HEINZ F   X    ( 1997 ), ‘ Infectious cDNA 

clones of tick-borne encephalitis European subtype prototypic strain Neudorfl  and 
high virulence strain Hypr’ ,  J Gen Virol ,  78 ,  1049 –57. 

    MANOJKUMAR   R    and    MRUDULA   V    ( 2006 ), ‘ Emerging viral diseases of zoonotic 
importance-review’ ,  Int J Trop Med ,  1 ,  162 –6. 

    MOHDNOR M N ,  GAN C H    and    ONG B   L    ( 2000 ), ‘ Nipah virus infection of pigs in peninsular 
Malaysia’ ,  Rev Sci Tech Off Int Epizoot ,  19 ,  160 –5. 

    MOORE D A ,  MCCRODDAN J, DEKUMYOY P    and    CHIODINI P   L    ( 2003 ), ‘ Gnathostomiasis: an 
emerging imported disease’ ,  Emerg Infect Dis ,  9 ,  647 –50. 

    MORISHIMA T ,  TOGASHI T, YOKOTA S, OKUNO Y, MIYAZAKI C, TASHIRO M   , and    OKABE   N    
( 2002 ), ‘ Encephalitis and encephalopathy associated with an infl uenza epidemic in 
Japan’ ,  Clin Infect Dis ,  35 ,  512 –17. 

    ORMAASEN V ,  BRANTSAETER A B    and    MOEN E   W    ( 2001 ), ‘ Tick-borne encephalitis in 
Norway’ ,  Tidsskr Nor Laegeforen ,  121 ,  807 –9. 

    OSTERHAUS   A    ( 2001 ), ‘ Catastrophes after crossing species barriers’ ,  Phil Trans Roy Soc 
Lond B Biol Sci ,  356 ,  791 –3. 

    PEIRIS J S ,  YUEN K Y, OSTERHAUS A D    and    STOHR   K   . ( 2003 ), ‘ The severe acute respiratory 
syndrome’ ,  N Engl J Med ,  349 ,  2431 –41. 

    POPOV   F    and    IVANOVA L   M    ( 1968 ), ‘ Epidemiologic features of the alimentary route of 
infection of tick-borne encephalitis in the RSFSR territory’ ,  Mikrobiol Epidemiol 
Immunobiol ,  45 ,  36 –42. 

    REN W ,  LI W, YU M, HAO P, ZHANG Y, ZHOU P, ZHANG S, ZHAO G, ZHONG Y, WANG S, WANG L F    
and    SHI Z   , ( 2006 ), ‘ Full-length genome sequences of two SARS-like coronaviruses in 
horseshoe bats and genetic variation analysis’ ,  J Gen Virol ,  87 ,  3355 –9. 

    SHI   Z    and    HU   Z    ( 2008 ), ‘ A review of studies on animal reservoirs of the SARS corona-
virus’ ,  Virus Res ,  133 ,  74 –87. 

    STOCKMAN L J ,  BELLAMY R    and    GARNER   P    ( 2006 ), ‘ SARS: systematic review of treat-
ment effects’ ,  PLoS Med ,  3 , e 343 . 

    SWAYNE D   E    and    HALVORSON D   A    ( 2008 ), ‘Infl uenza’, in    SAIF Y M ,  GLISSON J R, FADLY A M, 
MCDOUGALD L R    and    NOLAN   L   ,  In Diseases of Poultry ,  Ames, IA ,  Wiley-Blackwell , 
153–84. 

    TAM J   S    ( 2002 ), ‘ Infl uenza A (H5N1) in Hong Kong: an overview’ ,  Vaccine ,  20 , 
S 77 – S81 . 

    TAUXE R   V    ( 1997 ), ‘ Emerging foodborne diseases: an evolving public health challenge’ , 
 Emerg Infect Dis ,  3 ,  425 –41. 

    TAYLOR L H ,  LATHAM S M    and    WOOLHOUSE M   E    ( 2001 ), ‘ Risk factors for human disease 
emergence’ ,  Phil Trans Roy Soc Lond B Biol Sci ,  356 ,  983 –9. 

    TRAN T H ,  NGUYEN T L, NGUYEN T D, LUONG T S, PHAM P M, NGUYEN V C, PHAM T S, VO C D, 
LE T Q, NGO T T, DAO B K, LE P P, NGUYEN T T, HOANG T L, CAO V T, LE T G, NGUYEN D T, LE H 

N, NGUYEN K T, LE H S, LE V T, CHRISTIANE D, TRAN T T   ,    DE JONG M ,  SCHULTSZ C, CHENG P, 
LIM W, HORBY P   ,    THE WORLD HEALTH ORGANIZATION INTERNATIONAL AVIAN INFLUENZA 

INVESTIGATIVE TEAM and FARRAR J    ( 2004 ), ‘ Avian infl uenza A (H5N1) in 10 patients 
in Vietnam’ ,  N Engl J Med ,  350 ,  1179 –88. 

    TUMPEY T M ,  SUAREZ D L, PERKINS L E, SENNE D A, LEE J G,LEE Y J, MO I P, SUNG H W    and 
   SWAYNE D   E    ( 2002 ), ‘ Characterization of a highly pathogenic H5N1 avian infl uenza 
A virus isolated from duck meat’ ,  J Virol ,  76 ,  6344 –55. 

�� �� �� �� ��



 Epidemiology, control, and prevention of emerging zoonotic viruses 457

© Woodhead Publishing Limited, 2013

    UNGCHUSAK K ,  AUEWARAKUL P   , Dowell SF,    KITPHATI R ,  AUWANIT W, PUTHAVATHANA P, 
UIPRASERTKUL M, BOONNAK K, PITTAYAWONGANON C, COX N J, ZAKI S R, THAWATSUPHA 

P, CHITTAGANPITCH M, KHONTONG R, SIMMERMAN J M    and    CHUNSUTTHIWAT   S    ( 2005 ), 
‘ Probable person-to-person transmission of avian infl uenza A (H5N1)’ ,  N Engl J 
Med ,  352 ,  333 –40. 

    WANG M ,  YAN M, XU H, LIANG W, KAN B, ZHENG B, CHEN H, ZHENG H, XU Y, ZHANG E, WANG 

H, YE J, LI G, LI M, CUI Z, LIU Y F, GUO R T, LIU X N, ZHAN L H, ZHOU D H, ZHAO A, HAI R, YU 

D   ,    GUAN Y and XU J    ( 2005 ), ‘ SARS-CoV infection in a restaurant from palm civet’ , 
 Emerg Infect Dis ,  11 ,  1860 –5. 

    WHO    ( 2005 ), ‘ Evolution of H5N1 avian infl uenza viruses in Asia’ ,  Emerg Infect Dis , 
 11 ,  1515 –21. 

    WHO    ( 2006 ), ‘H5N1 avian infl uenza: timeline of major events’, In  Global Alert and 
Response , 10 pp. Available from: http://www.who.int/infl uenza/human_animal_
interface/avian_infl uenza/H5N1_avian_infl uenza_update.pdf (Accessed 13 June 
2012). 

    WHO    ( 2008 ), ‘ Update: WHO-confi rmed human cases of avian infl uenza A(H5N1) 
infection, November 2003–May 2008’ ,  Wkly Epidemiol Rec ,  83 ,  415 –20. 

    WILSON M   E    ( 1995 ), ‘ Travel and the emergence of infectious diseases’ ,  Emerg Infect Dis , 
 1 ,  39 –46. 

    WILSON M   E    ( 2003 ), ‘ The traveler and emerging infections: sentinel, courier, transmit-
ter’ ,  J Appl Microbiol ,  94 , S 1 – S11 . 

    YUEN K Y ,  CHAN P K, PEIRIS M, TSANG D N, QUE T L, SHORTRIDGE K F, CHEUNG P T, TO W 

K, HO E T, SUNG R    and    CHENG A   F    ( 1998 ), ‘ Clinical features and rapid viral diagno-
sis of human disease associated with avian infl uenza A H5N1 virus ’,  Lancet ,  351 , 
 467 –71. 

    ZHONG ,  N    ( 2004 ), ‘ Management and prevention of SARS in China’ ,  Philos Trans R 
Soc Lond B Biol Sci ,  359 ,  1115 –16.  

   

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

     21 

   Impact of climate change and weather 
variability on viral pathogens in food 
and water   
    C-H.   Von Bonsdorff       and     L.   Maunula   ,    University of Helsinki, Finland    

   DOI:  10.1533/9780857098870.4.458 

  Abstract:  Climate changes, in particular global warming, will have a profound 
effect on world water resources and food production. Microbial contamination and 
chemical pollution have a considerable impact on human health and reduce the 
safety of food production. Regional short-term changes, such as fl ooding, hurricanes 
and other extreme weather conditions, are also expected to become more common, 
and the increasing global population will cause many new demands. Countries with 
solid economies and strong regional infrastructures will cope better with catastrophe 
than will developing countries, and increasing global collaboration is needed to meet 
future challenges. 

  Key words:  climate change, global warming, enteric viruses, hepatitis A virus, 
hepatitis E virus, foodborne viruses, waterborne viruses. 

    21.1      Introduction 

 The availability of safe fresh water and food is a public health concern in 
every country, and also globally (FAO,  2010 ; UNFPA,  2007 ). The current 
trend of climate change is expected to continue, with global warming and 
increasing weather disturbances leading to considerable habitat changes. 
Population growth is expected to create increasing demand for food and 
water, requiring the adaption of global food and water production. During 
the last few decades, emerging viruses have been identifi ed as major food and 
water contaminants responsible for many diseases and outbreaks. The World 
Health Organization (WHO) has set up an expert group to estimate the global 
burden of food- and waterborne disease (Hird  et al .,  2009 ). 
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 The world population is estimated to increase from its current 7 billion 
to 8.4–10 billion by the year 2050 (UN,  2009 ), with the greatest increase in 
developing countries. At the same time, the area of arable land available in 
these countries is decreasing at an alarming rate (FAO,  2008 ). Large areas are 
becoming arid and suffering from water shortages, limiting crop sizes. 

 The demand for safe fresh water will also increase constantly. By the year 
2025, an estimated 3 billion people will only have access to limited water 
resources (UNEP,  2002 ). Approximately 75–85% of the fresh water currently 
available is used for agricultural purposes (Morison  et al .,  2008 ). The balance 
of water usage between drinking and irrigation will become critical, mak-
ing high demands on water production and purifi cation systems (de Fraiture 
 et al .,  2010 ; Rosegrant  et al .,  2009 ). 

 The most important source of microbial contamination of both water and 
foodstuffs is human waste, and sewage in particular. The widespread popu-
larity of the fi rst fl ush toilet, the ‘Marlboro Silent Water Waste Preventer’ 
patented by Joseph Bramah in 1778 (Bryson, 2010), at fi rst seemed the answer 
to sanitary requirements, but it later turned out to cause major problems, with 
increasing amounts of human waste being released directly into surface and 
ground water. Sewage plants were later introduced to sanitize human waste 
products, but they did little to remove viruses, which are thus released into 
surface and ground water and transmitted to humans via irrigation and/or 
drinking water (von Bonsdorff  and Maunula,  2008 ). The environmental load 
of an infectious virus depends on the effi ciency of purifi cation and on the per-
sistence of the contaminating (enteric) virus. The resistance of these viruses 
to physicochemical stress together with their low infectious dose (for many 
enteric viruses this is less than 100 viral particles) accentuates the problem.  

  21.2      Viruses of concern 

 Viruses of concern as water and food contaminants are presented in earlier 
chapters of this book. It seems likely that many viruses now prevalent will 
persist into the future. Geographically, the impact of individual viruses or 
virus groups will vary. Health authorities in each country will need to take 
action against those viruses that pose a serious threat to health. The threshold 
above which action is taken will vary from country to country. Viruses that 
cause life-threatening diseases may require global action. 

  21.2.1      Enteric viruses 
 Viruses that multiply in the cells of the alimentary tract and in particular in 
the gut cells will always be of importance as environmental contaminants. 
Here we point out some viruses that may more threat in future than at present. 
The hepatotrophic viruses HAV and HEV are among those viruses that will 
need special attention. Vaccine programs will probably be launched, primarily 
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in areas where the viruses are endemic. For HAV, a well-functioning vaccine 
already exists. A vaccine for HEV is under development (Kamili,  2011 ). These 
vaccines, when available, will be used under the auspices of WHO, since it 
is mostly nations with poor economic resources that are endemic areas. It 
may also be that industrialized countries which use developing countries as a 
source of primary food production will be interested in securing safe produc-
tion sites by participating in actions such as vaccination programs. 

 Special attention should be given to group B rotaviruses. These viruses 
are commonly seen among animals, and swine in particular. Human group 
B rotaviruses have virtually only circulated in Asia, and mainly in the adult 
population (China, India, Bangladesh and Myanmar) (Yamamoto  et al ., 
 2010 ). It is not known why this virus is distributed over such a limited area. 
The peculiar limitation in host selection may relate to the receptor specifi city 
of these viruses. If  this barrier was overcome by mutation or reassortment 
events, group B rotaviruses could potentially emerge as the most serious con-
taminants of food and water globally. A rotavirus that could spread among 
adults as norovirus does would be a serious threat to public health.  

  21.2.2      Zoonotic viruses 
 The possible effects of climate change and global warming have mostly been 
considered in relation to arboviruses (Woolhouse  et al .,  2005 ). The reason 
for this is obvious: global warming will create temperature zones which will 
become new habitats for bloodsucking arthropods carrying their respective 
arboviruses. This will also open up ways for host species jumps, and previ-
ously unseen animal diseases. The population in affected areas, be it animal 
or human, will be na ï ve to the infections, and therefore susceptible. West-Nile 
and Dengue viruses provide good examples of such diseases. The spread of 
these viruses requires penetration into the blood by an insect. The human 
respiratory and alimentary epithelium is in fact resistant to apical (or alimen-
tary) infection by these viruses (Fuller  et al .,  1985 ). The role of these viruses 
as food or waterborne pathogens is therefore largely unimportant. 

 A more serious threat lies in the extensive trade in wildlife products. The 
trade can bring potentially pathogenic viruses into new areas (Karesh  et al ., 
 2005 ). Until now, surveillance of these products has been almost non-existent, 
and even the capacity to test for ‘exotic’ viruses, limited. The trade is mainly 
from Africa to the USA, but other areas can also be seen as potential sources 
of game (Smith  et al .,  2012 ). The increased demand for food in the future may 
further stimulate this type of commerce. 

 Special attention must be given to infl uenza A (Inf A). This virus causes 
pandemics at varying intervals, since it changes one or both of the two surface 
glycoproteins HA and N, thus allowing it to overcome current herd immuni-
ties. Even though the virus spreads as a person-to-person infection, it usu-
ally originates as waterborne. The whole selection of HA and N variants is 
present in aquatic bird colonies. From here they spread in a species-specifi c 
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way to different animal hosts (as reviewed by Donatelli  et al .,  2008 ). Species 
specifi city relies on the structure of the sialic acid bonding of the host. The 
recently recognized highly pathogenic Inf A viruses (H5N1, H7N1) that 
spread directly from birds to humans, but are not adapted for human-to-
human spread, pose a risk of serious outbreaks, should relevant modifi ca-
tions of the receptor-binding domain of the HA molecule occur. The risks of 
water-mediated spread must be recognized.  

  21.2.3      Seasonality of viruses 
 Many viruses show a pronounced seasonality that varies according to the 
climatic conditions. Rota-, noro- and astroviruses appear as winter/spring 
diseases in global temperate zones ( Fig. 21.1 ), whereas in tropical zones they 
tend to occur throughout the year, though slightly more during the dry season 
(Hanlon  et al .,  1987 ; Sitbon  et al .,  1985 ).    

 On the other hand, HAV, where endemic, appears to follow the epidemio-
logical pattern of enteroviruses with a peak in late summer/autumn. In coun-
tries free of HAV, the outbreaks appear whenever the virus is introduced to 
the non-immune, susceptible population. In modern societies, the frequency 
of world travel may introduce HAV at any time. In an ‘unstirred’, na ï ve popu-
lation, the HAV infection is mostly contracted early, conferring lifelong immu-
nity. The seasonality of HAV infections is weak. Shifts in timing may easily 
occur due to weather conditions (Harley  et al .,  2011 ; Harper  et al .,  2011 ), 
population immunity and/or strain variation of the virus in question. 

 For rotaviruses in the USA, the historical pattern has been for viruses to 
spread from southwest to northeast during annual outbreak season (Pitzer 
 et al .,  2009 ). This pattern, however, is no longer clear, as a result of the chang-
ing birthrate. No such pattern has been found in Europe, where transmission 
from south to north can be seen, likely refl ecting differences in population size 
and climate conditions, such as temperature and humidity.  

  21.2.4      Evolution of viruses and climate change 
 Most gastroenteritis viruses are ssRNA viruses that tend to easily and rap-
idly evolve. Changing climatic conditions, such as global warming, or indeed 
cooling, may increase the rate of virus evolution. This has been hypothesized 
with Inf A viruses. About 1000 years ago, when the Little Ice Age affected 
migration patterns for the hosts of infl uenza A viruses (Gatherer,  2010 ), a 
subtype diversifi cation may have occurred. Global warming may also cause 
the migration patterns for hosts of other viruses, such as hepatitis E viruses, 
to change. Virus evolution combined with invasion of animal viruses has been 
documented. A well-known example is bluetongue virus, an Orbivirus, the 
spread of which to Europe has been explained by changes in weather condi-
tions, enabling the spread of midges that serve as carriers for the bluetongue 
virus (Purse  et al .,  2008 ). 
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 Genetic recombination is one means by which viruses evolve. Viruses within 
one virus species may change their genetic material between genotypes. It is 
also possible that viruses of one virus family, that normally infect different 
species, may exchange genetic material. After this, they may be able to infect 
new hosts. Recombination may occur in humans or animals following infec-
tion after drinking contaminated water or eating shellfi sh contaminated with 
multiple viruses. Viruses of different species may infect the same cell in the gut 
simultaneously. Flooding may increase the likelihood of human and animal 
sewage mixing, providing more opportunities for multiple infections. 

 Since the eradication of poliovirus, enteroviruses have not been linked 
to waterborne outbreaks, although we know of their common presence in 
sewage-contaminated water. The surveillance of sewage for polioviruses is 
an example of viral environmental control. However, revertants may appear 
in the future: a currently non-neurotrophic enterovirus genotype or vaccine 
strain may mutate and regain its ability to cause neurotrophic symptoms in 
humans (Yoshida  et al .,  2000 ). Viruses that at present cause mild gastroenter-
itis may change to viruses causing more severe symptoms. 

 Although the recorded history of noroviruses is relatively short and 
long-term trends undiscernable, the dynamics of norovirus infection and 
transmission appear to be changing. Since the sequential appearance of the 
norovirus GII.4 variants (Siebenga  et al .,  2007 ), the number of annual norovi-
rus cases has increased in many countries (Bok  et al .,  2009 ). It is unclear why 
the evolution rate has increased. To our knowledge no study of the relation-
ship of climate change to norovirus cases has been published. 

 For viruses that possess a spliced genome, such as rotavirus and Inf A 
viruses, segment exchange leading to mosaic viruses (reassortants), is pos-
sible. The G9 rotaviruses that invaded Europe in the 1990s likely originated 
from animal rotaviruses (Ramachandran  et al .,  2000 ) and then when the seg-
ment 9 coding for G9 formed a mosaic virus with the rest of human RNA seg-
ments, the strain started to spread rapidly from person to person. As pigs and 
birds are known to be involved in the emergence of novel infl uenza A viruses, 
animals may also be involved in the evolution of human rotaviruses.   

  21.3      Impact of short-term climate changes 

 The US National Climatic Data Center in Asheville, North Carolina, reports 
that the frequency of highly expensive weather disasters has doubled since 
1980 (Schiermeier,  2011 ). 

  21.3.1      Catastrophes and enteric viruses 
 Under conditions of  acute catastrophe, it is often impossible to collect 
detailed information about the causative agents of  gastroenteritis outbreaks, 
or to make accurate scientifi c analyses. It may be possible to calculate the 
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number of  persons suffering from diarrhoea, but sample collection may be 
impossible. Thus, in many publications describing outbreaks, the causative 
agents have remained unknown, or only some among multiple causative 
agents have been identifi ed. The same reasons may explain why the effect of 
water, sanitation, and hygiene on the prevention of  diarrhoea, has been rig-
orously studied during catastrophic events according to a systematic review 
(Cairncross  et al .,  2010 ). Only hand washing with soap was consistently 
found to be effective. 

 It is important to be especially prepared for investigations in extreme 
conditions. Methods for rapid identifi cation of potential pathogens in water 
samples were developed after the experience of Hurricane Katrina in 2005 
(LaGier  et al .,  2007 ). These hand-held biosensors detect algae and other 
microbial contaminants electrochemically. Rapidly deployable methodology 
can be applied to pathogen detection both in patient and in environmental 
samples. 

 Climate change is expected to cause more frequent extreme weather condi-
tions in limited geographical regions. If  these areas are densely populated, the 
number of water- or foodborne disease outbreaks is likely to increase, unless 
adequate preventive steps are taken. Viruses play a major role in waterborne 
diseases. All enteric viruses including hepatitis A and E viruses are relevant. 
Extreme weather conditions may increase the likelihood of water supplies 
becoming contaminated by human sewage. 

 Not much data is available about survival of viruses in the environment 
after fl ooding. Persistence of viruses in soil and in vegetables grown in con-
taminated soil was examined by Tierney  et al . ( 1977 ) in a study where fi eld 
plots had been fl ooded with poliovirus-contaminated sewage wastes. During 
the Ohio winter, infectious poliovirus 1 could be detected maximally for 96 
days, and in summer for 11 days after fl ooding. In addition, poliovirus was 
recovered from vegetables 23 days after fl ooding, the time when lettuce and 
radish are often harvested.  

  21.3.2      Flooding 
 Flooding may occur during or after heavy rain or snowfall, or when the ice 
cover is melting in northern countries. Water from rivers or lakes rises into 
neighboring fi elds, or seawater covers the coastline on islands and the main-
land. The damage in rural areas is usually caused to crops, fi elds, and cattle. In 
cities buildings may be damaged. Seawater or sewage may contaminate fresh 
water supplies. 

 The consequences depend very much on the standard of infrastructure in 
the country concerned. In some regions fl ooding occurs regularly and does 
not cause extensive damage, because timing is predictable and precautions 
are taken. In developing countries, regular fl ooding events may cause signifi -
cant damage to people and crops. In developed countries the consequences of 
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unexpectedly strong fl ooding may also be devastating, for example, Hurricane 
Katrina in New Orleans in the USA. 

 Since we are unable to predict future events, we can only analyze the existing 
literature to see how fl ooding has affected the population in terms of enteric 
virus infection ( Table 21.1 ). In Bangladesh in 1988, an increase in infantile 
and adult diarrhoea patients was observed in association with nationwide 
monsoon fl oods (Ahmed  et al .,  1991 ). There was also a different distribu-
tion of rotavirus serotypes during the pre-fl ood period and fl ood period, with 
an increase in mixed virus types after fl ooding. Rotaviruses as well as noro 
and adenoviruses, together with bacterial pathogens and parasites, caused a 
gastroenteritis outbreak in Finland in 1994, when a groundwater well was 
contaminated by river water during the spring fl ood commonly occurring in 
northern regions when ice melts rapidly (Kukkula  et al .,  1997 ). 

 In Germany during the Oder river (Odra) fl ooding in the summer of 1997, 
water was reported to have the quality of bathing water for the duration of 
the fl ood (Fenske  et al .,  2001 ). In Dresden, however, the viral load of the river 
Elbe was high during the fl ood of 2002, with adeno, astro and enteroviruses 
(Rohayem  et al .,  2006 ). Rohayem  et al . ( 2006 ) reported a clear association 
between water temperature and the number of different viruses, with as many 
as 45 viruses when mean water temperature was 7.6 ° C, compared with 17 
viruses when the temperature was 17.8 ° C. The reason for the level of water 
contamination in these two regions might have been a difference in popula-
tion density, with large agricultural areas in the Oder region. 

 Indonesia offers an example of the consequences of urban fl ooding, where 
groundwater became contaminated by viruses in the fl ooded area (Phanuwan 
 et al .,  2006 ). Both contaminated drinking water and direct contact with fl ood-
waters were found to pose a risk of viral infection in people. Shellfi sh may 
become contaminated after fl ooding, as evidenced in France, where consump-
tion of contaminated oysters caused a gastroenteritis outbreak (Le Guyader 
 et al ., 2008). Five different viruses including Aichi-virus were detected in these 
shellfi sh, and as many as seven viruses were detected in one patient. 

 Flood-related hepatitis cases have been reported from South America with 
HAV, and Africa and Asia with HEV. HAV was detected with viral loads 
varying from 60 to 5500 copies/l in water samples from the Amazon basin, 
where the river Negro regularly fl oods during rainy seasons (De Paula  et al ., 
 2007 ). The prevalence of HAV has remained high in the Amazon region, 
whereas morbidity has declined in the rest of Brazil (Carrilho  et al .,  2005 ). In 
Somalia, an HEV epidemic peaked as the river rose during rainfall, suggest-
ing waterborne disease (Bile  et al .,  1994 ). In the 1990s, a high prevalence of 
HEV (50%) in humans was found in riverine areas of Borneo (Corwin  et al ., 
 1997 ). The frequency of anti-HEV antibodies in populations in the Mekong 
river delta region was found to be lower (9%) (Hau  et al .,  1999 ). For this rea-
son there is a risk of a major hepatitis E outbreak. The transmission of hepa-
titis E via water in Far-East Asia was known before the pathogen, HEV, was 
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even found. Why waterborne HEV outbreaks only occur in tropical and sub-
tropical regions is not yet known. It remains to be seen whether the potential 
expansion of subtropical areas due to climate change will lead to waterborne 
HEV outbreaks in new regions.  

  21.3.3      Storms and rainfall 
 A study in a hospital in Milwaukee, USA, found an association between rain-
fall and pediatric emergency visits for undefi ned acute gastrointestinal (GI) 
illness (Drayna  et al .,  2010 ). The authors suggest that a waterborne compo-
nent may prove an explanation. In several similar studies from Canada, the 
association between precipitation and gastroenteritis cases has been investi-
gated. However, clear evidence has been diffi cult to fi nd (Febriani  et al .,  2010 ; 
Teschke  et al .,  2011 ; Thomas  et al .,  2006 ). In an Australian study, the incidence 
of norovirus-associated gastroenteritis outbreaks was found to be statistically 
related to average monthly rainfall as opposed to temperature (Bruggink and 
Marshall,  2010 ). 

 Heavy rainfall may affect the effi ciency of wastewater treatment plants, and 
sewer overfl ows may increase the number of viruses in the effl uent discharged 
to the sea. Fong  et al . ( 2010 ) show the enteric viral burden in the Michigan 
River and Katayama  et al . ( 2004 ) that in Tokyo Bay. In neither of these stud-
ies, however, is there clear evidence that the increase in the virus burden in the 
rivers was due to heavy rainfall or sewer overfl ow.  

  21.3.4      Hurricanes 
 Diarrhoea, or viral gastroenteritis, is not usually linked to hurricanes. 
Virtually the only hurricane after which a multitude of reports about gas-
troenteritis were published was Hurricane Katrina, which hit New Orleans 
in 2005. One of its consequences was massive fl ooding due to the collapse of 
dam walls. The catastrophe was so extensive and the city destroyed so totally, 
that the population required evacuation. In one shelter for evacuees, a gastro-
enteritis outbreak was reported to have occurred, with a peak after fi ve days 
(Anon,  2005 ). Norovirus was detected in 50% of stool samples. The outbreak 
continued for more than a week before declining. Slowing the progression 
of a norovirus outbreak once it has appeared is very diffi cult in such cata-
strophic situations (Yee  et al .,  2007 ). The effects of Hurricane Mitch in 1998 
were studied in northern Honduras, and fewer diarrheal illnesses were found 
to have occurred among people living in cement block housing than in poor 
households (Guill and Shandera,  2001 ).  

  21.3.5      Extreme heat 
 Since human enteric viruses do not multiply outside a host cell, prolonged 
heat waves do not lead to an increase of viruses in the way that bacteria can 
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increase in unprotected food or water. In high temperatures children, and par-
ticularly malnourished children affected by viral diarrhoea, need urgent fl uid 
treatment in order to recover from severe dehydration. The elderly are also 
prone to many enteric viruses, and extreme heat may worsen the symptoms, 
as reviewed by Sheffi eld and Landrigan ( 2010 ).  

  21.3.6      Earthquakes and tsunamis 
 Although the extent of the relationship between earthquake and tsunami 
frequency and climate change remains unknown, the presence of enteric 
viruses in earthquakes is briefl y discussed here. Tsunamis are comparable 
to fl oods but with more unpredictable catastrophic results. According to a 
review by Kouadio  et al . ( 2012 ), between 2000 and 2011 a total of 20 natural 
disasters occurred, and fi ve of them were earthquakes (in El Salvador, Iran, 
Pakistan, Haiti and Japan). In four a diarrhoea outbreak followed the disas-
ter. Earthquakes usually affect infrastructure, and sewage may contaminate 
sources of drinking water. Even when preventive efforts are taken regarding 
water, the infection often continues to spread among evacuees due to diffi cult 
living conditions ( Fig. 21.2 ). After two earthquakes that occurred in Japan in 
2007 (Nomura  et al .,  2008 ) and 2011 (Kouadio  et al .,  2012 ), norovirus out-
breaks were reported, especially among the elderly. Morbidity of gastroenter-
itis in evacuees in shelters was highest (6.6%) nine days after the earthquake 
in 2007. While the number of evacuees in the shelter decreased continuously 
from over 1000–244 people within a month, the outbreak itself  was over in 
about two weeks. In India a post-earthquake outbreak of rotavirus gastroen-
teritis in Kashmir has been reported by Karmakar  et al . ( 2008 ). The authors 
visited villages affected by the earthquake as well as rehabilitation camps and 
examined cases of acute diarrhoeal disease and drinking water samples. In 
children the overall attack rate was 20%. In addition to gastroenteritis cases, 
hepatitis E virus outbreaks following earthquake or tsunami episodes have 
been reported in endemic regions (Indonesia 2004, Pakistan 2005). Other 
infections following earthquakes are acute respiratory infections, infl uenza, 
measles, meningitis, tetanus and cholera (Kouadio  et al .,  2012 ). In Turkey, the 
seroprevalence of hepatitis A and E was studied in children living in camps 
after the 1999 earthquakes. HAV prevalence was 44.4% and 68.8% in two 
camps and HEV prevalence was 4.7% and 17.2%, respectively (Sencan  et al ., 
 2004 ). The authors recommended that the more severe consequences could be 
avoided by the urgent provision of suffi cient sanitary facilities.     

  21.3.7      Landslides 
 Geo-morphological disasters, such as landslides and avalanches, may occur 
near mountains or along rivers, after heavy rainfall, for example. Such disas-
ters may require evacuation and temporary shelter for the affected popula-
tion. A recent report describes the hygiene and sanitation levels in a camp 
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after a landslide disaster in eastern Uganda (Atuyambe  et al .,  2011 ). The 
main causes of morbidity, 2 weeks after the disaster, were respiratory infec-
tion (58.3%) and malaria (47.7%). Diarrhoea was found in 8.8% of the camp 
residents.  

  21.3.8      Frost damage to water and sewage lines 
 Climate change is thought to reduce frost damage, due to an increase in over-
all temperature. In some regions, however, extreme weather conditions and 
rapid temperature changes pose a challenge for water and sewage pipelines. 
Countries that previously expected snow cover throughout the winter may 
in future have periods of extreme cold without snow, or strong snowstorms 
combined with periods of mild weather. This could impose a strain on sewage 
lines, resulting in sewage leakages and, ultimately, an increase in viral gastro-
enteritis outbreaks.   

  21.4      Impact of long-term climate changes 

 Although there are differences of opinion about the projected extent of cli-
mate change over the coming century, there is nevertheless uniform agreement 
that change will happen. In the long term, gradual global warming will have 
consequences relating to the biosphere and the habitability of land for an 
ever-increasing population ( Fig. 21.3 ). An increasing population together with 
an apparently decreasing area able to provide acceptable living conditions is 
likely to result in higher population densities. At the same time a reduction in 
arable and pasture land dedicated to food production will lead to intensifi ed 
agricultural practices, with high environmental stress and contamination as 
consequences. Under such conditions it is increasingly likely that human and 

Natural disaster
e.g. flooding
(sewage entering
into drinking water)

Viruses
in water

Viral infections
less via water,
but more from
person to person
(crowdedness etc.)

Viral infections
from person to 
person and via
water

Water
boiled/

disinfected

+

−

 Fig. 21.2      Model of transmission of gastroenteritis viruses during natural disasters.  
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animal infections will spread, and as a consequence, a higher environmental 
microbial contamination load is probable. This will also lead to an increased 
risk of foodborne disease The role of viruses in such projected scenarios has 
been largely neglected, or even omitted altogether. Cholera and other enteric 
bacteria are seen as the main threat, but parasites such as  Cryptosporidium  
are also acknowledged. (Bezirtzoglou  et al .,  2011 ; Cooney,  2011 ; Rose  et al ., 
 2001 ). The relative neglect of viruses in this context is largely a consequence 
of the relative mildness of diseases they cause. Lack of convenient detection 
methods has also hampered virus monitoring. This situation is, however, 
rapidly improving, and viral foodborne illness is increasingly acknowledged 
(Koopmans and Duizer,  2004 )    

  21.4.1      Sewage handling 
 Globally the monitoring of environmental viral contamination varies greatly. 
Each country has adopted an ‘acceptable disease load’ level, depending on 
both the seriousness of the disease and the prevalence of cases. In develop-
ing countries the technical and economic resources for viral monitoring are 
limited and will at most consist only of registering serious diseases such as 
hepatitis A and E. Industrialized countries are already paying more atten-
tion toward, for example, noroviruses causing milder GI illness. At present 
the environmental circulation of enteric, especially hepatitis, viruses globally 
through sewage varies greatly, mirroring the selection of endemic viruses. 

Drought

Environmental
change

Effect on
environment

Effect on humans

Melting

Flooding

Erosion

Temperature

Rain

Storms

Earthquakes

Volcanic activity

Thermal stress

Malnutrition, hunger

Water shortage,
contamination

Increase in microbes
giving infections/
food poisoning

Changes in disease
geography, seasonality

Losses in food
production

Ecosystem
disorder

 Fig. 21.3      Effects of climate change on human health. (Source: Adapted from 
McMichael  et al . ( 2006 ),  Fig. 21.1 .)  
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Even though the person-to-person spread of these viruses is by far the most 
common contamination method, sewage will play a key role in their environ-
mental spread. 

 Human waste, whether from individual households or collected sewage 
plant effl uents, primarily allows contamination of the receiving water bod-
ies (Aw and Gin,  2010 ; Li  et al .,  2011 ; Nordgren  et al .,  2009 ). The level will 
be dependent on the disease load of the population, and on the effi ciency 
of the waste purifi cation methods used. Most sewage plants appear to allow 
viruses to escape into the effl uent (Maunula  et al .,  2012 ). Since chlorination 
will result in the release of unfavourable products, in particular carcinogenic 
substances, this method has been largely avoided. Currently, the most prom-
ising approach appears to be the use of effi cient methods to separate solids 
from sewage, leaving a clear effl uent that can be run as thin fi lms over UV 
tubes, allowing disinfection. With increasing population density, sewage han-
dling will become more centralized, and the relevant plants larger. This will 
allow monitoring of viral release and an improvement in methods of remov-
ing or deactivating viruses from effl uent. 

 In the environmental spread of viruses, sewage is the prime source of 
contamination. Water in all forms, whether for drinking or food production 
and preparation, will be an important vehicle for transmitting viruses to the 
consumer.  

  21.4.2      Water production 
 The predicted growth of global population, together with the increase in very 
densely populated areas, will put a strain on the availability of safe fresh water. 
Since no signifi cant increase in water resources can be anticipated, more effi -
cient use of water is clearly required. 

 Global water reserves, as well as effi cient use and availability of water, vary 
greatly all over the world (Gleick and Palaniappan,  2010 ). Industrialized coun-
tries are for the most part located where there are relatively good water reserves. 
Water management is good, and more money can be invested in maintaining 
quality. Even then, some areas including parts of Europe and the middle and 
western USA, are experiencing groundwater overuse (Premanandh,  2011 ). 

 As previously stated, agriculture requires the greatest share of fresh water 
(Parry and Hawkesford,  2010 ). Even though agricultural areas will continue 
to be separated from the densely populated areas, a shortage of both drinking 
and irrigation water can be anticipated. The extent of ground water resource 
depletion is already being investigated (Konikow and Neuzil,  2007 ). Pumping 
contaminated surface water or even sewage water over sandy soils, and then 
collecting the fi ltrate from underneath, has been attempted as a method of 
collecting hygienic artifi cial groundwater (Horswell  et al .,  2010 ). It appears, 
however, that the fi ltering capacity for viruses largely depends on the thin 
layer of soil on top of the sand. This cannot withstand continuous use, and 
will allow microbes to pass into the end product. Surface water will therefore 
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be used more and more for the production of drinking water. Since this raw 
water must be considered contaminated by microbes, effi cient disinfection 
and purifi cation procedures, combined with adequate monitoring methods, 
are needed (Lewis  et al .,  2011 ). Sensitive and cost-effective methods for virus 
detection are particularly in demand. 

 Agricultural irrigation water presently takes about 80% of available fresh 
water (Morison  et al .,  2008 ). Of available irrigation water, only an estimated 
10% is used effectively (Pfi ster  et al .,  2011 ). Estimates suggest the irrigated 
area will have almost doubled by 2050 (Lobell  et al .,  2008 ). In the future, 
climate changes, both short- and long-term, will increase pressure on the 
availability of qualitatively acceptable water. With rising temperatures, pre-
cipitation is predicted to increase. At the same time, increased evaporation 
will cause a net loss of water resources. Accurate predictions are required, 
based on calculations from the recently presented water resources vulnerabil-
ity index (Jun  et al .,  2011 ).  

  21.4.3      Food production 
 Global food production has been shown to be suffi cient to feed the pre-
sent population (Parry  et al .,  2005 ). This fact does not prevent extensive 
hunger-related disasters, with large numbers of casualties in areas exposed 
to extreme weather conditions or catastrophic climate-related events. Such 
disasters are manageable through international cooperation, with imported 
water and food supplies reaching the affected population. In the long run, 
with more pressure on food production, risks of microbial contamination 
increase. Food production will be affected by the emergence of both animal 
and plant diseases that can be expected with species translocations (Wilkinson 
 et al .,  2011 ). Even under ‘normal’ conditions, an ever-increasing number of 
foodstuffs are transported to consumers in industrialized countries whenever 
a market appears for them. Under these conditions, the fl ow of goods is reg-
ulated primarily by price. As a consequence, an increased number of food-
borne outbreaks has already been seen (Hjertqvist  et al .,  2006 ; Sarvikivi  et al ., 
 2012 ). It seems unlikely that such outbreaks will deter commercial interests. 

 The principal limitations on the global capacity for sustainable food pro-
duction are availability of arable (together with fertilizers and irrigation 
water) and grazing land (Strzepek and Boehlert,  2010 ). Most areas are needed 
for basic grain production (wheat, rice, and soybeans). The amount of water 
required for crop production varies depending on the variety grown (‘crop per 
drop’) (Marris,  2008 ). By selecting the optimal variety for each habitat, and 
by manipulating genes regulating growth characteristics (Salvi and Tuberosa, 
 2005 ), crop yields can be improved. Maximizing crop yields will increase the 
risk that plant diseases will emerge and spread. 

 These grain commodities are marginal as sources of viral food poisoning. 
They may play a more critical role in a situation where yields fail; malnutri-
tion and hunger cause people to intensify their use of alternative commodities 
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that, in turn, are more likely to become contaminated with viruses. Thus fresh 
produce will become increasingly important. The results of intensifying fresh 
produce production can already be seen in certain areas ( Fig. 21.4 ). Hundreds 
of square miles are covered with plastic, under which vegetables are grown 
in water cultures. The water, supplemented with fertilizer, is distributed from 
reservoirs which are mostly open. The hands-on production is managed by 
cheap labour, and in the most troubling cases, by illegal immigrants from 
poorer countries; altogether, there are numerous risk factors that can lead to 
(viral) food contamination. These kinds of scenarios can be envisioned when 
the demand for fresh vegetables increases.    

 Fruits and berries have emerged as possible sources of viral infections. 
Even though the mechanisms by which contamination takes place are not 

(a)

(b)

 Fig. 21.4      Modern developments in the production of fresh produce. Production units 
tend to grow larger and products are distributed internationally. Possible contamina-
tions tend to cause major disturbances to the food trade. (a) Covered greenhouses 
cover hundreds of square miles. (b) Irrigation water distributed from central open 

water reservoirs. (Source: Pictures Ville K. Ter ä v ä inen, with permission.)  
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fully understood, raspberries in particular have been associated with numer-
ous (noro)virus outbreaks (see Chapter 16). Picking the berries manually 
seems to be one obvious means of contamination. Here also, both cultivated 
and wild berries are picked by cheap labourers, often recruited from other 
countries just for the picking season. Possible viral contamination is then pre-
served through freezing the berries. 

 Animal husbandry will also be intensifi ed in the future, due to the demands 
of a growing population. Increased temperatures will cause geographic 
changes in the distribution of pastures, primarily in favour of colder climates. 
The balance between land use for crop growth and pastures will need critical 
evaluation, and the animal feed production will have to increase. The trend is 
most likely to be towards larger production units with increasing numbers of 
animals per farm. At the same time, with the help of genetics, animals with 
maximal meat production per feed unit used will have to be created. Under 
the conditions prevailing in such intensifi ed production, the risks of animal 
diseases spreading will increase. Viral diseases with zoonotic character such 
as hepatitis E may also become more common. The former diseases will cause 
a fall in meat production, the latter will increase the risk of foodborne disease 
in humans. 

 Seafood is an acknowledged source of viral infections. Varieties consumed 
uncooked, such as oysters, pose a particular risk. Intensifi ed cultivation will 
undoubtedly lead to the use of less pure (sewage-contaminated) water in the 
future. Since bivalve mollusks fi lter and concentrate all constituents of water 
quite unselectively, they can be seen as the best ‘monitoring devices’ for viruses. 
Since sewage viruses from various origins and species will come together in 
these animals, they can also be seen as a potential source for recombination 
and/or reassortment events in the consumers’ gut. 

 An increase in the global demand for food means that the reserves found 
in the oceans and waters will be increasingly exploited. Many fi sh and crus-
tacean species have already been harvested to near-extinction. Whaling 
exemplifi es the ruthless decimation of  mammals, despite attempts to limit 
the killing through international agreements. It seems that the natural 
reserves of  commercially attractive species are close to being used up. At 
the same time, there are increasing numbers of  fi sheries farming fi sh and 
other seafood. Many fi sh species are successfully farmed already, and pro-
duction units are growing. It is quite reasonable to predict that this area of 
food production will grow considerably. Apart from animal production, it is 
also feasible that plant and algal species will be developed for human con-
sumption and animal fodder. 

 It is highly probable that these ‘monoculture’ activities will lead to 
unwanted microbial invasions, primarily pathogenic for the products, and 
leading to losses in yields. This has already been recognized in salmon farms 
both in Norway and along the Chilean coast. At the same time the risk of 
human pathogens appearing will increase, due to new production chains, and 
the possible introduction of new pathogens, including viruses. 
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 As previously mentioned, the viral contamination level will refl ect the sea-
sonality of respective diseases. As long as the fresh produce remains on the 
domestic market, there will be few unexpected outbreaks, but the situation 
will change as soon as the products are introduced to the international mar-
ket. The epidemiological picture becomes even more disturbed when crops are 
stored by freezing. In this respect, viruses are in a category of their own in that 
they survive freezing almost indefi nitely. Thus freezing virus-contaminated 
foodstuffs is an excellent way of introducing viruses to unprotected, na ï ve 
populations, with resulting outbreaks.  

  21.4.4      Surveillance and control of foodborne viruses and viral diseases 
 There is a general understanding that protecting drinking water and food from 
microbial contamination is a necessity. Numerous serious outbreaks have led 
to hygienic improvements throughout the food chain, and lessened the chance 
of accidents. The introduction of bacterial indicators to identify and monitor 
risks has been a crucial step in safe food production, resulting in a marked fall 
in bacterial outbreaks. It has also meant that tests for indicator organisms, 
mainly  E. coli  or enterobacteria, are strongly established as hygiene markers. 
The tests are also cost-effective and well-established. 

 Despite these improvements, a considerable number of outbreaks arise in 
situations where bacterial indicators do not reveal hygiene failings. Such situ-
ations are occasionally found in waterborne outbreaks, which have largely 
turned out to be viral or parasitic (Nwachcuku and Gerba,  2004 ). A similar 
situation is also seen with bivalve mollusks. 

 By far the most common viruses to contaminate food and water are noro-
viruses (Maunula,  2007 ). These may be considered less important due to the 
relative mildness and brevity of the disease they cause. However they are 
important in that they reveal weak hygiene points in the food chain. Norovirus 
outbreaks should therefore be thoroughly investigated. At the same time, 
there is an urgent need for improvement to the microbial indicator system. It 
seems likely that supplementing the bacterial indicator(s) with adeno or poly-
omaviruses may serve this purpose (see Chapter 22). There must, however, 
be a general agreement on the indicator(s) before one can expect increased 
safety in the national and international food product trade. Only with a 
well-functioning indicator system can risk assessments and risk management 
plans be established. Testing for viruses in foodstuffs remains cumbersome 
and costly. The problem lies in the diffi culty of extracting the viruses from a 
variety of matrices. The genome-based identifi cation of the viruses is both 
specifi c and sensitive. With the increasing threat of viral calamities, the pres-
sure to develop and enforce viral testing can only increase. 

 A future challenge for safe food production is also posed by the trend to 
constantly increase the size of  production units, be they for fresh produce 
such as vegetables and berries, or meat production. This trend is driven by 
cost calculations resulting in cheaper unit prices. The hygiene problem is that 

�� �� �� �� ��



© Woodhead Publishing Limited, 2013

476 Viruses in food and water

large product volumes are lost due to (viral) contamination. It will be impor-
tant to keep lot sizes limited and labelling adequate. Only by these means 
can traceability be good and damage limited. The hygienic classifi cation of 
coastal waters for seafood production and associated regulation of  prod-
ucts (depuration) serves as a good model for improved safety (Formiga-Cruz 
 et al .,  2002 ). 

 For the most part the causes of viral contamination derive from human 
activity. Good understanding of the importance of hygiene in food produc-
tion is vital, and correct behaviour springs from adequate training. Hygiene 
profi ciency tests or passports, as enforced in the Nordic countries, contribute 
to this aim. The passport is obtained on passing an appropriate hygiene skills 
test (http://www.evira.fi /portal/en/food/hygiene_profi ciency/profi ciency_
test/). Only persons possessing the passport are allowed to work in the food 
chain, whether producing raw materials or preparing and serving meals. 

 Apart from the well-known and recognized food-related viral diseases, one 
can expect the appearance of ‘new’ diseases. These will only attract attention 
if  they are serious enough or clustered together. They will be identifi ed from 
patient samples in the fi rst instance, and only thereafter can they be looked 
for in food. Such viral diseases may originate from recombination or reassort-
ment events of old viruses, or from an animal reservoir that has been encoun-
tered when exploiting new areas for food production.   

  21.5      Conclusion 

 Among the many effects that global warming will have on human health, food 
contamination by viruses will have rather modest consequences. A more seri-
ous and widespread threat may be caused by viral contamination of water. In 
the literature concerning climate change and microbial infections, the main 
concern seems to be bacterial and parasitic infections. In the relevant liter-
ature, only arboviruses as representatives of zoonotic viruses appear to be 
acknowledged, though not as foodborne pathogens. 

 The change in the epidemiology of foodborne viral infections due to 
long-term climate change is a web of many interdependent factors (see 
 Table 21.2 ). On one side are environmental effects increasing the pressure of 
infection, on the other are both local and global preventive actions taken by 
health authorities. It is clear that local viral outbreaks due to sudden changes 
in the environment continue to occur. These should not, however, lead to 
global disasters. In the longer term, over several decades, there will be suffi -
cient time to take preventive measures.           

 The expected population increase together with a reduction in the global 
habitable area will result in higher population densities, a situation favour-
able to the spread of infections. The increase in GI infections will result 
in higher concentrations of viruses in sewage, which will in turn favour 
contamination. 
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 The consequences of a rapid, permanent climate change making large 
areas of the globe non- or less habitable would be more dramatic. Food pro-
duction would be seriously limited over large areas, with acute famine for a 
large proportion of the world’s population. It is questionable whether large 
organizations such as the United Nations (UN), its Food and Agriculture 
Organization (FAO) and WHO would be able to control the situation. These 
kinds of changes would mean major changes to ecosystems, with extinction 
and/or relocation of plant and animal species. Under such conditions the epi-
demiology of infectious diseases is likely to change, and epidemics to appear. 
This would involve not only humans but also animals and plants. The risks of 
viral contamination of water and foodstuffs would most likely increase and 
‘new’ diseases appear. 

 The interaction between viruses and their hosts is an endless struggle in 
which the viruses have shown great capacity to adapt. Rapid global changes in 
climate will lead to an imbalance in the host–parasite relation, most likely to 
the advantage of the latter. In such situations the food- and waterborne route 
for the spread of viruses will most likely be exploited. Future effi cient inter-
national environmental surveillance networks and preparedness for disease 
prevention must therefore include viruses.  
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  Abstract:  Detailed knowledge of contamination sources is needed for effi cient 
and cost-effective strategies to minimize fecal pollution in water, foods and the 
environment, and for evaluation and risk assessment. This chapter analyzes the 
concept of viruses as indices and indicators of fecal pollution and the applicability 
of specifi c viral groups as source markers for fecal contamination, usually referred 
to as microbial source-tracking (MST) tools. Specifi c human and animal viruses, 
bacteriophages and plant viruses are described and critically evaluated. Future 
prospects for technical and scientifi c developments are considered. 

  Key words:  viral fecal indicator, microbial source-tracking (MST), adenovirus, 
polyomavirus, F-RNA bacteriophages. 

    22.1      Introduction 

 The quality of water used for drinking, irrigation, aquaculture, food pro-
cessing or recreational purposes has a signifi cant impact on public health 
worldwide. Fecal pollution is a primary health concern in the environment, 
in water and in food. The use of index micro-organisms (whose presence 
points to the possible existence of a similar pathogenic organism) and indi-
cator micro-organisms (whose presence represents a failure affecting the fi nal 
product) to assess the microbiological quality of waters or food is well estab-
lished and has been practiced for almost a century (Medema  et al .,  2003 ). In 
this chapter we analyze the concept and applicability of viruses as index and 
indicators of fecal pollution and the applicability of specifi c viral groups as 
markers of the source of fecal contamination, usually referred to as microbial 
source-tracking (MST) tools. 

 The most signifi cant viral indicators proposed are human viruses, bacterio-
phages and plant viruses, and these will be described and critically evaluated 
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according to available data on specifi city, abundance, dissemination, geo-
graphical and temporal distribution and the feasibility of available techniques 
for routine analysis. Human DNA viruses – adenoviruses and polyomavi-
ruses – associated with persistent infections are further described as the most 
promising viral parameters currently quantifi ed by molecular methods. 

 Recent developments in water and food management, risk assessment and 
quality monitoring require the exact determination of the source and the 
extent of fecal pollution. Detailed knowledge of the contamination sources 
is needed for effi cient and cost-effective management strategies to minimize 
fecal contamination in watersheds and foods, evaluation of the effectiveness 
of best management practices, and system and risk assessment as part of the 
water and food safety plans recommended by the World Health Organization 
(US-EPA,  2005 ; WHO,  2004 ). The most signifi cant human and animal viral 
groups, and bacteriophages proposed as MST tools are described and their 
role as markers of the source of contamination is critically analyzed. Future 
perspectives on technical and scientifi c developments are related to the pro-
duction of more quantitative information, standardization, multiplex assays 
and process automation.  

  22.2      Usage and definition of viral indicators 

 The pathogens associated with environmental transmission routes, including 
water and food, encompass hundreds of bacteria, protozoa and viruses. The 
use of surrogates is essential for investigating water quality, food safety and 
industrial microbiology. 

 The concept of fecal indicator was developed at the end of the nineteenth 
century. Dr Theodor Escherich, a German pediatrician, described in 1885 
how within a few weeks of birth the bacterium later named  Escherichia coli  
became one of the dominant micro-organisms in the infant colon. Then, in 
1892 Dr Franz Schardinger described  E. coli  as a characteristic component 
of the fecal fl ora whose presence in water could be taken as an indicator of 
fecal pollution and therefore of the potential presence of enteric pathogens. 
Nonpathogenic, easily detectable micro-organisms were used to indicate that 
contamination had taken place and there was thus a risk of public health 
(Medema  et al .,  2003 ). Although fecal-derived coliforms, thermotolerant coli-
forms and  E. coli  have several drawbacks and limitations in their role as indi-
cators of fecal pollution, they have proved very useful historically and they 
are the most commonly used microbial parameters for testing water quality. 

  22.2.1      Limitations of current microbial standard indicators 
 Both fecal coliforms/ E. coli  and enterococci are present in relatively high 
numbers in the mammalian intestinal tract, which is considered their pri-
mary habitat. However, some recent fi ndings have questioned the use of the 
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current indicators for regulatory activities, suggesting that there are scenarios 
in which the presence of indicators does not necessarily correlate with fecal 
contamination. Some studies have shown that fecal bacterial indicators (i.e., 
 E. coli  and enterococci) have been isolated in secondary habitats and that they 
can persist and grow in the environment (Byappanahalli  et al .,  2003 ; Fujioka 
 et al .,  1998 ; Pote  et al .,  2009 ; Solo-Gabriele  et al .,  2000 ). Current water and 
food microbiological quality criteria focus on the concentration of fecal bac-
terial indicators and often fail to predict the presence of human pathogenic 
enteric viruses and protozoa. Various authors have concluded that these 
indicators could fail to predict the risk of waterborne pathogens, including 
viruses (Gerba  et al .,  1979 ; Lipp  et al .,  2001 ). Moreover, the levels of bacterial 
indicators do not always correlate with the concentration of viruses, espe-
cially when these indicators are present at low concentrations (Contreras-Coll 
 et al .,  2002 ; Pina  et al .,  1998 ). A summary of the limitations of using classic 
microbiological indicators as the sole microbiological criterion of the occur-
rence and concentration of pathogens such as viruses would be that indica-
tor bacteria: (i) are more sensitive to inactivation by treatment processes and 
by sunlight than viral or protozoan pathogens; (ii) have non-exclusive fecal 
sources; (iii) are able to multiply in some environments; (iv) are not useful to 
identify the source of fecal contamination; and (v) do not correlate with the 
presence of pathogens. 

 The fact that rapid methods are required and that, moreover, many patho-
gens cannot be cultivated in the laboratory has led to development of new 
methodologies for the study of pathogens and new proposed indicators of 
fecal contamination in water and food. These are based on the implemen-
tation of molecular techniques that are rapid and sensitive but may pick up 
both infectious and non-infectious (dead) types. Hence, the health implica-
tions of pathogen detection methods can be ambiguous, such as screening 
for noroviruses and  Cryptosporidium  oocysts by polymerase chain reaction 
(PCR) and antibody staining, respectively. 

 In the last two decades quantitative microbial risk assessment (QMRA) 
has evolved as a useful tool for guidance in the pursuit of  water treatment 
goals for pathogen removal and assessing the risk from food and other 
environmental exposures (Haas  et al .,  1993 ). In the QMRA paradigm of 
hazard identifi cation – exposure, dose response and risk characterization – 
exposure assessment has the greatest variability and uncertainty. The use 
of  suitable surrogates can help reduce the uncertainties associated with 
exposure assessment (Sinclair  et al .,  2012 ). At present there are no routine 
monitoring techniques for viruses, hence no criteria for viruses have been 
laid down and the risk of  viral disease is not always known when using cri-
teria based on bacteria. The basic premise that the concentration of  indi-
cator organisms should be related to the extent of  fecal contamination, 
and by implication to the concentration of  pathogens and the incidence 
of  water- and foodborne diseases, cannot be sustained (Pipes,  1982 ) as an 
absolute criterion. 
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 To avoid the ambiguity in the term ‘microbial indicator’, the following 
three groups are now recognized: (i) process microbial indicators, (ii) fecal 
indicators, and (iii) index and model organisms. Process indicators comprise a 
group of organisms that demonstrate the effi cacy of a process; fecal indicators 
are those organisms that indicate the presence of fecal contamination (hence 
they only imply that pathogens may be present); index and model organ-
isms include a group or species indicative of possible pathogen presence and 
behavior, respectively. The use of index and indicator organisms to assess the 
microbiological and sanitary quality of waters or food is well established and 
has been practiced for almost a century. Viruses are more stable than common 
bacterial indicators in the environment, and different groups of viruses have 
been suggested as index or indicators of fecal contamination. Some of the 
most commonly used viral indicators at present are bacteriophages F + RNA 
phages (Havelaar  et al .,  1993 ) and human DNA viruses producing persistent 
infections such as adenoviruses (Pina  et al .,  1998 ; Puig  et al .,  1994 ) and polyo-
maviruses (Bofi ll  et al .,  2000 , 2001). 

 In view of the limitations of current standard fecal indicators, selected viral 
groups have been proposed as alternative or complementary indicators to 
improve the control of the microbiological quality of water and to reduce the 
microbiological risk associated with medium and low levels of fecal contam-
ination in water. Viruses are increasingly becoming recognized as important 
fecal waterborne pathogens, as improved detection methods establish a strong 
link between them and reported outbreaks of unknown etiology (i.e., causes 
or origin of disease). Some of the most important fecal viral pathogens are 
noroviruses, enteroviruses, adenoviruses, rotaviruses, and hepatitis A and E 
viruses. Overall, viruses are more resistant to environmental conditions than 
bacterial indicators, which partly explains the frequent lack of correlation 
between indicators and the occurrence of enteric viruses (Pina  et al .,  1998 ; 
Wyn-Jones  et al .,  2011 ). The high stability of viruses in the environment, their 
host specifi city, and persistence and high prevalence of some viral infections 
throughout the year strongly support the use of rapid cost-effective sensi-
tive molecular techniques for the identifi cation and quantifi cation of DNA 
viruses such as adenoviruses and polyomaviruses, which can be used as com-
plementary indicators of fecal and urine (hereinafter ‘fecal’) contamination 
and as MST tools (Bofi ll-Mas  et al .,  2000 ; Pina  et al .,  1998 ).  

  22.2.2      Viruses as indices and indicators 
 Many orally transmitted viruses produce subclinical infections and symptoms 
in only a small proportion of the population. However, some viruses may give 
rise to life-threatening conditions, such as acute hepatitis in adults, as well 
as severe gastroenteritis in small children and the elderly. The development 
of disease is related to the infective dose of the viral agent, the age, health, 
immunological and nutritional status of the infected individual (pregnancy, 
presence of other infections or diseases), and the availability of health care. 
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Potentially pathogenic viruses in urban wastewater include human adenovi-
ruses (HAdV) and human polyomaviruses (HPyV), which are detected in all 
geographical areas and throughout the year, and enteroviruses (EV), norovi-
ruses (NoV), rotaviruses (RV), astroviruses, hepatitis A (HAV) and hepatitis 
E virus (HEV), with variable prevalence in different geographical areas and 
periods of the year. 

 The diversity in the epidemiological patterns of infection and excretion 
between the different viral pathogens clearly shows how diffi cult it is for one 
unique viral parameter to fulfi ll all the criteria of a good indicator. Ideally, 
indicator levels in environmental waters should bear some relation to the 
degree or extent of pollution, that is, the indicator should be present in waters 
whenever the pathogens concerned are present, while absent or at very low 
levels in clean waters. Indicators should occur in higher numbers than the 
pathogens and quantifi cation methods should be low-cost and effi cient. 
Indicators must be also more resistant to disinfectants and to the aqueous 
environment than the pathogens, and should not be able to proliferate to any 
greater extent than pathogens in the aquatic environment. Because there is 
no such ideal fecal indicator, it has been concluded that a range of different 
indicators are probably required to address the range and differing behaviors 
of microbial pathogens. Accordingly, effi cient viral indicators of the level of 
fecal contamination in water and food could be used as a complement to or 
substitute for the analysis of a specifi c viral or protozoan pathogen when this 
pathogen represents a concern. This may be the case for norovirus which is a 
highly abundant food- and waterborne pathogen with very variable patterns 
of excretion in the population. It also is present in highly variable concentra-
tions in urban sewage in various geographical areas and periods of the year 
(Formiga-Cruz  et al .,  2002 ; Hewitt  et al .,  2011 ; Kitajima  et al .,  2010 ). 

 The viruses that are transmitted  via  contaminated food or water are typ-
ically stable because they lack the lipid envelopes that render other viruses 
vulnerable to environmental agents. Overall, viruses are more resistant to 
environmental conditions than bacterial indicators, which partly explains the 
frequent lack of correlation between indicators and the occurrence of enteric 
viruses, and the interest in using viruses as alternative or complementary 
microbial indicators. 

 Natural populations of viruses are found in virtually all natural aquatic 
environments, where they reach a concentration up to 10 7 –10 8  virus-like par-
ticles per ml, which is higher than that of bacteria (Pina  et al .,  1998a ). The 
human body may also be considered as an environment where many viruses 
cause latent infections and multiply in the absence of disease, and where 
viruses may cause persistent infections. Indeed, many human viruses are con-
sidered part of the human microbiome and some of them offer protection 
against infections by other pathogens (Barton  et al .,  2007 ). The accumulated 
data on adenoviral and polyomaviral infections support the concept of some 
viruses as members of the human microbiome and their use as molecular 
markers of fecal/urine contamination in water, food and the environment. 
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Some viruses commonly excreted in feces and/or urine, such as many human 
adenoviruses and polyomaviruses, infect humans during childhood, thereby 
establishing persistent infections. In the case of some HAdV that infect the 
respiratory tract, many viral particles may be excreted in feces for months 
or even years (Adrian  et al ., 1988). The human polyomavirus JCPyV and 
BKPyV persistently infect the kidney and JCPyV is persistently excreted in 
urine (Shah  et al .,  1997 ). Studies on these DNA viruses have changed the 
paradigm of viral contamination, which was previously considered to be a 
sporadic event related only to the presence of outbreaks in the population. At 
present human viruses are expected to be present in practically 100% of urban 
sewage samples (Albinana-Gimenez  et al .,  2006 ; Bofi ll-Mas  et al .,  2006 ). 

 Monitoring for the presence of human viruses is challenging due to the 
diversity of viruses and the relatively low concentrations of viral particles in 
environmental waters or contaminated food. However, this limitation can be 
overcome by the use of improved molecular methods and selected groups of 
viruses as indices and indicators of fecal contamination in water and food. 
However, challenges still remain for the new methods and parameters, and 
quantitative aspects need to be improved and standardized. 

 Advances in concentration methods for viruses in water and molecular 
assays like qPCR provide sensitive, rapid, and quantitative analytical tools 
with which to study viruses in water and develop new standards for improv-
ing the control of the microbiological quality of food and water, to trace the 
origin of fecal contamination, and to assess the effi ciency of virus removal in 
wastewater treatment plants. 

 The use of viral groups that are host-specifi c, highly stable and persistently 
excreted throughout the year in all geographical areas is expected to overcome 
many of the limitations associated with current standard fecal indicators.   

  22.3      Viruses proposed as indicators 

 Candidate human viruses, groups of bacteriophages and plant viruses have been 
proposed as indicators, indices or models of human viral contamination. 

  22.3.1      Adenoviruses and polyomaviruses 
 The  Adenoviridae  family has a double-stranded DNA genome of approxi-
mately 35 000 base pairs (bp) surrounded by a 90–100 nm non-enveloped 
icosahedral shell ( Fig. 22.1 ) with fi ber-like projections from each vertex. 
Adenovirus infection may be caused by consumption of contaminated water 
or food, or by inhalation of aerosols from contaminated waters such as 
those used for recreational purposes. HAdV comprises seven species with 52 
types, which are responsible for both enteric illnesses and respiratory and eye 
infections.    
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 The presence of  HAdV in the environment has been described for 
decades, at fi rst based on cell-culture assays then, since the 1990s, based on 
PCR and more recently on quantitative PCR (qPCR) and Integrated Cell 
Culture PCR (ICC-PCR). HAdV 1, 2, 5, 7, 12 and 31, responsible for respi-
ratory, ocular and enteric infections, among others, have been detected in 
contaminated water and shellfi sh (Bofi ll-Mas  et al .,  2006 ; Formiga-Cruz 
 et al .,  2002 ) (including samples that met current safety standards, based 
on levels of  fecal bacteria) in addition to HAdV 40 and 41, which pro-
duce gastroenteritis and are excreted by children with a very high concen-
tration in feces (10 11  viral particles per gram). HAdV have been included 
in the US Environmental Protection Agency ́  s contaminant candidate list 
(US-EPA CCL). 

 HAdV were proposed as viral fecal indicators in the 1990s (Pina  et al ., 
 1998 ; Puig  et al .,  1994 ). Their detection in sewage is widely reported and 
shows no seasonality (Bofi ll-Mas  et al .,  2000 ; Fong  et al .,  2010 ; Kuo  et al ., 
 2009 ; Simmons and Xagoraraki,  2011 ; and other studies reviewed in Mena 
and Gerba,  2009 ). The concentration of  HAdV in sewage has been reported 
to be up to 10 3  infectious units/l (Mena and Gerba,  2009 ) and of  between 
5 and 8 genome copy logs/l (Girones  et al .,  2010 ). Typical HAdV concen-
trations in sewage may be exemplifi ed by those obtained in three different 
wastewater treatment plants from Northern Spain, ranging between two and 
four logs per ml of  raw sewage (Bofi ll-Mas  et al .,  2006 ; Rodriguez-Manzano 
 et al .,  2012 ). 

 HAdV have also been reported in river and surface waters (Albinana-
Gimenez  et al .,  2009a ; Calgua  et al .,  2008 ; Hamza  et al .,  2009 ; Haramoto 
 et al .,  2010  and in studies reviewed in Jiang  et al .,  2006 ), in seawater (Bofi ll-Mas 
 et al .,  2010 ; Souza  et al .,  2012 ; Wyn-Jones  et al .,  2011 ; Xagoraraki  et al .,  2007  
and in studies reviewed in Jiang  et al .,  2006 ), in swimming pools (reviewed 

 Fig. 22.1      Electron micrograph of human adenovirus type 2. The scale bar represents 
100 nm.  
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in Jiang  et al .,  2006 ) and also in groundwater (Guerrero-Latorre  et al .,  2011 ; 
Haramoto  et al .,  2011 ; Ogorzaly  et al .,  2010 ). 

 The presence of HAdV in drinking water has been reported by several 
authors (Albinana-Gimenez  et al .,  2006 ,  2009a  and articles cited in Jiang 
 et al .,  2006 ) and in shellfi sh (Bofi ll-Mas  et al .,  2001 ; Formiga-Cruz  et al ., 
 2002 ; Rigotto  et al .,  2010 ). 

 All these data support the applicability of  HAdV as a marker of  the 
microbiological quality of  water. Moreover, they are detected in nearly of 
100% of  sewage samples from different geographical areas in high concen-
trations (Girones  et al .,  2010 ); they are highly stable in sewage (Bofi ll-Mas 
 et al .  2006 ), they have been detected in water samples at different disinfec-
tion steps in water treatment plants (Albinana-Gimenez  et al .,  2006 ) and 
they are highly resistant to inactivation by UV radiation, especially ade-
noviruses 40 and 41 (Gerba  et al .,  2002 ; Thurston-Enriquez  et al .,  2003 ). 
They infect exclusively humans and do not replicate in the environment. 
PCR-based techniques have been applied to the detection of  their genome, 
but to provide any information on their infectivity cell-culture systems 
are needed. Cell-culture systems have been developed for growing HAdV 
 in vitro  (Jiang  et al .,  2009 ) and cell-culture-based assays such as plaque 
assays, ICC-PCR and immunofl uorescence assays (IFA) are commonly 
applied (reviewed in Calgua  et al .,  2011 ; Jiang  2006 ) although some sero-
types do not grow well in cell culture. DNase treatment of  samples pre-
vious to nucleic acid extraction and subsequent PCR has proved to be 
useful to infer viral infectivity (Corr ê a  et al .,  2012 ). It should be noted that 
qPCR-based methods designed for HAdV detection may cross-detect, with 
low effi ciency, some adenovirus animal strains (Bofi ll-Mas  et al .,  2006 ). 
The use of  more specifi c qPCR assays may also entail loss of  ability to 
detect some of  the human types. 

 Polyomaviruses are small and icosahedric ( Fig. 22.2 ) viruses, with a cir-
cular double-stranded DNA genome of approximately 5000 bp that infect 
several species of vertebrates. They include human polyomaviruses (HPyV) 
which infect humans and can be divided into classical and new HPyV. 
Classical HPyV were discovered in the 1970s (Gardner  et al ,  1971 ; Padgett 
 et al .,  1971 ). JCPyV is ubiquitously distributed worldwide and antibodies 
against it are detected in over 80% of humans (Weber  et al .,  1997 ). Kidney 
and bone marrow are sites of latent infection with JCPyV, which is excreted in 
the urine of healthy individuals (Kitamura  et al .,  1990 ; Koralnik  et al .,  1999 ). 
The pathogenicity of the virus is commonly associated with progressive mul-
tifocal leukoencephalopathy (PML) in immuno-compromised states, and it 
has attracted new attention due to JCPyV reactivation and pathogenesis in 
some autoimmune disease patients being treated with immunomodulators 
(Berger  et al. ,  2009 ; Yousry  et al .,  2006 ). BKPyV, the other classical human 
polyomavirus, causes nephropathy in renal transplant recipients and other 
immuno-suppressed individuals. It is also excreted in urine and thus is present 
in wastewater, although its prevalence is lower than that of JCPyV (Bofi ll-Mas 
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 et al .,  2000 ). JCPyV was proposed as an indicator of human fecal pollution 
in 2000 (Bofi ll-Mas  et al .,  2000 ). Recently, new human polyomaviruses have 
been described. Among them, Merkell cell polyomavirus (MCPyV) has been 
strongly associated with Merkel Cell carcinomas (Babakir-Mina  et al ., 2009; 
Feng  et al .,  2008 ; Foulongne  et al .,  2008 ). The presence of some of these new 
polyomaviruses in the environment has been reported (Bofi ll-Mas  et al .,  2010 ; 
Cantalupo  et al .,  2011 ), and MCPyV is the most prevalent in environmental 
samples (Bofi ll-Mas  et al .,  2010 ).    

 The presence of JCPyV alone or together with BKPyV under the denom-
ination of HPyV has been established in several types of environmental sam-
ples by PCR-based methods.  Table 22.1  summarizes all these studies. JCPyV 
has also been described in shellfi sh samples (Bofi ll-Mas  et al .,  2001 ; Souza 
 et al .,  2012 ). Concentration of JCPyV in wastewater ranged from 10 4  to 10 7  
GC/100 ml of wastewater and up to 10 3  GC/100 ml of river water. JCPyV is 
more frequently excreted also than other new human polyomaviruses recently 
described (Bofi ll-Mas  et al .,  2010 ). The main advantages of using JCPyV 
(alone or together with BKPyV, under the denomination of HPyV) are: (i) it 
is an exclusively human virus that does not replicate in the environment; (ii) 
it is excreted by most humans; (iii) it shows no seasonality; and (iv) excreted 
strains have not been related to pathogenesis. JCPyV is detected in a high per-
centage of wastewater samples worldwide (Bofi ll-Mas  et al .,  2000 ), is highly 
stable in sewage samples (Bofi ll-Mas  et al .,  2006 ) and it is resistant to chlorine 
treatments (Corr ê a  et al .,  2012 ). Unfortunately, strains commonly present in 
the environment are diffi cult to grow in cell culture, so its role as an indicator 
depends on the presence of its DNA rather than the presence of infectious 
viruses. However, approaches based on the study of viral capsid integrity 
using DNase have been performed in order to infer potential infectivity of the 

 Fig. 22.2      Electron micrograph of a mixed JC and BK polyomavirus suspension. The 
scale bar represents 50 nm.  
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JCPyV detected in environmental samples by PCR (Bofi ll-Mas  et al .,  2001 ; 
Corr ê a  et al .,  2012 ). Studies on the presence of this virus in foods have not 
been reported with the exception of those reporting the presence of JCPyV in 
shellfi sh samples mentioned above.    

 HAdV and JCPyV (or HPyV) may be considered a stable marker of 
human contamination (Girones  et al .,  2010 ). Both HAdV and JCPyV are 
prevalent in a very high percentage of sewage. Until now, in many studies, 
human adenoviruses (HAdV) have proved to be more prevalent in the envi-
ronment than JCPyV (summarized in  Table 22.1 ). Also, in some cases, the 
numbers of viruses during high excretion periods, such as rotaviruses or noro-
viruses, may exceed the numbers of human adenoviruses in that specifi c envi-
ronment (Miagostovich  et al .,  2008 ). Nevertheless, a combination of both 
viruses might constitute an ideal tool to ascertain human fecal pollution of 
water and/or food, and the level of HAdV and/or JCPyV is a useful indication 
of the level of human fecal contamination in these matrices.  

  22.3.2      Other human viruses 
 Other human viruses have been proposed as candidates for human fecal indi-
cators, including human enteroviruses (Gantzer  et al .,  1998 ; Kopecka  et al ., 
 1993 ), rotaviruses (Miagostovich  et al .,  2008 ) and noroviruses (Wolf  et al ., 
 2010 ). However, the presence of these viruses has proved to depend on the 
rate of infection and shedding within the host populations, and it shows sea-
sonal and geographical patterns (Sellwood  et al .,  1981 ). 

 TT virus (TTV) (Diniz-Mendes  et al .,  2008 ; Griffi n  et al .,  2008 ) and pico-
birnaviruses (Hamza  et al .,  2011 ) have also been proposed as candidates for 
human markers, but it seems that they are not suffi ciently prevalent in the 
environment for this purpose (Hamza  et al .,  2011 ).  

  22.3.3      Bacteriophages 
 Some groups of bacteriophages (or phages) are attractive candidates for indi-
cators of fecal pollution since they infect members of the normal bacterial 
fl ora of the human gastrointestinal tract. Bacteriophages were fi rst proposed 
as human fecal indicators in the 1940s (Guelin,  1948 ). Since then, several 
studies have focused on the potential use of three groups of phages for this 
purpose, based on their similarities to enteric viruses (size, morphology, sur-
face charge) and the fact that assay conditions to analyze their presence and 
viability are easier and cheaper than those used for human viruses. 

 Three groups of phages have been proposed as potential indicators: somatic 
coliphages (Kott, 1966), F + RNA phages (male-specifi c RNA coliphages) 
(Havelaar and Hogeboom,  1984 ) and  Bacteroides fragilis  phages (Jofre  et al ., 
1986) ( Figs 22.3  and  22.4 ).       

 Leclerc  et al . ( 2000 ) reviewed studies on the potential application of these 
viruses as human fecal indicators and discussed the reasons why, although 
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they have been considered promising candidates, their use requires further 
evaluation. Their presence does not always correlate with the presence of 
human enteric viruses (Hot  et al .,  2003 ) and there is a lack of association 
between the detection of phages and the occurrence of disease. Nevertheless, 
bacteriophages are appealing indicators as model organisms to monitor the 
removal of human enteric viruses in disinfection treatments, especially those 
such as somatic coliphages that can be detected and enumerated by applying 
easy and standardizable assays. Recently, new phages infecting  Bacteroides  
have shown new perspectives in the use of phages as indicators of human 
fecal contamination, once it has been established that different  Bacteroides  

 Fig. 22.3      Electron micrograph of phage B40-8 of  Bacteroides fragilis . ( Source : 
Montse Puig, with permission.)  

 Fig. 22.4      Electron micrograph of bacteriophage MS2.  
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host strains are needed for different geographic areas, and once the methods 
for the detection of these strains have been provided (Payan  et al .,  2005 ). For 
instance, phages of  Bacteroides tethaiataomicron  showed good performance 
in a study in southern Europe (Payan  et al .,  2005 ).  

  22.3.4      Plant viruses 
 Food-derived plant viruses are excreted at concentrations up to 10 6  virion/g 
of human fecal material (Zhang  et al .,  2006 ). Pepper mild mottle virus 
(PMMoV) belongs to the  Tobamovirus  genus, infects pepper plants and is a 
rod-shaped particle with a positive-sense RNA genome. PMMoV has been 
reported to be the most abundant RNA virus in human feces (Zhang  et al ., 
 2006 ). A high percentage of pepper-based foods have tested positive for 
PMMoV (Colson  et al .,  2010 ; Zhang  et al .,  2006 ) and human fecal samples 
also contained PMMoV in 66.7 and 95% of the samples analyzed (Hamza 
 et al .,  2011 ; Zhang  et al .,  2006 ). PMMoV was fi rst suggested as a human fecal 
indicator in marine environments in 2009 (Rosario  et al .,  2009 ). 

 In a study by Hamza  et al . ( 2011 ) PMMoV was detected in 100% of river 
water samples at concentrations ranging from 10 3 –10 6  genome copies (GC)/l 
and 97.3% of the same samples presented HAdV (10 2 –10 4  GC/l). In the same 
study, PMMoV was also detected in 100% of sewage samples (as HAdV, 
HPyV and somatic coliphages) at levels of 10 8  GC/l (equivalent levels were 
observed for HPyV and HAdV). In addition, PMMoV showed no seasonality 
and was more stable in spiked river water than HAdV and HPyV, probably 
due to its capsid structure. The high stability of this virus suggests it might be 
used as a conservative indicator and would probably be less suitable for dis-
criminating between recent and old fecal pollution. The presence of PMMoV 
in seagull, chicken, cow and goose fecal samples has been reported, showing 
this marker is not 100% specifi c to human fecal contamination (Hamza  et al ., 
 2011 ; Rosario  et al .,  2009 ). Moreover, since plant viruses do not use specifi c 
receptors to infect their hosts the possibility of these viruses as parasites of 
other plants not ingested by humans should also be further evaluated.   

  22.4      Viruses as microbial source-tracking (MST) tools 

 Environmental waters including lakes, streams, and coastal marine waters are 
often susceptible to fecal contamination from a range of point and nonpoint 
sources, with potential contributions from many individual sources belong-
ing to wildlife, domesticated animals, and humans. MST includes a group of 
methodologies that aim to identify, and in some cases quantify, the dominant 
sources of fecal contamination in the environment and, especially, in water 
resources (Field  et al .,  2004 ; Fong and Lipp,  2005 ). MST plays a very impor-
tant role in enabling effective management and remediation strategies and has 
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received growing attention in recent years; and the number of methods for 
source-tracking has increased spectacularly during the last decade. Molecular 
markers for MST can target sequences in host-associated micro-organisms 
or sequences derived directly from the host, and can come from prokaryotes, 
eukaryotes and viruses. 

 Human- and animal-associated markers have been identifi ed in the order 
 Bacteroidales  (Bernhard and Field  2000a ,  2000b ), and other bacteria and 
are widely used. PCR has been developed and validated for markers of fecal 
contamination from humans and a diversity of animals (reviewed in Roslev 
and Bukh,  2011 ). Although library-independent molecular markers represent 
some of the most promising methods for MST, a number of limitations have 
been identifi ed for most of the proposed markers. These limitations include: (i) 
lack of absolute host specifi city among human- and animal-associated micro-
bial markers; (ii) lack of temporal stability of some host-associated micro-
bial markers in different host groups; (iii) horizontal gene transfer of markers 
associated with toxin and/or virulence genes; (iv) low or unknown abundance 
of microbial markers in some host individuals and/or populations; and (v) 
potential carryover of mitochondrial DNA (mtDNA) and existence of nonfe-
cal mtDNA sources (Roslev and Bukh,  2011 ). The use of highly specifi c, prev-
alent and stable viruses producing persistent excretions in their hosts could 
overcome these limitations. 

 Environmental samples are characterized as complex matrices and the dif-
ferent variables regarding microbial survival and host specifi city have a signif-
icant impact on the effi cacy of all MST approaches. Furthermore, the choice 
of MST methods and approaches is largely dependent on the objectives of 
the study, considering that the ultimate MST goal is the identifi cation of fecal 
microbial contamination and its sources in the environment, water and food. 
The detection of some viruses and/or their genomes has been suggested as a 
potential tool for MST purposes. A summary of different studies describing 
the detection and concentration of human and animal viruses proposed as 
MST tools in environmental water samples is presented in  Table 22.2.       

  22.4.1      Human viruses 
 Among the human viruses discussed in Section 22.4.3, the use of  HAdV 
and human polyomavirus as JCPyV has been widely evaluated and com-
pared to other human markers, with promising results (Harwood  et al ., 
 2009 ). Both markers have proved to be specifi c to human feces and/or 
urine. Raw wastewater samples from hospitals in the region of  Catalonia, 
North-eastern Spain, presented HAdV and JCPyV concentrations similar 
to those reported in urban and rural raw wastewater (Girones  et al .,  2010 ), 
which indicates that these viruses are consistently excreted by the human 
population, and can be detected even when small numbers of  subjects are 
studied (Bofi ll-Mas  et al .,  2012 ).  
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  22.4.2      Animal viruses 

  Porcine viruses 
   Teschoviruses are RNA virus members of the  Picornaviridae  family that spe-
cifi cally infect pigs and are shed in pig feces. They were proposed in 2003 as 
potential indicators of porcine pollution (Jim é nez-Clavero  et al .,  2003 ) and 
quantitative PCR assays for their quantifi cation have recently been described 
(Cano-G ó mez  et al .,  2011 ). Teschoviruses have been reported to be highly 
abundant in swine feces in Spain (Buitrago  et al .,  2010 ) and are potential 
candidates for porcine fecal indicators. Further studies should examine their 
stability in the environment, their specifi city and their presence in different 
geographical areas. The same approach should be followed for porcine circo-
viruses, which have also been proposed as porcine fecal contamination indica-
tors on the basis of their high prevalence in porcine fecal samples in Brazil 
(Viancelli  et al .,  2012 ). 

 Porcine adenoviruses had also been proposed as porcine fecal indicators 
in 2004 (Maluquer de Motes  et al .,  2004 ). They are widely disseminated 
in the swine population but they do not produce clinically severe diseases. 
They have been quantifi ed by qPCR in 100% of  the wastewater samples 
from slaughterhouses (mean values of  10 6  GC/l) and also in river water sam-
ples near farms (10 3  GC/ml), according to Hundesa  et al . ( 2009 ). They have 
been consistently detected in swine fecal samples tested from two different 
areas in Spain in quantities of  10 5  GC/g (Hundesa  et al .,  2009 ). Samples 
such as bovine slaughterhouse wastewater and urban sewage, collected in 
areas without agricultural activities (Hundesa  et al .,  2009 ), as well as hospi-
tal wastewater, have tested negative for the presence of  porcine adenoviruses 
(Bofi ll-Mas  et al. , submitted for publication). The presence of  PAdV has 
also been reported in manure treatment system waters in Brazil (Viancelli 
 et al .,  2012 ).  

  Bovine viruses 
   Bovine adenoviruses (BAdV) were fi rst proposed as bovine fecal markers in 
2004 (Maluquer de Motes  et al .,  2004 ). Several studies have established their 
prevalence in bovine waste samples and manure using PCR-based methods 
(Hundesa  et al .,  2009 ; Wong  et al .,  2009 ,  2010 , 2011b,  2012 ). 

 In 2006 bovine polyomaviruses (BPyV) were suggested as potential bovine 
markers based on their high prevalence in bovine urine samples and in a 
high percentage of bovine slaughterhouse wastewater (Hundesa  et al .,  2006 ). 
Comparative studies have shown BPyV to be more prevalent than BAdV in 
environmental samples affected by bovine waste (Hundesa  et al .,  2009 ; Wong 
 et al ., 2011b). BPyV has been reported to be excreted up to 10 4  GC/l of urine 
in nearly 30% of the animals studied and concentrations of 10 3  GC/l have 
been described in wastewater from slaughterhouses where cattle are killed 
(Hundesa  et al .,  2009 ).   
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  22.4.3      Bacteriophages 
 The four subgroups of F-specifi c RNA bacteriophages (I–IV) have been 
proposed as MST tools based on the predominance of groups II and III in 
human sources, while groups I and IV are more abundant in animal sources 
(Havelar  et al ., 1986; Hsu  et al .,  1995 ). However the persistence of these four 
groups in the environment might be variable and this should be considered 
when using them for MST purposes (Muniesa  et al .,  2009 ). Although many 
F+RNA coliphages may not be absolutely specifi c to individual host groups 
they can be useful as part of larger source-tracking toolboxes (Wolf  et al ., 
 2010 ). Molecular assays have been developed for the quantifi cation of the 
four subgroups of F-specifi c RNA bacteriophages using RT-qPCR, a mul-
tiplex real-time RT-PCR assay (Kirs and Smith,  2007 ). Other studies using 
quantitative RT-PCR assays showed some limitations of these assays when 
compared to the analysis of HAdV in fi eld samples. There was no correlation 
with HAdV and the assays were not sensitive for F+RNA (38% plaques were 
not classifi ed as the F-specifi c phage genogroups), indicating that real-time 
PCR assays are not applicable to a wide range of aquatic environmental 
samples worldwide (Haramoto  et al .,  2009 ). Another study showed a cor-
relation with HAdV using PCR assays with somatic coliphages (Ogorzaly 
 et al .,  2009 ). This study also reported that the distribution of the genogroups 
quantifi ed by PCR differs from that obtained by culture-based methods, and 
the concentration observed of HAdV was higher than for the groups of F+ 
RNA phages. The results call into question the interest of analyzing F+ RNA 
phages by molecular methods when human fecal contamination may be quan-
tifi ed by analyzing directly HAdV. Other molecular assays developed combine 
RT-PCR and reverse line blot hybridization for detection and genotyping F+ 
RNA coliphages, providing new information on the genetic diversity of F+ 
phages and proving to be robust and applicable to oysters, clams, mussels or 
water (Love  et al .,  2008 ). 

 Bacteriophages infecting selected host strains of  Bacteroides  species have 
also been proposed as tools to track fecal contamination from humans, poul-
try, pigs and cows (G ó mez-Do ñ ate  et al .,  2011 ). There are, however, some 
limitations to using phages infecting specifi c  Bacteroides  strains, such as 
the facts that specifi c bacterial hosts must be isolated in different geograph-
ical areas (Ebdon  et al ,  2007 ; Gomez-Do ñ ate  et al ., 2011), the number of 
specifi c phages are low and the isolated species may not be absolutely spe-
cifi c to individual host groups; however, they can be useful as part of larger 
source-tracking toolboxes.   

  22.5      Future trends 

 Current microbiological quality assessment of environmental waters is widely 
based on the concept of fecal indicator bacteria. Although this advance has 
clearly reduced health risks in many countries, the fecal indicator approach 
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may in the future be combined with or replaced by more direct monitoring of 
genuine pathogenic micro-organisms (Girones  et al .,  2010 ; Sadowsky  et al ., 
 2007 ). The microbiological control of water and food quality may evolve, 
accordingly, to focus more on the tracking of a specifi c pathogen of interest, 
or on the use of some viral groups as indicators. For example, human adeno-
viruses provide both robust information on the level of fecal contamination, 
and information on a potentially pathogenic micro-organism in the environ-
ment, at affordable cost. Furthermore, sampling strategies should be consid-
ered carefully to obtain samples that best represent the water or food material 
in question. This could mean including hydrological and physicochemical 
sensors, time and fl ow integrated automated sampling devices, and perhaps 
automated nucleic extraction and quantifi cation of the selected markers. 

 Application of new technologies such as high-throughput mass sequencing 
to analyze urban sewage from diverse geographical areas has produced very 
interesting information on new groups of viruses (Cantalupo  et al .,  2011 ) and 
further work is needed for the characterization of new emergent viruses and 
viruses previously unknown. More information on the stability of selected 
viral genetic markers and distribution of pathogens and indicators in diverse 
geographical areas and the diverse matrices is needed for the evaluation of 
the applicability and signifi cance of the new viral indicators and MST tools. 
However, several assays and cost-effective methods have been developed that 
may be validated and standardized, and the technology could be ready for 
routine implementation and automation in the near future. 

 Several authors have suggested developing integrated systems for the 
detection of multiple pathogens and indicators using multiplex amplifi cation 
assays. Multiplex diagnostic tools are already available and multiplex quan-
titative PCR assays for MST using a diversity of human and animal viruses 
have been described by Wolf  et al . ( 2010 ). In this study the authors describe a 
viral toolbox (VTB) consisting of three multiplex reverse transcription (RT)-
qPCR assays (VTB-1 to VTB-3) for the detection of human and animal ade-
noviruses and noroviruses including viruses found in pigs, cattle, sheep, deer, 
and goats. 

 Routine quantitative molecular assays for viral indicators using PCR may 
also be improved and standardized, considering new methods for the abso-
lute quantifi cation of genome copies without the requirement of indepen-
dent calibration curves (Pinheiro  et al .,  2012 ). Other technical improvements 
expected include advances in microfl uidics and nanobiotechnology, as a result 
of which miniaturized systems for detection of viral indicators could be based 
on microchips. Several approaches have been described (Gilbride  et al .,  2006 ; 
Ivniski  et al .,  2003 ). 

 Cost-effective methods for the concentration, detection and quantifi cation 
of viral pathogens and indicators using molecular methods have been devel-
oped and optimized during the last few years with acceptable levels of cost, 
feasibility, sensitivity and repeatability, especially in the case of the DNA 
viruses. 
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 The proper control of contamination will depend on regulatory authorities 
choosing and standardizing effective parameters, and then developing appro-
priate surveillance systems with which to monitor and more effectively reduce 
established – and perhaps prevent emergent – diseases. Viral indicators may 
be used not only as an index of viral contamination but also as complemen-
tary indicators of fecal/urine contamination in water and food.  
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