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Abstract

Shellfish are filter-feeding aquatic animals that can bioaccumulate pathogens from
contaminated water. Often, the sanitary quality of shellfish and their harvesting waters may
meet national and international standards for faecal indicator bacteria (FIB) but still
contain pathogenic enteric viruses at an infectious dose for humans, thereby posing a
potential risk to the health of consumers. Currently, there are no standards or guidelines for
acceptable levels of enteric viral pathogens in shellfish in Europe or elsewhere and the lack
of affordable and reliable methods make this unlikely in the foreseeable future. This study
focuses on the potential application of a novel low-cost surrogate approach to predicting
and managing the risk of human viral disease among human consumers of shellfish.
Specifically, the use of bacteriophages as indicators of human enteric viruses in shellfish
and their harvesting waters have been investigated with the ultimate aim of offering an
important new tool for public health protection.

The study investigated pathogen and phage ecology in shellfish from southern England,
United Kingdom. Simple, low-cost culture-based methods and more advanced culture-
independent genetic detection methods were used to monitor the sanitary quality of
shellfish species (mussels and oysters) and their harvesting waters. Physicochemical
properties of the shellfish-growing water as well as other hydrological and meteorological
data were recorded and their influences on the behavioural dynamics of target indicators of
faecal contamination were critically evaluated. Importantly, levels of FIB, proposed viral
indicators (bacteriophages) and enteric viral pathogens were analysed in shellfish species
and their harvesting waters. In addition, the rate of uptake, bioaccumulation and
persistence of the faecal bacteria and phages in mussels and oysters tissue and intravalvular
fluids were investigated under controlled conditions.

The results demonstrated elevated levels of FIB, phages and enteric viral pathogens in
shellfish compared with their harvesting waters. Levels of FIB and phages showed a
positive relationship with rainfall, river flow and turbidity, and an inverse relationship with
temperature and salinity. The GB124 phages demonstrated positive correlations with total
norovirus (0.761, P < 0.05) and adenovirus F and G (0.745, P < 0.05) while somatic
coliphages correlated significantly with adenovirus F and G (0.703, P < 0.01). Levels of
detected enteric viral pathogens and phage surrogates correlated significantly in shellfish
and their harvesting waters. In a microcosm study, mussels and oysters bioaccumulated
faecal bacteria and phages at varying rates. Mussels were demonstrated to bioaccumulate
phages to a greater extent than the faecal bacteria, and in both shellfish species, faecal
bacteria persisted for longer periods over 48 hours than the phages.

The findings of this study suggest that monitoring environmental parameters is a useful
addition to surveillance plans for ensuring compliance of shellfish and their harvesting
waters with public health protection regulations and as a component of predictive
modelling in shellfish and water quality monitoring for human health protection. This
study also highlights significant variation in the levels and the rate of accumulation and
persistence with respect to both shellfish type and the indicators used to assess risk, and
has demonstrated the effectiveness of bacteriophages as surrogates of enteric viral
pathogens in shellfish and their harvesting waters. It is proposed that risk of human
shellfish-related infections caused by enteric viruses can be reduced if analysis of the
proposed phages is adopted as part of revised shellfish hygiene regulations in Europe and
globally.
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Chapter One: Introduction

Globally, numerous outbreaks of gastrointestinal disease including, many shown to be
caused by viral pathogens, have been linked to the consumption of shellfish from coastal
ecosystems (Lambertini et al.,, 2012). This is because shellfish have the ability to
accumulate and retain microorganisms from their aquatic environment. A better
understanding of waterborne pathogen transport, and consequently, improved risk
assessment, is critical to the development of surveillance tools that will allow the shellfish

industry to minimise health risk to consumers of seafood.

Studies have shown that faecal indicator organisms currently used for monitoring the
sanitary quality of shellfish and their harvesting waters may be inadequate indicators of the
presence of pathogenic enteric viruses. Shellfish may meet the E. coli standards for human
consumption but still contain an infectious dose of human enteric viruses that cause
gastroenteritis (Dore et al., 2000, 2003; Griffin et al., 2003). Bacteriophages (somatic
coliphages, F-RNA coliphages and Bacteroides fragilis phages) have been proposed as
indicators for these enteric viruses in shellfish and their harvesting waters because they
appear to demonstrate a similar pattern of persistence in the environment (Burkhardt et al.,
1992). In addition, bacteriophages meet many of the requirements of an “ideal” surrogate
because they demonstrate many characteristics that are similar to those of mammalian viral
pathogens (i.e., their size, shape, morphology, surface chemistry, isoelectric points, and
physiochemistry). Moreover, they are unlikely to replicate outside the host gut because of a
lack of viable hosts and other limiting factors, pose little risk to the health of humans,
plants, and animals, and are easier and less expensive to isolate and enumerate than enteric

viruses (Tufenkji and Emelko, 2011).



1.1 Pollution of the aquatic environment

Water pollution can be described as the contamination of marine and freshwater bodies
(such as lakes, rivers, oceans, aquifers and groundwater) with domestic sewage,
agricultural pesticides and fertilizers, oils and oil dispersants, mercury and lead, solid
wastes, industrial effluents, etc., and may occur when waste streams containing harmful
compounds are not sufficiently treated prior to discharge into water bodies. The effect of
pollution is generally damaging to the natural biological communities in the aquatic
environment. From the earliest period of human history, humans have inhabited the
margins of rivers, lakes and seas and, as a result of rapid urbanisation, the quality of
surface waters in highly industrialised nations has become compromised. The exploitation
of the seas for food, transportation and recreation also contribute to concentration of waste

in the aquatic environment.

Sources of surface water pollution may be grouped into two categories based on their
origin, namely point sources and non-point sources. Point source water pollution refers to
contaminants that are discharged directly into a body of water from a single, identifiable
source, such as effluent discharges from wastewater treatment plants, factories and
industrial plants, latrines, septic tanks, barnyards or livestock confinement, construction
sites, etc. Non-point source pollution refers to diffuse contamination that does not originate
from a single discrete source. It is usually the cumulative effect of small amounts of
contaminants gathered from a large area that reduces water quality. Agricultural waste
runoff into rivers or streams both on the surface and through the soil, is an example of

diffuse pollution.



1.2 Faecal pollution

Many aquatic environments are prone to pollution from the indiscriminate discharge of
municipal wastewater to surface and coastal waters. Often, these wastewaters contain
faecal matter of either human or non-human origin and are consequently a source of
waterborne pathogens. Waterborne pathogens from faecal pollution continue to be a major
cause of infectious disease in many parts of the world (WHO, 2010). Low-, middle- and a
few high-income countries are still facing the problem of outbreaks of infectious diseases
resulting from faecal contamination of source water for drinking, recreation and the rearing
of shellfish. The incidence of these infections are higher in low- and middle-income
countries than they are in high-income countries, this is because of inadequate water,

sanitation and hygiene (WHO, 2014).

Identifying the source of faecal contamination in aquatic environments is a key component
of effective pollution control and health protection strategies. The field of microbial source
tracking (MST) has developed rapidly over the past twenty years and is based on the
assumption that, using appropriate methods and faecal source identifiers, the source of

faecal pollution can be detected (US EPA, 2005).

1.3 Excreta-related pathogens

Pathogens are microorganisms (bacteria, viruses, protozoa and helminths) that have the
ability to cause infection and potentially disease. Many pathogens of human health
significance enter water bodies as a component of human or non-human faeces and one
gram of human faeces may contain 10 million viruses, 1 million bacteria, 1,000 parasite

cysts and 100 parasite eggs (UNICEF, 2008).



The use of faecal indicator bacteria (intestinal enterococci, total coliforms, faecal coliforms
and E. coli) as indicators of faecal pollution in water quality measurement is widely
accepted. Sidhu et al. (2012) conducted an investigation into the presence of human enteric
bacteria and viruses from urban stormwater runoff and found levels of faecal indicator
bacteria exceeding the guidelines for managing risks in recreational waters. Gonzalez et al.
(2012) developed and applied an empirical predictive modelling tool for estimating real-
time faecal indicator bacteria in coastal and estuarine waters since the quality of these
waters has a direct impact on human health when used for recreational activities or
aquaculture. Wilkes et al. (2013) assessed the occurrence of bacteria, viruses, parasites, the
concentration of faecal indicator organisms and quantitative risk of E. coli 0157:H7
infection in humans using over 3500 water samples collected over a seven year period
from four sites along an intermittent stream running through a small livestock pasture
system. The authors found the densities of total coliform, faecal coliforms and E. coli to
reduce significantly downstream in the restricted pasture system with seasonal and flow

conditions contributing to greater densities of indicator bacteria.

Enteric pathogenic viruses infect the intestinal tract of humans through ingestion of food
and water contaminated with viruses of faecal origin. They are excreted in enormous
quantities in the faeces of infected persons (Fong and Lipp, 2005). Viral contamination of
surface waters may derive from untreated or partially-treated wastewaters discharged into
the water body, or from surface run-off following open defecation by an infected person.
The most commonly reported human pathogenic viruses that may be waterborne include
poliovirus, hepatitis A and E viruses, coxsackie A and B viruses, echovirus, astrovirus,

sapovirus, enterovirus, adenovirus, norovirus, and rotavirus (Pond, 2005).



Parasitic protozoa that may be transmitted through the faecal-oral route, such as
Cryptosporidium parvum, Giardia lamblia, Toxoplasma gondii, Entamoeba histolytica,
Acanthamoeba spp., Cyclospora cayetanensis, Microsporidia, Isospora, Blastocystis
hominis, Sarcocystis spp., Naegleria spp. and Balantidium coli, have been implicated in
waterborne infections worldwide. In a review of worldwide disease outbreaks caused by
parasitic protozoa between 2004 and 2010, Baldursson and Karanis (2011) suggested that
60% of human protozoan diseases may be caused by Cryptosporidium parvum, 35% by

Giardia lamblia while other protozoa were among the remaining 5%.

Helminths are parasitic worms that may cause a wide range of infectious diseases in
humans. The eggs are excreted by the infected host individual and transmitted to others
through the faecal-oral route or through contact with contaminated soil or recreational
waters. Infectious helminths of public health significance include Ascaris lumbricoides,
Trichuris trichiura, Necator americanus, Ancylostoma duodenale, Schistosoma spp.,
Diphyllobotrium latum, Hymenolopsis nana, Enterobius vermicularis, Fasciolopsis buski,
Taenia spp., Fasiola spp., Wuchereria bancrofti etc. Inadequate wastewater disposal,
inadequate sanitation facilities, households living in close proximity to sanitation facilities,
discharge of untreated effluents from wastewater treatment plants, etc., are major factors

contributing to helminthic infections in humans (Ziegelbauer et al., 2012).

1.4 The public health impacts of water pollution

Waterborne infectious diseases are transmitted primarily through contamination of water
sources with the excreta of humans and other animals that are either active cases or carriers
of disease. Carriers do not show any signs of disease, although they have disease-causing

agents in their body that can be transferred to others, whereas active cases are those



individuals who are displaying visible signs of disease. Use of contaminated water for
drinking or cooking, or contact with contaminated water during washing or bathing, may
result in infection. The dose or amount ingested that is necessary to induce illness depends
on the type of pathogen. Exposure to a single pathogenic organism does not always result
in infection and disease. The minimum infectious dose also varies with the age, health,
nutritional and immunological status of the exposed individual. Infants and young children,
people who are debilitated, people who are living in unsanitary conditions, people who are

sick and the elderly are at greatest risk of waterborne diseases (WHO, 2000).

1.5 The aetiology of waterborne diseases

Waterborne diseases are caused by pathogenic organisms that are most commonly
transmitted via contaminated water environments (Martia et al.,, 2013). Infection
commonly results from contact with, or consumption of, contaminated water during
bathing, washing, drinking, preparation and consumption of food. The various forms of
waterborne diarrhoeal disease account for an estimated 3.6% of the total global burden of
disease, and cause about 842,000 human deaths annually. The World Health Organization
estimates that most of this burden is attributable to unsafe water supply, sanitation and
hygiene. Microorganisms causing waterborne diseases prominently include bacteria,
viruses, protozoa and helminths (Table 1.1) and most of these pathogenic microorganisms
are thought to contaminate water and shellfish through municipal discharge of wastewater

into coastal systems (WHO, 2014).



Table 1.1: Infectious microbial waterborne diseases (Nwachcuku and Gerba, 2004;

Nwachcuku et al., 2005; Dziuban et al., 2006; Petrini, 2006)

Microorganisms Disease

Bacteria
Clostridium botulinum Botulism
Campylobacter jejuni Campylobacteriosis
Vibrio cholerae Cholera

Escherichia coli
Mycobacterium marinum
Shigella dysenteriae
Legionella pneumophila
Leptospira

Some bacterial species
Salmonella

Salmonella typhi

V. vulnificus

V. alginolyticus

V. parahaemolyticus

E. coli infection

M. marinum infection
Dysentery

Legionellosis

Leptospirosis

Otitis externa (swimmer's ear)
Salmonellosis

Typhoid fever

Vibrio illness

Viruses
Coronavirus
Hepatitis A virus (HAV)
Poliovirus
Polyomavirus
JC virus, BK virus

SARS (Severe Acute Respiratory Syndrome)
Hepatitis A

Poliomyelitis (Polio)

Polyomavirus infection

Norovirus Stomach flu
Adenovirus Gastroenteritis
Protozoa

Entamoeba histolytica
Cryptosporidium parvum
Cyclospora cayetanensis
Giardia lamblia
Microsporidia

Amoebiasis
Cryptosporidiosis
Cyclosporiasis
Giardiasis
Microsporidiosis

Helminthes
Schistosoma spp.
Dracunculus medinensis
Taenia spp.
Fasciolopsis buski
Hymenolepis nana
Echinococcus granulosus
Multiceps
Ascaris lumbricoides
Enterobius vermicularis

Schistosomiasis
Dracunculiasis
Taeniasis
Fasciolopsiasis
Hymenolepiasis
Echinococcosis
Coenurosis
Ascariasis
Enterobiasis




1.6 Microbial indicators of faecal pollution

1.6.1 Total coliforms — This is a group of aerobic and facultative anaerobic, Gram-
negative, non-sporulating, rod-shaped bacteria that ferment lactose to produce acid and gas
within 48 hours at 35°C. The total coliform group includes bacteria of faecal and non-
faecal origin. Bacteria of faecal origin are found in the faeces of humans and other warm-
blooded animals, while those of non-faecal origin are found in soil or on plants, e.g.,

species of Citrobacter. Enterobacter, Klebsiella and Aeromonas.

1.6.2 Faecal coliforms — This is a group of facultative anaerobic, rod-shaped, Gram-
negative, non-sporulating bacteria that ferment lactose to produce acid and gas within 24
hours at 44.5°C. Faecal coliform bacteria are also referred to as thermotolerant coliform as
a result of their ability to survive relatively high ambient temperature. They are found in
the faeces of humans and other warm-blooded animals. These organisms enter rivers
through direct discharge from mammals and birds; from agricultural and storm runoff
containing mammalian and bird wastes; and from sewage discharge. Even though most
faecal coliform bacteria are not pathogenic, they may co-present with pathogenic
organisms of faecal origin; therefore, their presence suggests the potential presence of
disease-causing organisms. The shellfish water quality standard (2006/113/EC) for faecal
coliform in the European Union (EU) is less or equal to 100 colony forming unit (CFU) per

100 ml of water.

1.6.3 Escherichia coli (E. coli) — Is a Gram-negative, facultative anaerobic, rod-shaped
bacterium that is commonly found in the lower intestine of warm-blooded organisms. It is
a type of faecal coliform bacterium that is normally specific to faeces. In many parts of the

world, E. coli has been used to indicate faecal pollution of the environment for over a



century, since the origin of the bacterium is the faeces of warm-blooded animals, its
presence is interpreted to suggest the potential presence of human enteric pathogens
(Ashbolt et al., 2001). Many organisations involved with legislation on water quality
standards such as Commission of the European Union (CEU), Environment Canada (EC),
United States Environmental Protection Agency (USEPA) etc., uses E. coli measurements
to determine whether fresh water is considered safe for recreational use. Disease-causing
bacteria, viruses and protozoans may be present in water that has elevated levels of E. coli.
The concentration of E. coli in streams can vary greatly and rain events usually increase
the levels of bacteria in the water (Nnane et al., 2011). E. coli is normally measured as
CFU per 100 ml. The US EPA recreational water quality guideline for E. coli is 394 CFU
per 100 ml (USEPA, 2012), whereas in the EU, the water quality guideline (2006/113/EC)
for E. coli is less than or equal to 100 CFU per 100 ml in bathing or recreational waters as
well as shellfish growing and harvesting waters and less than 300 CFU per 100 ml in

shellfish flesh and intravalvular fluid (CEU, 2006).

1.6.4 Intestinal enterococci - This is a group of Gram-positive, facultatively anaerobic
bacteria of the family Streptococcaceae, formerly classified in the genus Streptococcus.
They are a subset of faecal streptococci and grow at pH 9.6, between 10°C to 45°C, under
aerobic conditions. Enterococcus faecalis and Enterococcus faecium are normal
inhabitants of the human intestinal tract. Enterococci demonstrate the ability to survive in
saline (6.5% sodium chloride) and fresh water environment making them useful indicators
of health risk in waters used for recreational purposes or growing shellfish (Ashbolt et al.,

2001; Wyer et al., 2012).



1.7 Microbial contamination of shellfish

‘Shellfish’ is a term commonly used for exoskeleton-bearing aquatic invertebrates
harvested from marine and freshwater environments (Festing and Tyas, 1999). They are
sedentary filter feeders that pump large quantities of water through their bodies. This
process can concentrate microbial pathogens within their tissues, causing little or no harm
to the animal, but posing substantial risks to human consumers (NOAA, 1998). Shellfish
are classified into two groups: molluscs and crustaceans. The molluscs may possess a pair
of shells (bivalves), a single shell (univalves) or no shell (cuttlefish and octopuses).
Bivalves are filter-feeding aquatic molluscs that have two-part shells, which are
symmetrical along a hinge line. The class has about 30,000 species, including scallops
(Argopecten spp., Chlamys spp., Patinopecten spp., Pectinopectin spp.), clams
(Mercenaria mercenaria), oysters (Ostrea spp., Crassostrea spp.), carpet shell (Venerupis
spp., Ruditapes spp., Venus spp.,), cockle (Katelysia spp., Anadara spp., Glycymeris spp.),
razor shell (Ensis arcuatus), tellin (Tellina radiata) and mussels (Mytilus spp.). Examples
of univalves include: limpet (Patella vulgata), cowrie (Cypraea spp.), tower shell
(Turritella communis), tusk shell (Antalis longitarsus), whelk (Busycon spp.), winkle
(Nucella lapillus, Littorina littorea), etc. The crustaceans have external skeletons and
examples include: barnacles (Balanus glandula), lobster (Homarus americanus), crayfish
(Pacifastacus leniusculus, Austropotamobius pallipes, Cambarus spp.), crabs (Callinectes
sapidus, Stenorhynchus seticrnis), prawn (Fenneropenaeus indicus, Penaeus spp.), shrimp

(Metapenaeus dobsoni, Palaemon serratus, Crangon crangon).

Shellfish are a valuable human food resource in many parts of the world (such as the

United States, United Kingdom, China, Canada, France, Australia, etc.). Commercial
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shellfish industries grow and harvest these sea animals from aquaculture or as wild stock

from marine, estuarine or fresh waters (NMFS, 1997).

1.7.1 Oysters - The major types of oysters of high commercial value are Ostrea edulis
(Figure 1.1), Pacific oysters (Crassostrea gigas) (Figure 1.2), Eastern oysters (Crassostrea
virginica), and Olympia oysters (Ostrea lurida). Of these, the Pacific oysters are the most
widespread species in the world (Chew, 1990), probably as a result of their ability to adapt

to various environments.

Figure 1.1: Ostrea edulis

Figure 1.2: Pacific oysters (Crassostrea gigas)

1.7.2 Clams - Most clams are oval-shaped with two symmetrical shells. They are bivalve
molluscs consisting of several broad groups. The common clams harvested commercially
are: surf clams (Spisula solidissima), quahog clams (Mercenaria mercenaria and Arctica

islandica), softshell clams (Mya arenaria), manila clams (Ruditapes philippinarum),
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geoduck clams (Panopea abrupta, P. generosa) and razor clams (Siliqua patula) (Meschke

and Boyle, 2007).

1.7.3 Mussels - These are bivalve molluscs that secrete a byssal thread for attachment to
substrates in their harvesting waters. The commercially important species of mussels
(family - Mytillidae) is the blue mussel (Mytilus edulis) (Figure 1.3) (Meschke and Boyle,

2007).

Figure 1.3: Mussels (Mytilus edulis) (Source: Seafood.fabriko.co.uk)

1.7.4 Scallops - These have a fan-shaped shell with fluted edges and a central adductor
muscle which is responsible for their swimming ability. The commercially important
species is the New England sea scallop (Placepten magellinacus) (Meschke and Boyle,

2007).

The microbial quality of shellfish and their harvesting waters is normally measured using
indicator organisms rather than specific pathogens (Table 1.2). Routine monitoring for
pathogens that cause disease outbreaks may be costly so, the use of microbial indicators is
considered an important component of actions to prevent human disease (Payment and

Locas, 2011).
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Table 1.2: Terms used to describe microbial indicator, index organism and faecal

indicator, to measure microbial contamination in the environment (Ashbolt et al.,
2001; Sinclair et al., 2012)

Term

Definition

Process indicator

Index organism

Model organism

Faecal indicator

Surrogate organism

Used to demonstrate the efficacy of a process or if the process has
been compromised

A group/or species indicative of pathogen presence. e.g. E. coli as
an index for Salmonella

A group/or species indicative of pathogen behaviour e.g. F-RNA
coliphages as models of human enteric viruses

An organism that indicate the presence of faecal contamination
e.g. E. coli

An organism or substance used to study the fate of a pathogen in a
specific environment
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1.8 Shellfish-borne human diseases

Human infectious diseases, most especially gastroenteritis, have long been associated with
the consumption of shellfish (Mead et al., 1999), which is mainly because shellfish are
eaten raw or partially cooked (Furuta et al., 2003). Pathogenic microorganisms associated
with shellfish-borne diseases may occur in the shellfish- harvesting waters as a result of
faecal pollution of the harvesting waters (Meschke and Boyle, 2007) and Table 1.3 shows

some of the more common shellfish-borne diseases.

Vibrio spp. are often found in the water column attached to phytoplankton, sediments and a
few shellfish species and of all the species, V. cholerae, which can cause cholera, has been
reported to be implicated in most Vibrio-related infections (Potasman et al., 2002). Other
species include V. parahaemolyticus, V. vulnificus, V. mimicus, V. fluvialis, V. furnissii, V.
damsela, V. hollisae, etc. Similarly, Aeromonas spp. are opportunistic pathogens and have
been associated with outbreaks of shellfish-related illness (Merino et al., 1995). Those

species implicated include A. hydrophila and A. caviae.

Faecal pollution of the aquatic environment from human or non-human sources has been
identified as a major source of pathogenic microorganisms associated with shellfish-borne
diseases. Viral illnesses are the most commonly encountered shellfish-related illness
(Koopmans and Duizer, 2004). Enteric viruses, such as norovirus and hepatitis A virus,
have been observed to pose the greatest risk to public health and they are the most common
type of viruses associated with human gastroenteritis from shellfish (Koopmans et al.,
2002). Other types of viruses associated with illness resulting from consumption of

shellfish include enteroviruses, adenoviruses, rotaviruses and astroviruses.
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Table 1.3 Common shellfish-borne diseases (Lipp and Rose, 1997)

Shellfish-borne diseases caused by IInesses

Bacteria Vibrio cholerae Cholera
Escherichia coli Diarrhoea
Salmonella typhi Typhoid fever

Campylobacter spp.
Bacillus cereus
Staphylococcus aureus
Aeromonas spp.
Plesiomonas spp.
Shigella spp.
Salmonella
Vibrio spp.

V. vulnificus,

V. alginolyticus,

V. parahaemolyticus
Yersinia enterolitica

Campylobacteriosis
Bacterial toxin infection
Bacterial toxin infection
Gastroenteritis
Gastroenteritis
Dysentery
Salmonellosis

Vibrio illness

Diarrhoea, vomiting, fever

Listeria spp. Spontaneous  abortion,  stillbirth,
septicaemia, meningitis
Viruses Norovirus Gastroenteritis

Hepatitis A virus
Enteroviruses:

Infectious hepatitis
Paralysis, diarrhoea, myocarditis,

Poliovirus fever, rash, nephritis, pericarditis,
Coxsackievirus respiratory illness, etc.
Echovirus
Adenovirus Gastroenteritis
Rotavirus Gastroenteritis
Astrovirus Gastroenteritis
Protozoa Cryptosporidium parvum Cryptosporidiosis

Giardia lamblia

Giardiasis

Toxins
Tetramine Red whelk
Saxitoxin Marine dinoflagellates
Neurotoxin Dinoflagellates:

Alexandrim catenella
A. tamarensis
Okadiac acid Dinoflagellates:
Dinophysis fortii

D. acuminata
Neurotoxin Dinoflagellates:

Gymnodinium breve
Histamine Diatoms:

Nitzschia pungens

Paralytic shellfish poisoning (PSP)
PSP
PSP

Diarrhoetic  shellfish  poisoning
(DSP)

Neurotoxic shellfish poisoning (NSP)

Amnesic shellfish poisoning (ASP)
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Enteric bacteria of the family Enterobacteriaceae have also been isolated from shellfish
grown in waters contaminated with faeces, either from human or non-human origin. These
enteric bacteria include Salmonella spp., Shigella spp., Escherichia coli and Yersinia
enterocolitica (Farmer, 2003). E. coli has been used as an indicator organism for
monitoring faecal pollution in many environmental regulatory organisations and public
health laboratories that carry out water quality analysis. Enteric protozoan parasites have
also been isolated from oysters and mussels in different studies and Cryptosporidium spp.
and Giardia spp. are known to cause infections that are the most common forms of

gastroenteric parasitosis (Fayer et al., 1998; Graczyk et al., 1999).

The consumption of shellfish has also been linked to forms of human toxicosis, such as red
whelk poisoning and paralytic shellfish poisoning (Tian et al., 2014). Red whelk poisoning
occurs when the salivary glands of red whelk (Neptunea antiqua), containing a toxin
known as tetramine, are consumed. Similarly, paralytic shellfish poisoning is caused by
toxins produced by marine dinoflagellates (Gonyaulax), a form of plankton on which

molluscs feed. This toxin is known as saxitoxin (Suikkanena et al., 2013).

Outbreaks of shellfish-associated infections have been reported on all continents except
Africa. This may be as a result of the prevailing warm climate in the region, relatively low
levels of shellfish consumption or because outbreaks are under-reported. Figure 1.4 shows
the percentage of disease associated with shellfish reported over three decades in various
parts of the world. Most reports involved oysters (Figure 1.5), clams, mussels, and other

types of shellfish (Potasman et al., 2002).
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Figure 1.4: Reports (n = 35) indicating infections associated with shellfish in some parts of

the world (1969-2000) (Potasman et al., 2002)
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Figure 1.5: Some reports (n = 35) of shellfish-related infections (1969-2000) (Potasman et

al., 2002)
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1.9 Legislation on water quality, shellfish-harvesting waters and hygiene

Globally, many organisations are involved in monitoring and setting standards for water
and shellfish quality (Table 1.4). Legislation on environmental water quality standards is
made by these competent bodies in order to protect human health through microbiological
monitoring of surface waters, recreational waters, bathing waters, shellfish waters, etc. In
this section, legislation on water and shellfish quality in the European Union (EU), United

States (US), Canada and Australia is examined.

Table 1.4: List of organisations involved in setting standards for water and

shellfish quality

Organisation / Programmes Abbreviation | Region
European Union EU Europe
European Commission EC

Food Standards Agency FSA

Centre for Environment Fisheries and Aquaculture CEFAS

Science

Health Protection Agency HPA

Scottish Environment Protection Agency SEPA

United States Environmental Protection Agency US EPA United States
United States Food and Drug Administration US FDA

Environment Canada EC Canada
Canadian Shellfish Sanitation Program CSSP

Australian Water Quality Management Strategy AWQMS Australia
World Health Organisation WHO Global
United Nations Children’s Fund UNICEF
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1.9.1 European Union (EU) legislation on water and shellfish quality

In the EU, water and shellfish microbial quality are assessed against standards that are
considered indicative of levels of faecal pollution, within the EU Bathing Water Directive,
EU Shellfish Water Directive and EU Food Hygiene Regulations (CEU, 2003; 2006). The
EU legislation ensures that bathing waters and shellfish waters meet the set standards.
Similarly, shellfish sold for consumption must comply with the legislation and shellfish
growing and harvesting waters are also classified according to legislation that sets out

limits of certain bacteria (E. coli and faecal coliforms) in samples of shellfish flesh.

1.9.1.1 The EU Shellfish Water Directive. The Shellfish Waters Directive 79/923/EC
(CEU, 1979) was first adopted in 1979 and transcribed into UK legislation in 1997 under
the Surface Waters Shellfish Classification Regulations. The Directive outlines the
requirements for the quality of waters in which shellfish are grown and harvested. The
ultimate aim of this Directive is to protect shellfish populations from contamination
resulting from discharges of public or private sewage, run off from agricultural lands or
industries into their harvesting waters. The Shellfish Water Directive 2006/113/EC
concerns the quality of shellfish waters, i.e., coastal and brackish waters that needs
protection or improvement so as to support shellfish life and growth, thereby contributing
to assuring high quality shellfish for direct human consumption (CEU, 2006). Figure 1.6

shows areas that are classified for shellfish production in United Kingdom.
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@ shellfish production areas

Figure 1.6: United Kingdom classified shellfish production areas
(Source: CEFAS, 2013)
1.9.1.2 The EU Shellfish Hygiene Directive. The EU Shellfish Hygiene Directive, under
regulation EC (No) 854/2004, was established to protect human health, especially those
who consume shellfish (CEU, 2004). The legislation ensures that shellfish sold for
consumption meet the food safety health and hygiene (i.e., E. coli) standard and is also
used for classifying shellfish growing or harvesting waters as having a Class A, Class B,
Class C or prohibited status (Table 1.5), based on the number of faecal indicator bacteria

(faecal bacteria, E. coli, enterococci) in the shellfish flesh and waters (Table 1.6).
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Table 1.5: The EU classification categories of shellfish waters and microbiological
criteria (Source: Regulation (EC) No. 854/2004)

Classification category

Microbiological criteria

Recommendation

Class A Shellfish must contain <230 | It can be consumed without
E. coli /100 g of flesh and treatment
intravalvular fluid
Class B Shellfish must contain <4600 | It must be depurated or relayed
E. coli /100 g of flesh and in clean water (Class A) for 2
intravalvular fluid in 90% months or treated by an
of samples approved process e.g. use of
heat or Ultraviolet (UV)
radiation
Class C Shellfish must contain < It must be depurated or relayed
46000 E. coli /100 g of flesh in clean water (Class A) for
and intravalvular fluid longer periods or treated by an
approved process e.g. use of
heat or Ultraviolet (UV)
radiation
Prohibited Shellfish must not be harvested

for consumption in this area

Table 1.6: The EU quality of shellfish waters (Adapted from EC Directive 2006/113/EC)

Parameter Guide Mandatory Minimum sampling
standard and measuring
frequency
pH 7-9 Quarterly
Temperature Discharge must not <40% Quarterly
cause the temperature
of shellfish waters to
increase by more than
2°C
Salinity 12 to 38% Discharge must not | Monthly
increase the
salinity
by more than 10%
Dissolved > 80% >70% Monthly
oxygen
(Saturation %)
Faecal <300 in the shellfish Quarterly
coliforms flesh and intravalvular
per 100 ml fluid
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1.9.2 United States (US) legislation on water and shellfish quality

1.9.2.1 The Clean Water Act (CWA). In 1948, the Federal Water Pollution Control Act
was enacted in the United States (US) to maintain water quality. This Act was amended in
1972 and became the ‘Clean Water Act — 33 United States Code §1251 et seq. (1972)’. The
objective of the CWA is to restore and maintain the chemical, physical and biological
integrity of waters in the US. It establishes the basic structure for regulating discharges of
pollutants into surface waters, thereby maintaining water quality standards that are highly

comparable with standards in EU, Canada, Australia, etc.

The US Environmental Protection Agency has implemented pollution control programmes
by setting wastewater standards for industries and water quality standards for contaminants
in surface waters under the CWA. Municipal or industrial wastewaters cannot be
discharged into navigable waters unless a National Pollutant Discharge Elimination System

(NPDES) permit is obtained (US EPA, 2013).

1.9.2.2 US Shellfish waters. The National Shellfish Sanitation Program (NSSP) is the
federal/state cooperative programme recognised by the United States Food and Drug
Administration (FDA) and the Interstate Shellfish Sanitation Conference (ISSC) for the
sanitary control of shellfish produced and sold for human consumption (US FDA, 2013).
The purpose of the NSSP is to promote and improve the sanitation of shellfish by setting
bacteriological standards for shellfish, shellfish waters and the classification of their
harvesting waters into different categories, as provided by the Ordinance. The regulation
emphasises that shellfish waters are ‘not subject to contamination from human or non-
human faecal matter at levels that, in the judgement of the Authority, presents an actual or

potential public health hazard; and not contaminated with pathogenic organisms, poisonous
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or deleterious substances; biotoxins; or that it’s bacterial concentration exceeds
bacteriological standards’.

Similarly, the Ordinance also states that shellfish- harvesting waters ‘are subjected to
sanitary survey that shall be correctly classified based on twelve (12) year sanitary survey,
and its most recent triennial or annual re-evaluation will be expressed as only one of the
following: approved; conditionally approved; restricted; conditionally restricted; or
prohibited” (Figure 1.7). The bacteriological standard for shellfish- harvesting waters to be
classified as ‘approved’ is 