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Waterborne parasites: Cryptosporidium and Giardia

The protozoan parasites Cryptosporidium and Giardia are of great importance, as they infect
both humans and animals worldwide, causing gastrointestinal disease. Both parasites are of
increasing concern during the last decades, not only for their impact on human and animal
health but also for their socio-economic consequences (Kirk et al., 2015). As Cryptosporidium
and Giardia can be transmitted via multiple routes (directly through the faecal-oral route or
indirectly via contaminated water and food) and contamination can originate from both
human and animal sources, there is great interest in their transmission dynamics and their

zoonotic potential.

The aim of this literature review is to first introduce Cryptosporidium and Giardia by
addressing their taxonomy, life cycle, their presence in humans and animals, and their
zoonotic potential. Subsequently, the transmission routes of these parasites are reviewed,
discussing also the factors that allow them to transmit through multiple routes. Waterborne
and foodborne transmission of these parasitic protozoa are discussed in depth and an
overview of worldwide documented waterborne and foodborne outbreaks of
cryptosporidiosis and giardiasis is presented. Finally, a review is given of widely used methods

for the detection of Cryptosporidium and Giardia in water and on/in food matrices.

1.1 Cryptosporidium spp.

1.1.1 Introduction

The genus Cryptosporidium was first discovered by Ernest Edward Tyzzer in 1907, who
described the species C. muris found in gastric glands of laboratory mice (Tyzzer, 1907).
However, it was only characterized as a medically and economical important (due to

production losses) parasite more than 50 years later (Abeywardena et al., 2015).

Cryptosporidium (phylum Apicomplexa) is a genus of intestinal protozoan parasites which
affects a wide range of vertebrates, including humans (Chalmers and Katzer, 2013; Fayer,
2004; Thompson et al., 2005). It infects the microvillus region of the epithelial cells in the
digestive tract, causing gastrointestinal symptoms, e.g., diarrhoea, nausea, vomiting. It can

also infect the respiratory tract, however this is rare (Sponseller et al., 2014).
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Cryptosporidiosis has been included in the Neglected Diseases Initiative of the World Health
Organization (WHO) since 2004, because of the severity of the symptoms and the related

economical losses (Savioli et al., 2006; WHO, 2004).

1.1.2 Taxonomy

Organisms of the genus Cryptosporidium are classified in the phylum Apicomplexa, class
Gregarinomorphea and sub-classs Cryptogregaria (Ryan et al., 2016a). Cryptosporidium
species appear to be mostly host-adapted. To date, based on morphological, biological and
molecular analyses 31 Cryptosporidium species and more than 40 genotypes have been
recognized in various hosts (Certad et al., 2017; Fayer, 2010) (Table 1). Among them, C.
hominis and C. parvum are responsible for over 90% of human cryptosporidiosis cases in most
industrialized countries, whereas also C. meleagridis, C. canis and C. felis have been identified
as the causative agents of human disease (Xiao, 2010; Xiao and Feng, 2008). Although humans
are the major host species for C. hominis, it has been also isolated from domestic and wildlife
animals (e.g., sheep, goats, cattle, kangaroos, non-human primates) and fish (Ryan et al.,
2016b). C. parvum is considered the major zoonotic species and is closely linked to clinical
disease in neonatal calves that can lead to mortality due to dehydration, as a result of watery

diarrhoea (Ryan et al., 2014; Santin, 2013).

Table 1. Cryptosporidium species classification (genotypes have not been included since they are
updated to species) (Feng et al., 2018; Holubova et al., 2016; Khan et al., 2018; Kvac et al., 2016; Ryan
et al., 2016a, 2014; Zahedi et al., 2016b).
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Species

Major hosts

C. andersoni
C. apodemi
C. avium

C. baileyi

C. bovis

C. canis

C. cuniculus
C. ditrichi
C. erinacei
C. fayeri

C. felis

C. fragile

C. galli

C. hominis (9 subtypes: Ia, Ib, Id, le ....

C. huwi

C. macropodum
C. meleagridis
C. molnari

C. muris

C. occultus

C. ornithophilus
C. parvum (14 subtypes: lla-llo)*
C. proliferans

C. rubeyi

C. ryanae

C. scrofarum

C. scophthalmi
C. serpentis

C. suis

C. tyzzeri

C. ubiquitum

C. varanii

C. viatorum

cattle

mice

birds

poultry

cattle

dogs

rabbits

mice

hedgehogs, horses
marsupials

cats

toads

birds

humans

fish

marsupials

birds, mammals, humans
fish

rodents

rodents

birds

mammals (including humans)
rodents

squirrels

cattle

pigs

turbot

reptiles

pigs

rodents
ruminants, rodents, primates
lizards

humans
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C. wrairi guinea pigs

C. xiaoi sheep, goats

* C. parvum subtype lic has only been found in humans and has been suggested to be a separate sub-species (C. parvum
antroponosum); Nader et al., 2019

1.1.3 Life cycle

Cryptosporidium has a relatively complicated life cycle, consisting of both sexual and asexual
developmental stages (Fig. 1). The infection begins with the ingestion by the host of the
sporulated oocysts, either directly via the faecal-oral route, or indirectly through
contaminated water or food. Inhalation of the oocysts may also occur. The oocyst contains 4
sporozoites, which after excystation, in the intestinal lumen or the respiratory tract, emerge
and invade the epithelial cells and develop into trophozoites. The trophozoites undergo
asexual division (merogony) and form Type | meronts, consisting of 8 merozoites. Some of
these merozoites form Type Il meronts, which contain 4 merozoites and initiate the sexual
phase of the life cycle. Macrogametocytes and microgametocytes are formed, fertilize and
produce the zygote. Most of the zygotes develop into oocysts, the thick ones with a two-
layered wall that are released into the environment and the thin-walled that facilitate

autoinfection.

The pre-patent period varies among species, for example the pre-patent period of C. parvum
ranges from 7 to 21 days (Current and Reese, 1986; Thompson et al., 2005; Tyzzer, 1910;
Vetterling et al., 1971).
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Figure 1. Cryptosporidium spp. life cycle (as shown by Bouzid et al., 2013)

1.1.4 Cryptosporidium in humans and animals

Cryptosporidium is globally recognized as an important human foodborne and waterborne
parasite, ranked 5% according to the FAO/WHO Multicriteria-based ranking of foodborne
parasites (when transmitted via food) for risk management report, due to its significant
impact on human health (FAO/WHO, 2014). According to WHO estimates, only in 2010
cryptosporidiosis resulted in 2,159,331 Disability-Adjusted Life Years (DALYs) due to
foodborne infections (Kirk et al., 2015). It is the most common diarrhoea-causing protozoan
parasite worldwide, especially in developing countries, where hygiene, sanitation and water
quality are inadequate (Squire and Ryan, 2017). In industrialized countries, Cryptosporidium
is less common and accounts for approximately 9% of diarrhoeal episodes in children
(Fletcher et al., 2012; Ryan et al., 2016b). Cryptosporidiosis is estimated to be the 5% leading
diarrhoeal aetiology among children under the age of 5 years old, causing more than 48,000
deaths and resulting in more than 4,2 million DALYs in this age class, according to the Global
Burden of Disease study (GBD) for 2016 (Khalil et al., 2018). It is also an important cause of
diarrhoea in immunocompromised patients, with a prevalence ranging between 3% and 16%
among HIV-infected individuals with diarrhoea in developed countries (Putignani and

Menichella, 2010). Young children and immunocompromised individuals, which are more
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susceptible to cryptosporidiosis (Bouzid et al., 2013; Caccid and Chalmers, 2016; Thompson
et al., 2005), may excrete high numbers of oocysts, ranging between 5.0 x 103 to 9.2 x 10°
oocysts/mL, and may experience severe symptoms (Goodgame et al., 1993). Long-term
symptoms, such as irritable bowel syndrome (IBS), other IBS-like syndromes, diarrhea,
fatigue, abdominal pain or joint paint are among the most commonly reported post-infection
symptoms of cryptosporidiosis (Carter et al., 2019; Hunter et al., 2004; Igldi et al., 2018;
Insulander et al., 2013; Rehn et al., 2015; Stiff et al., 2017). In contrast, the disease in healthy
individuals is mainly self-limiting and sometimes even asymptomatic (Bouzid et al., 2013;

Caccio and Chalmers, 2016; Thompson et al., 2005).

Although different Cryptosporidium species (e.g., C. hominis, C. parvum, C. viatorum, C. felis,
C. meleagridis, C. ubiquitum and C. canis) have been reported in humans, C. parvum and C.
hominis are the most common species reported worldwide (Feng et al., 2018). The
distribution of the species differs among geographic areas and socioeconomic conditions. For
example, in Europe and New Zealand, both species are commonly detected in humans,
whereas C. parvum is the dominant species in humans in the Middle East and C. hominis the
dominant species in developing countries and other industrialized nations (Feng et al., 2018;
Ryan et al., 2016b, 2014; Xiao, 2010). In the U.S, England and Wales C. hominis is more
common than C. parvum. Infections in rural areas are commonly due to C. parvum, while C.
hominis is more common to urban areas (Xiao and Fayer, 2008). Nevertheless, C. hominis is
responsible for more outbreaks than C. parvum worldwide (Xiao, 2010). C. hominis subtype
Id, C. parvum, C. canis and C. felis have been associated with a more severe disease in
HIV/AIDS patients. Among C. hominis subtypes, subtype Id was associated with a greater risk
of diarrhoea compared to subtypes |b and la, whereas individuals infected with C. meleagridis

showed no clinical signs and excreted low numbers of oocysts (Certad et al., 2017).

Cryptosporidium is also an important parasite for many animal species, as it may cause severe

disease that can lead to death.

Ruminants are on top of that list, as Cryptosporidium is one of the most frequently diagnosed
enteropathogen in these animals. Cattle are commonly infected with C. parvum, C. andersoni,
C. bovis and C. ryanae (Xiao, 2010), with C. parvum being the most common species in calves
causing diarrhoea during the first weeks of their life (Thompson et al., 2008). C. bovis and C.

ryanae predominate in post-weaned calves, and C. andersoni in older calves and adult cattle
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(Fayer et al., 2007, 2006; Santin, 2020; Santin et al., 2008; Thompson et al., 2008), although
these species have not been associated with illness (Santin, 2013). In endemic herds,
morbidity rates are usually 100%, but mortality is infrequently observed; calves can die from

dehydration and cardiovascular collapse (Thompson et al., 2008).

Sheep and goats are also infected with Cryptosporidium species, mainly during the first 3
weeks of their life. The predominant species are C. ubiquitum, C. xiaoi and C. parvum, while
other species such as C. hominis, C. andersoni and C. suis have been reported sporadically
(Santin, 2020, 2013). Small ruminants can shed large numbers of oocysts (10%- 10%°) for a long

period of time, while animals can be also asymptomatic (Santin, 2013; Thompson et al., 2005).

In dogs and cats, prevalence rates range between 0.5% to 44.1% and 0% and 29.4%,
respectively (Lucio-Forster et al., 2010; Taghipour et al., 2020). Most infections are caused by
the host-specific C. canis and the zoonotic C. parvum in dogs and C. felis in cats (Bowman and
Lucio-Forster, 2010; Scorza and Tangtrongsup, 2010; Taghipour et al., 2020). Asymptomatic
infection usually occurs, while watery diarrhoea is the most common manifestation of clinical
disease (Scorza and Tangtrongsup, 2010). Infected dogs and cats can shed oocysts for several

months (Hamnes et al., 2007; Santin, 2013; Thompson et al., 2005).

Cryptosporidium has been also documented in horses, with most infections being
asymptomatic, but severe diarrhoea can occur in foals and immunocompromised animals
(Santin, 2013; Thompson et al., 2005; Veronesi et al., 2010). Cryptosporidium horse genotype
and C. parvum have been mostly detected (Chalmers et al., 2005; Grinberg et al., 20083;
Kostopoulou et al., 2015; Ryan et al., 2003; Veronesi et al., 2010).

Pigs are mostly infected with C. scrofarum and C. suis (Kvac et al., 2013; Ryan et al., 2004),
although C. parvum, C. muris, C. andersoni and C. tyzzeri have been also isolated from pigs
worldwide (Farzan et al., 2011; Lin et al., 2015; Petersen et al., 2015; Schubnell et al., 2016;
Yui et al., 2014). C. scrofarum is more frequently found in older animals (>5 weeks), while C.
suis preferentially infects suckling piglets (Johnson et al., 2008; Kvac et al., 2013; Langkjeer et
al., 2007; Yui et al., 2014). The disease is usually subclinical (Xiao, 2010), while clinical signs
seem to depend on the species that cause the infection and co-infection with other
enteropathogens (Santin, 2013), although the pathogenicity of the species remains equivocal

(Enemark et al., 2003; Yui et al., 2014).
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Cryptosporidium has been also found in other animal species, including wild mammals, birds,
fish, shellfish, reptiles and marsupials (Appelbee et al., 2005; Feng, 2010; Zahedi et al., 2016b;
Ryan et al., 2014). Species commonly detected include: C. cuniculus (rabbits and marsupials),
C. ubiquitum (deer, raccoons, foxes), C. andersoni (mink, camels, rodents, panda), C. muris
(wild rodents, such as species of rats, squirrels, hamsters), C. canis (foxes, coyotes) and C.
fayeri (bandicoots, kangaroos, koalas) (Ryan et al., 2014; Zahedi et al., 2016b). However, also
the human specific C. hominis (dugong, kangaroos, marsupials, deer, foxes) and zoonotic C.
parvum (racoons, mustangs, bamboo rats, deer, canids, camelids, fish, dolphins, shellfish)
have been isolated (Barrera et al., 2020; Certad et al., 2019; Dowle et al., 2013; Fayer et al.,
1998; Giangaspero et al., 2014, 2005; Gomez-Bautista et al., 2000; Gémez-Couso et al., 2006,
2004; Graczyk et al., 2001, 1998; Hattori et al., 2018; Marquis et al., 2015; Ng et al., 2011;
Parsons et al., 2015; Reboredo-Fernandez et al., 2014; Traversa et al., 2004; Wagnerovd et al.,
2016; Wei et al., 2019; Xie et al., 2019; Zahedi et al., 2016b), thus potentially contributing to
the contamination of water systems (Zahedi et al., 2016b). Finally, wild fish are infected
mostly with host-specific species (C. molnari, C. scophthalmi), however also the human
infectious species, C. hominis and C. parvum have been detected in fish (Robertson et al.,
2019a). Even if the presence of Cryptosporidium oocysts has been reported in all the above-

mentioned animal species, there are no/limited data on the prevalence rates.

1.1.5 Molecular evidence of zoonotic potential

At least 20 distinct Cryptosporidium species have been identified as the causative agents of
human cryptosporidiosis (Elwin et al., 2012a; Ng et al., 2012; Ryan et al., 2014; Xiao, 2010).
Among them, infections are most commonly due to C. hominis and C. parvum. The occurrence
of C. hominis in humans is most likely due to anthroponotic transmission, as it infects almost
exclusively humans and non-human primates. On the other hand, the presence of C. parvum
in a population can be a result of both anthroponotic and zoonotic transmission, as it infects
humans, livestock, pigs and horses, and thus it is considered a potential zoonotic pathogen

(Xiao, 2010; Xiao and Feng, 2008).

Molecular diagnostic tools have helped us to better evaluate the zoonotic or anthroponotic
nature of Cryptosporidium species and characterize its transmission dynamics. The small

subunit (SSU) rRNA is the most commonly used marker for Cryptosporidium species
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identification in different types of samples (i.e., animal and human faeces, water, food),
because of its multicopy nature and the presence of both conserved and highly polymorphic
regions, that allows the design of specific primers (Xiao et al., 1999). Other loci, such as the
internal transcribed spacers (ITS) ribosomal DNA (rDNA) (Morgan et al., 1999), the 70 kDa
heat shock protein (hsp70) (Sulaiman et al., 2000), the actin (Sulaiman et al., 2002) and the
Cryptosporidium oocyst wall protein (COWP) (Xiao et al., 2000), are also used for the

Cryptosporidium species identification.

Subtyping tools, particularly for C. hominis and C. parvum have been developed and used in
population genetic studies (Alves et al., 2003; Gatei et al., 2007, 2006; Kato et al., 2003;
Sulaiman et al., 2002, 2001; Xiao et al., 1999). One of the most widely used markers is the 60
kDa glycoprotein (gp60, also known as gp40/15) gene that has several tandem repeats of a
serine-coding tri-nucleotide TCA, TCG or TCT and multiple sequence divergent non-repeat
regions (Gatei et al., 2006; Leoni et al., 2007b, 2007a; Wielinga et al., 2008). With the use of
this genetic marker, several subtypes have been revealed. For C. hominis 9 subtype groups,
from Ia, Ib, Id to Ij, have been described, whereas for C. parvum 14 subtypes, from lla to llo,
have been detected (Ryan et al., 2014). The name of gp60 subtypes starts with the subtype
family description (e.g., 1a, Ib, etc. for C. hominis and lla, llb, etc. for C. parvum) followed by
the number of tri-nucleotide repeats represented by a letter (i.e. A for TCA, G for TCG or T for
TCT). Thus, for instance the name IbA10G2 indicates that the parasite belongs to C. hominis
subtype family Ib and has 10 copies of the TCA repeat and 2 copies of the TCG repeat in the
tri-nucleotide repeat region of the gp60 gene (Sulaiman et al., 2005). In addition to these
variations, there are sequence differences in non-repeat regions that are represented with
the letter “R” and the number of repetitions. Thus, in C. hominis subtype family la, subtypes
are further identified by the number of a 15 bp repetitive sequence AA(A/G)ACGGTGGTAAGG
(the last repeat is always the 13 bp: AAAACGGTGAAGG). In C. parvum subtype family lla, some
subtypes after the tri-nucleotide repeats also have repetitions of the sequence ACATCA (Xiao,

2010).

In order to increase the resolution of the gp60 typing, several minisatellite and microsatellite
targets have been also used, although from only few studies, including the 47 kDa protein
(CP47) gene, the 56 kDa trans-membrane protein (CP56), the mucin-like protein (Mucinl)

gene, the serine repeat antigen (MSC6-7) gene, the hypothetical retinis pigmentosa GTPase
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regulator (RPGR), and the hydroxyproline-rich glycoprotein (DZ-HRGP) gene (Gatei et al.,
2007, 2006). These targets seemed to offer a superior tool for C. hominis subtyping, as new
subtypes were revealed, compared to the ones from the gp60 analyses, and clustered
according to their geographical origin (Gatei et al., 2006). The CP47 marker showed higher
resolution compared to gp60 for both length polymorphisms and multilocus sequence typing,
and thus could be used to distinguish C. hominis and C. parvum by size with no overlap in the
number of tri-nucleotide repeats. Also, as MSC6-7 has many polymorphic sites and strong
linkage disequilibrium to gp60 and CP47, it could be a useful target for the subtyping of both
C. hominis and C. parvum (Gatei et al., 2007). Furthermore, other variable number tandem
repeat (VNTR) loci have been identified, especially for C. parvum, as promising tools for
differentiation among species and identification of zoonotic species, however their

application still needs standardization (Chalmers et al., 2017; Pérez-Corddn et al., 2016).

C. hominis subtype families la, Ib and le are responsible for most of the human cases
worldwide. In developing nations, higher heterogeneity of these subtypes has been observed,
compared to developed countries and this is possibly an indicator of intensive and chronic
transmission of the parasite in these areas (Xiao, 2010). The subtype Ib is the main causative
agent of diarrhoea among immunocompetent individuals in the USA and Europe, and is also
responsible for most disease outbreaks worldwide (Efstratiou et al., 2017b; Khan et al., 2018).
Even if C. hominis is considered a human parasite (Ryan et al., 2014; Xiao, 2010), it has been
also isolated from many wildlife hosts. The subtype IbA10G2, that has been implicated in
many waterborne outbreaks (Chalmers et al., 2019; Mayne et al., 2011; Ng-Hublin et al., 2015;
Widerstrom et al., 2014), has been also found in kangaroos and cattle in Australia (Zahedi et

al., 20164, 2016b).

The use of gp60-based subtyping, multilocus subtyping and multilocus sequence typing tools
has increased our appreciation of anthroponotic transmission of C. parvum (Xiao, 2010; Xiao
and Feng, 2008). Studies where PCR product length polymorphism analysis of minisatellite
and microsatellite markers was used, revealed the presence of different distinct groups of C.
parvum in humans and cattle. Genotypes clustered in human-specific groups were not found
in any of the animals genotypes, and humans were infected with a greater spectrum of C.

parvum multilocus types than cattle, suggesting that humans were not infected from cattle
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(Grinberg et al., 2008b; Leoni et al., 2007b; Mallon et al., 2003b, 2003a; Morrison et al., 2008;
Wielinga et al., 2008).

Subtypes lla and llc are the 2 most common families, with the lla subtype commonly found
both in humans and animals (e.g., calves), and thus considered zoonotic. On the contrary,
subtype llc has only been found in humans and not in animals, which demonstrates its
anthroponotic nature of transmission (Feng et al., 2018; Widmer, 2009; Xiao, 2010; Xiao and
Feng, 2008). It has been also suggested to classify lic as a separate sub-species under the
name C. parvum antroponosum (Nader et al., 2019). C. parvum subtype family lld that is
commonly found in sheep and goats, is the dominant subtype also in humans in Middle East
countries (Feng et al., 2018; Nazemalhosseini-Mojarad et al., 2012). In Portugal, the IIid
subtype has been also detected in HIV patients, lambs and calves of the same areas (Alves et
al., 2006). Unlike industrialized nations, in developing countries, such as India, Malawi,
Uganda, and Kenya, C. parvum subtypes llb and lle have been identified in humans (and not
in sympatric animals of these areas), although less frequently, due to the dominance of C.
hominis in these regions (Akiyoshi et al., 2006; Cama et al., 2007; Essid et al., 2018; Feng et
al., 2018; Muthusamy et al., 2006; Peng et al., 2003).

Other species, such as C. meleagridis, C. felis, C. canis, C. ubiquitum, C. cuniculus and C.
viatorum are less common in humans. The remaining Cryptosporidium species (Table 1) have
been only found in few human cases (Elwin et al., 2012b, 2012a; Kvac et al., 2014; Nichols et
al., 2006; Raskova et al., 2013). The distribution of these species in humans usually depends
on socioeconomic conditions, and as a result differs among geographic areas. C. felis and C.
canis have been mostly detected in humans in developing countries, but at a low rate,
indicating a minimal risk for public health (Lucio-Forster et al., 2010; Thompson et al., 2008)
Such host-specific species may infect humans when the immune status of the host, socio-
economic and environmental conditions favour the transmission (Xiao and Feng, 2008).
Instead, C. ubiquitum has been mostly detected in industrialized countries, including the
United Kingdom, Canada and the United States and C. cuniculus mainly in the United Kingdom

(Feng et al., 2018; Xiao, 2010).
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1.2 Giardia duodenalis

1.2.1 Introduction

The first detailed description of Giardia was published in 1859, however Antonie van

Leeuwenhoek has first observed it back in 1681 (Abeywardena et al., 2015).

Giardia (phylum Metamonada) is a single-celled parasitic protist, which comprises many
species. It infects the intestinal tract of many vertebrate hosts, including humans, domestic
animals, rodents and wildlife animals. Among the species, G. duodenalis (also known as G.
intestinalis and G. lamblia) is known to cause disease to many mammals, including humans,

suggesting a zoonotic transmission (Di Genova and Tonelli, 2016).

Since Giardia has been isolated from many hosts through the years, the WHO has recognized
its zoonotic significance in 1979 (WHO, 1979). In 2004 giardiasis was added to the Neglected
Diseases, due to the impact on human health and mainly among children in developing

countries (Savioli et al., 2006; WHO, 2004).

1.2.2 Taxonomy

Organisms of the genus Giardia are classified in the phylum Metamonada, class
Trepomonadea and sub-class Diplozoa (Plutzer et al., 2010). To date, according to the
morphology and ultrastructure of trophozoites and/or cysts, six species of Giardia are
accepted by most researchers (Table 2). These species are found in amphibians (G. agilis), a
water monitor (G. varani), birds (G. psittaci and G. ardeae), rodents (G. muris and G. microti)
and mammals (G. duodenalis) (Adam, 2001; Caccio et al., 2005; McRoberts et al., 1996; Plutzer
et al., 2010; Upton and Zien, 1997). G. duodenalis has been isolated from many mammals,
including livestock and companion animals, but it is the only species found in humans (Feng

and Xiao, 2011; Ryan and Caccio, 2013).

According to multigenetic sequence analyses, G. duodenalis is now considered a multispecies
complex, whose members have little variation to their morphology and are divided into 8
distinct genetic assemblages (A to H). Assemblages A and B are found in a wide range of
mammals and are responsible for human infection. Due to further genetic variation, these
two assemblages are also divided into sub-assemblages: Al, All, Alll and AlV for assemblage A

and B, BII, Blll and BIV for assemblage B (Monis et al., 2003). Sub-assemblages Al, Alll and AIV
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can be found in many animal species (e.g., livestock, companion animals), whereas sub-
assemblage All is mainly found in humans. Although host distribution of assemblage B is
predominantly in humans, sub-assemblages Bl and BIl have been isolated from animals (e.g.
dogs, monkeys), whereas sub-assemblages BlIl and BIV have been described in humans (Ryan

and Caccio, 2013; Sprong et al., 2009).

The remaining assemblages (C to H) have a more restricted host specificity, as assemblages C
and D are found in dogs, E in livestock and other hoofed animals, F in cats, G in rodents and

assemblage H in marine mammals (Heyworth, 2016).

Table 2. Giardia species classification (Heyworth, 2016; Thompson et al., 2008; Thompson and
Monis, 2004).

Species Major hosts

G. duodenalis Assemblage A humans and other primates, dogs, -cats,

livestock, rodents and other wild mammals

humans, ruminants and other hoofed livestock,
dogs, rabbits, marsupials, marine mammals,

G. duodenalis Assemblage B (G. enterica)

rodents, ferrets, rock hyrax, non-human
primates, chicken, ostrich, gull

G. duodenalis Assemblage C/ D (G. canis) dogs

G. duodenalis Assemblage E (G. bovis) cattle and other hoofed livestock

G. duodenalis Assemblage F (G. cati) cats

G. duodenalis Assemblage G (G. simondi) rats, mice

G. duodenalis Assemblage H marine mammals

G. agilis amphibians

G. ardeae birds

G. microti voles and muskrats

G. muris rodents

G. psittaci birds

G. varani lizards

1.2.3 Life cycle

Giardia spp. has a simple and direct life cycle consisting of two morphogenetic stages: the
infectious cyst (Fig. 2b), which is resistant to many environmental conditions and the

trophozoite (Fig. 2a), which colonizes the small intestine and causes the disease. Infection
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initiates after oral ingestion of viable cysts through either direct contact (via the faecal-oral
route) or indirect via contaminated water or food. After passing through the stomach, cysts
begin the excystation process and release two trophozoites in the upper part of the small
intestine. The trophozoites attach to the epithelial cells of the small intestine with their
adhesive ventral disk, where they multiply asexually by binary fission (Fig. 3). Once the
environmental conditions are suitable (i.e., increased bile salt concentration and cholesterol
deprivation), the trophozoites transform into cysts (encystation process) which are then
passed with the faeces and excreted to the environment (Di Genova and Tonelli, 2016). After
the ingestion of Giardia cysts, the pre-patent period is usually 1-2 weeks, but can range from

1 to 45 days (Jokipii and Jokipii, 1977; Ortega and Adam, 1997; Rosa et al., 2007).

a Basal Central mitosomes b

bodies

Peripheral
vesicles

Nucleolus

Nucleus

Peripheral Axonemes

mitosomes  Disc
fragments

Cyst wall

Figure 2. (a) Giardia spp. trophozoite; (b) Giardia spp. cyst (as shown by Ankarklev et al., 2010)
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Figure 3. Giardia spp. life cycle (as shown by Ankarklev et al., 2010)

1.2.4 Giardia in humans and animals

G. duodenalis is among the important human parasites globally, considered as the most
common cause of acute diarrhoea among travellers, especially to those returning from
developing countries (Broglia et al., 2013; Gautret et al., 2012; Muhsen and Levine, 2012).
According to estimates, more than 200 million people worldwide have symptoms of giardiasis
and about 280 million new cases occur annually (Lane and Lloyd, 2002; WHO, 1996). Only in
2010 giardiasis resulted in 171,100 DALYs (Kirk et al., 2015) and as a result, for all the above
reasons, some years later Giardia ranked 11t to the FAO/WHO Multicriteria-based ranking of
foodborne parasites (when transmitted via food) for risk management report (FAO/WHO,
2014). Although infections are reported globally, higher infection rates are documented in
developing countries (up to 30%) compared to developed ones (up to 7.5%) (Feng and Xiao,
2011). It is estimated that only in the United States, more than 3,000 hospitalizations and 1.2
million cases of the disease occur annually (Scallan et al., 2011). There have been several
giardiasis outbreaks, mostly as point source infections, reported in different European
countries, such as Belgium, Greece, UK, the Netherlands and Nordic countries, during the past
years (Braeye et al., 2015; Guzman-Herrador et al., 2015; Hadjichristodoulou et al., 1998;
Hardie et al., 1999; Smith et al., 2006).
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According to genotyping analyses of G. duodenalis, assemblages A and B are primarily
associated with human infections (Heyworth, 2016; Lebbad et al., 2011; Muhsen and Levine,
2012). Infections are more commonly due to assemblage B worldwide (about 58% of the
cases), compared to assemblage A (about 37% of the cases), without differentiation in
distribution among developed and developing countries (Einarsson et al., 2016). However, in
developing countries mixed infections with both assemblages A and B are commonly
observed (about 5%) compared to industrialized ones (about 3%) (Einarsson et al., 2016; Ryan
and Caccio, 2013). While some studies support that assemblage A was more often associated
with the presence of symptoms compared to assemblage B (Aydin et al., 2004; Breathnach et
al., 2010; Read et al., 2004; Sahagun et al., 2008; Samie et al., 2020), the opposite finding was
observed in other studies (Gelanew et al., 2007; Homan and Mank, 2001; Pelayo et al., 2008;
Wang et al., 2019). However, as many factors (e.g. the infection dose, the dominance of a
specific assemblage in the region, the immune status and the age of the individual infected,
etc.), can contribute to the virulence of the assemblages, such findings need further
investigation (Feng and Xiao, 2011; Robertson et al., 2010). There is also diversity among the
sub-assemblages of the same assemblage. Sub-assemblage All is most prevalent and
distributed globally compared to sub-assemblage Al, except for Asia and Australia. On the
other hand, sub-assemblages Blll and BIV are equally distributed in Europe and Australia,
whereas in Africa and Asia sub-assemblage Blll is predominant, but BIV is predominant in

North America (Feng and Xiao, 2011; Sprong et al., 2009).

The infection is typically characterized by diarrhoea, but can be either asymptomatic or
responsible for a broad spectrum of clinical manifestations (e.g., nausea, vomiting, bloating),
with symptoms ranging from acute to chronic. Post-infectious fatigue syndrome, IBS, IBS-like
symptoms, functional dyspepsia, reactive and post-infectious arthritis and intestinal allergies
are among the most common long-term consequences of Giardia infection (Allain and Buret,
2020; Farthing, 1996; Halliez and Buret, 2013; Litleskare et al., 2019, 2018; Minetti et al., 2016;
Megrch et al., 2009b, 2009a; Nash et al., 1987; Robertson et al., 2010). Young children and
immunocompromised patients are more vulnerable to clinical manifestations (Halliez and

Buret, 2013).

Giardia is commonly found in cattle. Higher prevalence rates are recorded in young calves up

to 6 months old, compared to older animals (Becher et al., 2004; Nydam et al., 2001; Ralston
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et al., 2003; Xiao, 1994). However, prevalence rates vary significantly, reaching sometimes
100% depending on the age and the number of the animals included in the studies, the
management conditions, as well as the diagnostic tools used (Feng and Xiao, 2011; Geurden
et al.,, 2010; Robertson, 2009). G. duodenalis assemblage E is predominant, whereas also
isolates of assemblage A are common, as well as mixed infections of assemblages A and E
(Geurden et al., 2008; Sprong et al., 2009). Infections are mostly asymptomatic but can be
also associated with mild diarrhoea and ill thrift, leading to production losses (Abeywardena

et al.,, 2015).

The prevalence of Giardia in sheep and goats also depends on the age and the number of the
animals tested, the management practices of the farm, the geographical area and the
diagnostic tools used, thus the infection rates can vary significantly (Feng and Xiao, 2011,
Geurden et al., 2010; Robertson, 2009; Santin, 2020). Assemblages A and E are most
frequently detected, with E being the predominant genotype in most areas, however also
infections with assemblage B have been recorded (Robertson, 2009; Santin, 2020).
Asymptomatic infection usually occurs, but when diarrhoea persists, this can lead to

production losses (Feng and Xiao, 2011).

Giardia is one of the most common intestinal parasites of dogs and cats in developed
countries (Ballweber et al., 2010; Barutzki and Schaper, 2011; Claerebout et al., 2009;
Kostopoulou et al., 2017; Pallant et al., 2015; Palmer et al., 2008; Zanzani et al., 2014). The
prevalence rates often range between 1% and 45% in healthy or clinically ill dogs or cats
(Claerebout et al., 2009; Julien et al., 2019; Kim et al., 2019; Kostopoulou et al., 2017; Pan et
al., 2018; Ryan and Zahedi, 2019; Tangtrongsup et al., 2020; Zanzani et al., 2014), although
the prevalence rates can vary considerably depending on the study population, the study
area, the diagnostic method used, as well as the health status of the animals (Tangtrongsup
and Scorza, 2010). The most prevalent species in dogs are the host-specific assemblages C
and D (Caccio and Ryan, 2008; Ryan and Zahedi, 2019), but also other assemblages such as
sub-assemblages Al, All, Blll and BIV have been isolated (Claerebout et al., 2009; Palmer et
al., 2008; Pan et al., 2018; Ryan and Zahedi, 2019; Sprong et al., 2009). Similarly, in cats the
host-specific assemblage F is predominant, but also assemblages C, D, E, Al, All, Blll and BIV-
like have been detected (Kostopoulou et al., 2017; Palmer et al., 2008; Pan et al., 2018; Papini
et al., 2007; Ryan and Zahedi, 2019; Souza et al., 2007; Sprong et al., 2009; Tangtrongsup et
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al., 2020). The infection in companion animals is mainly sub-clinical, although chronic
diarrhoea and other clinical manifestations (e.g., abdominal pain, weight loss) can also occur.
The severity of the signs depends on several factors including the age and the immune status
of the animal, as well as the presence of other pathogens (Adell-Aledén et al., 2018;

Tangtrongsup and Scorza, 2010; Tysnes et al., 2014).

Infections of horses with Giardia have been reported from many areas worldwide, while the
prevalence rates vary significantly (0.5%-35%) (Kostopoulou et al., 2015; Olson et al., 1997;
Santin et al., 2013; Traversa et al., 2012; Veronesi et al., 2010; Xiao, 1994). Infection occurs
mainly with assemblages A, Al, B, BIV and E (Kostopoulou et al., 2015; Traub et al., 2005;
Traversa et al.,, 2012; Veronesi et al., 2010). Although the prevalence of infection with G.
duodenalis in horses is not related with age (Olson et al., 1997; Qi et al., 2015; Santin et al.,
2013), foals are more prone to disease (Johnson et al., 1997; Veronesi et al., 2010; Xiao and

Herd, 1994).

Prevalence rates of G. duodenalis in pigs range between 1% and 51% (Armson et al., 2009;
Budu-Amoako et al., 2012; Farzan et al., 2011). Assemblages A, B, and E have commonly been
detected from piglets in different areas (Armson et al., 2009; Budu-Amoako et al., 2012;
Farzan et al., 2011; Langkjeer et al., 2007; Minetti et al., 2014). However, also the canine-
specific assemblages C and D and the feline-specific assemblage F have been occasionally
isolated from pigs (Armson et al., 2009; Langkjzer et al., 2007; Minetti et al., 2014). Infections
are usually asymptomatic, however diarrhoea has occasionally been associated with the

presence of assemblage E (Armson et al., 2009; Ryan and Zahedi, 2019).

Giardia spp. have been also isolated from other animal species, including wild mammals,
amphibians, reptiles, birds and fish, causing asymptomatic or mild to severe disease (Feng
and Xiao, 2011; Ryan and Zahedi, 2019). Beavers, chinchillas, muskrats, wild rodents,
monkeys, deer, coyotes foxes, seals and dolphins are among the animals in which Giardia
species have been detected (Appelbee et al., 2005; Chagas et al., 2019; Delport et al., 2014;
Feng and Xiao, 2011; Helmy et al., 2018; Reboredo-Fernandez et al., 2014; Zhang et al., 2020).
Host-adapted species, such as G. muris, G. microti, G. agilis, G. psittaci and the G. duodenallis
specific assemblages G and H have been commonly detected in these animals (Caccio et al.,

2018; Feng and Xiao, 2011; Ryan and Zahedi, 2019), as well as the zoonotic assemblages A (I,11
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and Ill) and B (BIll and BIV) (Feng and Xiao, 2011; Li et al., 2017; Robertson et al., 2019a; Ryan
and Zahedi, 2019; Zhang et al., 2020).

Also many shellfish (i.e. clams, oysters, mussels) have been documented to be contaminated
with different G. duodenalis assemblages (Adell et al., 2014; Coupe et al., 2018; Giangaspero
et al., 2014, 2007; Gomez-Couso et al., 2004, 2005; Schets et al.,, 2007; Tei et al., 2016),

although prevalence rates of this parasite in such species are not known.

1.2.5 Molecular evidence of zoonotic potential

Although Giardia was recognized as a zoonotic pathogen over forty years ago by the WHO
(WHO, 1979), direct evidence for zoonotic transmission is lacking, and thus its zoonotic
importance remains under debate, mainly due to recent advances in genotyping (Ryan and
Caccio, 2013; Thompson, 2004). Molecular typing tools have been extensively used to study

the complex epidemiology of giardiasis, with focus on its zoonotic transmission.

G. duodenalis assemblages A and B are associated with human infections. Protein
polymorphisms of 23 loci revealed the presence of distinct sub-assemblages between
assemblages A (sub-assemblage Al, All, Alll & AIV) and B (sub-assemblage BI, BlI, Blll & BIV)
(Monis et al., 2003). Widely used markers for genetic characterization of G. duodenalis
isolates are some of the well-conserved eukaryotic genes, such as the small subunit ribosomal
RNA (SSU-rRNA) and the elongation factor 1-alfa (efl-a), the conserved (although with
divergent regions) glutamate dehydrogenase (gdh) and the triose phosphate (tpi) gene
(Monis et al., 1999), or genes uniquely associated with Giardia, such as the B-giardin (bg) gene

(Lalle et al., 2005b, 2005a).

Sub-assemblage Al is preferentially found in companion animals and livestock, sub-
assemblage All is mainly found in humans, while sub-assemblages Alll and AlV are almost
exclusively isolated from animals. Human isolates revealed the presence of both sub-
assemblages Al and All, with All most commonly detected (Feng and Xiao, 2011). Although
only sub-assemblage Al was considered to be zoonotic and sub-assemblage All to be human
specific (Caccio and Lalle, 2015; Ryan and Caccio, 2013), many studies identified sub-
assemblage All in animals (e.g. cattle and dogs) (Adell-Aleddn et al., 2018; Fantinatti et al.,
2018; Gultekin et al., 2017; Kostopoulou et al., 2017; Ryan and Zahedi, 2019) and in both
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humans and animals (Lee et al., 2017). Zoonotic transmission of sub-assemblage Al appears
to be minimal in developed countries, but the situation is different in endemic regions, for
example in localised foci where humans and animals live in close contact (Caccio and Lalle,
2015). The assemblage Alll is almost exclusively detected in wild animals, particularly wild
ruminants and is considered to be a host-adapted genotype (Caccio et al., 2008; Lalle et al.,
2007; Sprong et al., 2009). Multilocus sequencing and phylogenetic analysis, based on the
analysis of the bg, gdh and tpi genes (but not the SSU-rRNA gene because of its highly
conserved nature and the little intra-assemblage variability in both assemblages A and B),
supported the previous findings (Caccio et al., 2008; Lalle et al., 2007; Sprong et al., 2009).
However, these markers show little variability between the subtypes of assemblage A and

thus have a low resolution (Lebbad et al., 2011, 2010; Ryan and Caccio, 2013).

Human isolates appeared to form two clusters (BIll and BIV) within assemblage B, whereas
animal isolates belonged mainly to sub-assemblages Bl and BIll, when allozyme
electrophoretic analysis of multiple loci was used as a tool of differentiation. Therefore, the
zoonotic potential appears to be minimum (Monis et al., 2003). However, multilocus
sequence analysis does not support the clustering of human and animal isolates into distinct
clusters (Caccio et al., 2008; Lasek-Nesselquist et al., 2009). Multilocus sequence analysis of
assemblage B isolates revealed mixed sequencing profiles with ambiguous nucleotides or
overlapping signals, and high genetic diversity. As a result, no clear genotypes have been
inferred for assemblage B and consequently no distinction between zoonotic and host-
adapted genotypes has been made (Caccio et al., 2008; Sprong et al., 2009; Xiao and Feng,
2017).

The remaining G. duodenalis assemblages C, D, E and F have been found rarely in human
cases. Assemblage C that is mainly isolated from dogs, was first reported in an
immunocompromised adult from Egypt (Soliman et al., 2011). A severe giardiasis case, where
assemblage C was detected, was reported in Slovakia (Strkolcovd et al., 2015). The dog-
specific assemblage D was isolated from German tourists, who travelled in southern Asia
(Broglia et al., 2013). Assemblage E was detected in a survey of a poor community in Brazil
with limited drinking water supply, absence of a sewage network and contact with stray
animals (Fantinatti et al., 2016). Moreover, it has been isolated from individuals with

diarrhoea from urban and rural areas in Australia (Zahedi et al., 2017) and from children in
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agricultural areas of Egypt (Abdel-Moein and Saeed, 2016). Importantly, assemblages A and E
are close phylogenetically; assemblage A is more similar to assemblage E at the genome level
than assemblage B (Brynildsrud et al., 2018; Franzén et al., 2009; Jerlstrom-Hultqvist et al.,
2010). Moreover, recombination between assemblages A and E has been identified
(Ankarklev et al., 2018; Xu et al., 2012) and this could be explained by the fact that often these
assemblages co-infect sheep and goats (Ryan and Caccio, 2013), thus the zoonotic potential
of assemblage E cannot be excluded. Finally, the cat-specific assemblage F was detected in
humans from rural and urban areas in Ethiopia (Gelanew et al., 2007) and children who lived
in poor socio-economic conditions in Slovakia (Pipikova et al., 2020). Even though these
findings demonstrate that assemblages C to F can indeed infect humans, thus suggesting less
host-specificity, the fact that these infections are rare suggests that these findings should be
interpreted with caution, as classification among the assemblages is influenced by the choice

of markers (Caccio et al., 2018).

The systematic use of more sensitive subtyping tools and, more importantly, whole genome
sequencing approaches in epidemiological studies in both endemic and epidemic areas, will
help us to better understand the complexity of the host-specificity and transmission cycles of
Giardia (Ankarklev et al., 2018; Brynildsrud et al., 2018; Durigan et al., 2018; Lecova et al.,
2019; Ryan and Caccio, 2013).

1.3 Transmission

1.3.1 Routes and factors favouring transmission

Cryptosporidium and Giardia share common transmission routes. (Oo)cysts are the stages of
the parasites that are transmitted from an infected host to a susceptible one by the faecal-
oral route. Routes of transmission can be (a) human-to-human, (b) animal-to-animal, (c)
human-to-animal, (d) animal-to-human, (e) waterborne and (f) foodborne (Fayer et al., 2000;
Ryan et al., 2016b; Thompson, 2004). Also mechanical transmission through vectors, such as
arthropods or birds has been reported (Fayer et al., 2000; Graczyk et al., 1999; Thompson et
al., 2005).

Human-to-human transmission can occur after direct contact with infected individuals,

especially in areas where sanitation standards are inadequate (e.g., in developing countries)
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or in places such as day care centers where hygiene levels may be compromised (Fayer et al.,
2000; Thompson, 2004). People can be also infected by animals, after direct contact with their
manure in combination with lack of hygiene practices (e.g., hand washing) (Caccio and
Chalmers, 2016; Feng and Xiao, 2011; Heyworth, 2016; Ryan et al., 2016b). However, it is a
matter of debate whether transmission between animals and humans occurs via direct
contact or if the presence of a common contaminated source initiates infection (Baneth et al.,

2016).

Indirect transmission of Cryptosporidium and Giardia through water or food is most common.
Especially in cases of massive outbreaks of cryptosporidiosis or giardiasis, individuals became
infected after accidental ingestion of parasites’ (oo)cysts mostly via contaminated drinking
water, but sometimes also from recreational water, or contaminated foodstuff (Efstratiou et

al., 2017b; Ryan et al., 2019, 2018).

Numerous factors in the biology of Cryptosporidium and Giardia make them suitable for

waterborne and foodborne transmission.

First, the (oo)cysts that are excreted into the environment are robust, fully infective and no
further maturation or intermediate hosts are required (Ryan et al.,, 2019, 2018). Both
parasites are resistant to common disinfectants (i.e., chlorine) (King and Monis, 2007; Korich
et al., 1990; Peeters et al., 1989; Winiecka-Krusnell and Linder, 1998) and can survive under
various environmental conditions for prolonged periods of time and still remain viable and
infectious, especially in cool and damp areas (DeRegnier et al., 1989; Feng and Xiao, 2011;
Olson et al., 1999; Peng et al., 2008; Robertson et al., 1992; Robertson and Gjerde, 2006).
Interestingly infectious (oo)cysts of both parasites have been isolated from vegetables and
fruits maintained in household refrigerators for several days (Hohweyer et al., 2016;
Macarisin et al., 2010; Utaaker et al., 2017b). In general, Cryptosporidium oocysts are more
environmentally resistant compared to Giardia cysts, while both are more vulnerable when
temperature rises. In water and cattle faeces Cryptosporidium oocysts can remain viable for
more than 12 weeks at -4 °C, and in soil for up to 10 weeks, while Giardia cysts remain
infectious in these matrices for less than a week at -4 °C (Olson et al., 1999). On the contrary,
both parasites are more vulnerable to higher temperatures (DeRegnier et al., 1989; Olson et

al.,, 1999; Peng et al., 2008). Cryptosporidium oocysts remain infectious up to 10 weeks in
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water and up to 4 weeks in soil and faeces at 25 °C, while Giardia cysts are viable up to 2

weeks in water and for a week in soil and faeces at the same temperature (Olson et al., 1999).

The fact that infected hosts have the ability to shed large numbers of (0o)cysts (up to billions),
is one of the important factors contributing to the continuous environmental pressure with
these parasites. For example, neonatal calves can excrete up to 30 billion Cryptosporidium
oocysts over a 1-2 week period (Kuczynska and Shelton, 1999) and ruminants, at the peak of
infection, can excrete up to 10° G. duodenalis cysts per gram of faeces (O’Handley and Olson,
2006; Xiao, 1994). Interestingly, it has been reported that infected humans may excrete up to
9.2 x 10° Cryptosporidium oocysts/mL (Goodgame et al., 1993) and up to 10’ Giardia cysts/g
faeces (Danciger and Lopez, 1975).

Another factor that facilitates the transmission of Cryptosporidium and Giardia is the low
infectious dose, with 10-100 (oo)cysts (even the ingestion of a single Giardia cyst proved
having a 2% probability of causing disease; Teunis et al., 1996) to be able to cause disease

(DuPont et al., 1995; Okhuysen et al., 1999; Rendtorff, 1954).

Furthermore, the small size of the (0o)cysts, 4-7 um in length for Cryptosporidium (Thompson
et al., 2005) and 7-10 um in length for Giardia (Adam, 2001), allows them to penetrate and
survive water filters, such as sand filters, which are commonly used by the water industry for
the production of drinking water (Ryan et al., 2019). They can be also filtered by shellfish
through their feeding process and thus be concentrated and remain viable it their tissues

(Robertson, 2007).
1.3.2 Waterborne transmission

Cryptosporidium oocysts and Giardia cysts can be transported easily to surface waters
through different ways, such as drainage from manure storage areas, direct contamination
by livestock and wild animals, agricultural runoffs, wastewater overflows, and non-functional
sewage systems (Bodley-Tickell et al., 2002; Caccio et al., 2003; Kistemann et al., 2012;
Robertson et al., 2006b; Sischo et al., 2000; Slifko et al., 2000). Thus, different water matrices
including surface waters, rivers, canals, lakes that are used for the production of drinking
water can become contaminated with human, zoonotic or host-specific parasite species and

assemblages that, in combination with insufficient drinking water treatment processes, may
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lead to disease outbreaks. Climate change may also affect the distribution of Cryptosporidium
oocysts and Giardia cysts in the environment. An increase in the number and force of extreme
rainfall events will likely increase surface runoffs that may contain zoonotic species and
assemblages of the parasites (Semenza et al., 2012). As a matter of fact, rainfall events have
been documented in several studies being a major factor contributing to faecal contamination
of water matrices (Atherholt et al., 1998; Dias et al., 2018; Fayer et al., 2002; Mons et al.,
20009; Sischo et al., 2000).

Protozoan parasites along with liquid sewage from improperly arranged toilets, septic tanks
and livestock farms penetrate into the soil and aquifers. (Oo)cysts, due to their biological
characteristics mentioned above, may have the ability to contaminate also the underground
water supplies, that are considered to be the most reliable in terms of sanitary. Under
extreme events that confining strata of the underground water supplies are disrupted, the

(oo)cysts can penetrate and contaminate these water supplies (Omarova et al., 2018).

Waterborne transmission of these parasites can also occur through contaminated water of
recreational facilities, such as swimming and wading pools, thermal and other natural springs,
fresh and marine waters, interactive fountains, and other venues where water contact or
activities take place. Contamination in such facilities is often associated with accidental faecal
contamination but can be also caused by poorly constructed or maintained plumbing, poor
filtration systems and insufficient use of disinfectants. Swimming is one of the most popular
recreational activities worldwide, with over 350 million persons-events estimated to take
place annually only in the US. Sources of contamination in such cases are considered to be
bathers themselves. The likelihood of a faecal accident at recreational facilities increases
when these facilities are used by diapered children, toddlers and incontinent persons (Fayer,

2004).

1.3.3 Waterborne outbreaks

Several outbreaks of waterborne cryptosporidiosis and giardiasis have been documented
(Baldursson and Karanis, 2011; Efstratiou et al., 2017b; Fayer, 2004; Karanis et al., 2007;
McClung et al., 2018; Semenza and Nichols, 2007), often associated with high numbers of
infections. Interestingly, most cryptosporidiosis and giardiasis waterborne outbreaks have

been reported from developed countries where detection and monitoring systems have been
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legislated. As these protozoan parasites are more likely to be endemic in less developed
countries, where those infrastructures that are necessary for a safe drinking water supply (i.e.,
intact sewage disposal system, effective catchment control measures and efficient water
treatments) may be suboptimal, it is likely that these countries are at even greater risk of
disease outbreaks. However, lack of detection and surveillance systems in less developed
countries, both at the water treatment and public health level, makes detection of these
parasites and vehicles of transmission difficult (Robertson, 2014, 2013). As a result,
waterborne protozoan outbreaks have not yet been reported in Africa and South America. On
the contrary, during 2011 to 2016, almost half (49%) of the reported waterborne parasitic
protozoan outbreaks occurred in Australia and New Zealand (48% only in New Zealand), 41%
in North America and only 9% of them have been documented in Europe. In Asia only 3 (1%)

outbreaks were reported (Efstratiou et al., 2017b).

Until 2016, about 524 cryptosporidiosis and 344 giardiasis waterborne outbreaks had been
reported worldwide (Baldursson and Karanis, 2011; Efstratiou et al., 2017b; Karanis et al.,
2007), with more than 577,242 and 86,938 cases, respectively (Efstratiou et al., 2017b). Better
surveillance systems and the application of standardized techniques for the detection of these
parasitic protozoa, led to an increase in the number of the reported outbreaks during the last
years. For example, during a period of more than a hundred years (from the start of the last
century until 2004), 297 waterborne outbreaks of both parasites were reported (Karanis et
al., 2007), while in a period of only 13 years (2004-2016), 571 outbreak reports were

documented (Baldursson and Karanis, 2011; Efstratiou et al., 2017b).

The first documented waterborne cryptosporidiosis outbreak was in 1983 (Galbraith et al.,
1987), while the largest outbreak was in Milwaukee, USA, in 1993. This single outbreak
resulted in an estimated 400,000 infected individuals by Cryptosporidium, due to failure in
the filtration process during the production of drinking water (MacKenzie et al., 1994). About
100 deaths and an estimated illness-associated cost of $96.2 million were the outcome of this
large outbreak (Corso et al., 2003). The second largest outbreak of cryptosporidiosis occurred
in 2010 in Ostersund, Sweden, with an estimated 27,000 individuals infected with C. hominis,
due to an ineffective municipal drinking water treatment plant (Widerstrom et al., 2014). One
year later (2011), Sweden faced again a huge waterborne outbreak. About 20,000 individuals

were infected with C. hominis, because drinking water production from surface water lacked
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sufficient barriers for parasites (Bjelkmar et al., 2017; Guzman-Herrador et al., 2015; Rehn et
al., 2015). C. parvum and C. hominis are responsible for most outbreaks (Efstratiou et al.,
2017b; Xiao, 2010), with C. hominis being predominant, mostly in large waterborne outbreaks
(Guzman-Herrador et al., 2015; Waldron et al., 2011; Widerstrém et al., 2014). C. hominis
subtype families la (Cantey et al., 2012; Feng et al., 2012), Ib (Gertler et al., 2015; Mayne et
al., 2011; Ng-Hublin et al., 2015; Waldron et al., 2011; Widerstrom et al., 2014) and Id (Cope
et al., 2015) were identified in outbreaks where subtyping analysis was performed. C. parvum
was also responsible for quite large numbers of infected individuals. In the most recent
outbreak in Oregon, USA, in 2013, about 2,780 cases of gastrointestinal disease were
reported, due to absence of filtration at the drinking water treatment facility. C. parvum

subtype 11aA15G2R1 was identified as the aetiological agent (DeSilva et al., 2015).

Giardia has been also implicated in numerous waterborne outbreaks. In the United States,
74.8% of the 242 Giardia outbreaks that have been reported from 1971 to 2011, affecting
around 41,000 people, were associated with water. Of them 74.6% were due to contaminated
drinking water, while 18.2% were linked with recreational water (Adam et al., 2016). The
largest giardiasis outbreak occurred in 1955 in Portland, where about 50,000 individuals were
infected, probably because chlorination was the only treatment of the drinking water (Meyer,
1973; Veazie, 1969). In the USA also another great outbreak occurred, in 1977 in Berlin, New
Hampshire, with 7,000 estimated cases (Lippy, 1978). The largest giardiasis outbreak since
2000, occurred in 2004, in Bergen, Norway, where approximately 48,000 people were
exposed to contaminated drinking water. Out of them, 2,500 received medical treatment,
whereas 1,300 cases were confirmed by laboratory analysis, with G. duodenalis assemblage
B isolated from faecal samples (Nygard et al.,, 2006; Robertson et al., 2006a, 2006c).
Assemblage B was responsible for most outbreaks investigated with subtyping tools (Daly et
al., 2010; Karon et al., 2011; Nygard et al., 2006; Robertson et al., 2006c), whereas up to date
only in one waterborne outbreak, in 1994 in Ontario, Canada, assemblage A was identified in
stool samples (van Keulen et al., 2002). The main cause identified in most giardiasis outbreaks
(over 75%) were deficiencies either a) in the processes for the production of drinking water
(over 75%), including insufficient barriers and inadequate or poorly operated treatment and

disinfection systems, or b) in the distribution system (over 12%). When these deficiencies
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happen along with the presence of sufficient viable human infectious cysts in the water,

massive waterborne outbreaks may occur (Robertson and Lim, 2011).

With the implementation of more stringent treatment of drinking water, the number of
outbreaks due to contaminated drinking water is in decline in developed countries, and most
outbreaks in the USA and Australia are now associated with recreational water (Painter et al.,
2015; Ryan et al., 2017). From the beginning of the last century until 2004, Cryptosporidium
was responsible for 50.3% of the outbreaks due to contaminated recreational water, while
Giardia was responsible for about 13.6% of them. Cryptosporidiosis is considered the most
frequently reported gastrointestinal disease in outbreaks associated with treated recreational
water in the USA (Hlavsa et al., 2015; Yoder and Beach, 2007), with 4,232 cases and 183
hospitalizations during 2009-2017 (Gharpure et al.,, 2019). Swimming pools were mostly
(64.1%) implicated in these outbreaks, and kiddie/wading pools (7.1%) and water playgrounds
(6.4%) were also responsible (Gharpure et al., 2019). The largest recreational water outbreak
occurred in 1995 at a water park in Georgia, USA, causing an estimated 5,449 cases after a
probable faecal accident in the children’s pool. Stool specimens of infected individuals were
positive for both Cryptosporidium and Giardia (Levy et al., 1998). A year later, in 1996, about
3,000 individuals acquired cryptosporidiosis after being exposed to untreated water at a

swimming pool and water from a jet-ski spray in California (Levy et al., 1998).

1.3.4 Foodborne transmission

Cryptosporidium oocysts and Giardia cysts have been recovered from a wide variety of
ingredients and food products, including fruits (e.g., apples, strawberries) and vegetables
(e.g., lettuce, kale, chicory, rocket, spinach, cilantro, dill, tomatoes, cabbage, onions) (Amorés
et al,, 2010; Caradonna et al., 2017; Dixon et al., 2013; Duedu et al., 2014; Dziedzinska et al.,
2018; Hernandez-Arango et al., 2019; Li et al., 2019; Mohamed et al., 2016; Robertson et al.,
2002; Robertson and Gjerde, 2001a; Sakkas et al., 2020; Utaaker et al., 2017a), dairy products
(e.g., milk) (Robertson and Chalmers, 2013), meat (Ryan et al., 2018; Yoshida et al., 2007) and
shellfish (Adell et al., 2014; Coupe et al., 2018; Giangaspero et al., 2014; Gomez-Bautista et
al., 2000; Gémez-Couso et al., 2005, 2004; Robertson, 2007; Robertson and Gjerde, 2008;
Schets et al., 2007; Tei et al., 2016).
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Fresh products, such as vegetables and fruits that are usually consumed raw, can become
contaminated with Cryptosporidium and/or Giardia during the irrigation process or washing
of produce with faecally contaminated water (Budu-Amoako et al., 2011; EFSA, 2018; Igbal et
al., 2015; Rafael et al., 2017; Ryan et al., 2019, 2018). Contamination of the fresh products
can also occur during harvest, packaging, transport, food packing or preparation from
infected food handlers, either ill or asymptomatic. Industrialization of food processing
increases the likelihood of contamination, as food matrices are handled by several people and
large amounts of the final product are distributed to the market. Thus, contaminated
products can easily be distributed even in several batches of a product within a short period
of time (Ryan et al., 2019, 2018). Poor personal hygiene of infected food handlers is a major
issue contributing to the transmission of cryptosporidiosis and/or giardiasis (EFSA, 2018;
Greig et al., 2007), as (oo)cysts of the parasites have been frequently detected in faecal
samples and under their nails (Abdel-Dayem et al., 2014; Baswaid and Al-Haddad, 2008; Colli
et al., 2015; Figgatt et al., 2017; Kheirandish et al., 2014; Kostopoulou, 2018; Saeed and
Hamid, 2010; Takizawa et al., 2009; Zaglool et al., 2011). Insufficient washing of produce is
also of importance. Moreover, Cryptosporidium oocysts are sticky and can survive on fresh
fruits and leafy vegetables and as a result even vigorous washing does not always removes

them (Macarisin et al., 2010).

Not only fruits and vegetables are important food products for the distribution of these
parasites, but also shellfish are considered as a risk for disease outbreaks, as both parasites
have been isolated from shellfish tissues (Coupe et al., 2018; Giangaspero et al., 2014; Pagoso
and Rivera, 2017; Santos et al., 2018; Tei et al., 2016; Tryland et al., 2014; Willis et al., 2013).
Marine bivalves have the ability to filter large volumes of water, between 20 and 100 L of
water a day depending on species, and they commonly thrive in sheltered marine
environments, usually near-shore, shallow, estuarine waters (e.g., around river estuaries,
wastewater discharges) where there is a high concentration of nutrients, but also a potentially
high concentration of protozoan parasites. Thus, transmission of Cryptosporidium and/or
Giardia from shellfish to humans can occur, as they are usually consumed lightly cooked or

even raw (Robertson, 2007; Ryan et al., 2019).

Other factors contributing to foodborne transmission of Cryptosporidium and Giardia include

the global trade of foodstuff that leads to the rapid international distribution of products
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(Robertson et al., 2014b), new dietary habits and trends, with the consumption of raw food,
eating outside of the home (Broglia and Kapel, 2011; EFSA, 2018) and higher proportions of
the population that are immunologically compromised due to an increase in individuals with
immunosuppressive diseases and/or treatments and an increasingly elderly population

(Newell et al., 2010; Torgerson et al., 2015).
1.3.5 Foodborne outbreaks

Only few foodborne cryptosporidiosis and giardiasis outbreaks have been reported,
compared to waterborne outbreaks (Robertson and Chalmers, 2013; Ryan et al., 2019, 2018;
Smith et al., 2007).

Out of the food matrices mentioned above, dairy products, fresh salads, unpasteurized milk
and apple cider are the main food items implicated in foodborne cryptosporidiosis outbreaks
(FAO/WHO, 2014; Gharpure et al., 2019; Ryan et al., 2018; Ursini et al., 2020). In the USA, for
the period 2009-2017, 22 out of the 444 cryptosporidiosis outbreaks were foodborne, with
unpasteurized milk (40.9%) and unpasteurized apple cider (18.2%) the most commonly
associated food types (Gharpure et al., 2019). In most outbreaks for which genotyping was
conducted (13 out of 16), C. parvum lla and lld subtype families, which are commonly found
in livestock (Xiao, 2010) were isolated and the causative agents were fresh salads (Aberg et
al., 2015; Gherasim et al., 2012; Insulander et al., 2013, 2008; Johansen et al., 2015; McKerr
et al.,, 2015; Rimseliené et al., 2011), apple cider (Blackburn et al., 2006; Robertson et al.,
2019b), goat milk (Rosenthal et al., 2015) and meat (Collier et al., 2011; Yoshida et al., 2007).
C. hominis has been implicated in 2 outbreaks caused by infected food handlers (Ethelberg et
al., 2009; Quiroz et al., 2000). Also C. ubiquitum has been identified in ozonated apple cider
that caused a disease outbreak (Blackburn et al., 2006). Although zoonotic transmission
appears to predominate in foodborne outbreaks, it is important to note that relatively few
genotyping studies have been conducted on foodborne outbreaks and identification of those
species does not necessarily indicate an animal origin of contamination. Thus, further
molecular subtyping studies are needed in order to better understand the sources of
contamination and transmission dynamics of foodborne cryptosporidiosis outbreaks (Ryan et

al., 2018).
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Up to date only 38 foodborne outbreaks of giardiasis have been reported, all of them in the
USA (Adam et al., 2016). Only few have been investigated thoroughly and genotyping analysis
has been performed for only 2 outbreaks. Infected food handlers were considered to be the
source of infection, however the implicated food matrix could not be determined. G.
duodenalis assemblage B (sub-assemblage Blll for the outbreak reported by Figgatt et al.,
2017) has been identified as the causative agent in both outbreaks (Feng and Xiao, 2011;
Figgatt et al., 2017; Sulaiman et al., 2003). For most giardiasis foodborne outbreaks the vehicle
of infection was not identified, but different vegetables (Mintz et al., 1993; Robertson, 2013;
Rose and Slifko, 1999; Ryan et al., 2019), salads (e.g., lettuce-based salads, noodle salad)
(Petersen et al., 1988; Robertson, 2013; Ryan et al., 2019), fruits (Porter et al., 1990), dairy
products (Robertson, 2013; Ryan et al., 2019), shellfish (Ryan et al., 2019; Smith-DeWaal et
al., 2001) and salmon (Osterholm et al., 1981) have been listed for others. Interestingly, the
source in all documented giardiasis outbreaks was infected food handlers (asymptomatic or

not).

Most foodborne outbreaks are never recognized, or if recognized they are poorly
investigated, and often go unreported (Robertson, 2014). This is likely due to lack of
appropriate tools for detection of Cryptosporidium and Giardia (oo)cysts in food matrices.
Only recently the International Standard Method (ISO) 18744 (I1SO, 2016) for the detection
and enumeration of Cryptosporidium oocysts and Giardia cysts on/in leafy green vegetables
and berry fruits, has been developed. However, this method does not include any molecular
analysis that is essential in tracking transmission of foodborne cryptosporidiosis and/or
giardiasis (Ryan et al., 2018, 2016b). Also, the low numbers of (0o)cysts that may be present
in foodstuffs and the differences in food matrices require the development of food-specific
detection methods (Caccio and Lalle, 2015). Under-reporting and under-diagnosis is also due
to the fact that illness due to foodborne parasites appears more sporadically and commonly
involves a single household or only a few individuals, thus these cases are not recognized as
being part of an outbreak (Briggs et al., 2014; Ryan et al., 2019; Smith et al., 2007). In addition,
food matrices will also no longer be available for analysis when the foodborne outbreak
occurs or, if so, it is usually difficult for the individuals to remember all types of food consumed

during the incubation period of the infection (van de Venter et al., 2015), taking into account

44



the long incubation periods of both cryptosporidiosis (up to 12 days or more) and giardiasis

(1-3 weeks) (Caccio and Lalle, 2015; Ryan et al., 2018).

1.4 Detection methods for water and food matrices

Detection of contamination with Cryptosporidium and Giardia of water or food relies on
isolation and identification of the (0o)cysts or DNA of the (0o)cysts in or on the contamination
vehicle. Furthermore, the number of (oo)cysts that are usually concentrated from
contaminated water or food matrix are low, and thus the detection is much more difficult

than in faecal samples (Robertson, 2014, 2013).

1.4.1 Water analysis

Access to safe drinking water is a fundamental human right and as Cryptosporidium and
Giardia are of great importance for public health, research activity has been focused for many
years on the standardization of methods for detecting these parasitic protozoa in water
samples. For this reason, standardized detection methods have been available for many

years.

The most commonly used methods are the U.S Environmental Protection Agency Method
1623 (US EPA, 2005) and its updated edition 1623.1 (US EPA, 2012): Cryptosporidium and
Giardia in water by Filtration/IMS/FA, and the ISO 15553 (ISO, 2006): Isolation and
identification of Cryptosporidium oocysts and Giardia cysts from water. In both methods first
a relatively large volume of water (10-1000 L) is concentrated by filtration (flocculation and
sedimentation are also used, but less frequently) and the concentrated particles that are
approximately the size of Cryptosporidium oocysts and Giardia cysts or larger, are eluted from
the filter into a smaller volume and further concentrated with centrifugation. Then the
(oo)cysts are concentrated using immunomagnetic separation (IMS), dissociated from the
beads and dried on microscope slides (usually 50 pl of the IMS eluate on every slide) for IFAT
detection. The (oo)cysts are labelled on the slides using a monoclonal antibody (mAb)
fluorescent marker, mostly the fluorescein isothiocyanate (FITC). Sometimes a nucleic acid
stain, usually the 4’6 diamindino-2-phenyl indole (DAPI) is further used, in order to increase
the identification of the (0o)cysts. Finally, the sample is examined by fluorescence microscopy
(immunofluorescent antibody testing; IFAT) for the presence of the labelled (oo)cysts and if
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DAPI stain has been added, also differential interference contrast (DIC) microscopy is used to
assist in identification. When viability assessment of the (oo)cysts is required, staining in
suspension with vital dyes, such as DAPI and propidium iodine (Pl) is preferred (Robertson et

al., 2014a).

While IMS is most commonly used for isolation, it is an expensive method, and other cheaper
separation techniques, such as density gradient flotation, are sometimes used (Robertson,
2014, 2013). An alternative method that combines both concentration and detection steps,
is flow cytometry (fluorescent-activated cell sorting) (Keserue et al., 2011). However, the high
cost of equipment that is required, the need of skilled laboratory personnel, along with the
low specificity (because of the presence of the other particles of the same size at the matrix
that may cross-react) and thus the potential of false positives, are among the disadvantages
of this method that does not allow its wide acceptance and application. On the other hand,
the combination of flow cytometry with IMS (increasing at the same time the cost of the
method), may have a potential for this technique to become more sensitive and reliable for

detection Cryptosporidium and Giardia (oo)cysts in water samples (Keserue et al., 2012).

Even though these methods result in high recovery efficiencies, although variable (<10% and
>80%) according to the matrix tested (Efstratiou et al., 2017a), they do not provide
information regarding species/assemblages and subtypes of the parasites, which is essential
for understanding transmission dynamics and unravel outbreak cases (Ryan et al., 2019,
2016b). Thus molecular tools ,i.e. polymerase chain reaction (PCR)-based methods, are also
applied for detecting contamination in water samples, providing important information on
the genotypic profile of the parasites isolated and quantification of the contamination in the
relevant transmission vehicle (Caccio et al., 2005; Smith et al., 2006). DNA extraction of the
(oo)cysts for molecular identification can be performed either before (oo)cysts are
dissociated from IMS beads or after their enumeration on microscope slides by scraping the

slides (Robertson et al., 2009; Smith and Nichols, 2010; Sunnotel et al., 2006).

For both parasites multi-copy genes are widely used for detection in water samples, due to
the higher sensitivity to detect contamination even when low numbers of (0o)cysts are
present (Smith and Nichols, 2010). For this reason, the multi-copy conserved SSU rRNA gene
is most commonly used for both parasites (Xiao, 2010; Xiao and Feng, 2017). The hsp70 and
the COWP genes are popular markers for the detection of Cryptosporidium (Sulaiman et al.,

46



2000; Xiao et al., 2000), while also the actin gene has been used (Sulaiman et al., 2002). Finally,
the gp60 gene is commonly used for subtyping analysis of the isolates, because of its
sequence heterogeneity and relevance to parasite biology (Xiao, 2010). Where possible, a
multilocus approach to characterizing Cryptosporidium isolates should be used to increase
the accuracy of identification (Caccio et al., 2005; Smith et al., 2006), as many single copy loci
may not have sufficient sensitivity to detect low numbers (<10) of oocysts that usually are
present in environmental samples (Smith and Nichols, 2010). For Giardia identification, apart
from the SSU rRNA gene, the bg, tpi and gdh genes are commonly used, also for sub-
assemblage classification, whereas the efl-a, the variable surface protein (vsp), the G. lamblia
open reading frame-C4 (GLORF-C4) and the internal transcribed spacers (ITS) of ribosomal

DNA are more rarely used (Koehler et al., 2014).

Nested PCRs targeting the previously mentioned genes followed by sequencing for
species/genotypes identification of parasites in different water matrices have been widely
used (Almeida et al., 2015; Castro-Hermida et al., 2015; Cirkovi¢ et al., 2020; Ehsan et al.,
2015b, 2015a; Prystajecky et al., 2014; Stokdyk et al., 2019; Ulloa-Stanojlovi¢ et al., 2016) and
are preferred than conventional PCRs, as they offer increased sensitivity (Adeyemo et al.,
2018). Also analyses of PCR-restriction fragment length polymorphisms (RFLP) has been used
as an alternative option for classification into (sub)species/(sub)assemblages of the parasites
in environmental samples (Cirkovié¢ et al., 2020; El-Latif et al., 2020; Xiao et al., 2001). However
as environmental samples are more likely to contain more mixtures of
(sub)species/(sub)assemblages of both parasites than clinical samples, the usefulness of this
approach is limited (Smith et al., 2006; Smith and Nichols, 2010). Other approaches, such as
multiplex TagMan-probe based qPCR assays (Guy et al., 2003; Li et al., 2010) and next
generation sequencing (Xiao and Feng, 2017; Zahedi et al., 2019) may be promising for use in

environmental samples, although with increased cost.

Another drawback of using only molecular analyses for the detection of contamination in
environmental samples (instead of using a combination of IFAT with molecular analyses) is
the presence of non-nucleated parasites in these samples that will remain undetected. Even
though the presence of non-nucleated Cryptosporidium and Giardia (0o)cysts is of no public
health importance, they indicate that the material being investigated was contaminated with

these parasitic protozoa. Finally the presence of various PCR inhibitors in environmental
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samples are a major issue, meaning that adjusted PCR conditions for every matrix tested are
required (Robertson, 2014, 2013). Alternatively, other PCR-based methods that are not
sensitive to inhibitors, such as the droplet digital PCR (ddPCR) or the loop mediated
isothermal amplification (LAMP) could be appropriate (Gallas-Lindemann et al., 2016; Yang et
al., 2014).

1.4.2 Food analysis

In principal, the approach to analyse food matrices for contamination with Cryptosporidium
oocysts and Giardia cysts is the same as the one used for water. However, unlike water
samples, filtration of large volumes is not possible (also filtration of colloidal liquids such as
milk is impractical), meaning that a relatively smaller (in terms of portion size) amount of
product can be analysed. Moreover, one other difficulty in analysing food matrices, is the
physical and biochemical nature of the different food products, that can influence the
removal of the parasites during elution. Consequently, variations in both physical and
biochemical characteristics of different foodstuff, from fruits and vegetables to shellfish, dairy
products and meat, do not allow the application of a unique method for all the different food
matrices. However, immunofluorescence remains the preferred method for the detection of
the (oo)cysts of the parasites on/in food matrices (Robertson, 2014, 2013). PCR methods, that
are considered to be more sensitive for detection, have been also used for the detection of
(oo)cysts in different food samples. However the presence of inhibitors in foodstuff and the
fact that they may sometimes detect only the parasite’s DNA and not intact (oo)cysts (thus
overestimating the infection risk), are important limitations for their solely use (Ryan et al.,
2019, 2018). Similar to water analysis, methods less sensitive to PCR inhibitors, such as ddPCR
or LAMP could be promising tools for detection of Cryptosporidium and Giardia in food
samples (Gallas-Lindemann et al., 2016; Yang et al., 2014). Another important aspect for food
analyses, is that current detection methods do not provide information on (oo)cysts viability.
Currently applied methods for assessing viability are not entirely adjusted to be used in food
matrices, however the use of simple vital dye inclusion/exclusion assays (that sometimes
overestimate the viability) along with molecular methods for species/genotypes identification

could be reliably applied (Rousseau et al., 2018).
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As mentioned above, most foodborne cryptosporidiosis and giardiasis outbreaks have been
related with the consumption of fruits or vegetables (Ryan et al.,, 2019, 2018), and thus
research interest has been focused on the standardization of an analytical method to detect
Cryptosporidium and Giardia on/in these products. Recently, the 1ISO method 18744 (ISO,
2016) for detection and enumeration of these parasites in fresh leafy green vegetables and
berry fruits, has been released. This method is based on the standard water protocol (ISO
15553, 2006) or variations of this method (Cook et al., 2007; Robertson and Gjerde, 2001b,
2000). First, elution of the produce into a specified medium is being performed, either
through agitation of the produce by shaking or by stomaching with a stomacher. Then the
eluate is concentrated by centrifugation, the parasites are isolated using IMS and finally they
are detected with IFAT. Although this method has been developed for analysis of leafy
vegetables and berry fruits, it has also been used for other varieties of fruits and vegetables
including baby sweet corn, carrots, chillies, asparagus, peppers, parsley, dill, leeks,
mushrooms, onions, tomatoes and sprouted seeds of different varieties (Robertson, 2013).
However, as there are many differences in the biochemical composition and the structure of
the different vegetables or berries, this method has to be further validated for other varieties
(Chalmers et al., 2020). Furthermore, one important limitation of the ISO method, is that
because it involves determination of the recovery efficiency by spiking (oo)cysts into the
samples, genetic characterisation cannot be performed. This drawback of the method is
crucial and needs to be refined along with the absence of viability assessment, as these are
important information to determine public health risk (Ryan et al., 2019). PCR detection
methods, targeting the genes widely used for other matrices (i.e. water and faeces), have
been also used for the detection of these parasites in fresh vegetables and fruits, assessing
also the parasites species/genotypes (Dixon et al., 2013; Dziedzinska et al., 2018; Hohweyer
et al,, 2016; Hong et al., 2014; Li et al., 2019; Ramirez-Martinez et al., 2015; Tiyo et al., 2016;
Utaaker et al., 2017a). Recently, a multiplex PCR assay has been generated for the
simultaneous detection of both parasites, as well as other protozoan parasites (i.e. Cyclospora
cayetanensis and Toxoplasma gondii) on leafy greens, although without species/assemblages

identification (Shapiro et al., 2019).

Although only one small outbreak of giardiasis (Smith-DeWaal et al., 2001) and no

cryptosporidiosis outbreak has been associated with bivalve shellfish consumption, this food

49



matrix is recognized as a potential transmission vehicle. As a result, different research groups
have tried to develop standardized methods for analysing this product (Robertson and Gjerde,
2008; Schets et al., 2013), based again on protocols used for water analysis. However a
standardized method has yet to be described (Robertson, 2007). In principal, homogenized
tissues (gills, glands, intestinal tracts), haemolymph or whole shellfish first undergo a
procedure for lipid removal (i.e. sieving, pepsin-digestion), then the (oo)cysts are
concentrated (frequently with centrifugation), isolated/purified (i.e. with IMS, flotation on
caesium chloride or sucrose gradient or lipid extraction) and are finally detected with an IFAT.
Although IFAT is the preferred detection method used by most researchers, some research
groups have used other techniques or combined IFAT with other techniques such as
fluorescent in situ hybridization (FISH) and PCR (Robertson, 2014, 2013) or multiplex PCR
(Marangi et al., 2015). As already mentioned, PCR based methods still are not the methods of
choice for detection of parasite (oo)cysts, due to different limitations, such as PCR inhibitors

in the matrix and presence of non-nucleated (oo)cysts that will remain undetected.

There have been few reported cryptosporidiosis outbreaks due to beverages, specifically
apple cider (ozonated or fresh) (Blackburn et al., 2006; Millard et al., 1994; Robertson et al.,
2019b; Ryan et al., 2018) and milk (Gelletlie et al., 1997; Harper et al., 2002; Robertson and
Chalmers, 2013; Rosenthal et al., 2015; Ryan et al., 2018; Soave et al., 1989; Ursini et al.,
2020), and thus there has been some research directed towards the development of
analytical methods for detection of contamination with Cryptosporidium oocysts in
beverages. However, there are currently no widely used protocols or a standardized 1SO
method. Sucrose flotation proved more efficient in recovering Cryptosporidium oocysts from
apple cider, compared to formalin-ethyl acetate sedimentation, followed by IMS
concentration and detection with IFAT (Deng and Cliver, 2000). However, in an outbreak of
cryptosporidiosis due to contaminated apple cider, direct centrifugation for the concentration
of the oocysts was used in combination with molecular detection (Blackburn et al., 2006). In
a more recent outbreak, the apple juice was first concentrated with centrifugation, then IMS
was performed and the oocysts were detected with IFAT (Robertson et al., 2019b). Also
centrifugation of fruit juices, followed by Sheather’s sugar flotation and staining with
modified Ziehl-Neelsen were used, but validation data of the method (i.e., recovery efficiency

and detection limits) were not provided (Mossallam, 2010). Analysis of dairy products has
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been performed on liquid milk, while yogurt and ice cream were only analysed in one study
(Deng and Cliver, 1999). The analyses are based first on different approaches for defatting the
sample, using either ether, trypsin or detergents, followed by IMS, flotation or microfiltration
(Chalmers et al., 2020), with the addition of IMS resulting in higher recovery efficiencies (Deng
et al., 2000; Deng and Cliver, 1999; Di Pinto and Tantillo, 2002) and detection by IFAT or PCR
(Chalmers et al., 2020). As no giardiasis outbreaks associated with beverages (apart from
water) have been reported, only limited research (Mossallam, 2010; Rai et al., 2008) has been
focused on the standardization of methods for detection of Giardia cysts in these products.
However, it is likely that methods similar to those used for Cryptosporidium could be adapted

for analysis of samples for Giardia (Robertson, 2013).
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Cryptosporidium and Giardia are important parasitic protozoa, causing gastrointestinal
disease in both humans and animals. Both parasites are considered to be zoonotic
(Thompson, 2004; Xiao, 2010), however the importance of their zoonotic transmission
remains under debate, especially for Giardia, mainly due to the use of new molecular
genotyping tools (Caccio et al., 2018; Ryan and Caccio, 2013; Thompson and Ash, 2019). The
most common route of transmission is through contaminated water and/or food, and they
are responsible for many waterborne (sometimes also foodborne) outbreaks of disease
worldwide, having an important impact on public health (Baldursson and Karanis, 2011;
Efstratiou et al., 2017b; Karanis et al., 2007; McClung et al., 2018; Ryan et al., 2019, 2018;
Semenza and Nichols, 2007). Thus, identifying and understanding transmission cycles of these
parasites is an important issue that needs to be investigated thoroughly, as information on
their transmission dynamics is vital for the prevention of outbreaks and minimization of the

public health risk.

Contamination of water sources (and consequently of foodstuff) with both protozoa may
have many sources, including runoffs from agricultural areas, drainage from manure storage,
wastewaters overflows or improper sewage systems (Bodley-Tickell et al., 2002; Caccio et al.,
2003; Daniels et al., 2016; Kistemann et al., 2012; Robertson et al., 2006; Sischo et al., 2000;
Slifko et al., 2000; Swaffer et al., 2018). Also climate changes and, specifically, extreme rainfall
events have been associated with elevated levels of water contamination with
Cryptosporidium and/or Giardia (Atherholt et al., 1998; Daniels et al., 2016; Dias et al., 2018;
Fayer et al., 2002; Mellor et al., 2016; Mons et al., 2009; Semenza et al., 2012; Sischo et al.,
2000). However, investigating these parasites in an aquatic environment is challenging, due
to costly, time consuming techniques that need to be performed by experienced personnel
(Efstratiou et al., 2017a). As a result, alternative markers (e.g. microbiological,
physicochemical and weather-related) that are easier and cheaper to measure in water
matrices have been investigated in order to correlate with the presence of these parasites
(Cizek et al., 2008; Duris et al., 2013; Levantesi et al., 2010; Tolouei et al., 2019; Wilkes et al.,
2011, 2009; Young et al., 2015), although with little success due to the heterogeneity among
their relationships (e.g. different source, size, fate, density, frequency and levels of excretion)

(Brookes et al., 2005, 2004; Davies et al., 2003; Levantesi et al., 2010; Wilkes et al., 2009). This
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constitutes another limitation on management and control of these parasitic protozoa in

water resources.

Greece is considered to be a relatively safe country as concerns the contamination of water
with Cryptosporidium and/or Giardia, since up to date only one giardiasis outbreak due to
waterborne transmission has been reported (Hadjichristodoulou et al., 1998; Hardie et al.,
1999, 1997) and waterborne disease outbreaks are rare (https://eody.gov.gr). Although lack
of surveillance and underreporting could be a reason for the absence of other reported
outbreaks, parasite contamination levels in Greek water sources were quite low (<0.5
Cryptosporidium oocysts/L and <1 Giardia cysts/L) in the few studies that are available
(Economou et al., 2013; Karanis et al., 2005, 2002; Papadopoulou et al., 2008; Spanakos et al.,
2015).

However, even if the presence of Cryptosporidium and Giardia in surface waters in Greece
seems to be relatively low, it is not safe to underestimate the risk for future waterborne
outbreaks, taking into consideration that: a) both parasites are highly abundant in different
animal species (both potentially zoonotic and species-specific genotypes/assemblages
identified) (Arsenopoulos et al., 2017; Giadinis et al., 2015; Haralabidis et al., 1988;
Kostopoulou et al., 2017, 2015; Papanikolopoulou et al., 2018; Papazahariadou et al., 2007;
Symeonidou et al.,, 2017; Tzanidakis et al., 2014) and were isolated from humans (the
potentially zoonotic G. duodenalis sub-assemblage All has been detected; lack of information
on Cryptosporidium species detected) (Kostopoulou et al., 2020; Maltezou et al., 2001; Printza
et al., 2013) and food (only Cryptosporidium oocysts) (Sakkas et al., 2020), b) surface water
sources are commonly used for production of drinking water in Greece and often livestock
farms are found in close proximity, and c) Greece, due to its geographical location, shares
common water bodies with other Balkan countries (i.e. Bulgaria and North Macedonia),
where confirmed cases of cryptosporidiosis and giardiasis have been documented (Plutzer et
al., 2018). Therefore, understanding waterborne transmission of Cryptosporidium and Giardia
and determining their zoonotic nature in aquatic resources is important in order to estimate

the public health risk for disease outbreaks and to generate appropriate preventive measures.

For the current thesis, Northern Greece and precisely the Thessaloniki greater area and the
northern part of Thermaikos Gulf has been selected as an interesting case scenario to study
the dynamics of waterborne transmission of Cryptosporidium and Giardia. The area is
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characterised by: (i) an urban environment — the city of Thessaloniki (> 1,100,000 inhabitants)
is built around Thermaikos Gulf; (ii) an agricultural environment — the area around the city is
a dense farming area with numerous cattle and sheep farms; (iii) many surface water sources
— there are 4 rivers, i.e. Gallikos, Axios, Loudias and Aliakmonas, that form a large deltaic
complex on the northern and western parts of the gulf; (iv) a water production company using
water from Aliakmonas river for the production of drinking water for Thessaloniki; (v) 3
wastewater treatment plants that treat human, agricultural and industrial waste, which are
either re-used for irrigation or discharged into the gulf (mostly); (vi) the most intensive mussel
farming of the Mediterranean mussel, Mytilus galloprovincialis, located close to the deltaic
complex of the rivers and wastewater discharges, totaling 80-90% of the whole mussel

production in Greece (Theodorou et al., 2011).
Specifically, the objectives of this Ph.D. thesis were:

1. To monitor the presence of Cryptosporidium and Giardia in different water sources in
Northern Greece, including surface water, drinking water and treated waste waters.

2. To monitor the presence of Cryptosporidium and Giardia in sheep and cattle farms in
the vicinity of surface water (rivers), as potential sources of water contamination.

3. To determine the Cryptosporidium species/genotypes and Giardia (sub)assemblages,
through the performance of molecular analyses, in order to evaluate their zoonotic
potential and to identify potential sources of water contamination and the risk of
waterborne and foodborne infections.

4. To develop arisk assessment model to identify parameters that can predict the risk of
surface water contamination with Cryptosporidium and/or Giardia.

5. To monitor the presence of Cryptosporidium and Giardia in mussels cultured in

Thermaikos Gulf.
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Introduction

Cryptosporidium spp. and Giardia duodenalis are globally recognised as important
waterborne parasites, with many documented outbreaks worldwide (Baldursson and Karanis,
2011; Efstratiou et al., 2017; Fayer, 2004; Karanis et al., 2007; McClung et al., 2018; Semenza
and Nichols, 2007). This is mainly due to their significant impact on human health, as, for
example, expressed in 2,159,331 Disability-Adjusted Life Years (DALYs) for cryptosporidiosis
and 171,100 DALYs for giardiasis for 2010 (Kirk et al., 2015).

Cryptosporidium oocysts and Giardia cysts are shed with in faeces of infected hosts and
are transmitted either directly (i.e., contact with faeces from infected hosts) or indirectly (i.e.,
ingestion of contaminated water or food), potentially causing gastrointestinal disease
(Chalmers, 2012; Ryan et al., 2014). The parasites have prolonged survival in the environment,
and are also highly resistant to common disinfectants, such as chlorine (Korich et al., 1990;
Peeters et al., 1989; Winiecka-Krusnell and Linder, 1998). Furthermore, their infectious dose
is low (DuPont et al., 1995; Okhuysen et al., 1999; Rendtorff, 1954). Both parasites are

considered to be a significant, often-neglected, public health risk (Certad et al., 2017).

Many waterborne cryptosporidiosis and giardiasis outbreaks have been reported
worldwide (Efstratiou et al., 2017), with an increasing number reported since the early 2000s.
Water contamination can be of human origin (sewage effluent) or of animal origin (e.g., runoff
from contaminated fields), and these contamination sources may contain human, zoonotic,
or host-specific parasite species (Caccio et al., 2003; Gibson et al., 1998; Kistemann et al.,
2012, 2002; McCuin and Clancy, 2006; Robertson et al., 2006). However, investigating water
contamination by these parasites is quite challenging, requiring the application of costly, time
consuming techniques performed by experienced personnel. As a result, systematic
monitoring of drinking water sources is not common practice, and performed routinely in only
a few countries (e.g., UK, Netherlands, USA, some provinces of Canada and Australia). In
Greece, monitoring of these two parasites in water for human consumption is not mandatory,
as set by the Greek Common Ministerial Decision No 67322/2017 (Greek Government Gazette
3282/B'/19.09.2017).

To address the above difficulties in determining contamination of water sources, several

attempts have been made to identify alternative markers, that are easier and cheaper to
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measure, and that could be used to predict the presence of these parasites in water samples.
Studies have attempted to correlate the presence of these parasites in aquatic environments
with: (i) presence of faecal indicator bacteria (i.e., Escherichia coli, Clostridium perfringens,
bacteriophages, Enterococci, total and faecal coliforms) and pathogenic bacteria (e.g.,
Salmonella spp. and Campylobacter spp.) (Cizek et al., 2008; Duris et al., 2013; Levantesi et
al., 2010; Tolouei et al., 2019; Wilkes et al., 2011, 2009), (ii) weather-related parameters (e.g.,
temperature, turbidity, flow rate, rainfall, and tributary discharge) (Cizek et al., 2008; Tolouei
et al., 2019; Wilkes et al., 2009; Young et al., 2015), and (iii) wastewater micropollutants (e.g.,
caffeine, carbamazepine) (Tolouei et al., 2019). However, to date, no single parameter has
been entirely suitable for all environmental systems. This reflects the heterogeneity in the
relationships between these indicators and the presence of Cryptosporidium and/or Giardia,
which are affected by differences in frequencies and levels of excretion at the source of the
faecal pollution (Davies et al.,2003), differences in size, density, fate, and transport in a
catchment (Brookes et al., 2005, 2004), and also by the different water sources (i.e., surface,

wastewater, purified) and sampling sites (Levantesi et al., 2010; Wilkes et al., 2009).

In Greece, one waterborne outbreak of parasitic infection has been reported; a giardiasis
outbreak affecting 224 tourists at a hotel in Crete, resulting from sewage contamination of
the hotel’s water supply system (Hadjichristodoulou et al., 1998; Hardie et al., 1999, 1997).
Since then, investigations on Cryptosporidium and Giardia in water matrices in Greece have
been quite limited, but include: i) three studies on surface waters (Economou et al., 2013;
Karanis et al., 2005, 2002), where both parasites were detected in different locations in north-
western Greece (Karanis et al., 2005, 2002), ii) two studies on wastewaters, with
Cryptosporidium and Giardia identified in both of them (Ligda et al., 2020; Spanakos et al.,
2015), and iii) two studies on drinking water and swimming pools (Karanis et al., 2002;
Papadopoulou et al., 2008), where Cryptosporidium oocysts were reported once in each
matrix, in relatively low numbers (Karanis et al., 2002). Genotyping data are only available for
the positive wastewater samples, where the zoonotic C. parvum, C. muris (Spanakos et al.,

2015), and G. duodenallis assemblage All were detected (Ligda et al., 2020).

Cryptosporidium and/or Giardia infections have been reported in different animal species
in Greece, e.g. lambs (Papanikolopoulou et al., 2018; Tzanidakis et al., 2014), goat kids
(Giadinis et al., 2015; Papanikolopoulou et al., 2018; Tzanidakis et al., 2014), calves
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(Arsenopoulos et al., 2017), foals (Kostopoulou et al., 2015), dogs (Haralabidis et al., 1988;
Kostopoulou et al.,, 2017; Papazahariadou et al., 2007; Symeonidou et al., 2017) and cats
(Kostopoulou et al.,, 2017; Symeonidou et al., 2018). Although low infection rates with
potentially zoonotic species of both parasites were detected, the risk of zoonotic infection
cannot be disregarded (Kostopoulou et al., 2017, 2015; Tzanidakis et al., 2014). Regarding
human infections with these parasites in Greece, very few data are available, probably due to
misdiagnosis or underreporting of cases rather than absence of infection (Kostopoulou et al.,

2020; Maltezou et al., 2001; Printza et al., 2013).

The presence of both Cryptosporidium and Giardia in different animal species and aquatic
environments in Greece, despite the sparse information regarding their prevalence and
genetic classification in the latter, highlights the need for research on the abundance of these
parasites in water matrices and estimation of possible health risks due to consumption of
contaminated water. Therefore, the aims of this study were to: a) investigate contamination
of surface and drinking water by Cryptosporidium spp. and G. duodenalis in Northern Greece;
b) undertake molecular characterisation of parasites detected in order to determine their
zoonotic potential; c) identify potential sources of contamination of water sources where the
parasites are detected; and d) develop risk assessment models to identify interactions with
biological, physicochemical, and environmental factors. To address these objectives, a 2-year
longitudinal study was designed, which included repeated sampling at monthly intervals at
several locations in a potentially high-risk area (dense livestock and human populations and

several surface-water sources).

Materials and Methods

Study area

The study was carried out in the northern part of Thermaikos Gulf, in Northern Greece (Fig.
1). This area is characterised by: (i) urban environment - the city of Thessaloniki (>1,100,000
inhabitants); (ii) surface water - there are four rivers, Gallikos, Axios, Loudias, and Aliakmonas,
which form a large deltaic complex in the northern and western parts of Thermaikos Gulf.
Aliakmonas river is used for production of drinking water for Thessaloniki; (iii) agricultural

environment - the area around the city is a dense farming area, with numerous cattle and
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sheep farms in close proximity to the rivers. Moreover, a water production company and a

wastewater treatment plant are located in the area.

At the water production company, multi-level water cleaning procedures are applied,
including flocculant and sedimentation processes, filtration in rapid charge gravity filtration
sand beds, ozonation, filtration via granular activated carbon beds, chlorination, and pH

correction (EYATH, 2019).

The sewage at the wastewater treatment plant undergoes a double sedimentation
process, before the effluent is chlorinated, and the treated wastewaters are discharged into

the Axios river. During the summer, the wastewater effluent is used for crop irrigation.
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Fig 1. Map of the study area. Black triangles indicate the sampling points at the four rivers (RW) and irrigational canals (IW). The location of the water production company is indicated with a
blue triangle (named EYAQ). The green asterisk indicates the treated wastewater source point. The black asterisks indicate the cattle farms and rhombi indicate the sheep farms sampled.
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Sample collection

Water

From February 2015 to January 2017, water samples were collected monthly from 12
sampling points, including the four rivers, the water production company, and irrigation
canals. Sampling points were selected based on location, considering risk factors such as
proximity to farms, upstream and downstream of the wastewater treatment plant, and

accessibility (Fig. 1).

Nine points were sampled throughout the study on a monthly basis (suppl. 1), including
one sampling point of raw surface water (RW) per river (except for Axios where 2 points of
RW were included, upstream and downstream of a treated wastewater point source), one
RW sampling point from the estuary of the rivers Axios and Loudias, and 3 points from the
water production company, i.e. raw intake water (RIW), filtered water (FW) after filtration
but prior to chlorination, and purified drinking water (DW). Moreover, two sampling points
from irrigation canals (IW) were sampled monthly during their operational period (June to
August). One extra point at the entry of the Axios river into Greece was sampled monthly
from October 2016 to January 2017, as Axios river originates in the neighbouring country of

North Macedonia (former FYROM).

For RW samples (including RIW and IW) 15 L of water was sampled and 20 L for FW and
DW. The samples were collected into plastic containers, transported to the lab immediately
after collection, and filtered on the day of sampling. Plastic containers were washed

thoroughly with detergent and chlorine solution and autoclaved after each sampling.

Animals

In an effort to estimate the contribution of farms to contamination of surface water,
approximately 10 faecal samples per farm were collected directly from the rectum of young
animals (< 6 months old), from 15 cattle farms and 12 sheep farms located in close proximity
to the sampling points (Fig. 1), in January and February 2017 (immediately after the lambing

period).

Meteorological data
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Temperature data on the day of sampling (T) and mean of the week (MeanTW) (defined as
6 days prior to the sampling plus the day of sample collection), as well as mean temperature
of sampling month (MeanTM) were recorded from nearby weather stations of the Institute
for Environmental Research and Sustainable Development of the National Observatory of

Athens.

Likewise, and from the same source, rainfall data were recorded for day of sampling
(RainDS), 1-3 days before sampling (Rain1DBS-Rain2DBS-Rain3DBS), total rainfall of sampling
week (TotalRainW), mean rainfall of week (MeanRainW), total rainfall of month (TotalRainM),

and mean rainfall of month (MeanRainM).
Sample analyses
Detection of Cryptosporidium oocysts and Giardia cysts in water samples

For the water sample analyses the International Standard Method (ISO) 15553 (ISO 15553,
2006) and U.S. Environmental Protection Agency Method 1623.1 (USEPA, 2012) for detection
of Cryptosporidium oocysts and G. duodenalis cysts were followed. After collection, samples
were filtered through Filta-Max" Filter Modules (IDEXX Laboratories, Inc., Westbrook, ME,
USA) using a peristaltic pump (flow rate 2 L/min). The Filta-Max® Filter Modules were washed
using the Filta-Max” Manual Wash Station, according to the manufacturer’s instructions. The
eluate was centrifuged and the pellet volume measured. Between 0.5 ml (FW and DW) and 2
ml (RW, RIW and IW) of sediment was used for immunomagnetic separation (IMS) using
Dynabeads™ GC-Combo (Applied Biosystems™). For larger pellets, the pellets were split into
0.5 ml sub-pellets for IMS. The resulting eluates were equally divided in two 50 ul aligquots.
One aliquot was stored at -20 °C until DNA extraction, or used for viability staining, and the
other aliquot was air-dried onto well slides and stained with fluorescein isothiocyanate (FITC)-
conjugated anti-Cryptosporidium and anti-Giardia monoclonal antibodies (mAbs) (Aqua-
Glo™ G/C Direct, Waterborne™, Inc.). The slides were examined using an Olympus
fluorescence microscope at 200x or 400x magnification using a FITC fluorescence filter
(Chroma technology corp., Bellows Falls, USA). (Oo)cyst counts were multiplied by 2, as 50%
of the total eluate from the IMS was examined, and expressed as number of (oo)cysts per

litre.
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Recovery efficiency measurement

In order to measure the recovery efficiency of the method, spiking experiments were
performed with 21 water samples. A total of 13 RW samples (15 L), 4 FW samples (15 L), and
4 DW samples (20 L) were spiked with 100 inactivated Cryptosporidium oocysts and 100
inactivated Giardia cysts, permanently labelled with red fluorescent dye (ColorSeed™, BTF Pty
Ltd., Sydney, Australia). These were added to the water samples prior to filtration to estimate
the recovery efficiency of the method. The spiked samples were processed as described
above, but examined using also a Texas Red fluorescence filter (Chroma technology corp.,
Bellows Falls, USA) to distinguish ColorSeed™ (oo)cysts (that fluoresce red under the Texas
Red filter) from natural (oo)cysts (which fluoresce bright green under the FITC filter). Results

were expressed as recovery percentage of the (0o)cysts.

Viability assessment of the (oo)cysts recovered from water samples

During the first year of the study, a vital dye inclusion/exclusion assay was performed on
the 50 pl sample from the IMS, in order to estimate the viability of Cryptosporidium oocysts
and Giardia cysts recovered from the water samples. (Oo)cysts were stained with 4’,6-
diamidino-2-phenylidone (DAPI) and propidium iodide (Pl) in suspension, with FITC-labelled
monoclonal antibodies used to aid identification, as previously described (Campbell et al.,
1992). Microscopy was performed on wet mounts and the (oo)cysts were scored according
to DAPI and PI inclusion/exclusion and morphology with differential interference contrast
microscopy (DIC), in order to categorise them as either viable or nonviable/dead (Robertson

and Gjerde, 2006).

Detection of Cryptosporidium oocysts and Giardia cysts in faecal samples

Faecal samples were examined for Cryptosporidium oocysts and Giardia cysts with a
guantitative direct immunofluorescence assay (IFAT) using the MERIFLUOR
Cryptosporidium/Giardia kit (Meridian Diagnostics Inc., Cincinnati, Ohio) and following the
manufacturer’s instructions. Positive faecal samples were stored at -20 °C for molecular

analysis.

Molecular analyses
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DNA was extracted from positive non-spiked water samples and from thawed positive
faecal samples for genotyping of Cryptosporidium spp. and/or Giardia duodenalis. Genomic
DNA was extracted from the (oo)cysts of water samples that were purified with IMS
concentration (either from the 50 ul of the eluate stored in -20 °C or by scraping the slides to
collect the (oo)cysts (Robertson et al., 2009; Sunnotel et al., 2006)) and from animal faecal
samples using the QlAamp Fast DNA Stool Mini Kit (Qiagen GmbH, Hilden, Germany)
according to the manufacturer’s instructions, incorporating an initial step of 3 freeze-thaw
cycles (freezing in liquid nitrogen for 5 min and heating at 95 °C for 5 min) for water samples

and 5 cycles for faecal samples, into the protocol to maximize disruption of the (0o)cysts.

For Cryptosporidium, PCR protocols targeting the 18S ribosomal DNA (18S rDNA) gene
(Ryan et al., 2003), heat-shock protein 70 (HSP-70) gene (Morgan et al.,, 2001), and 60-
kilodalton glycoprotein (GP60) gene (Peng et al., 2001), were used. The B-giardin gene (Lalle
et al., 2005), glutamate dehydrogenase (GDH) gene (Read et al., 2004), and triose phosphate
isomerase (TPI) gene (Sulaiman et al., 2003) were amplified for multi-locus molecular
characterisation of Giardia. Assemblage specific (A-F) primers targeting the TPl gene were
also used with a G. duodenalis assemblage A and E PCR according to Geurden et al. (2008),
for assemblage B according to Levecke et al. (2009), for assemblage C according to Levecke et
al. (2011), for assemblage D according to Lebbad et al. (2010), and for assemblage F according
to Ligda et al. (2020). Positive controls (purified positive DNA from: a) Giardia cysts
(assemblages A — F) isolated from different animal faecal samples, and b) Cryptosporidium
parvum oocysts isolated from cattle) and a negative control (PCR water) were included in each
PCR run. Amplification products were visualized on 1.5% agarose gels stained with ethidium

bromide.

Purification and sequencing on both strands (Sanger sequencing) of PCR products was
performed by GATC Biotech. Sequences were assembled with Segman 8.1 Software
(Lasergene DNASTAR) and aligned using the Basic Local Alignment Search Tool (BLAST) and

compared with reference sequences using MegAlign (Lasergene DNASTAR).

Microbiological and physicochemical analysis in water samples

Faecal indicator bacteria were quantified in all water samples. Escherichia coli and

coliforms were quantified in 100 ml water samples according to 1SO 9308-2 (2012).
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Enterococci and Clostridium perfringens were also detected and quantified following the ISO
7899-1 (1998) and ISO 6461-2 (1986), respectively. Total colony counts at 22 °C/37 °C were
counted according the 1SO 6222 (1999), with a detection limit of 1 CFU/100 ml. The

microbiological analyses were performed within 12 h after sampling.

Turbidity of the water samples was measured immediately after sampling using a portable
turbidity meter (HI 98713 ISO Portable Turbidimeter, HANNA® Instruments Ltd Eden Way)
and the results expressed as Formazin Nephelometric units (FNU). The pH, Electrical
Conductivity (EC), and Total Dissolved Solids (TDS) of each sample were also measured, with

a portable pH/EC/TDS meter (HI 991300, HANNA® Instruments Ltd. Eden Way).

Statistical analyses

Descriptive statistical analyses were performed to obtain range (R), median (Mdn), mean
(M), and standard deviation (SD) values for Cryptosporidium oocyst counts and Giardia cyst
counts from monthly water samples and spiked water samples. R, M and SD values were also

calculated for microbiological and physicochemical parameters.

Mixed effect zero-inflated negative binomial models for repeated measurements (Atkins
et al., 2013; Garay et al., 2011; Hilbe, 2011; Mwalili et al., 2008) were used, due to the excess
of zero counts, in order to evaluate relationships of microbiological, physicochemical, and

meteorological parameters with protozoan concentrations.

Linear discriminant function analysis (LDFA) aims to find functions of the data that
optimally discriminate between two or more groups, in order to build a predictive model for
group membership (Brown and Wicker, 2000; Fisher, 1936; Jia et al., 2019; McLachlan, 2004;
Simarmat et al., 2018). The model is composed of a discriminant function based on linear
combinations of predictor variables. Those predictor variables provide the best discrimination
between groups. The discriminant function equations are defined as: LDF; = by x; + b, x5 +
-+ by, x,, (LDF;: the predicted score, i.e. the discriminant function score; ; x;: the predictors;
bj: the discriminant coefficients (j=1,..,n)) and they were used to classify cases. In our study,
LDFA was used to classify Cryptosporidium oocysts/L and Giardia cysts/L into categories,
according to (oo)cyst counts, using microbiological, physicochemical, and meteorological

parameters as predictors. LDFA was used as a machine-learning classification method and its
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main purpose was to predict (oo)cyst concentrations from selected microbiological,
physicochemical, and meteorological parameters. The parameters were selected using the
stepwise method and their statistical significance was evaluated. The accuracy of the model
was evaluated using the leave-one-out cross validation, whereas the validity of the predictive
model was tested using the proportional chance criterion (PCC) (Erechtchoukova et al., 2013;

McGarigal et al., 2000; Morrison, 1969; White, 2013).

Statistical analyses were conducted in R (R Core Team, 2017), using the gimmADMB
package for zero-inflated mixed effects models and the SPSS v22 software for Linear

Discriminant Analysis. The statistical significance in all tests was defined as a = 5%.

Results

Recovery efficiency measurement

For both parasites, variable recovery rates were obtained, with higher recoveries for
Cryptosporidium (up to 44%) than for Giardia (up to 30%). Typical recovery ranges (33-100%
for Cryptosporidium and 22-100% for Giardia) as referenced by USEPA (2012), were measured

for Giardia in all sample types, but for Cryptosporidium in DW samples only (Table 1).

Table 1

Mean recovery rates + standard deviation for 100 spiked Cryptosporidium oocysts and 100 spiked
Giardia cysts in raw surface water (RW, n = 13), filtered water (FW, n = 4) and purified drinking water
(DW, n = 4).

Type of matrix Cryptosporidium oocysts (%) Giardia cysts (%)
RW 32 (£ 23) 28 (+28)
FW 27 (+ 19) 30 (+ 10)
DW 44 (£ 11) 22 (£ 23)

Cryptosporidium oocysts and Giardia cysts in water samples

Of the 136 RW samples examined during the 2-year sampling period, Cryptosporidium
oocysts were detected in 64 (47.1%) and Giardia cysts in 90 (66.2%) (Figs. 2 and 3).

Among the four rivers, Axios river was the most frequently contaminated (57.8%

Cryptosporidium and 84.6% Giardia positive samples). At the river’s entry into Greece, it was
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contaminated with Cryptosporidium on all 4 sampling occasions and with Giardia on three
occasions. The sampling point downstream of the wastewater treatment plant was more
frequently (not significantly different) contaminated with Cryptosporidium (58.3%) than at
the point upstream (50.0%), and vice versa for Giardia (79.2% and 91.7%, respectively).
Loudias river was the second-most contaminated river, with 58.3% samples positive for
Cryptosporidium and 70.8% Giardia. In addition, Cryptosporidium (45.8% positive samples)
and Giardia (70.8% positive samples) (oo)cysts were commonly found at the Axios/Loudias
estuary. Aliakmonas (29.2% Cryptosporidium and 29.2% Giardia positive samples) and
Gallikos rivers (16.7% Cryptosporidium and 41.7% Giardia positive samples) showed the
lowest contamination frequency. Results of Gallikos river refer to 12 RW samples, as in the

second year of the study, sampling here was precluded by insufficient water flow.

In positive RW samples, Cryptosporidium counts ranged between 0.1 and 13.5 oocysts per
L (Mdn: 0.4, M: 0.8, SD: 1.9) and Giardia cyst counts ranged from 0.1 to 48.6 per L (Mdn: 1.6,
M: 4.7, SD: 8.4). The highest contamination intensity for both parasites was recorded in Axios
(0.1-5.4 Cryptosporidium oocysts/L and 0.1-48.6 Giardia cysts/L) and Loudias (0.1-13.5
Cryptosporidium oocysts/L and 0.1-7.9 Giardia cysts/L). Aliakmonas river had the lowest
counts for Cryptosporidium (0.1-0.3 oocysts/L) and the estuary of Axios and Loudias the

lowest counts for Giardia (0.1-5.2 cysts/L) (Figs. 2 and 3).

Water samples collected from the water production company, including FW and DW, were
contaminated with both parasites between January and May 2016 (Figs. 2 and 3).
Cryptosporidium oocyst counts in RIW samples ranged between 0.1 and 0.5 per L (Mdn: 0.2,
M: 0.2, SD: 0.2), in FW from 0.2 to 1.1 oocysts per L (Mdn: 0.4, M: 0.5, SD: 0.3) and in DW
from 0.1 to 0.9 oocysts per L (Mdn: 0.3, M: 0.4, SD: 0.3). Giardia cyst counts ranged from 0.1
to 5.3 per L (Mdn: 0.3, M: 1.1, SD: 1.7) in RIW, from 0.1 to 0.9 cysts per L (Mdn: 0.5, M: 0.5,
SD:0.4) in FW and from 0.1 to 0.3 per L (Mdn: 0.1, M: 0.2, SD: 0.1) in DW. Outside this period,
low numbers of (oo)cysts were occasionally detected, only in RW samples. Overall, during the
2-year study period, 20.8% and 16.7% of DW samples were contaminated with

Cryptosporidium and Giardia, respectively (Figs. 2 and 3).

During the summer months, in IW samples both parasites were detected (25%
Cryptosporidium oocysts and 50% Giardia cysts). Parasitic loads were low, with 0.2 to 1.3
Cryptosporidium oocysts per L (Mdn: 0.9, M: 0.8, SD: 0.6) and Giardia counts ranging from 0.1
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to 1.2 cysts per L (Mdn: 0.2, M: 0.5, SD: 0.5).

(It should be noted that the data presented are the actual counts, and not extrapolated

according to the recovery efficiency data.)
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2017.
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Viability of the (oo)cysts recovered from water samples

For some samples, Cryptosporidium oocysts were lost during the vital dye assay, and
recovered only from RW of Loudias river and RIW in January 2016. Recovered
Cryptosporidium oocysts from RW and RIW were 100% viable. Giardia cysts in RW were 79%
viable (range: 11.1 — 100%, SD: 29.3%). From FW, DW, and IW samples, (0oo)cysts could not

be recovered for evaluation via the vital dye assay.

Microbiological indicators of faecal contamination and physicochemical parameters

E. coli, coliforms, Enterococci, and Clostridia were detected in all samples of RW and IW
(suppl. 2a), with higher contamination levels during winter months (results not shown). Low
numbers of coliforms (up to 3/100 ml) and Clostridia (up to 10/100 ml) were also found in DW
samples. Turbidity measurements were higher in RW (up to 92.7 FNU) than DW (up to 4.6
FNU) samples (suppl. 2b). Furthermore, turbidity measurements were higher during rainy
months (data not shown). Values of pH were up to 8.4 for RW and IW, and up to 7.9 for DW
samples. Low values of EC (up to 536 uS/cm) and TDS (up to 269 ppm) were recorded in DW.
Paired data of parasite concentrations with microbiological and physicochemical parameters

are presented in Suppl. 3.

Animal shedding of Cryptosporidium oocysts and Giardia cysts

All farms in the area of the sampling points owned sheep or cattle that were infected with
both Cryptosporidium and Giardia. Of 254 faecal samples examined, 16.7% of the calf samples
and 17.2% of the lamb samples were positive for Cryptosporidium oocysts, and 41.3% of the

calves and 43.1% of the lambs were shedding Giardia cysts.

In cattle, Cryptosporidium oocyst excretion rates were higher, but within the same range (300
— 117,000 oocysts/g) as Giardia cyst counts (100 — 94,000 cysts/g). However, in sheep
Cryptosporidium oocyst counts were lower (100 — 55,000 oocysts/g) than those of Giardia

cyst counts (100 — 515,000 cysts/g).

Molecular identification of parasites recovered from water and animal faecal samples

Sequencing results for positive water and faecal samples are presented in Table 2.

110



Cryptosporidium sequences were obtained from only one positive water sample (RW from
Loudias river), and indicated contamination with C. andersoni (NCBI accession number:
MK414209 — 18S rDNA gene) and C. parvum I1laA15G2R1 (NCBI accession number:
MK4141210 — GP60 gene) (suppl. 4a). Giardia sequences were obtained from 36 out of 115
(31.3%) positive water samples, and generated 43 sequences. Most sequences were from RW
and IW and the majority were sub-assemblage All (n = 36 out of 43) based on sequences from
the B-giardin, GDH, and TPl genes, with one assemblage E (NCBI accession number:
MK414190 — B-giardin gene) sample detected in RW of Axios river. Two sequences (both sub-
assemblage All based on the amplicon sequences from the B-giardin gene) were obtained
from water samples from the water production company, one from RIW (NCBI accession

number: MK414192) and one from DW (NCBI accession number: MK414191).

Of 42 positive animal faecal samples, 28 (66.7%) were sequenced successfully for
Cryptosporidium. Most sequences, from both calves and lambs, were C. parvum (n = 29) based
on sequences from amplicons of the 18S rDNA and HSP-70 genes. Sequencing of the GP60
gene revealed the presence of subtypes 11aA15G2R1 (n = 3 in calves & n = 3 in lambs) and
1dA17G2R1 (n = 2 in calves) for C. parvum. In calves there were also mixed infections of C.
bovis together with C. andersoni, and of C. bovis together with C. parvum. In addition, one C.
ryanae (NCBI accession number: MK501765; suppl. 4b) isolate was detected in calves. Of 107
animal faecal samples positive for Giardia, 79 (73.8%) were sequenced successfully. The
predominant genotype in both calves and lambs was sub-assemblage All (n = 70). Assemblage
E and mixed infections of sub-assemblages Al together with All and sub-assemblage All

together with E were also detected (Table 2).
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Table 2

Cryptosporidium species and Giardia duodenalis assemblages (genotypes) recovered from water samples (RW,

IW, RIW, DW) and animal faecal samples.

Cryptosporidium Giardia duodenalis
C. C. C. C. C.andersoni  C. andersoni  C. bovis + assemblage

andersoni  parvum  ryanae  ubiquitum + C. bovis + C. parvum  C. parvum A Al All Ad Al+All E All + E

water samples - - - - - 100%* - 8.3% 2.8% 80.6% 2.8% 2.8% 2.8% -

RW - - - - - 100%* - 10% 3.3% 33%  33%  33% 3.3% -

w - - - - - - - - - 100% - - - -

RIW - - - - - - - - - 100% - - - -

DW - - - - - - - - - 100% - - - B
animal faecal samples 3.6% 64.3% 3.6% 14.3% 7.1% - 7.1% 2.5% 5% 68.4% - 1.3% 16.5% 6.3%
cattle 6.7% 60% 6.7% - 13.3% - 13.3% 2.2% - 76.1% - 2.2% 13% 6.5%
sheep - 69.2% - 30.8% - - - 3% 12.1% 57.6% - - 21.2% 6.1%

*one sample (corresponding to RW) sequenced

RW: raw surface water; IW: water from the irrigational canals; RIW:

raw intake water from the water production company; DW: purified drinking water
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Zero-inflated negative binomial models

No statistically significant correlation was found between: i) Cryptosporidium and Giardia
(oo)cyst counts, ii) faecal indicator bacteria and Cryptosporidium or Giardia (oo)cyst counts,
and iii) physicochemical or meteorological parameters and Giardia cyst counts. However, a
statistically significant positive correlation was observed between Cryptosporidium oocyst
counts and pH (p = 0.0043) and TDS (p = 0.0021), and a negative correlation with EC (p =
0.0023). Moreover, Cryptosporidium oocyst counts were positively correlated with T (p =
0.0336) and negatively with MeanTM (p = 0.0024). Cryptosporidium oocyst counts were
positively correlated with Rain2DBS (p = 0.0092) and TotalRainW (p = 0.0106), but negatively
correlated with Rain1DBS (p = 0.0216) and MeanRainW (p = 0.0105).

Machine Learning — Linear Discriminant Function Analysis

Classification of Cryptosporidium was as follows: Category 1 = none (0 — 0.1 oocysts/L),
Category 2 =low (0.1 — 4.6 oocysts/L), Category 3 = moderate (4.6 —9 oocysts/L), and Category
4 = high (9 — max oocysts/L). The most informative variables using the stepwise method were
Clostridia/100 ml, colony count at 22 °C, MeanTM, and TotalRainW. These variables were
appropriate to discriminate between the four categories of Cryptosporidium, as they
presented statistically significant differences between the group means according to tests of
equality of group means, having p-values lower than 0.05 (Suppl. 5a). According to the Wilk’s
Lambda test (p-value = 0.0 < 0.05), the model was a good fit for the data and better than a
model that separates the groups by chance. A model classifying cases to one of the categories
described was built, using these variables (Suppl. 6a). The results of the classification model
(Table 3a) using leave-one-out classification, indicated that under field conditions, estimates
of the values of those four parameters at any given sampling point can predict, with
approximately 75% accuracy, the intensity of Cryptosporidium contamination. The hit ratio
(i.e. percentages of either original (75.7%) or cross-validated (75.2%) correctly classified
cases) was accepted, since it was 25% higher than that of the proportional chance criterion
(PCC = 0.5605; 1.25*PCC=0.7006) and therefore the validity of LDFA was satisfactory.

Percentage of accuracy indicates no overfitting of the model to the data.

Classification of Giardia was as follows: Category 1 = none (0 — 0.1 cysts/L), Category 2 =

low (0.2 — 16.3 cysts/L), Category 3 = moderate (16.4 — 32.4 cysts/L), and Category 4 = high
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(32.5 — max cysts/L). The most informative variables using the stepwise method were
coliforms/100 ml, E. coli/100 ml, and turbidity (FNU). These variables were appropriate to
discriminate between the four categories of Giardia, since they presented statistically
significant differences between the group means according to tests of equality of group
means, having p-values lower than 0.05 (Suppl. 5b). According to the Wilk’s Lambda test (p-
value = 0.0 < 0.05), the model was a good fit for the data and better than a model that
separates the groups by chance. A model classifying cases to one of the categories described
was built, using these variables (Suppl. 6b). The results of the classification model (Table 3b)
using leave-one-out classification indicated that under field conditions, estimates of the
values of those three parameters at any given sampling point can predict, with approximately
69% accuracy, the intensity of Giardia contamination. The hit ratio (i.e. percentages of either
original (69.2%) or cross-validated (68.8%) correctly classified cases) was accepted, since it
was 25% higher than that of proportional chance criterion (PCC = 0.4945; 1.25*PCC=0.6181)
and therefore the validity of LDFA was satisfactory. The percentage of accuracy indicates no

overfitting of the model to the data.

Table 3

Classification results for (a) Cryptosporidium and (b) Giardia (0o)cysts/L categories using the leave-one-
out classification.

(a)
Cryptosporidium Predicted Group Membership Total
oocysts/L
none low moderate high
category
Original Count none 145 10 0 0 155
low 42 22 0 1 65
moderate 1 0 0 0 1
high 0 0 0 1 1
% none 93.5 6.5 .0 .0 100.0
low 64.6 33.8 .0 1.5 100.0
moderate 100.0 .0 .0 .0 100.0
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high .0 .0 .0 100.0 100.0

Cross-validated Count none 145 10 0 0 155
low 42 22 0 1 65

moderate 1 0 0 0 1

high 0 1 0 0 1

% none 93.5 6.5 .0 .0 100.0

low 64.6 33.8 .0 1.5 100.0

moderate 100.0 .0 .0 .0 100.0

high .0 100.0 .0 .0 100.0

- 75.7% of original grouped cases correctly classified.

- 75.2% of cross-validated grouped cases correctly classified.

(b)
Giardia cysts/L Predicted Group Membership Total
category
none low moderate high
Original Count none 122 10 0 1 133
low 49 29 3 3 84
moderate 1 1 1 0 3
high 1 0 0 3 4
% none 91.7 7.5 .0 0.8 100.0
low 58.3 34,5 3.6 3.6 100.0
moderate 333 333 333 .0 100.0
high 25.0 .0 .0 75.0 100.0
Cross-validated Count none 122 10 0 1 133
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low 49 29 3 3 84
moderate 1 2 0 0 3
high 1 0 0 3 4
% none 91.7 7.5 .0 0.8 100.0
low 58.3 345 3.6 3.6 100.0
moderate 333 66.7 .0 .0 100.0
high 25.0 .0 .0 75.0 100.0

- 69.2% of original grouped cases correctly classified.

- 68.8% of cross-validated grouped cases correctly classified.

Discussion

Our results show that Cryptosporidium spp. and G. duodenalis occur commonly, and at
relatively high concentrations, in surface waters in Greece. These data confirm previous
reports in which, however, the detection levels tended to be lower (Karanis et al., 2005, 2002).
The contamination may be even underestimated in the current study, since (oo)cyst recovery
efficiencies were quite variable. However, these variabilities were within the acceptance
criteria of the USEPA (2012) for Giardia in all matrices and for Cryptosporidium in drinking
water, and were in agreement with results from previous studies (Carmena et al., 2007; Ehsan
et al., 2015b; McCuin and Clancy, 2003). Although the abundance of the parasites and the
(oo)cyst counts in these Greek rivers are higher than reported from previous studies, the
levels of contamination are in the same range as in most rivers in Europe (Ongerth et al.,
2018). Among the four rivers, Axios and Loudias were the two most contaminated, with
considerably higher (oo)cyst counts than in previous records (0-0.086 Cryptosporidium
oocysts/L & 0-0.424 Giardia cysts/L for Axios and 0.008 Cryptosporidium oocysts/L & 0.004
Giardia cysts/L for Loudias; Karanis et al., 2005). Such an abundance could be explained by
the fact that both rivers flow in an area characterised by a high population density and farming
activity. Moreover, the Axios river, which rises in North Macedonia, was already heavily

contaminated when entering Greece, indicating (an)other important source(s) of
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contamination upstream of the border. In contrast, Aliakmonas river, which is used for
drinking water production, had the lowest contamination levels, especially for
Cryptosporidium, although in higher concentrations (up to 0.3 oocysts/L) than previously
described (up to 0.002 oocysts/L; Karanis et al., 2005). There is less farming activity close to
the banks of Aliakmonas, and therefore the probability that this river is exposed to

contamination with these parasites is lower than Axios and Loudias.

Interestingly, there was a similar seasonal pattern for both years, with greater likelihood
of contamination and higher concentrations of parasites in winter and spring. Similar findings
have also been reported in previous studies (Ajonina et al., 2013, 2012; Ehsan et al., 2015b;
Helmi et al., 2011; Isaac-Renton et al., 1996; Keeley and Faulkner, 2008; Van Dyke et al., 2012).
Contamination peaks were recorded mainly during winter (rainy months) and this may be
explained by a higher persistence of the (oo)cysts at low temperatures (Fayer, 2004;
Robertson et al., 1992), indicating, furthermore, that surface runoff probably contributes to
water contamination (Fayer, 2004, Slifko et al., 2000). To investigate this, farm animals were
screened for these parasites, and excretion of high numbers of (00)cysts into the environment
was confirmed. It is noteworthy that the same species and (sub)assemblages were identified
in some of the water and animal samples, with predominantly G. duodenalis sub-assemblage
All and the zoonotic C. parvum subtype 11aA15G2R1 (in water and animal faecal samples),
which has previously been implicated in waterborne and foodborne outbreaks (Blackburn et
al., 2006; DeSilva et al., 2015). Genetic characterization of Cryptosporidium oocysts was
successful for only one water sample (raw surface water from Loudias river). Extraction of the
DNA from the (oo)cyts detected was performed with a kit commonly used for water matrices
(Hawash et al., 2015; Ng-Hublin et al., 2015; Traub et al., 2005), with quite a high efficiency,
as shown in comparative studies (Adamska et al., 2011, 2010). However, the low success of
the genetic characterization of oocysts recovered could be due to the generally low number
of (0o)cysts recovered, the presence of PCR inhibitors in environmental samples (Schrader et
al, 2012), and the fact that the oocysts detected could have been walls only, lacking nuclei
and thus DNA to extract or amplify, due to age or environmental pressures. It should be noted
that G. duodenalis assemblage All is considered to be of zoonotic importance (Sprong et al.,
2009). However, contamination of the rivers with parasites of human origin cannot be

excluded; C. parvum and G. duodenalis All are commonly found in humans (Ryan et al., 2014;
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Xiao, 2010), including in Greece (Kostopoulou et al., 2020), and Cryptosporidium and Giardia
have previously been detected in wastewater in Greece (Spanakos et al., 2015). Although our
results indicated that the wastewater treatment plant did not contribute substantially to river
contamination with Cryptosporidium and Giardia, other human (point) sources of

contamination could have been overlooked.

C. parvum and G. duodenalis All in surface water that is used for the production of drinking
water poses a notable health risk to consumers. Importantly, similar to previous studies
(Helmi et al., 2011; Karanis et al., 2006; Pignata et al., 2019; Ramo et al., 2017), both parasites
were present in water intended for human consumption. These were identified in samples
taken following the filtration process as well as in the final purified water intended for the
distribution network. Such contamination was recorded in five consecutive months and we
have considered two possible hypotheses to explain the causes of these events: a) there was
an occasional system flaw, or b) the purification system used is inadequate to prevent
contamination by those parasites. Supporting the first scenario, we have recorded
abnormalities of the filtration system at other time points as well, such as individual occasions
of extreme turbidity values (i.e. 4.2 FNU in November 2016). The majority of turbidity values
recorded were below 1 FNU, as suggested by the WHO guidelines (WHO, 2017). If the second
scenario is the correct one, the public health risk is unfortunately much higher, as when the
(oo)cysts were identified in the drinking water, the contamination load of Aliakmonas river
(the source of the drinking water) was relatively low. Thus, an extreme event of river
contamination with high numbers of (oo)cysts could result in a waterborne outbreak of
cryptosporidiosis and/or giardiasis. Assessment of the viability of the (oo)cysts, which is
critical for full evaluation of the public health risk, was not possible in our study. Although
high counts of viable (oo)cysts were recorded in surface water and raw intake water at the
water company, for filtered and drinking water viability assessment was not possible,
probably due to the low number of (0o)cysts present. Despite the absence of viability data,
the repeated observation of drinking water contamination in Thessaloniki implies a significant
public health risk, particularly considering the low infective dose of these parasites (DuPont
et al., 1995; Okhuysen et al., 1999; Rendtorff, 1954) and the huge amount of water produced
daily by the company (up to 260,000 m3) (EYATH, 2019). Taking into account the increased

rainfall erosivity that is associated with foreseen climate changes until 2050 (Panagos et al.,
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2017), the risk of such parasitic waterborne outbreaks may even increase. Studies that
investigated the risk for consumers of this water to become infected, based on the (oo)cyst
concentrations, water consumption data, and the infection rates of the parasites would
therefore be of interest (Ehsan et al., 2015a; Helmi et al., 2011; Schets et al., 2008). It should
be noted that no cases or outbreaks of cryptosporidiosis or giardiasis among consumers were
reported in the catchment area during the contamination period. This could be because
parasites in the water supply were inactivated by water treatment (ozonation can inactivate
these parasites, and subsequent chlorination may have a synergistic effect, although this is
limited in more alkaline waters; Biswas et al., 2003), or could reflect lack of diagnosis and/or

lack of reporting of diagnosed infections.

Given the public health risk associated with water contamination and the challenging
diagnostic techniques, alternative methods for determining the occurrence of
Cryptosporidium and Giardia in water samples would be advantageous. Here different
statistical approaches were used to correlate the presence of the parasites with various
microbiological, physicochemical, and environmental parameters to identify appropriate
indicators. As a first approach, zero-inflated negative binomial models were used. No
association was found between faecal indicator bacteria and Cryptosporidium or Giardia
(oo)cyst counts, as has been reported in previous studies that have tried to correlate C.
perfringens or other faecal indicator bacteria with Cryptosporidium and Giardia (oo)cyst
counts (Briancesco and Bonadonna, 2005; Ehsan et al., 2015b; Masina et al., 2019; Xiao et al.,
2018). These data suggest that no single bacterial indicator organism can safely predict
contamination with these parasites, due partly to the heterogeneity of the relationships
among faecal indicator bacteria and (oo)cyst counts, with many more zero counts in the
parasitological data than in the bacterial counts (Levantesi et al., 2010; Wilkes et al., 2009).
The presence of E. coli is routinely monitored in drinking water, according to guidelines for
safe drinking water (WHO, 2017). Although a useful indicator of faecal contamination, E. coli,
as with other faecal indicator bacteria, is known to be of negligible importance for predicting
contamination with Cryptosporidium or Giardia and its absence in drinking water does not
necessarily indicate freedom from these parasites, as also shown by our results.

Regarding abiotic factors, Giardia was not correlated with any of those investigated,

whereas Cryptosporidium was either positively or negatively correlated with various
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physicochemical (e.g., pH and EC) and meteorological parameters (e.g., rainfall and
temperature). That rainfall parameters were sometimes positively (Rain2DBS, TotalRainW)
and sometimes negatively (RainlDBS, MeanRainW) correlated with Cryptosporidium
contamination could be attributed to surface conditions (vegetation, roughness, slope
gradient of riverbank etc.) and soil type, which can influence runoff properties (Duris et al.,
2013; Mavimbela et al., 2019; Zhang et al., 2018). We have insufficient data to explain why
specific parameters influenced (either positively or negatively) contamination with
Cryptosporidium, but had no apparent association with Giardia contamination. However, our
findings indicate the need for further sampling and analyses; event-based sampling, for
instance during or after rainfall events, may provide further useful information regarding this

aspect.

The machine-learning approach (Linear Discriminant Function Analysis) indicated that the
different indicators (microbiological, physicochemical, meteorological) could be informative
when used in combination. This also suggests that the interactions are complicated and
related to various environmental characteristics of the sampling site. The use of the LDFA,
when complex interactions of the ecosystem have to be taken into account, has also been
supported by other studies (Ballesté et al., 2020; Duran et al., 2006; Mustapha et al., 2012).
Our results suggested that the contamination intensity at a sampling point with
Cryptosporidium can be predicted (with an accuracy of 75%) by measuring Clostridia/100 ml,
colony at 22 °C, mean temperature of the relevant month, and total rainfall of the week, and
with Giardia (with an accuracy of 69%) by measuring coliforms/100 ml, E. coli, and turbidity.
As these models are based on a combination of different parameters at any given sampling
point, they avoid the problem of lack of reliability of a single parameter. However, in future
studies, the parameters to be included in such combinations should be carefully selected
based on specific characteristics. Should such parameters be used as replacements for
determining the actual (oo)cyst loads, then the methods required should be accurate, rapid,
and cost efficient. For example, determining Clostridia/100 ml and colony counts at 22 °C is
relatively cheap, but the long sample-to-result time for these parameters precludes their use

as highly efficient predictors.

Rainfall and temperature seem to be informative parameters for predicting the presence

of Cryptosporidium in water sources, being important factors in both models. A correlation
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between Cryptosporidium water contamination and rainfall has been previously documented
(Cizek et al., 2008; Duris et al., 2013; Tolouei et al., 2019; Wilkes et al., 2009; Young et al.,
2015), and is also supported by the seasonal contamination peaks noted in the current study.
To our knowledge, similar data suggesting possible correlations with temperature are
unavailable and still need to be validated. However, whether the prediction accuracies of 75%
for Cryptosporidium and 69% for Giardia are adequate from a public health perspective
should be determined by risk managers. Even if insufficient, they could be used to augment

and inform risk-based sampling plans.

Conclusions

There is a high abundance of potentially zoonotic Cryptosporidium species and G.
duodenalis (sub)assemblages in all four main rivers of Northern Greece, in the irrigation
canals, and, most importantly, in treated drinking water of Thessaloniki. Run-off from farms
may contribute to water contamination. Although machine-learning modelling approaches
seem to provide promising results to predict contamination, the accuracy was sub-optimal
and further studies are needed to test these models in different environmental settings. They
could be used to inform risk-based sampling plans and to augment current knowledge. Based
on the current data, to avoid the risk of waterborne transmission, it is suggested that water
intended for human consumption or recreational purposes should be tested for
contamination for those parasites during rainy winter months, upgrading of the treatment
processes of the drinking water supply company should be considered (i.e., inclusion of
efficient filters, ultraviolet purification), and, if the latter is not possible, a programme of

testing the purified drinking water for parasite contamination should be implemented.
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Appendix A. Supplementary data

Suppl. 1. Gantt chart representing monthly sampling from different rivers and sampling

points.

Suppl. 2. Descriptive statistics of (a) microbiological and (b) physicochemical parameters of

each water sample, collected monthly from February 2015 to January 2017.

Suppl. 3. Cryptosporidium and Giardia (occurrence and concentrations) paired with range
values of faecal indicator bacteria (total coliforms, E. coli, enterococci, clostridia) and turbidity
data for waters samples at the various sampling points, collected and analysed monthly from

February 2015 to January 2017.

Suppl. 4. NCBI accession numbers for Cryptosporidium species and Giardia duodenalis
assemblages (genotypes) detected in (a) water samples (RW, IW, RIW, DW) and (b) animal

faecal samples.

Suppl. 5. (a) Standardized Canonical Discriminant Function Coefficients of the variables
selected for discrimination between the four categories of Cryptosporidium oocysts/L and
their Tests of Equality of Group Means. (b) Standardized Canonical Discriminant Function
Coefficients of the variables selected for discrimination between the four categories of

Giardia cysts/L and their Tests of Equality of Group Means.

Suppl. 6. (a) Linear Discriminant Function model for Cryptosporidium. (b) Linear Discriminant

Function model for Giardia.
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Supplementary data

Supl. 1 Gantt chart representing monthly sampling from different rivers and sampling points.

2015 2016
Rivers Sampling points Type of matrix Feb-May Jun-Sept  Oct-Jan Feb-May Jun-Sept Oct-Jan
Gallikos raw water
upstream wastewater treatment plant raw water
Axios downstream wastewater treatment plant raw water
entrance point from North Macedonia raw water ——
Loudias raw water
estuary of Axios-Loudias raw water
irrigation canals mixed raw/treated water _ ——
raw water
raw intake water
Aliakmonas

water production company

filtered water

purified drinking water
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Suppl. 2

Descriptive statistics of (a) microbiological and (b) physicochemical parameters of each water sample, collected monthly from February 2015 to January 2017.

(a)

Water samples Total Coliforms/100 ml E.coli/100 ml Enterococci/100 ml Clostridia/100 ml

R M SD R M SD R M SD R M SD
Axios upstream 23-12x10* 19457 32974 23-6x10* 7661 13546 0-2.4x10* 1699 13546 0-9x103 606 1820
Axios downstream 23 -8.8x10* 12708 22316 20-5x10* 6251 11385 0-3.6x10% 878 1038 0-6x103 479 1209
Axios borders 6.4x10%-15x 10* 81350 59146 4.7 x10%-6.5x 10* 18243 31213 7.7 x10%- 1.8 x 10* 1243 431 1-8.4x10° 238 402
Estuary of Axios-Loudias 23-4.3x10* 6570 12796 10-2.4x10* 5015 11030 1-5x103 699 1422 6-1x10* 622 2013
Loudias 23-2.4x10% 6386 7849 7.4-2.4x10* 1501 4812 0-1.7x103 275 393 10-3.6x 10° 467 767
Aliakmonas 0-9.8x103 757 2036 0-24x103 270 670 0-2.3x10? 28 54 0-50 8 12
Gallikos 23-11x10* 14761 31246 3-2.1x10% 3650 6303 0-4.6x103 611 1288 0-6x10? 219 200
Raw intake water 0-2.8x103 458 829 0-2.4x103 296 683 0-4x10? 33 92 0-12 3 4
Filtered water 0-2.3x10? 30 51 0-2.3x10? 16 48 0-2 0.2 0.5 0-11 1 3
Purified drinking water 0-3 0.3 0.8 0 0 0 0 0 0 0-10 14 34
Irrigation water (1) 1.3x10%-2.1x10% 6098 6734 0-2.1x10* 3531 7253 0-29x103 550 969 70-1.6x 103 784 649
Irrigation water (2) 1.1x10%-2.4x10* 4725 8650 0-2.4x10* 4725 8650 23-19x103 387 628 100- 1.6 x 10° 714 544

R range, M mean, SD standard deviation

133



(b)

pH turbidity (FNU) EC (uS/cm) TDS (ppm)

Water samples

R M SD R M SD R M SD R M SD
Axios upstream 7.5-83 7.9 0.2 7.9-92.7 39.2 31.8 364 - 562 438 67 147 - 317 222 39
Axios downstream 7.5-84 7.8 0.2 8.7-62.5 28.4 16.1 309 - 638 445 92 154 - 322 223 46
Axios borders 7.7-79 7.8 0.1 6.9-42.1 194 16.2 283 -358 335 35 175-195 182 9
Estuary of Axios-Loudias 7.4-8.2 7.6 0.3 7.1-70.8 25.7 20 401 - 3999 3441 1287 196 - 2000 1720 645
Loudias 6.5-7.9 7.5 0.3 2.5-48 18.5 12.8 490 - 3999 1724 1346 248 - 2000 863 673
Aliakmonas 74-84 7.9 0.3 0.8-10.5 3.5 2.2 368 -454 403 27 183 -234 203 14
Gallikos 7.5-8.2 7.9 0.2 5.5-53.6 23.5 17.5 321-1210 857 215 148 - 561 417 101
Raw intake water 6.9-79 7.4 0.2 0.6-10.7 3.8 2.5 375-568 431 50 188 - 277 215 24
Filtered rater 6.9-7.8 7.4 0.2 0.1-4.6 1.2 1.2 377 -593 428 49 142 - 269 212 26
Purified drinking water 7.0-7.9 7.5 0.2 0.1-4.2 0.8 0.9 391-536 455 44 194 - 266 228 23
Irrigation water (1) 7.2-75 7.3 0.1 2.2-15.3 7.5 5.5 374 -3999 1814 1022 187 - 2000 906 510
Irrigation water (2) 7.3-79 7.6 0.2 5.8-56.3 18.1 17.1 610 - 1440 844 282 305 - 719 424 139

R range, M mean, SD standard deviation, EC electrical conductivity, TDS total dissolved solids

134



Suppl. 3

Cryptosporidium and Giardia (occurrence and concentrations) paired with range values of faecal indicator bacteria (total coliforms, E. coli, enterococci, clostridia) and

turbidity data for waters samples at the various sampling points, collected and analysed monthly from February 2015 to January 2017.

Cryptosporidium Giardia . . . . L
Water samples Total Coliforms/100 ml E.coli/100 ml Enterococci/100 ml  Clostridia/100 ml turbidity (FNU)
prevalence oocysts/L  prevalence  cysts/L

AXxios upstream 50% 0-54 83.3% 0-34.2 23-12x10% 23-6x10* 0-2,4x10* 0-9x10% 7.9-92.7
Axios downstream 58.3% 0-0.8 79.2% 0-349 23-8,8x10* 20-5x10* 0-3,6x10% 0-6x10% 8.7-62.5
Axios borders 100% 0.3-24 75% 0-48.6 6,4 x 10% - 15 x 10* 4,7x10%-6,5x10* 7,7x10%-1,8x10* 1-8,4x10? 6.9-42.1
Estuary of Axios-Loudias 45.8% 0-1.7 70.8% 0-5.2 23-4,3x10* 10-2,4 x 10* 1-5x10% 6-1x10% 7.1-70.8
Loudias 58.3% 0-13.5 70.8% 0-79 23-2,4x10* 7,4 -2,4 x10% 0-1,7x10% 10-3,6x 10° 2.5-48

Aliakmonas 29.2% 0-0.3 29.2% 0-19.7 0-9,8x 103 0-2,4x10° 0-2,3x10? 0-50 0.8-10.5
Gallikos 16.7% 0-1 41.7% 0-1.6 23-11x10* 3-2,1x10* 0-4,6x10% 0-6x10? 5.5-53.6
Raw intake water 29.2% 0-0.5 41.7% 0-5.3 0-2,8x10° 0-2,4x10° 0-4x10? 0-12 0.6-10.7
Filtered water 25% 0-1.1 16.7% 0-0.9 0-2,3x10?% 0-2,3x10?% 0-2 0-11 0.1-4.6
Purified drinking water 20.8% 0-0.9 16.7% 0-0.3 0-3 0 0 0-10 0.1-4.2
Irrigation water (1) 25% 0-1.3 25% 0-0.2 1,3x10%-2,1x10* 0-2,1x10* 0-2,9x10% 70-1,6 x10° 2.2-15.3
Irrigation water (2) 25% 0-1.3 75% 0-0.7 1,1x10%-2,4x10* 0-2,4x10* 23-1,9x10° 100-1,6 x 10° 5.8-56.3
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Suppl. 4

NCBI accession numbers for Cryptosporidium species and Giardia duodenalis assemblages (genotypes)
detected in (a) water samples (RW, IW, RIW, DW) and (b) animal faecal samples.

(a)

Species/assemblage n NCBI accession numbers
Cryptosporidium  C. andersoni 1 MK414209
C. parvum (11aA15G2R1) 1 MK414210
G. duodenalis A 2 MK414179, MK414184
Al 2 MK414187, MK414196
All 36 MK414175 - MK414178, MK414180 - MK414183,

MK414185 - MK414186, MK414188 - MK414189,

MK414191 - MK414195, MK414197 - MK414208,

MK574032, MK574034 - MK574037, MK585274
A4 1 MK574033

E 1 MK414190

RW: raw surface water; IW: water from the irrigational canals; RIW: raw intake water from the water
production company; DW: purified drinking water

accession numbers:MK414176, MK414180, MK414194 & MK414200 (all G. duodenalis All) correspond to IW;
MK414192 (G. duodenalis All) corresponds to RIW; MK414191 (G. duodenalis All) corresponds to DW; all the
other sequences correspond to RW

(b)
Species/assemblage n NCBI accession numbers
Cryptosporidium C. andersoni 3 MK533139, MK533140, MK533142
C. bovis 4 MK501766, MK501768, MK501770, MK501771
C. parvum 35 MK492588 - MK492595, MK501764, MK501767,
MK501769, MK501772 - MK501774, MK501778 -
MK501780, MK533137, MK533138, MK533141,
MK561311 - MK561318, MK561320, MK561321,
MK561324, MK561326 - MK561329
C. ryanae 1 MK501765
C. ubiquitum 7 MK501775 - MK501777, MK561319, MK561322,
MK561323, MK561325
Giardia duodenalis A 2 MK452901, MK452903
Al 11 MK452864, MK452869, MK452870, MK452872,
MK452887 - MK452890, MK473861, MK561333,
MK574021
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All 70 MK452835, MK452836, MK452838 - MK452845,
MK452847 - MK452852, MK452854, MK452855,
MK452857 - MK452862, MK452865 - MK452868,
MK452871, MK452873, MK452875 - MK452878,
MK452881 - MK452883, MK452886, MK452895 -
MK452900, MK452902, MK452904, MK452905,
MK561330 - MK561332, MK561334 - MK561341,
MK561345, MK561346, MK561348, MK561351,
MK561352, MK561355, MK561357, MK561358,
MK574023, MK574027, MK574028, MK574030

E 35 MK452837, MK452846, MK452853, MK452856,
MK452863, MK452874, MK452879, MK452880,
MK452884, MK452885, MK452891 - MK452894,
MK473859, MK473860, MK473862 - MK473865,
MK561342 - MK561344, MK561347, MK561349,
MK561350, MK561353, MK561354, MK561356,
MK574022, MK574024 - MK574026, MK574029,
MK574031
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Suppl. 5

(a) Standardized Canonical Discriminant Function Coefficients of the variables selected for
discrimination between the four categories of Cryptosporidium oocysts/L and their Tests of Equality
of Group Means.

Function p-value
Variables Selected
1 2 3
Clostridia/100 ml 0.415 -0.264 0.629 0.032
Colony count 22 °C 0.559 0.815 0.144 0.000
MeanTM -0.641 0.351 0.661 0.000
TotalRainW 0.460 -0.385 0.345 0.006

(b) Standardized Canonical Discriminant Function Coefficients of the variables selected for
discrimination between the four categories of Giardia cysts/L and their Tests of Equality of Group
Means.

Function p-value
Variables Selected
1 2 3
Coliforms/100 ml 1.000 -1.268 -0.025 0.000
E. coli/100 ml -0.626 1.116 1.009 0.047
Turbidity (FNU) 0.822 0.497 -0.333 0.000
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Suppl. 6

(a) Linear Discriminant Function model for Cryptosporidium.

Clostridia

LDF; = 0.415 = oomr_ T 0.559 * Colony Count 22°C — 0.641 *
Mean Temperature of Actual Month (°C) + 0.46 * Total Rain of Week (mm)

Clostridia

LDF, = —0.264 * Toom T 0.815 * Colony Count 22°C + 0.351 *
Mean Temperature of Actual Month (°C) — 0.385 * Total Rain of Week (mm)

Clostridia

LDF; = 0.629 = Tooml + 0.144 = Colony Count 22°C + 0.661 *
Mean Temperature of Actual Month (°C) + 0.345 = Total Rain of Week (mm)

The first function (LDF;) maximizes the difference between the values of the dependent variable
(Cryptosporidium oocysts/l). The second function (LDF,) maximizes the difference between the
values of the dependent variable, while controlling the first function. The third function (LDF;)
maximizes the difference between the values of the dependent variable, while controlling the first
and the second function. The first function is the most powerful differentiating dimension. The signs
(+ or-) indicate a positive or negative relationship with the dependent variable. The linear discriminant
function coefficients indicate the partial contribution of each variable to the discriminate function
controlling for all other variables in the equation. They can be used to assess each independent
variables’ unique contribution to the discriminate function and therefore provide information on the

relative importance of each variable.

(b) Linear Discriminant Function model for Giardia.

LDF, = 1.0 « £ _ 626« £ 4 0.822 « turbidity (FNU)
100ml 100ml
LDF, = —1.268 + S22 1 1 116 » £ | 0.497 « turbidity (FNU)
100ml 100ml
LDF; = —0.025 + <2 4 1 009 « £%°% _ (333 « turbidity (FNU)
3 ) 100ml ) 100ml ' Y

The first function (LDF;) maximizes the difference between the values of the dependent variable
(Giardia cysts/l). The second function (LDF,) maximizes the difference between the values of the

dependent variable, while controlling the first function. The third function (LDF;) maximizes the
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difference between the values of the dependent variable, while controlling the first and the second
function. The first function is the most powerful differentiating dimension. The signs (+ or -) indicate
a positive or negative relationship with the dependent variable. The linear discriminant function
coefficients indicate the partial contribution of each variable to the discriminate function controlling
for all other variables in the equation. They can be used to assess each independent variables’ unique
contribution to the discriminate function and therefore provide information on the relative

importance of each variable.
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Introduction

Foodborne parasitic diseases have become of increasing relevance during recent
decades, affecting not only people's health, but also having serious economic consequences.
Potential causes of the emergence and re-emergence of foodborne parasitic diseases include
climate change and the rising human population that has led to implementation of new food
production systems and increased global trade of foodstuff, as well as new dietary habits and
trends, with increased consumption of raw or undercooked animal products, such as fish,
meat, and shellfish (Broglia and Kapel, 2011). Moreover, improved diagnostic tools and better
reporting systems (as, for example, WHO reports), have resulted in increased diagnosis of

these diseases worldwide (Dorny et al., 2009).

Marine bivalve shellfish are considered to act as possible carriers of foodborne
infections. They can filter between 20 and 100 L of sea water every 24 h and have the ability
to accumulate pollutants and microorganisms in their tissues (gills, glands, and digestive
tracts). These pathogens can remain in the tissues of the shellfish and may cause infection to

humans, as people often eat them lightly cooked or even raw (Robertson, 2007).

During recent years there have been several reports indicating the presence of viruses
(e.g., norovirus) and bacteria (e.g., Escherichia coli) in mussels that were ready for
consumption (Rees et al., 2015; Souza et al., 2018; Strubbia et al., 2016). Protozoan parasites,
including Giardia duodenalis and Cryptosporidium spp., have also been recovered from
shellfish (e.g., Mytilus galloprovincialis) in several countries around the Mediterranean basin,
such as Italy (Giangaspero et al., 2007, 2014;) and Spain (Freire-Santos et al., 2000; Gomez-
Bautista et al., 2000; Gdmez-Couso et al., 2003a, 2003b, 2004, 2005a, 2005b, 2006b), as well
as from other European countries (Chalmers et al., 1997; Graczyk et al., 2004; Li et al., 2006;
Lowery et al., 2001; Robertson and Gjerde, 2008; Schets et al., 2007; Tryland et al., 2014), the
USA (Adell et al., 2014; Tei et al., 2016), Brazil (Santos et al., 2018), Canada (Willis et al., 2013),
New Zealand (Coupe et al., 2018) and Asia (Pagoso and Rivera, 2017; Srisuphanunt et al.,
2009).

There are several reports of outbreaks of viral and bacterial infections associated with
the consumption of shellfish (Alfano-Sobsey et al., 2012; Cho et al., 2016; Dewey-Mattia et
al., 2018; Le Mennec et al., 2017; Lunestad et al., 2016; Rippey, 1994; Woods et al., 2016),
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but, to our knowledge, there are no data about similar parasitic foodborne outbreaks.
Although G. duodenalis and Cryptosporidium spp. have been associated with foodborne
outbreaks worldwide, involving different food matrices (e.g., salads, milk, apple juice, meat)
as implicated transmission vehicles (Robertson and Chalmers, 2013), there are no reports of
mussels or other shellfish being responsible for such an outbreak. The reasons for this are
multiple, including: a) that the consumption of shellfish is not commonly recognised as a
potential source of infection with these two parasites (Robertson, 2007), and b) there are no
adequate surveillance systems to detect parasitic contamination in those organisms and, as a

result, most of them are not notifiable to the authorities (Dorny et al., 2009; Ryan et al., 2018).

In addition, there is no standard validated method to detect Giardia cysts and
Cryptosporidium oocysts in mussels. The direct immunofluorescence assay (IFAT) has been
considered to be the gold standard method for the detection of these parasites in other
samples (e.g., faeces and water) (Geurden et al., 2004; Gotfred-Rasmussen et al., 2016; ISO
15553, 2006; Scorza and Tangtrongsup, 2010; Tangtrongsup and Scorza, 2010; USEPA 1623.1,
2012), but there is no standardized protocol available for the analytical workup of mussel
matrices before applying this technique. Different approaches have been used by different
authors concerning the type of sample to be tested, e.g. individual whole mussels (Schets et
al., 2013; Tei et al., 2016), pooled whole mussels (Adell et al., 2014; Robertson and Gjerde,
2008; Tryland et al., 2014), specific organs (gills, glands, intestinal tracts) or haemolymph
(Aksoy et al., 2014; Goémez-Couso et al., 2003a, 2004, 2005a, 2006b). Moreover, researchers
have used different approaches for the preparation of the matrices before detection by
immunofluorescence, such as extraction of the lipids using diethyl ether (Gémez-Couso et al.,
2003a; Tedde et al., 2013), removal of coarse particles by sieving (Schets et al., 2013), or
artificial digestion of the whole sample using a pepsin digestion solution (Robertson and
Gjerde, 2008). In addition, immunomagnetic separation (IMS) for the concentration of the
(oo)cysts has been included in the protocols applied by some research groups (Lowery et al.,
2001; MacRae et al., 2005; Miller et al., 2006; Schets et al., 2013, 2007), but not by others
(Gomez-Bautista et al., 2000; Gémez-Couso et al., 2003a, 2003b, 2005a, 2005b, 20064a, 2006b;
Lucy et al., 2008).

Although many of the techniques have been widely used in other types of matrices

(e.g., faeces, surface water or wastewater samples) for the detection of Giardia and
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Cryptosporidium (oo)cysts and have been proven to be efficient using spiking experiments,
most have not been experimentally tested for their sensitivity when used for analysis of

shellfish (Robertson and Gjerde, 2008).

Adding to the complexity of the above, the type of the shellfish tested in the above
studies varies, with different species of mussels, clams, oysters being analysed. This makes
the need of a standardized technique, that could potentially be applied to different species
of mussels even stronger. For example, Mediterranean mussels (M. galloprovincialis) and blue
mussels (M. edulis) are smaller (Hepper, 1957; Seed, 1968) and more difficult to handle (e.g.,

for extracting haemolymph) than bigger ones (M. californianus) (Dehnel, 1956).

For the above-mentioned reasons, a comparative study between most commonly
applied methods was performed in an effort to identify and characterize the most sensitive
technique to detect Giardia cysts and Cryptosporidium oocysts in Mediterranean mussels, and
that can be used as reference technique in future epidemiological studies. Two different
experiments with experimentally spiked mussels with Giardia cysts and Cryptosporidium
oocysts were performed. The first experiment was performed in order to determine the most
sensitive method to detect the (0o)cysts of the parasites in mussel samples, and in the second

experiment the analytical sensitivity of this method was assessed.

Materials and methods

Shellfish and parasites

Mediterranean farmed mussels, M. galloprovincialis, purchased from local markets in
the city of Thessaloniki, in Northern Greece were used for all the spiking experiments. The
mussels were immediately transported refrigerated at 5 °C to the Laboratory of Parasitology
of the Veterinary Research Institute of Thessaloniki (HAO-DEMETER) and then processed
accordingly to the experimental protocol. Giardia cysts and Cryptosporidium oocysts were
commercially supplied (AccuSpike™-IR, Waterborne™, INC.) and stored refrigerated at 4 °C,

according to the manufacturer's instructions.

Experiment 1
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Five whole commercial Mediterranean mussels were opened and the entire contents,
including the animal and the intravalvular liquid, were pooled and homogenized for 2 min
using a laboratory blender (8010EG Waring®, Christison Particle Technologies, Gateshead,
UK). From the total amount of the homogenate six sub-samples were taken, each weighing 1
g. Each sub-sample was spiked with 1000 Giardia cysts and 1000 Cryptosporidium oocysts.
The volume of 1 g was chosen as a reference quantity to express our results (cysts/oocysts
per gram). Different approaches were followed for preparation of the matrix before the IFAT,
with treatment with either: (i) only coarse-sieving, (ii) diethyl ether, or (iii) pepsin digestion

solution (Fig. 1).

i. Water and coarse-sieving treatment: Distilled water up to 10 ml was added in the
matrix, mixed thoroughly by vortexing and then it was sieved through a stainless-steel grid
with a pore size of approximately 0.05mm to remove coarse particles. The collected filtrate

was then centrifuged at 1170xg for 10 min (Schets et al., 2013).

ii. Diethyl ether treatment for lipid removal: The matrix after being sieved (according
to the procedure described above) was suspended in PBS/diethyl ether (2:1) solution,
thoroughly mixed, and concentrated by centrifugation at 1250xg for 5 min. Then it was

washed once with PBS and twice with distilled water (Gomez-Couso et al., 2003a).

iii. Pepsin digestion: The matrix was mixed with pepsin solution (20 ml of 1M HCI, 80
ml of distilled water and 1 g of pepsin [1:10,000 NF]), that was prepared immediately before
use for each experiment, and incubated at 37 °C for 1 h, with intervals of vortexing every 15
min. Then, the homogenate was concentrated by centrifugation at 13,000xg for 1 min,
washed once with phosphate buffered saline (PBS), and twice with distilled water (Robertson

and Gjerde, 2008).

After the different approaches for sample preparation, each sample was further
processed, either with IMS for the concentration of the (oo)cysts using the commercial
Dynabeads™ GC-Combo (Applied Biosystems™), following the manufacturer's instructions, or
not. Finally, the parasites were detected and enumerated by means of a quantitative IFAT
based on the commercial MERIFLUOR Cryptosporidium/Giardia (Meridian Diagnostics Inc.,
Cincinnati, Ohio) kit. For samples that were processed directly with IFAT (without IMS), the

sediment was resuspended in distilled water up to volume of 1 ml. After thorough vortexing,
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two aliquots of 50 pl each were pipetted onto treated IFA slides. For samples that were
processed with IMS, the resulting eluate (100 ul) was pipetted onto two treated IFA-slides of
50 pl each. After drying, fixing, and staining on the slide, as instructed by the manufacturer,
the entire smear was examined at a 400x magnification under a fluorescence microscope. For
samples that were not processed with IMS, the total number of Giardia cysts and
Cryptosporidium oocysts was obtained by multiplying the total number of (oo)cysts on the
two smears by 10. For those samples that were processed with IMS, the total number of
(oo)cysts was the total number of (0o)cysts on the two smears. In total, 5 repetitions of the
entire experiment were performed. For each replicate, negative controls (homogenates

“spiked” with PBS) were also included and processed using the protocols described above.

[6 g of five whole pooled mussels]

(o] (ae) () [2e)  [1e]  [1e]

splkmg

[ water & coarse-sieving ] [ PBS/diethyl-ether ] [ pepsin digestion ]

(e [ ) (wswr) [Cor ) (wserenr) e )

*spiking with 1000 Giardia cysts & 1000 Cryptosporidium oocysts/g or with 1 ml PBS/g (negative controls)

Fig. 1. Experimental design for comparison of methods to detect Giardia cysts and Cryptosporidium oocysts in spiked mussel
samples.

Experiment 2
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To determine the detection threshold of the method that had been proven to be more
sensitive based on the results of Experiment 1, a new spiking experiment was designed. Five
whole commercial M. galloprovincialis mussels were opened and the entire contents,
including the intravalvular liquid, were pooled and homogenized using a laboratory blender
as previously. Four sub-samples of the homogenate, each weighing 1 g, were weighed into
tubes, and then each was spiked with either 1, 10, 100, or 1000 Giardia cysts and
Cryptosporidium oocysts. The homogenate was then processed with the method that shown
to be more sensitive in the first experiment. The parasites were detected and enumerated by
IFAT using the commercial MERIFLUOR Cryptosporidium/Giardia kit as previously described.
In total, 5 repetitions of the experiment were performed. For each replicate, negative controls

(homogenates “spiked” with PBS) were also included.

Statistical analysis

Descriptive statistical analyses were performed in order to investigate the distribution
of the recovery rates for each protocol that was used and boxplots of the data were
generated. The non-parametric Kruskal-Wallis test was performed in order to investigate
differences in the recovery rates of the (0o)cysts between the different sample preparation
methods (coarse sieving, diethyl ether, or pepsin). In addition, the non-parametric Mann-
Whitney test was used to investigate the effect of the IMS on the protocol. Also, the two-way
non-parametric Scheirer-Ray-Hare test (Sokal and Rohlf, 1995) was performed to investigate
whether the interaction between the different sample preparation methods (coarse sieving,
diethyl ether, pepsin digestion) and isolation-detection methods (IMS or not) was statistically

significant or not. Data were analysed using the SPSS statistics software (version 19.0).

Results

Experiment 1

The recovery efficiency of each technique applied for each parasite is shown in Fig. 2.
The artificial digestion of the whole mussel homogenates using pepsin digestion solution in
combination with IMS of the (oo)cysts was the most effective protocol to detect both

parasites: 32.1% (SD: 21.1) of Giardia cysts and 61.4% (SD: 26.2) Cryptosporidium oocysts
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were detected with this method (Fig. 2). When only the pepsin solution was used, without
the IMS concentration step, 16.2% (SD: 19.0) of Giardia cysts and 8.9% (SD: 10.1) of

Cryptosporidium oocysts were detected by IFAT.

Only 0.8% (SD: 1.4) of Giardia cysts were recovered when diethyl ether was used for
lipid removal in combination with IMS concentration, but 32.3% (SD: 25.3) of Cryptosporidium
oocysts were detected with the same protocol. When the IMS concentration step was not
performed, no Giardia cysts were recovered and 26.8% (SD: 35.3) Cryptosporidium oocysts

were counted.

The sieving of the homogenates only with water resulted in the detection of 4.0% (SD:
6.5) and 1.0% (SD: 2.2) of Giardia and Cryptosporidium (oo)cysts, respectively. With the
inclusion of the IMS concentration step in the protocol, higher recovery rates were achieved,
with 13.2% (SD: 12.3) Giardia cysts and 15.7% (SD: 13.2) of Cryptosporidium oocysts

recovered.

Samples that were spiked only with PBS (negative controls) were found negative with

all protocols.

For the recovery of Giardia cysts there was a statistically significant difference for the
sample preparation method (H=13.333, p=0.001), with mean rank 16.25 for “water and
coarse sieving”, 8.20 for “diethyl ether” and 22.05 for “pepsin digestion”. On the other hand,
there was no statistically significant difference for the isolation-detection method (U=67.5,

p=0.054) with a mean rank 18.50 for “IMS+IFAT” and 12.50 for “IFAT".

For Cryptosporidium oocysts there was no statistically significant difference for the
sample preparation method (H=5.104, p=0.078), with mean rank 10.40 for “water and coarse
sieving”, 18.00 for “diethyl ether” and 18.10 for “pepsin digestion”. But there was a
statistically significant difference for the isolation-detection methods (U=43.5, p=0.004), with
a mean rank 20.10 for “IMS+IFAT” and 10.90 for “IFAT”.

According to the Scheirer-Ray-Hare test, the interaction between the different sample
preparation methods and the isolation-detection methods was not statistically significant for
the recoveries of both Giardia (H=0.4844, p=0.78491) and Cryptosporidium (H=2.2316,
p=0.32766) (00)cysts.
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Experiment 2

Based on the results from Experiment 1, pepsin digestion solution for the treatment
of the matrix, followed by IMS for the concentration of Giardia cysts and Cryptosporidium
oocysts, was considered to provide the best results. Therefore, the detection limits of that

protocol were explored as shown in Fig. 3.

When the homogenates were spiked with 1000 Giardia cysts and 1000
Cryptosporidium oocysts per 1 g of matrix, the recovery efficiency of the protocol was similar
to the first part of the trial: 42.8% (SD: 11.4) of Giardia cysts and 45.7% (SD: 14.5) of
Cryptosporidium oocysts were recovered. The recovery rates were also high, 34.0% (SD: 9.5)
and 28.4% (SD: 10.7) for Giardia cysts and Cryptosporidium oocysts respectively, when the
mussel homogenates were spiked with 100 (oo)cysts/g. The lowest concentration of (0o)cysts
that could be detected with this protocol, was 10 (0o)cysts/g with 30.0% (SD: 13.2) for Giardia
cysts and 5.0% (SD: 11.2) recovery efficiency for Cryptosporidium oocysts. No (0o)cysts were
detected when the mussel homogenates were spiked with 1 (0o)cyst/g and in the negative

control samples.
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Fig. 2. Boxplots representing the range of the recovery rates (through the 5 repetitions) of Giardia cysts and Cryptosporidium
oocysts after the use of different protocols for the preparation of the matrix (coarse sieving only with water, diethyl ether
lipid removal or pepsin digestion) and the isolation-detection method (IMS+IFAT or only IFAT) in mussel homogenates
experimentally contaminated with known concentrations of (oo)cysts. Dots and stars indicate the outliers.
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Fig. 3. Boxplots representing the range of the recovery rates (through the 5 repetitions) of the different concentrations of
Giardia cysts and Cryptosporidium oocysts, using pepsin digestion solution for the artificial digestion of the matrix, followed
by IMS for the concentration of the (oo)cysts and detection by IFAT. Dots and stars indicate outliers.

Discussion

Although some previous studies have investigated contamination of the marine
bivalves with G. duodenalis and Cryptosporidium spp., it is difficult to compare the results of
these investigations, as different approaches and techniques are being used and no

standardized protocol is followed (Robertson and Gjerde, 2008).

The occurrence of Giardia and Cryptosporidium is commonly investigated in faecal or
water samples, and the gold standard detection method that is being used is the IFAT
(Geurden et al.,, 2004; Gotfred-Rasmussen et al., 2016; ISO 15553, 2006; Scorza and
Tangtrongsup, 2010; Tangtrongsup and Scorza, 2010; USEPA 1623.1, 2012). Although most
studies investigating mussel samples also use IFAT to detect these parasites, the preparation
of the sample before detection differs between studies. Sample preparation prior to

detection is a very important step, and its efficacy impacts on the final analytical results,
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regarding less of the sensitivity of the detection method. As mussels contain large amounts
of proteins and lipids, with the fat: carbohydrate: protein ratios in mussels approximately, 1:
1: 4 (USDA, 2018), protein digestion or lipid removal prior to analysis may increase the

sensitivity of the detection method.

The results of our study confirm that treatment of the mussels before detection of the
(oo)cysts by IFAT is a crucial step, and that, depending on the technique applied, the
sensitivity of the method varies. The processing of whole mussel homogenate with pepsin
digestion solution improved the detection capacity of the IFAT assay, compared with only
sieving of the matrix. A beneficial effect was also recorded, when lipids were removed from
the homogenate using diethyl ether, but only for Cryptosporidium oocysts. The reason for this
is not clear. Use of IMS for concentration of the (0o)cysts after the initial stages also improved
the efficacy of the methods, even when a simple sieving of the matrix was performed,
presumably due to the positive selection of these parasites against other debris and
components of the mussels. Artificial digestion of the whole mussel homogenate using a
pepsin digestion solution, as described previously (Robertson and Gjerde, 2008), followed by
the IMS of the (0o)cysts was superior to the other protocols, resulting in a recovery of over
30% for Giardia and over 60% for Cryptosporidium. These recovery efficiencies were

considered sufficient to proceed to the next trial.

As this is the first time that the whole procedure, including the pretreatment of the
mussel matrix and the detection method, is characterized, our results can be only partly
compared with the data generated by Robertson and Gjerde (2008), where the method with
the pepsin digestion solution was investigated, but the effect of inclusion (or not) of the IMS

step was not investigated.

Higher recovery efficiencies were achieved (70-81%) by Robertson and Gjerde (2008)
than seen in our data, possibly because we used commercially obtained (oo)cysts (stored in
formalin and Tween-20) rather than fresh (oo)cysts isolated directly from faecal samples
(stored in PBS). (Oo)cyst quality may be relevant, since the ones we used tend to cluster in
the spiking suspension (and also in the matrix) (results not shown). For both parasites,
previous studies have reported higher recovery rates, but the mussels were examined
individually without mentioning the exact recovery rates at different concentrations of (00)
cysts (Schets et al., 2013) and the proportion of homogenate examined was also either not
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reported (MacRae et al., 2005) or only a small quantity of lipid-free mussel material was
examined (GAmez-Couso et al., 2006a). Thus, results from such studies are not comparable
with the results of our study, where the mussels were pooled and spiked with the (oo)cysts
before proceeding with the analyses, all the material from the IMS (100 ul) was examined,
and the recovery efficiencies refer to (oo)cysts/g. The minimum detection limit of 10 (oo)cysts
per g of homogenized mussels in our study was similar to that from another study that used
sieving of digestive glands with IMS; however, in that study only 10 ul digestive gland or 200
ul gills was analysed (Miller et al., 2006). In our opinion, standardization of the quantity and
type of starting sample material is an important issue, especially when such methods will be
used to investigate natural infections. Examining a pool of 5 mussels, rather than one

individual mussel, is advantageous, as sample size is increased.

In general, natural contamination of mussels with Giardia reported to date has been
below that of Cryptosporidium (Table 1). However, cyst counts in water samples from
estuaries where mussels were harvested were quite high, ranging from 0.4 to 25.41x102
Giardia cysts (Gomez-Couso et al., 2005a). The low levels of Giardia contamination of shellfish
could therefore be due to lower recovery efficiency of the protocols for Giardia cysts than

Cryptosporidium oocysts, as observed in the present study.

Some of the low (o0o)cyst counts in naturally contaminated bivalves are below the
detection limit recorded for both parasites in this study. However, as most of these studies
(Gomez-Bautista et al., 2000; Gdmez-Couso et al., 2005a; Graczyk et al., 2004) did not define
the recovery efficiency and detection limits of their method, the actual contamination level
of shellfish is likely to be much higher. Thus, the protocol described here could be useful for

investigating the natural contamination of shellfish with Giardia and Cryptosporidium.

The protocol in this study has been characterized throughout each of the individual
steps. A key advantage is that artificial digestion is used in the initial step, ensuring
examination of the whole organism. This provides the potential for the protocol described
here to be further applied in studies on other species of marine bivalves, although it would
be important to bear in mind the protein: fat ratio. For example, for Pacific oysters the fat:
carbohydrate: protein ratios are approximately, 1: 2: 4, for scallops the corresponding ratios
are 1: 9: 30 (USDA, 2018) indicating that for these molluscs, at least, protein digestion may be

an appropriate first step. However, preliminary testing would be advised before proceeding
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to full-scale analysis. Indeed, the differences in tissue composition between oysters and
mussels may lead to different recovery efficiencies in oysters (4.0% for Giardia and 5.3% for
Cryptosporidium) than mussels (82.0% for Giardia and 45.0% for Cryptosporidium), as
previously recorded (Downey and Graczyk, 2007; Schets et al., 2013).

Regarding detection, although PCR has been used (Giangaspero et al., 2014; Marangi
et al., 2015; Miller et al., 2006), and may be more specific and sensitive, limitations such as
inhibitors in the matrices and the quality of the DNA, may make IFAT a more appropriate
technique (Hohweyer et al., 2013). PCR also has the advantage of providing information on
the presence of zoonotic species (by genotyping). Division of post-IMS into two sub-samples
prior to IFAT could enable both immunofluorescence and PCR to be applied, although this
could be at the expense of a lower sensitivity of the method. Alternatively, for positive
samples post-IFAT, the parasites on the slides could be removed for DNA isolation and PCR,
as has previously been done for positive water samples (e.g., Robertson et al., 2009; Sunnotel
et al., 2006). This enables information of the parasitic load and genotypes of the (oo)cysts to

be obtained (Downey and Graczyk, 2007).

Furthermore, as the pepsin digestion solution reduces the viability of the (oo)cysts by
only 20.0% after 1 h exposure (Robertson and Gjerde, 2008), (oo)cysts that are recovered
from the matrices using the protocol characterized in our study, could be further analysed
using vital dyes for viability status. Although this method tends to overestimate viability, it is
still considered a technique of relevance for the assessment of the viability of Giardia cysts

and Cryptosporidium oocysts in food matrices (Rousseau et al., 2018).
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Table 2

Surveys with natural contamination of different species of mussels with Giardia cysts and Cryptosporidium oocysts.

Mussel species Country No. of Giardia cysts No. of Cryptosporidium Analysis approach Reference
detected oocysts detected
Mytilus galloprovincialis Spain ND 15 x 10° - 100 x 10*/mussel homogenized whole individual Gomez-Bautista et al.,
(Mediterranean mussel) mussels 2000
Dreissena polymorpha Ireland 5 -9/mussel 4 - 16/mussel homogenized, sieved whole Graczyk et al., 2004
(zebra mussel) individual mussels
ND 1-12/mussel haemolymph of individual
mussels
Mytilus galloprovincialis Spain 1-19 /8 mussels ND homogenized, sieved gills & GOmez-Couso et al.,
(Mediterranean mussel) tracts of 8 pooled mussels - 2005a
diethyl ether lipid removal
Mytilus galloprovincialis Spain 32.5-82.5/6 -8 mussels ND homogenized, sieved gills & Gbémez-Couso et al.,
(Mediterranean mussel) (average) tracts of 6-8 pooled mussels - 2005b
diethyl ether lipid removal
Spain ND 6-300/6-8 mussels
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Mytilus galloprovincialis
(Mediterranean mussel)

Mytilus galloprovincialis
(Mediterranean mussel)

Mytilus galloprovincialis
(Mediterranean mussel)

Dreissena polymorpha (zebra
mussel)

Mylitus edulis (blue mussel)

Dreissena polymorpha (zebra
mussel)

Anodonta anatina
(duck mussel)

Mytilus edulis (blue mussel)

Modiolus modiolus

Spain

France

Ireland

Norway

ND

ND

ND

6/mussel (mean)

13/mussel (mean)

97/mussel (mean)

0.4-45/g

0.3/g

25-275/6-8 mussels

0.05 - 0.9/mussel

8-148/kg of mussels

440/mussel

22/mussel (mean)

ND

ND

0.4-1/g

ND

homogenized, sieved gills &
tracts of 6-8 pooled mussels -
diethyl ether lipid removal

homogenized, sieved gills &
tracts of 6-8 pooled mussels -
diethyl ether lipid removal

pooled gill washing, gill
homogenates, flesh washing,

flesh homogenates, inner-shell

water - 1 kg mussels/pool -
flotation & IMS

homogenized sediment of
whole individual mussels

homogenized sediment of

whole individual mussels (with

shells)

homogenized whole individual
mussels - pepsin digestion &
IMS

Gémez-Couso et al.,
2006a

Gdémez-Couso et al.,
2006b

Li et al., 2006

Lucy et al., 2008

Robertson and Gjerde,

2008
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(horse mussel)

Mytilus edulis (blue mussel)

Mytilus edulis (blue mussel)

Mytilus galloprovincialis
(Mediterranean mussel)

Mytilus galloprovincialis
(Mediterranean mussel)

Perna perna (brown mussel)

Netherlands

Norway

Italy

Tunisia

1/mussel

<0.2-4/g

4 -78/5 ul genomic DNA

62 - 395/9 - 18 mussels

1-4 /mussel

0.3/g

10 - 64/5 pl genomic DNA

homogenized, sieved whole
individual mussels - IMS

homogenized whole individual
mussels - pepsin digestion &
IMS

homogenized, sieved gills &
digestive glands of individual
mussels & haemolymph

homogenized, sieved 9 - 18
whole pooled mussels

Schets et al., 2013

Tryland et al., 2014

Marangi et al., 2015*

Ghozziet al., 2017*

All surveys used IFAT for detection and enumeration of the (oo)cysts, apart from two (marked with *) that used qPCR.
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Conclusions

The present study characterises the individual steps of a protocol for the detection of
G. duodenalis cysts and Cryptosporidium spp. oocysts in mussel matrices, using a pepsin
solution for digestion of the whole organism, IMS for concentration of the (oo)cysts, and IFAT
for their detection and enumeration. This detailed assessment, in which each step of the
procedure has been evaluated, may provide the basis for adopting a common approach and
define contamination limits in future studies to generate comparable results. However, as
different sampling strategies (one mussel versus pool of several mussels) and various types
of starting material (whole mussels, specific organs, haemolymph) may be used, it would be

of value to investigate whether these factors affect the sensitivity of this protocol.
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Introduction

In Europe, bivalve production is approximately 600 thousand tonnes per year, of
which mussels are the most important (500 thousand tonnes per year). With global
production of marine bivalves for human consumption estimated to be more than 15 million
tonnes per year (average for 2010-2015), most of it coming from aquaculture, it is clear that

bivalves (and especially mussels) are popular worldwide (FAO, 2018; FEAP, 2016).

Marine bivalves, as filter-feeder organisms, have the capacity to filter large volumes
of water, between 20 and 100 L of water a day depending on species. However, as pollutants
and pathogenic microorganisms may occur in the environment, these may be filtered by the
bivalves during the feeding process and thus concentrated in their tissues (gills, glands, and
digestive tracts). Therefore, shellfish have been frequently considered as carriers of
foodborne infections to humans, as, in addition to their risk factors for contamination, they
are usually consumed lightly cooked or even raw (Robertson, 2007). The most commonly
identified microorganisms are viruses (e.g., norovirus) and bacteria (e.g., Escherichia coli)

(Rees et al., 2015; Souza et al., 2018; Strubbia et al., 2016).

Giardia duodenalis and Cryptosporidium spp. are protozoan parasites of public health
importance, with species or genotypes that may be host-specific or zoonotic, and are
commonly detected in aquatic environments due to disposal of human or animal effluents,
either treated or untreated, and contaminated runoffs of agricultural areas (Fayer, 2004;
Kistemann et al., 2012; Slifko et al., 2000). Furthermore, the (oo)cysts of the parasites are
resistant to common disinfectants (e.g., chlorine) (Korich et al., 1990; Peeters et al., 1989;
Winiecka-Krusnell and Linder, 1998) and can survive for prolonged periods under different
environmental conditions (Feng and Xiao, 2011; Olson et al., 1999; Peng et al., 2008). Thus,

environments may be under continuous contamination pressure.

As a consequence, several surveys have reported the presence of these protozoan
parasites in several food sources including mussels, raising questions on their potential role
as source of infections in cases of giardiasis or cryptosporidiosis, or even foodborne
outbreaks. These surveys have reported contamination of mussels from the Mediterranean
(i.e., France, Italy, and Spain) with Giardia and/or Cryptosporidium (Freire-Santos et al., 2000;

Giangaspero et al., 2014, 2007; Gomez-Bautista et al., 2000; Gdmez-Couso et al., 2006, 200543,
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2005b, 2004, 2003a, 2003b; Li et al., 2006), as well as other European regions (Chalmers et
al., 1997; Graczyk et al., 2004; Lowery et al., 2001; Robertson and Gjerde, 2008; Schets et al.,
2007; Tryland et al., 2014), and also USA (Adell et al., 2014; Tei et al., 2016), Brazil (Santos et
al., 2018), Canada (Willis et al., 2013), New Zealand (Coupe et al., 2018), and Asia (Pagoso and
Rivera, 2017; Srisuphanunt et al., 2009).

Mussels commonly thrive in sheltered marine environments, usually near-shore,
shallow, estuarine waters where there is a high concentration of nutrients. Likewise, such
environments (around river estuaries, wastewater discharges etc.) also favour the presence
of several pathogenic microorganisms, raising the risk for mussels’ contamination (Robertson,

2007).

Wastewater treatment plants (WWTP) are reservoirs for various microbiological
pollutants, including protozoan parasites, and as they are primarily designed to remove
organic load, solids, nitrogen, and phosphorus, do not usually accomplish complete removal
of waterborne pathogens (Ajonina et al., 2012; Caccio et al., 2003; Hachich et al., 2013;
Kokkinos et al., 2015). Indeed, Giardia and Cryptosporidium have been previously detected in
wastewaters (Ajonina et al., 2013, 2012; Caccio et al., 2003; Hachich et al., 2013; Robertson
et al., 2006, 2000; Spanakos et al., 2015).

Taking all the above into consideration, the main objective of this study was to
investigate contamination of mussels with Giardia and Cryptosporidium spp., when cultivated
in a potentially high-risk aquatic environment (dense farming area surrounded by river
estuaries and WWTP discharges). A secondary objective was to investigate the presence of
Giardia and Cryptosporidium in treated wastewater (TWW) samples, identify the

assemblages/species present, and compare the results with those from the mussel analyses.

Materials and Methods

In the current study, we aimed to study the occurrence, contamination intensity, and
to characterize the assemblages and species (to identify relevance to the ones found in
terrestrial animals and zoonotic potential) over the duration of a whole mussel-farming

period (6-months, from June to November). The extent of water contamination with Giardia
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and Cryptosporidium was also investigated in TWWSs that are discharged next to mussel farms,

during the same time period.

Study area

The study was carried out in Thermaikos Gulf, in Northern Greece (Fig. 1). Intensive
mussel farming of the Mediterranean mussel, Mytilus galloprovincialis, is the main marine
activity of the gulf. The coasts of Thermaikos Gulf host the most extensive and productive
mussel aquaculture of Greece, totaling 80-90% of the whole production (Theodorou et al.,
2011). There are also 3 WWTPs in the area. The biggest of these, WWTP of Sindos (l), is located
in the west and treats the wastewater of almost all Thessaloniki city and the surrounding area,
which is densely populated with high farming activity. The other two WWTPs, of Thermi (ll)
and of Aggelochori (lll), are smaller and located to the east and treat wastewaters of the
eastern part of the area, which has a greater tourist-focus, with many hotels located in the
region. At all 3 WWTPs, the sewage undergoes a sedimenation process twice, the effluent is
chlorinated, and the TWWs are discharged into Thermaikos Gulf. Four large rivers of the area
(Gallikos, Axios, Loudias and Aliakmonas) also drain into the gulf. The presence of both
protozoa has been previously confirmed in all rivers and livestock (all highly

contaminated/infected) of the area (Ligda et al., 2017).
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Fig. 1 Map of the study area. Circles with a, b, ¢ and d represent the mussel farming areas. Black triangles indicate the 3
wastewater treatment plants (WWTP |, WWTP Il and WWTP ll1).

Sample collection

Mussels

During the 6-month mussel-farming period (June to November), 4 different mussel
production areas (a, b, ¢, and d) of Thermaikos Gulf were sampled monthly (Fig. 1). Farmed
Mediterranean mussels, M. galloprovincialis, of the same (commercial) size were collected
from 3 different mussel farms in each area (a, b, and c), except for one area (d), where samples
were obtained from the single existing mussel farm. In total, 10 mussel farms were sampled
every month. Mussels were collected into plastic sterile bags and transported refrigerated at

5 °C to the lab. Mussels were processed immediately on the day of sampling.
Treated wastewaters
During the same time period, TWW samples were also collected monthly from the

outlet of the 3 WWTPs. 20 L of TWW were collected in plastic sterile containers, using a
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portable water pump, transported to the lab immediately after collection, and filtered on the

day of sampling.

Sample processing and analyses

Detection of Giardia cysts and Cryptosporidium oocysts by immunofluorescence
Mussels

From each mussel farm, 2 pools consisting of 5 mussels each, were screened for the
presence of Giardia and Cryptosporidium (oo)cysts. Mussels were approximately the same
size throughout the study period (approximately 1 g per mussel). Mussels were opened and
the entire contents, including the animal and the intravalvular liquid, were pooled,
homogenized for 2 min using a laboratory blender (8010EG Waring®, Christison Particle
Technologies, Gateshead, UK) and weighed. Homogenate weight varied from 5 g to 6 g, mean
5.5 g. The homogenate was treated with pepsin digestion solution and concentrated by
immunomagnetic separation (IMS) using the commercial Dynabeads™ GC-Combo (Applied
Biosystems™), as previously described (Ligda et al., 2019). The resulting eluate (100 pl) was
screened by a quantitative immunofluorescence assay (IFAT) for the presence of Giardia and
Cryptosporidium (oo)cysts using the commercial MERIFLUOR Cryptosporidium/Giardia
(Meridian Diagnostics Inc., Cincinnati, Ohio) kit. See section “Detection by immunofluorescent

microscopy” for detection.
Treated wastewater

TWW samples were processed based on the U.S. Environmental Protection Agency
Method 1623.1 (US EPA, 2012) and International Standard Method 15553 (ISO, 2006) for the
detection of Giardia cysts and Cryptosporidium oocysts in water. After collection, TWW
samples were filtered through Filta-Max" Filter Modules (IDEXX Laboratories, Inc., Westbrook,
ME, USA) with the aid of a peristaltic pump with recommended flow rate of 2 L/min. The Filta-
Max"’ Filter Modules were washed with the Filta-Max” Manual Wash Station, according to the
manufacturer’s instructions. The eluate was centrifuged and the volume of the sediment was
measured. Between 0.5 ml and 2 ml of sediment was used for the IMS of the (0oo)cysts, using

antibody-coated magnetic beads specific for Giardia and Cryptosporidium (Dynabeads™ GC-
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Combo, Applied Biosystems™), following the manufacturer’s instructions. The resulting
eluate of the IMS was equally divided in two aliquots of 50 ul each. One aliquot was stored at
-20 °Cuntil DNA extraction, whereas the 50 pl left of the eluate was dried and methanol-fixed
onto well slides and stained immediately with fluorescein isothiocyanate (FITC)-conjugated
anti-Giardia and anti-Cryptosporidium monoclonal antibodies (MAbs) (Aqua-Glo™ G/C Direct,
Waterborne™, Inc.) and processed according to the manufacturer’s instructions. See section

“Detection by immunofluorescent microscopy” for detection.

Detection by immunofluorescent microscopy

The stained slides, either from the mussel analyses or the TWW analyses, were
examined using an Olympus fluorescence microscope at 200x or 400x magnification using a
FITC fluorescence filter (400 - 650 nm Chroma technology corp., Bellows Falls, USA). Giardia
cysts and Cryptosporidium oocysts were identified and counted based on their size,
morphology, and fluorescence. Results were expressed as (oo)cyst counts per gram or per

liter for mussels or TWWs, respectively.
Method validation for wastewater analyses

For the validation of the TWW protocol, spiking experiments were performed with
one TWW sample from each of the WWTPs, before starting the monthly sampling. One
hundred inactivated Giardia cysts and 100 inactivated Cryptosporidium oocysts, permanently
labeled with red fluorescent dye (ColorSeed™, BTF Pty Ltd., Sydney, Australia), were added to
3 TWW samples (one for each WWTP), each of 20 L. The ColorSeed™ (oo)cysts were added to
the samples prior to filtration to estimate the percent recovery of the (oo)cysts, according to
the manufacturer’s instructions. The spiked TWW samples were processed as described
above, with the exception that the slides were scanned using also a Texas Red fluorescence
filter (400 - 750 nm, Chroma technology corp., Bellows Falls, USA) to distinguish ColorSeed™
(oo)cysts (which fluoresce red with the Texas Red filter) from natural (oo)cysts (which
fluoresce bright green under the FITC filter). Results were expressed as recovery percentage

of the (0o)cysts.

Molecular analyses
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DNA was extracted from all mussel samples and non-spiked IFAT-positive TWW
samples for molecular characterisation of Giardia and/or Cryptosporidium spp. Genomic DNA
was extracted from the homogenized mussel samples and from the 50 pl eluate purified with
IMS concentration from the (oo)cysts of TWW samples using the QlAamp Fast DNA Stool Mini
Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s instructions,
incorporating an initial step of 5 freeze-thaw cycles (freezing in liquid nitrogen for 5 min and
heating at 95 °C for 5 min) for mussel samples and 3 cycles for TWW samples, in the protocol

to maximize the disruption of the (0o)cysts for extraction of DNA.

For the amplification of Giardia, protocols targeting the 18S ribosomal DNA (rDNA18S)
gene (Hopkins et al., 1997) and the B-giardin gene (Lalle et al., 2005) were used for mussel
samples, whereas the B-giardin gene, the glutamate dehydrogenase (GDH) gene (Read et al.,
2004) and the triose phosphate isomerase (TPI) gene (Sulaiman et al., 2003) were used for
TWW samples. All TWW samples were also analyzed with nested PCR using assemblage
specific (A-F) primers targeting the TPl gene. The amplification of G. duodenalis assemblage A
and E was according to Geurden et al. (2008); for assemblage B the protocol described by
Levecke et al. (2009) was used; amplification of assemblage C was according to Levecke et al.
(2011); for assemblage D the protocol of Lebbad et al. (2010) was used. For the assemblage
F-specific amplification, new primers (TpiF-forw: 5-CTG CCG TGC ACC TGT CAA CA-3" and
TpiF-rev: 5°-GCA TCT TCG ACT CTC CAA GCT CCT-3") were designed based on the sequencing
results of the general TPl PCR as described by Sulaiman et al. (2003) and on a reference
sequence from the NCBI GenBank (Accession No. EU781003). The first reaction of the nested
PCR was performed as described at Sulaiman et al. (2003). The mixture of the secondary
reaction consisted of 0.625 U of Tag DNA polymerase, 5 pl of 5x PCR-buffer, 0.2 uM of each
of the new designed specific primers, 0.2 uM of each dNTP, 3 mM MgCl,and 2.5 pl of a 1/10
dilution of the first PCR product in a total volume of 25 pl. PCR conditions were identical with
those used at the first reaction, with the exception that the annealing temperature was 62 °C.
The 18S rDNA gene (Ryan et al., 2003) and the 60-kilodalton Glycoprotein (GP60) gene (Peng
et al., 2001) were amplified for characterisation of Cryptosporidium in mussel samples,
whereas for TWW samples both the 18S rDNA and GP60 genes were targeted and also the
heat-shock protein 70 (HSP-70) gene (Morgan et al., 2001). Positive controls (purified positive

DNA from Giardia cysts (assemblages A — F) isolated from different animal faecal samples)
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and a negative control (PCR water) were included as relevant in each Giardia PCR run,
whereas for Cryptosporidium PCR, a positive control (purified positive DNA from
Cryptosporidium parvum oocysts isolated from cattle) and a negative control (PCR water)
were included in each Cryptosporidium PCR. Amplification products were visualized on 1.5%

agarose gels stained with ethidium bromide.

PCR products were sent to a commercial service for purification and sequencing on
both strands (Sanger sequencing). The results were assembled with Seqman 8.1 Software
(Lasergene DNASTAR). Assembled sequences were aligned using the Basic Local Alignment
Tool (BLAST) and compared with reference sequences using the MegAlign (Lasergene

DNASTAR).

Statistical analysis

Descriptive statistical analyses were performed in order to obtain range (R), median
(Mdn), mean (M), and standard deviation (SD) values for Giardia cyst counts and

Cryptosporidium oocyst counts from monthly TWW samples and spiked TWW samples.

Results

Method validation for wastewater analyses

For all TWW samples, higher recoveries were obtained for Giardia (up to 42%) than
Cryptosporidium (up to 26%). Recovery standard rates (initial recovery rates of 22-100% for
Giardia and 33-100% for Cryptosporidium) as set by US EPA (2012), were met for Giardia in
samples from the WWTP | and Il (Table 1). In addition, initial recovery rates of 15-100% for
Giardia and 12-100% for Cryptosporidium as described for Wisconsin State Laboratory for

Hygiene initial recovery rates by US EPA (2014) were met for both parasites in WWTP | and II.

Table 1

Recovery rates for Giardia and Cryptosporidium (oo)cysts after spiking (one sample per wastewater
treatment plant (WWTP |, WWTP Il and WWTP lll)).

sampling point Giardia cysts (%) Cryptosporidium oocysts (%)
WWTP | 34% 26%
WWTP I 42% 20%
WWTP Il 12% 10%
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Detection of Giardia cysts and Cryptosporidium oocysts by immunofluorescence
Mussels

A total of 120 mussel pools were examined during the farming period, and Giardia

cysts and Cryptosporidium oocysts were not recovered from any of the samples.
Treated wastewaters

A total of 18 TWW samples were examined, with Giardia cysts detected in 13 (72%)

samples and Cryptosporidium oocysts in 4 (22%) samples (Fig. 2).

Among the 3 WWTPs, the most frequently contaminated was the WWTP | (83%
positive samples) for Giardia and WWTP Il (50% positive samples) for Cryptosporidium.
Contamination with Cryptosporidium was not detected in WWTP |. In positive samples,
Giardia cyst counts ranged from 0.4 to 11.2 cysts per L (Mdn: 2.1, mean: 3.3, SD: 3.4) and
Cryptosporidium oocyst counts ranged from 0.4 to 0.9 oocysts per L (Mdn: 0.7, mean: 0.7, SD:
0.2). Similar to the prevalence rates, the highest contamination intensity for Giardia was
recorded in WWTP | (0.4 — 11.2 Giardia cysts/L) and for Cryptosporidium in WWTP |1 (0.4 —0.9

Cryptosporidium oocysts/L).
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Fig. 2 (a) Giardia cysts/L and (b) Cryptosporidium oocysts/L recovered from the 3 wastewater treatment plants (WWTP |,
WWTP Il and WWTP Il) according to sampling month.

Molecular identification of parasites
Mussels

Three out of 120 (2.5%) mussel samples, were apparently positive for Cryptosporidium

contamination based on visualisation of PCR product of the appropriate size for the gene
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GP60 (suppl. 1), however sequencing was not successful. Amplification of the 18S rDNA gene
was not successful for those samples. Giardia contamination of mussel samples was not

detected by PCR targeting any of the genes.

Treated wastewaters

Giardia sequences were obtained from 6 out of 13 (42.6%) positive TWW samples. All
were found to be sub-assemblage All for the genes B-giardin (NCBI accession numbers:
MN483377-MN483378) and GDH (NCBI accession numbers: MN483373-MN483376). Out of
4 IFAT-positive TWW samples for Cryptosporidium, PCR products were obtained for 2 using
PCR targeting the HSP-70 gene (suppl. 1). However, sequencing was not successful.
Amplification of the TPI gene for Giardia, 18S rDNA and GP60 genes for Cryptosporidium was

not successful.

Discussion

The hypothesis tested in the current study was that as mussels concentrate
microorganisms in their tissues and may be also consumed lightly cooked or even raw, there
could be a considerable risk of them being vehicles of infection for giardiasis and/or

cryptosporidiosis.

The results of our study suggest that even when mussels are being farmed in a
contaminated environment (rivers and wastewaters), they do not harbour high amounts of
Giardia and/or Cryptosporidium (oo)cysts. Overall, the mussels tested in the current study
were found negative for the presence of those protozoa by immunofluorescence, and only 3
samples (out of 120) were found positive by PCR for Cryptosporidium. However, even with
these apparently PCR-positive samples, the lack of confirmation by sequencing and the lack
of success with PCR targeting the multi-copy 18S rDNA gene means that this result should be

treated with caution.

One reason for this apparent lack of contamination could be the low concentrations
of parasites in the mussels, which remained undetected due to method limitations. The IFAT
technique used in this study had previously been standardized showing a detection limit of

10 (oo)cysts per g of mussel homogenate. At this concentration, recovery efficiency was 30%
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for Giardia cysts and 5% for Cryptosporidium oocysts (Ligda et al., 2019). Thus, should
contamination be lower, then the parasites would be unlikely to be detected. Although
previous reports have indicated that PCR is a more sensitive technique for detecting parasites
in mussel matrices (Giangaspero et al., 2014; Marangi et al., 2015; Miller et al., 2006),
limitations such as inhibitors in the matrices and the quality of the DNA, can influence the
detection of the parasites (Adell et al., 2014; Hohweyer et al., 2013). We did not make any
further attempts to improve the likelihood of amplification or avoiding inhibition, although
approaches such as use of additional bovine serum albumin or trying different polymerases

may have been relevant.

As the concentrations of those protozoa in the environment depend on various factors
(e.g., health status of humans/animals, water use practices, rainfall etc.), which can vary
seasonally and daily (Atherholt et al., 1998; Cizek et al., 2008; Tolouei et al., 2019; Wilkes et
al., 2009), the results of our study may reflect a lower contamination pressure on the total
environment during the sampling period (June-November) when total rainfall is generally low,
as seen in previous studies (Adell et al., 2014). The lack of detection of any parasites in effluent
during August may reflect lack of run off from agricultural land during mid-summer, but this
is only speculation, and other reasons could be more important. In fact, contamination by
those protozoa could be dynamic and affected by recent climatic conditions, as other studies
have demonstrated that bivalves depurate the pathogens concentrated from surrounding
water over the following days or weeks after ingestion (Miller et al., 2005). It should be noted
that commercial mussels usually undergo a depuration process before released onto the
markets, in controlled aquatic environments to purge their digestive tracts. Although this may
result in loss of potentially infectious protozoa (Gémez-Bautista et al., 2000; Graczyk et al.,
2006), investigations on the rate and extent of purging of protozoa have produced contrasting
results (Robertson, 2007). Furthermore, such purging has the potential to enable cross-

contamination between individual mussels.

Giardia and Cryptosporidium spp. (0o)cyst counts recorded from all WWTPs sampled
were relatively low compared with other published data where up to 20,000 parasites/L have
been reported (Ajonina et al., 2013, 2012; Caccio et al., 2003; Robertson et al., 2006; Zahedi
et al., 2018), but similar to a previous study conducted in Greece (Spanakos et al., 2015). The

lack of Cryptosporidium in any of the effluent samples from WWTP | is also surprising;
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although methodological issues may be partly responsible as Cryptosporidium was detected
from both the other WWTP effluents, it seems likely that this reflects catchment issues.
Effluents of wastewaters undergo a process of chlorination, but this is unlikely to have any
impact on the numbers or viability of any parasites. The absence of contaminated mussels in
this study could be explained by the low concentration of (oo)cysts entering the WWTP
effluents and from the rivers (Ligda et al., 2017), which were further diluted as water was
discharged into the sea. Within the different WWTPs sampled, WWTP | was found to be the
most contaminated with Giardia with high numbers of cysts recorded, which probably reflects
that it is the largest of the 3 WWTPs included in the study, treating a vast amount of
wastewaters, up to 150,000 m3, compared with the other two that treat approximately up to
10,000 m3, depending on the season. However, no Cryptosporidium oocysts have been
recovered in WWTP I. In general, Cryptosporidium oocyst concentrations (up to 0.9/L) from
WWTPs were lower than those of Giardia cysts (up to 11.2/L). This could be explained by
detection limitations, as based on the spiking experiment results, the recovery rates especially
for Cryptosporidium oocysts were relatively low (maximum of 26%). Although this is below
the criteria described by US EPA (2012) for water, it should be noted that these criteria were
set based on spiking of raw surface water samples. Sewage effluent samples are likely to be
more complex, and these are also accepted as being likely to have lower recovery efficiencies
(US EPA, 2012). With reference to US EPA (2014) for disinfected wastewater, the recovery

rates at two of WWTPs were within the criteria for both parasites.

Regarding molecular identification of the Giardia cysts isolated, G. duodenalis All was
the only sub-assemblage recovered from TWW samples. G. duodenalis All has been found
both in humans and animals in Greece (Kostopoulou, 2018) and since it more commonly
infects humans (Ryan and Caccio, 2013), an anthropogenic contamination of wastewaters is

more likely to occur.

Genetic characterisation of Cryptosporidium oocysts was not successful for the TWW
samples in this study and this is possibly due to: a) the low numbers of oocysts recovered, due
partly to methodological limitations; b) the presence of PCR inhibitors in environmental
samples (Adell et al., 2014; Schrader et al., 2012); and c) the fact that the oocysts recovered
could potentially lack nuclei due to age or environmental pressures. Furthermore, use of

different tools, for example different primers for the 18S gene may have provided better
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results. Nevertheless, the presence and circulation of zoonotic Cryptosporidium species in
animals (Kostopoulou et al., 2017, 2015; Tzanidakis et al., 2014), surface waters (Ligda et al.,
2017) and wastewaters (Spanakos et al., 2015) in Greece, highlights the risk of zoonotic

infection.

Conclusions

To conclude, the results of our study suggest that under the described environmental
conditions, mussels can be considered as a low-risk food source regarding potential
contamination with G. duodenalis and Cryptosporidium spp. However, the risk of mussels to
act as vehicles of foodborne transmission of these parasites should not be underestimated,
as many factors affect the detection of the protozoa and the capacity of the (oo)cysts to cause

disease to humans.
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Appendix A. Supplementary data

Picture 1. Gel electrophoresis of the Cryptosporidium GP60 gene for mussel samples.

Picture 2. Gel electrophoresis of the Cryptosporidium HSP-70 gene for wastewater samples.
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Supplementary data

Picture 1
Gel electrophoresis of the Cryptosporidium GP60 gene for mussel samples.

1 and 2: gel bands of the appropriate size (~450bp) of 2 positive mussel samples.

Picture 2
Gel electrophoresis of the Cryptosporidium HSP-70 gene for wastewater samples.

1: gel band of the positive control sample (product size: 325 bp); 2 and 3: gel bands of the 2 positive wastewater samples.
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Introduction

Cryptosporidium and Giardia are of great concern, due to their impact on human and animal
health. For this reason, research has focused on exploring their transmission routes and
zoonotic importance, however there are several knowledge gaps still remaining to be filled,
especially as concerns the zoonotic importance of Giardia (Caccio et al., 2018; Ryan and

Caccio, 2013; Thompson and Ash, 2019).

The aim of the current thesis was to investigate waterborne and foodborne transmission of
Cryptosporidium and Giardia in Greece, and more precisely to identify sources of water
contamination, estimate the public health risk associated with contamination of water and
food (mussels) and to improve the detection methods for Cryptosporidium and Giardia in

water and mussels.

The Northern part of Greece, and specifically Thessaloniki greater area, was considered to be
an ideal scenario to study the above, due to its geographical and environmental
characteristics, such as the presence of multiple water sources, some of them originating from
neighbouring countries (i.e. Axios river), in combination with the intense agriculture activity
and the presence of wastewater treatment plants in the area, which allowed us to explore
the impact of different factors to water contamination. Moreover, the use of surface waters
for the production of drinking water, as well as for irrigation of the crops, and the presence
of mussel production in the gulf that is fed by these surface waters, would allow us to

investigate transmission cycles of the protozoa and identify potential public health risks.

Cryptosporidium and Giardia in water

Our results revealed the presence of both Cryptosporidium and Giardia in different water
matrices in Greece, including treated wastewaters, surface water (rivers), irrigation water and

purified drinking water (Chapters 2 and 4).

In general, relatively high levels of both protozoa were recorded in rivers, in accordance with
data on other European rivers (Ongerth et al.,, 2018), following a seasonal pattern of
contamination during the 2 years of monthly samplings, also observed in similar studies

(Ajonina et al., 2013, 2012; Ehsan et al., 2015; Helmi et al., 2011; Isaac-Renton et al., 1996;
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Keeley and Faulkner, 2008; Van Dyke et al., 2012). High precipitation levels and low
temperatures during winter seemed to be associated with increased parasitic load in surface
waters, as contamination peaks were recorded in those months. This may be associated with
surface runoffs during rainfall events, from the surrounding agricultural area where the same
parasitic species/genotypes were identified in farm animals (cattle and sheep). In fact, the

two mostly contaminated rivers (Axios and Loudias) flow through a dense farming area.

As transmission cycles of Cryptosporidium and Giardia are particularly sensitive to
environmental changes, it is expected that their epidemiology may be affected in the future
by the global climatic change (Lal et al., 2013). Current climate change predictions for the area
forecast periods of consecutive days of dryness, followed by extreme rainfall events (Forzieri
et al., 2017; Panagos et al., 2017). Survival of both parasites is affected by temperature and
solar radiation, with high temperatures forcing (oo)cyst degradation (DeRegnier et al., 1989;
Feng and Xiao, 2011; King and Monis, 2007; Olson et al., 1999; Peng et al., 2008). However,
droughts can lead to greater effluent parasite concentration in surface and groundwater
sources, due to the accumulation of faecal material to the streams during such periods (Lal et
al., 2013). Subsequent periods of heavy rainfall can result in increasing runoffs from these
areas, together with resuspension of river bottom and storm drain sediment, causing
resuspension of infectious (0o)cysts, contaminating drinking water pipelines, thus potentially
resulting in disease outbreaks (Lal et al.,, 2013; Semenza, 2020; Semenza et al., 2012).
However, we should acknowledge the uncertainty of climatic change predictions and the fact
that it is a phenomenon that will affect multiple processes associated with (oo)cyst release,
survival and transport, potentially affecting the parasites differentially with regional variation

(Lal et al., 2013; Robertson and Gjerde, 2007).

In an attempt to investigate possible contamination sources of surface water, different
sampling points of Axios river, one of the most frequently contaminated rivers, were tested,
i.e. one sampling point upstream of the biggest wastewater treatment plant of the area and
another sampling point downstream of the wastewater treatment plant. However,
contamination levels were similar between these two sampling points, also without any
difference among the species/genotypes isolated, indicating that wastewaters do not seem
to significantly contribute to water contamination in Axios river. In fact, although treated

wastewaters sampled were found contaminated with both parasites, contamination levels
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were quite low (up to 0.9 Cryptosporidium oocysts/L and up to 11.2 Giardia cysts/L) compared
to published records from several other locations (up to 20,000 (oo)cysts/L) (Ajonina et al.,
2013, 2012; Caccio et al., 2003; Robertson et al., 2006; Zahedi et al., 2018). On the other hand,
Axios river that springs in and runs through North Macedonia, was already highly
contaminated with the same species/genotypes when entering Greece. Even though
sampling at the entrance point of the river was only possible for a limited period of time (4
months), the high (oo)cyst numbers, especially for Giardia, indicate the existence of sources

of contamination across the border.

Our data combined with previously reported ones (Kostopoulou et al., 2020), revealed the
circulation of the same, potentially zoonotic, species/genotypes in water, animals and
humans. However, because it was not possible to perform multilocus genotyping analyses,

zoonotic transmission of Cryptosporidium and Giardia could not be demonstrated.

The contamination of filtered and purified drinking water, even at relatively low levels
(<1(oo)cysts/L) is of great concern for public health, especially since viable (oo)cysts of
potentially zoonotic species/genotypes of Cryptosporidium and Giardia were isolated from
surface water and raw intake water of the water company. Having also in mind that the source
for the production of drinking water, Aliakmonas river, had quite low contamination levels,
especially for Cryptosporidium (<0.3 oocysts/L), the risk for consumers may be even higher
during an unexpected event of increased water contamination, e.g. after extreme rainfall.
Overall, the purification system of the water company seems to be inadequate, as high
turbidity values were also recorded occasionally during our study. Having all the above in
mind, it is clear that monitoring of these parasites is an important aspect that needs to be
seriously considered by the state authorities. Ideally, the filtration system should be also
upgraded, for instance by adding UV filters. However, as such approaches are quite costly, a
feasible approach would be to design a strategic sampling plan based on our findings (e.g.
testing after extreme rainfall events, or regular testing during winter months). Future
approaches based on more sophisticated data analyses, as we explain below, may further
support strategic sampling systems providing more accurate proxies for Cryptosporidium and

Giardia, in order to avoid disease outbreaks.

Cryptosporidium and Giardia in mussels

193



To explore the possibility of contaminated food contributing to human infections with
Cryptosporidium and/or Giardia, Mediterranean mussels Mylitus galloprovincialis were our
target food product, as they are cultivated in high density in the Thermaikos gulf, around the
estuaries of the contaminated rivers and proximal to discharges of contaminated
wastewaters of human, animal and industrial origin. Therefore, they were considered to be a
potentially contaminated food matrix, taking also into account their ability to filter large
volumes of water and accumulate micropollutants in their tissues (Robertson, 2007). Even
though mussel farming in Greece is quite widespread, studies about the possible role of

mussels to act as carriers of parasitic infections have never been conducted before.

Challenges at this part of our study were obvious from the very beginning, as there is no
standard validated method to detect these protozoa in shellfish and many different
approaches have been used by different research groups. Even though immunofluorescence
is most commonly preferred over PCR (Hohweyer et al., 2013), different analytical procedures

have been used, without validated sensitivity and defined detection limits.
Method validation

In order to have a reference technique to investigate mussel contamination with
Cryptosporidium and Giardia at Thermaikos gulf, we set up two different spiking experiments
with known concentrations of the protozoa using commercial mussels (M. galloprovincialis)
(Chapter 3). With the 1t experiment we proved that the most sensitive protocol (61.4% for
Cryptosporidium and 32.1% for Giardia for 1000 (0o)cysts/g) among those commonly used is
the pre-treatment of mussel homogenate (consisting of 5 whole pooled mussels) with pepsin
digestion solution, followed by concentration of the (oo)cysts with immunomagnetic
separation (IMS) and detection with a direct immunofluorescence assay. In the 2™
experiment the detection limit of this method was defined to be 10 (oo)cysts per g of mussel
homogenate, although with low recovery efficiencies, especially for Cryptosporidium (5%).
Recovery efficiencies for 1000 (oo)cysts/g of mussel homogenate were similar in both
experiments, although Cryptosporidium recovery was a bit lower in the 2" experiment (45.7%
versus 61.4% in the 15t experiment), while for Giardia it was higher (42.8% versus 32.1% in the

1%t experiment). Even though these recovery rates were considered acceptable, they were
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lower than the ones achieved by Robertson and Gjerde (2008), where the same procedure

was used.

A similar effort for identification of the most appropriate method for detection of
Cryptosporidium oocysts in mussels (M. edulis) was published at the same time as our study
(Kaupke et al., 2019). The effect of IMS concentration was only tested in mussels digested
with pepsin solution and sieving was only tested in combination with IMS, while other lipid
extraction methods, such as the use of diethyl ether, were not investigated. Interestingly,
Kaupke et al. (2019) proved that sieving and use of IMS had the best recovery efficiencies (up
to 100%) compared to the other 2 methods. Also with the combination of pepsin digestion
and IMS, which was the most efficient method in Chapter 3, Kaupke et al. (2019) reported
higher recovery efficiencies (up to 94% for 1000 oocysts) than we did. One possible limitation
of our study that may have resulted in lower recoveries, could be the fact that we did not
verify the homogeneity of (0o)cyst suspensions, as performed by Kaupke et al. (2019). In fact,
while we tested the suspension samples, (0oo)cysts tended to form clusters and this probably

affected the equal distribution in the matrixes, resulting in lower recovery rates in our study.

There are many factors which may affect (oo)cyst recovery rates between different studies.
Different studies may differ in i) the nature of spiking material (e.g., freshly collected from
faecal samples in Robertson and Gjerde (2008) versus commercially purchased in Kaupke et
al. (2019) and in our study), ii) species of shellfish (e.g. M. edulis in Kaupke et al., 2019 vs. M.
galloprovincialis in our study), iii) type of starting material (i.e. mussels examined individually
or in pools) and iv) the amount of homogenate examined (e.g. only a small amount of lipid-
free spiked homogenate, all the amount of the spiked homogenate or amount not specified)

(Gomez-Couso et al., 2006a; MacRae et al., 2005; Schets et al., 2013).

The minimum detection limit of 10 (0o)cysts per g of mussel homogenate in our study was in
accordance with other published studies (Kaupke et al., 2019; Miller et al., 2006), but this
detection limit is higher than (o)cyst concentrations recorded in naturally contaminated

shellfish (Gomez-Couso et al., 2006b, 2005; Graczyk et al., 2004; Li et al., 2006).

Risk for foodborne infection
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Having a standardized technique, we proceeded with our aim to investigate the possibility of
mussels farmed in close proximity to contaminated water sources to act as a possible source

for human infections with Cryptosporidium and Giardia (Chapter 4).

All mussels (a total of 120 pools), corresponding to 10 mussel farms, tested negative for the
presence of both protozoa with immunofluorescence. We had anticipated that the
Thermaikos gulf would be a heavily contaminated environment, because all rivers and outlets
from wastewater treatment plants feeding into the gulf were contaminated with both
parasites (Chapters 2 and 4), and especially the rivers had high (oo)cyst concentrations (up to
13.5 Cryptosporidium oocysts and up to 48.6 Giardia cysts/L). Absence of contamination in
the mussels could be explained by the fact that the contaminated water is diluted when
entering into the sea. Thus, the (oo)cyst numbers that accumulated in the mussels may have
been too low to be detected. In a similar study conducted in a geographically closed
environment of Southern Italy, Mediterranean mussels were negative for Cryptosporidium
and Giardia with both immunofluorescence and molecular testing, despite high
contamination levels of both parasites in inflowing waters (Giangaspero et al., 2009). On the
other hand, other studies reported contaminated mussels (up to 275 Cryptosporidium oocysts
and up to 19 Giardia cysts per 6-8 mussels) farmed in a contaminated environment (treated
sewage effluents with up to 520 Cryptosporidium oocysts/L and up to 1131 Giardia cysts/L)
(Gomez-Couso et al., 2006b, 2005). Therefore, a low parasitic load in combination with the
low sensitivity of the immunofluorescence protocol (5% for Cryptosporidium and 30% for
Giardia for the detection limit of 10 (oo)cysts per g of mussel homogenate), could be an

explanation for the lack of detection of these protozoa in the farmed mussels examined.

On the other hand, the capacity of mussels to expel those protozoa from their system in
combination to low parasitic loads in mussels, as well as the effect of the salinity of the sea
water on (0o)cysts could be responsible for the absence of contaminated mussels. However,
studies have been demonstrated that Cryptosporidium (oo)cysts can survive long enough (up
to 4 weeks) in different concentrations of salinity (up to 30 ppt) (Fayer et al., 1998) and for at
least 1 year in artificial seawater (Tamburrini and Pozio, 1999), thus suggesting that sea water
does not affect their infectivity. On the contrary, some others suggested that there might be
a synergistic effect of salinity with the time that Cryptosporidium oocysts are present in such

environments, affecting the infection intensity of the oocysts (Freire-Santos et al., 1999).
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Moreover, trials conducted with oysters in static tank aquaria demonstrated that oysters held
under high salinities (up to 29 ppt) were capable of gradually eliminate (oo)cysts over time,
although chronic exposure to (oo)cysts may inhibit this ability (Willis et al., 2015, 2014).
Interestingly, studies with M. galloprovincialis mussels proved that Cryptosporidium oocysts
can remain in the intestinal tracts for up to 14 days and more importantly still retaining their

infectivity.

As the sensitivity of our protocol was low at the detection limit of 10 (0o)cysts per gram, we
further tested all the pooled mussel homogenates with molecular analyses targeting
commonly used markers. Interestingly, we found Cryptosporidium DNA in 3 mussel samples
from the eastern part of Thermaikos gulf, where the wastewater treatment plant with the
highest parasitic load and largest volume of wastewater is located. These results suggest an
effect of the surrounding environment to the potential of mussels to acquire contamination.
However, this hypothesis needs to be further investigated, due to absence of positive results

at other multi-copy loci (i.e. 18S rRNA gene) and sequencing data.

Overall it seems that mussels are of low risk to act as vehicles of foodborne transmission of
these protozoa in the Thermaikos Gulf. Moreover, as commercial mussels commonly undergo
a depuration process in controlled aquatic environments to purge their digestive tracts, the
risk of infection due to consumption of mussels may be even lower. On the other hand, a
possible increase of the contamination levels in the gulf in the future (i.e. due to surface
runoffs caused by extreme rainfall events; Panagos et al., 2017), could result in an increase of
the (oo)cyst levels accumulated by the mussels. Therefore, the risk of mussels to act as
vehicles of foodborne transmission of Cryptosporidium and Giardia should not be neglected,
as also a couple of small giardiasis outbreaks due to consumption of contaminated oysters

have been reported in the past (Ryan et al., 2019; Smith-DeWaal et al., 2001).

Alternative markers for prediction of water contamination with Cryptosporidium and

Giardia

Trying to achieve our last aim to propose alternative markers which could predict
contamination of water with Cryptosporidium and Giardia, in order to improve their routine

detection (Chapter 2), our first approach was not satisfactory. Our results, based on
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commonly used statistics, were in agreement with previously published studies (Briancesco
and Bonadonna, 2005; Ehsan et al., 2015; Masina et al., 2019; Xiao et al., 2018). Faecal
indicator bacteria (FIB) (i.e. Escherichia coli, coliforms, Clostridium perfringens and
enterococci) were not correlated with the presence of any of the two protozoa. Only
Cryptosporidium was statistically correlated with some physicochemical (i.e. pH and EC) and
meteorological (i.e. rainfall and temperature) factors, however without any strong evidence

of a direct relationship that could be used as an alternative indicator of water contamination.

Thus, a more advanced approach, in terms of statistics, was taken in order to find reliable and
useful alternative markers to predict (oo)cyst contamination of water matrices. Machine-
learning modelling proved to be a promising tool, as it takes into account complex interactions
and combines different parameters (in our case microbiological, physicochemical and
meteorological parameters), to tackle the problem of the lack of reliability of a single
parameter, as explained in Chapter 2. Based on our model, contamination intensity with
Cryptosporidium could be predicted using a combination of different microbiological (i.e.
Clostridia/100 ml, colony count at 22 °C) and meteorological (i.e. mean temperature of the
relevant month, total rainfall of week) parameters, whereas for Giardia a combination of
microbiological (i.e. coliforms/100 ml, E. coli) and physicochemical (i.e. turbidity) parameters
proved efficient. Bearing in mind that our model was based on data that included several zero
counts, the accuracy values achieved for both parasites (75% for Cryptosporidium and 69%
for Giardia) are quite high and satisfactory. However, some of the markers included in the
model are quite time consuming, such as Clostridium counts and colony counts at 22 °C.
Therefore, additional markers (e.g. various potential micropollutants, such as caffeine and
carbamazepine) that are cheap and timesaving at the same time, should also be tested for

their reliability and efficiency in such models.

Conclusions

Based on our results and the data already published we conclude that the same potentially
zoonotic Cryptosporidium species and G. duodenalis (sub)assemblages have been identified
from different host species (humans and animals) and water sources (wastewater, raw
surface water, irrigation water, filtered and treated drinking water) in Greece. However, due

to the fact that multilocus genotyping was not possible and no outbreaks and only scarce
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clinical cases were reported (according to official reported data, https://eody.gov.gr), we can
only conclude that zoonotic species are circulating in the area, but we have no proof of
zoonotic transmission and we cannot estimate their public health importance. Since our
findings for surface waters are in accordance with other European studies suggesting that
levels of circulating parasites are similar (Ongerth et al., 2018), the absence of reported
outbreaks/cases in Greece could be due to lack of awareness and/or underreporting since
those protozoa are not included in the differential diagnosis of cases with similar clinical
symptoms. Animals were considered to be one of the sources of water contamination through
run-off from the surrounding farms, whereas wastewater treatment plants seemed not to
contribute significantly to water contamination. However, as the presence of these protozoa
in humans in this area has been previously reported (Kostopoulou et al., 2020), other human
point sources of contamination could have been overlooked. Finally, mussels farmed in the
gulf where all these contaminated waters are discharged, seem to be a low risk food source

for human infections with Cryptosporidium spp. and G. duodenalis.

Opportunities for future studies

In our opinion there are several research opportunities worth to be further pursued, such as
the improvement of detection techniques and the identification of sources of human

infection and risk assessment.

Improvement of detection techniques

Tracing back to the technical parts of our study and especially to the low recovery rates of
Cryptosporidium and Giardia (oo)cysts, especially in treated sewage samples, future research
should focus on the improvement of this part. Further improvement of the US EPA Method
1623.1 (US EPA, 2012), with additional steps for the removal of the algae that are present in
water matrices, could be beneficial. Especially for the analysis of treated wastewaters, we
followed the same protocol as with the other water matrices and this may have resulted in
lower recoveries for these samples. Although the recoveries we achieved were within the
acceptance criteria for disinfected treated wastewaters as proposed by the US EPA Method
1693 (US EPA, 2014), the use of sodium hexametaphosphate (NaHMP) prior to elution of the

(oo)cysts from the filters as proposed by the Method 1693, could have decreased the impact
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of the turbidity, thus increasing the recovery rates of the (oo)cysts. In fact the method for
disinfected treated water follows the same procedure as the US EPA Method 1623.1 (US EPA,
2012) with some modifications, i.e., different volume of water, concentration either by using
filters or directly by centrifugation, and use of chemical compounds such as NaHMP or kaolin
to reduce the effect of turbidity and fats that are present in such matrices (US EPA, 2014).
Such modifications could be advantageous also for other types of waters, such as raw river

samples where turbidity values are sometimes quite high.

However, as detection and quantification of these protozoa in water matrices are quite
difficult and time-consuming, alternative methods may be worth to investigate. The machine-
learning approach that can predict contamination intensity (Chapter 2), could be the basis for
such studies, as it seemed to be a promising tool. However, it would be of value to test this
model in other environments as well, and more importantly to explore the possible
correlation with other biotic and abiotic parameters (e.g. chemical and biochemical
compounds, environmental and pedoclimatic factors) that are more easily and time effective
to be measured. Testing such models in different scenarios, e.g. other areas of Greece (i.e.
Southern Greece where the climate is drier) or neighboring countries and specifically
countries sharing common water bodies, such as Greece and North Macedonia, would be
highly important in order to test the efficacy of such models to predict water contamination.
Such approaches should ideally result in reliable and cost-effective strategic plans that could
be used for surveillance and health risk management, in order to predict and minimize the

risk for waterborne disease outbreaks.

As concerns the detection of Cryptosporidium and Giardia in mussels, we should try to further
improve our developed mussel analyses protocol, in order to achieve higher recovery
efficiencies. Moreover, it is crucial to perform interlaboratory testing of this technique, in
order to confirm its reproducibility and efficiency to detect these protozoa. This then can
become the basis for shellfish analyses to detect Cryptosporidium and Giardia (oo)cysts, and
test its sensitivity using only specific tissues of shellfish, or different species of marine bivalves

which may have different tissue composition in fat and proteins.

In order to better evaluate the public health risk, the zoonotic or anthroponotic nature of
these protozoa needs to be clarified, with the use of more advanced molecular techniques.

Ideally whole genome sequencing approaches (Ankarklev et al., 2018; Brynildsrud et al., 2018;
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Durigan et al., 2018; Lecova et al., 2019) or the use of alternative markers, like variable
number tandem repeats (VNTR) (Chalmers et al., 2017; Pérez-Corddn et al., 2016), should be
included in epidemiological studies. On the other hand, in both environmental and food
samples there are many PCR inhibitors that make the detection of Cryptosporidium and
Giardia difficult. Thus, for routine analyses, apart from the adjustment of the PCR conditions
(Robertson, 2014, 2013), other PCR-based methods that are not sensitive to inhibitors, such
as the droplet digital PCR (ddPCR) or the loop mediated isothermal amplification (LAMP) could
be more appropriate (Gallas-Lindemann et al., 2016; Yang et al., 2014). Moreover, the viability
of the (oo)cysts detected in these matrices is crucial for risk assessment. However, for food
samples there are no available appropriate protocols that can determine the viability of the
(oo)cysts. Thus studies investigating appropriate protocols, that do not over- or
underestimate the viability (e.g. combinations of commonly used methods based on
DNA/RNA and vital dye assays) of the (oo)cysts detected in food matrixes are needed
(Rousseau et al., 2018).

Identification of sources of human infection and risk assessment

Contaminated water matrices with Cryptosporidium and G. duodenalis have been recorded in
a wide area of Northern Greece, where the second most populated (>1,100,000 inhabitants)
city of Greece, Thessaloniki is located. Thessaloniki also attracts large numbers of tourists
every year (>2.1 million international arrivals in 2018;
https://www.statista.com/statistics/939435/international-air-arrivals-thessaloniki/). Having
in mind that possible zoonotic species/genotypes of both protozoa are circulating in the
environment, including in the river that is used for production of drinking water, as well as in
the final drinking water, it would be of value to perform a Quantitative Microbial Risk
Assessment (QMRA), in order to estimate the risk for consumers to get infected. Data of the
current study regarding concentrations of Cryptosporidium and Giardia in surface waters
could be used in combination with water consumption data and infection rates of the
protozoa. Moreover, the presence of both parasites should also be investigated in
recreational facilities, such as the swimming pools of the area and the coastal water at the
beaches. In fact, swimming pools may be a hot-topic for Greece that really needs to be
investigated, since most of the hotels have large, often several, swimming pools (some of
which are improperly maintained) that are commonly over-crowed during the high touristic
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summer season. Such studies could also serve as the beginning for the establishment of
preventive measures and good-health practices that should be followed in recreational
facilities. Ideally, at the same time period, it could be advantageous to include also humans
in the study and to try to correlate their parasite infection status with the (oo)cyst counts

recorded at the water matrixes during the same period.

In order to have a more holistic approach regarding the risk for consumers to get infected and
in an effort to gain more knowledge regarding the foodborne transmission of these parasites,
apart from the mussels that we have investigated, other products cultivated in the area could
be investigated. Although in this area mainly cotton and rice are cultivated, corn and different
vegetables can be also found. Vegetables could be of great interest, as it is known that they
can easily get contaminated from irrigation to packaging or transport, and are often
consumed raw, increasing the risk to act as vehicles of foodborne infections (Ryan et al., 2019,
2018). Also the sticky nature of the (0o)cysts in combination with the stomata on the surface
of the green leaves, increase the possibility of contamination of these produce (Hohweyer et
al., 2016; Macarisin et al., 2010). In fact, several outbreaks of cryptosporidiosis and giardiasis
due to the consumption of raw vegetables have been reported in other areas (Aberg et al.,
2015; Gherasim et al., 2012; Insulander et al., 2013, 2008; McKerr et al., 2015; Mintz et al,,
1993; Rimseliené et al., 2011; Robertson, 2013; Rose and Slifko, 1999; Ryan et al., 2018, 2019).

Our attempt to identify possible sources of water contamination could be expanded to the
wildlife species inhabiting the area, as from many of them zoonotic (i.e. C. parvum, G.
duodenalis assemblages A and B) and human specific (i.e. C. hominis) species of both parasites
have been isolated (Feng and Xiao, 2011; Li et al., 2017; Robertson et al., 2019; Ryan and
Zahedi, 2019; Zahedi et al., 2016). In fact, the area where the four rivers form a large deltaic
complex is of great ecological importance and has been included in the Natura 2000 network
of European ecological regions. The area is an ideal biotope for many species of wild mammals
(i.e. ground squirrels, rodents, foxes, wolfs, wildcats), reptiles (i.e. Mediterranean tortoise)
and birds (i.e. pygmy cormorant, Dalmatian pelican, black-headed seagull). The evaluation of
the parasitism in these species may provide us more information regarding the transmission

scenarios.
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Cryptosporidium and Giardia are important parasitic protozoa, causing gastrointestinal
disease in both humans and animals, and both parasites are considered to be zoonotic. The
most common route of transmission is through contaminated water and/or food, and they
are responsible for many waterborne (sometimes also foodborne) outbreaks of disease
worldwide, having an important impact on public health. Contamination of water sources
(and consequently of foodstuff) with both protozoa may have many sources, including runoffs
from agricultural areas, drainage from manure storage, wastewaters overflows or improper

sewage systems.

For the current thesis, the Thessaloniki greater area and the Thermaikos Gulf in Northern
Greece has been selected as an interesting case scenario to study the dynamics of waterborne
transmission of Cryptosporidium and Giardia. The area is characterised by: (i) an urban
environment — the city of Thessaloniki (> 1,100,000 inhabitants) is built around Thermaikos
Gulf; (ii) an agricultural environment — the area around the city is a dense farming area with
numerous cattle and sheep farms; (iii) many surface water sources — there are 4 rivers, i.e.
Gallikos, Axios, Loudias and Aliakmonas, that form a large deltaic complex on the northern
and western parts of the gulf; (iv) a water production company using water from Aliakmonas
river for the production of drinking water for Thessaloniki; (v) 3 wastewater treatment plants
that treat human, agricultural and industrial waste, which are either re-used for irrigation or
discharged into the gulf; (vi) the most intensive mussel farming of the Mediterranean mussel,
Mytilus galloprovincialis, located close to the deltaic complex of the rivers and wastewater

discharges, totaling 80-90% of the whole mussel production in Greece.
Specifically, the objectives of this Ph.D. thesis were:

6. To monitor the presence of Cryptosporidium and Giardia in different water sources in
Northern Greece, including surface water, drinking water and treated waste waters.

7. To monitor the presence of Cryptosporidium and Giardia in sheep and cattle farms in
the vicinity of surface water (rivers), as potential sources of water contamination.

8. To determine the Cryptosporidium species/genotypes and Giardia (sub)assemblages,
through molecular analyses, in order to evaluate their zoonotic potential and to

identify potential sources of water contamination.
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9. To develop a risk assessment model to identify parameters that can predict the risk of
surface water contamination with Cryptosporidium and/or Giardia.
10. To monitor the presence of Cryptosporidium and Giardia in mussels cultured in

Thermaikos Gulf.

Chapter 1 provides a review of the recently published literature on some important aspects
of Cryptosporidium and Giardia. This chapter describes the biology (taxonomy and life cycle)
of the parasites, their presence in humans and animals and their zoonotic potential based on
molecular data. The transmission routes of the parasites are described, focusing on
waterborne and foodborne transmission. An overview of waterborne and foodborne disease
outbreaks is also presented. Finally, the most widely used methods for their detection in

water and on/in food matrices are briefly described.

In Greece, little information is available about water contamination with Cryptosporidium and
Giardia and monitoring of drinking water for these parasites is not compulsory. Moreover,
although many animal species are infected with both parasites, their role as potential sources
of water contamination has not been investigated. The aim of Chapter 2 was to investigate
the presence and origin of Cryptosporidium and Giardia in different water sources in Northern
Greece and to identify potential contamination sources of human and/or animal origin.
Because the detection of (0o)cysts in water matrices is challenging, a second objective was to
identify interactions between the presence of these parasites and biotic/abiotic factors, in
order to develop risk-assessment models. During a 2-year period, using a longitudinal,
repeated sampling approach, 12 locations in 4 rivers, irrigation canals, and a water production
company, were monitored for Cryptosporidium and Giardia, using standard methods.
Furthermore, 254 faecal samples from animals were collected from 15 cattle and 12 sheep
farms located near the water sampling points and screened for both parasites, in order to
estimate their potential contribution to water contamination. River-water samples were
frequently contaminated with Cryptosporidium (47.1%) and Giardia (66.2%), with higher
contamination rates during winter and spring. During a 5-month period, (oo)cysts were
detected in drinking water (<1 /litre). Animals on all farms were infected by both parasites,

with 16.7% of calves and 17.2% of lambs excreting Cryptosporidium oocysts and 41.3% of
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calves and 43.1% of lambs excreting Giardia cysts. The most prevalent species identified in
both water and animal samples were C. parvum and G. duodenalis assemblage All. The
presence of G. duodenalis assemblage All in drinking water and C. parvum 11aA15G2R1 in
surface water highlights the potential risk of waterborne infection. No correlation was found
between (oo)cyst counts and faecal-indicator bacteria. Machine-learning models that can
predict contamination intensity with Cryptosporidium (75% accuracy) and Giardia (69%
accuracy), combining biological, physicochemical and meteorological factors, were
developed. Although these prediction accuracies may be insufficient for public health

purposes, they could be useful for augmenting and informing risk-based sampling plans.

Marine bivalve shellfish are of public health interest because they can accumulate pollutants
in their tissues. As they are usually consumed raw or lightly cooked, they are considered to
be a possible source of foodborne infections, including giardiosis and cryptosporidiosis.
Although data indicating contamination of shellfish with Giardia cysts and Cryptosporidium
oocysts have been published, comparing results from different studies is difficult, as there is
no standardized protocol for the detection and quantification of these parasites in mussels,
and different researchers have used different analytical approaches. The aim of Chapter 3
was to identify and characterise the most sensitive protocol for the detection of Giardia cysts
and Cryptosporidium oocysts in shellfish. In an effort to test the sensitivity and the detection
limits of the protocol, every step of the process was investigated, from initial preparation of
the mussel matrix through detection of the parasites. Comparative studies were conducted,
including several methods previously applied by other researchers, on commercial mussels
Mytilus galloprovincialis spiked with a known number of (oo)cysts of both parasites. The
preparation of the mussel matrix plays an important role for the sensitivity of the method,
thus different techniques were tested, including (ia) removal of the coarse particles from the
matrix with sieving, (ib) extraction of the lipids with diethyl ether, and (ic) artificial digestion
of the matrix with pepsin digestion solution, and (ii) the use or not of immunomagnetic
separation (IMS) for the concentration of the (oo)cysts. Pre-treatment of the mussel
homogenate with pepsin digestion solution, followed by IMS, then detection with a direct
immunofluorescence assay, achieved the highest sensitivity: 32.1% (SD: 21.1) of Giardia cysts
and 61.4% (SD: 26.2) Cryptosporidium oocysts were recovered, with a detection limit of 10

(oo)cysts per g of mussel homogenate. The outcome of the current study was the
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standardization of a protocol, with defined detection limits, for the detection of those two
protozoa in mussels, in order to be used as a reference technique in future studies. Further
advantages of this protocol are that it uses the whole mussel as a starting material and does
not require difficult handling procedures. The method has potential to be applied in larger

surveys and, potentially, to other species of shellfish for the detection of these parasites.

In Chapter 4, we investigated the presence of Cryptosporidium and Giardia in Mediterranean
mussels, Mytilus galloprovincialis that are cultivated in Thermaikos Gulf, North Greece, which
is fed by the four rivers studied in Chapter 2, which were contaminated with both protozoa.
Moreover, the occurrence of these protozoa was monitored in treated wastewaters from 3
treatment plants that discharge into the gulf. In order to identify potential sources of
contamination and to estimate the risk for human infection, an attempt was made to
genotype Giardia and Cryptosporidium in positive samples. Immunofluorescence was used
for detection and molecular techniques were used for both detection and genotyping of the
parasites. In total, 120 mussel samples, coming from 10 farms, were examined for the
presence of both protozoa over the 6-month farming period. None of them were found
positive by immunofluorescence microscopy for the presence of parasites. Only in 3 mussel
samples, PCR targeting the GP60 gene detected Cryptosporidium spp. DNA, but sequencing
was not successful. Thirteen out of 18 monthly samples collected from the 3 wastewater
treatment plants, revealed the presence of G. duodenalis cysts belonging to sub-assemblage
All, at relatively low counts (up to 11.2 cysts/L). Cryptosporidium oocysts (up to 0.9 oocysts/L)
were also detected in 4 out of 8 samples, although sequencing was not successful at any of
the target genes. At the studied location and under the sampling conditions described,
mussels tested were not found to be harboring Giardia cysts and the presence of
Cryptosporidium was found only in few cases (by PCR detection only). Our results suggest that
the likelihood that mussels from these locations act as vehicles of human infection for Giardia

and Cryptosporidium seems low.

In Chapter 5, data presented in the current thesis are discussed and compared with recently
published studies. In general, there is a high abundance of potentially zoonotic
Cryptosporidium species and G. duodenalis (sub)assemblages in all water matrices and farm
animals tested. A seasonal pattern of contamination has been revealed, with higher

contamination rates during rainy months. Animals were considered to be a main source of
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water contamination through run-off from the surrounding farms, whereas wastewater
treatment plants seemed not to contribute to water contamination. Same potentially
zoonotic species/genotypes are circulating in the environment and hosts, however lack of
multilocus analyses and absence of reported human cases/outbreaks, do not allow us to
safely conclude on their impact on public health. Machine learning modelling approaches
seem to be a promising tool for the prediction of water contamination by these protozoa and
could be used to augment and inform risk-based sampling plans. Finally, Mediterranean
mussels farmed under the described contamination pressure of Thermaikos gulf, due to
contaminated rivers and wastewaters discharged there, seem to be a low risk food source for

human infections with Cryptosporidium spp. and G. duodenalis.
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Cryptosporidium en Giardia zijn belangrijke parasitaire protozoa, die gastro-intestinale
aandoeningen veroorzaken bij zowel mens als dier, en beide parasieten worden als
zoonotisch beschouwd. De meest voorkomende transmissieroute is via besmet water en/of
voedsel, en ze zijn verantwoordelijk voor vele door water overgebrachte (soms ook via
voedsel overgedragen) uitbraken van ziekten wereldwijd, die een belangrijke impact hebben
op de volksgezondheid. Verontreiniging van water (en bijgevolg van voedsel) met beide
protozoa kan verschillende bronnen hebben, waaronder afvloeiing uit landbouwgebieden,

drainage uit mestopslag, overlopen van afvalwater of defecte riolering.

Voor het huidige proefschrift is het gebied van Thessaloniki en de Thermaikos-golf in Noord-
Griekenland geselecteerd als een interessant casus om de dynamiek van de water-gedragen
transmissie van Cryptosporidium en Giardia te bestuderen. Het gebied wordt gekenmerkt
door: (i) een stedelijke omgeving - de stad Thessaloniki (> 1.100.000 inwoners) is gebouwd
rond de Golf van Thermaikos; (ii) een landbouwomgeving - het gebied rond de stad is een
dicht landbouwgebied met talrijke rundvee- en schapenboerderijen; (iii) veel
oppervlaktewaters - er zijn 4 rivieren, d.w.z. Gallikos, Axios, Loudias en Aliakmonas, die een
groot delta-complex vormen in het noord-westen van de golf; iv) een waterproductiebedrijf
dat water uit de Aliakmonas-rivier gebruikt voor de productie van drinkwater voor
Thessaloniki; (v) 3 afvalwaterzuiveringsinstallaties die menselijk, landbouwkundig en
industrieel afval behandelen, die ofwel hergebruikt worden voor irrigatie of geloosd worden
in de golf; (vi) intensieve mosselkweek van de mediterrane mossel, Mytilus galloprovincialis,
gelegen nabij het delta-complex van de rivieren en de lozingen van afvalwater, goed voor 80-

90% van de totale mosselproductie in Griekenland.
In het bijzonder zijn de doelstellingen van deze PhD thesis:

1. Monitoren van Cryptosporidium en Giardia in verschillende waterbronnen in Noord-
Griekenland, waaronder oppervlaktewater, drinkwater en gezuiverd afvalwater.

2. Onderzoeken van de aanwezigheid van Cryptosporidium en Giardia op schapen- en
rundveebedrijven in de buurt van oppervlaktewater (rivieren), als mogelijke bronnen

van waterverontreiniging.
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3. Bepalen van de Cryptosporidium soorten/genotypes en Giardia (sub)assemblages,
door middel van moleculaire analyses, om hun zo6notisch potentieel te evalueren en
potentiéle bronnen van waterverontreiniging te identificeren.

4. Een risicobeoordelingsmodel ontwikkelen om parameters te identificeren die het
risico op verontreiniging van het oppervlaktewater met Cryptosporidium en/of Giardia
kunnen voorspellen.

5. De aanwezigheid van Cryptosporidium en Giardia in mosselen in de Thermaikos Golf

opsporen.

Hoofdstuk 1 geeft een overzicht van de literatuur over enkele belangrijke aspecten van
Cryptosporidium en Giardia. Dit hoofdstuk beschrijft de biologie (taxonomie en levenscyclus)
van de parasieten, hun aanwezigheid bij mens en dier en hun zodnotisch potentieel op basis
van moleculaire gegevens. De transmissieroutes van de parasieten worden beschreven, met
de nadruk op transmissie via het water en via voedsel. Een overzicht van uitbraken van door
water en door voedsel overgedragen ziekten wordt ook gepresenteerd. Ten slotte worden de
meest gebruikte methoden voor hun detectie in water en op/in voedselmatrices kort

beschreven.

In  Griekenland is weinig informatie beschikbaar over waterverontreiniging met
Cryptosporidium en Giardia en monitoring van drinkwater voor deze parasieten is niet
verplicht. Hoewel veel diersoorten met beide parasieten zijn besmet, is hun rol als potentiéle
bron van waterverontreiniging niet onderzocht. Het doel van Hoofdstuk 2 was om de
aanwezigheid en oorsprong van Cryptosporidium en Giardia in verschillende waterbronnen in
Noord-Griekenland te onderzoeken en potentiéle besmettingsbronnen van menselijke en/of
dierlijke oorsprong te identificeren. Omdat de detectie van (o6)cysten in watermatrices
uitdagend is, was een tweede doelstelling het identificeren van interacties tussen de
aanwezigheid van deze parasieten en biotische/abiotische factoren, om risicobeoordelings-
modellen te ontwikkelen. Gedurende een periode van 2 jaar werden met behulp van een
longitudinale, herhaalde bemonstering 12 locaties in 4 rivieren, irrigatiekanalen en een
waterproductiebedrijf gecontroleerd op Cryptosporidium en Giardia, met behulp van

standaardmethoden. Verder werden 254 fecale monsters van dieren verzameld van 15
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runder- en 12 schapenboerderijen in de buurt van de waterbemonsteringspunten en
gescreend op beide parasieten, om hun potentiéle bijdrage aan waterverontreiniging in te
schatten. Watermonsters van de rivieren waren vaak besmet met Cryptosporidium (47,1%)
en Giardia (66,2%), met hogere besmettingspercentages in de winter en de lente. Gedurende
een periode van 5 maanden werden ook (06)cysten gedetecteerd in drinkwater (<1/liter).
Dieren op alle bedrijven waren geinfecteerd met beide parasieten, waarbij 16,7% van de
kalveren en 17,2% van de lammeren Cryptosporidium-o6cysten uitscheiden en 41,3% van de
kalveren en 43,1% van de lammeren Giardia-cysten uitscheiden. De meest voorkomende
soorten die in zowel water- als diermonsters werden geidentificeerd, waren C. parvum en G.
duodenalis assemblage All. De aanwezigheid van G. duodenalis assemblage All in drinkwater
en het C. parvum 11aA15G2R1 genotype in oppervlaktewater benadrukt het potentiéle risico
van infectie via het water. Er werd geen correlatie gevonden tussen (o6)cystentellingen en
fecale indicatorbacterién, maar er werden ‘machine learning’-modellen ontwikkeld die de
intensiteit van besmetting kunnen voorspellen voor Cryptosporidium (75% nauwkeurigheid)
en Giardia (69% nauwkeurigheid), waarbij biologische, fysicochemische en meteorologische
factoren werden gecombineerd. Hoewel deze voorspellingsnauwkeurigheden mogelijk
onvoldoende zijn om direct bruikbaar te zijn voor de volksgezondheid, kunnen ze nuttig zijn

voor het aanvullen en informeren van op risico gebaseerde steekproefplannen

Mariene tweekleppige schelpdieren zijn van belang voor de volksgezondheid omdat ze
verontreinigende stoffen in hun weefsels kunnen ophopen. Omdat ze meestal rauw of licht
gekookt worden gegeten, worden ze beschouwd als een mogelijke bron van door voedsel
overgedragen infecties, waaronder giardiose en cryptosporidiose. Hoewel er gegevens zijn
gepubliceerd over besmetting van schaaldieren met Giardia-cysten en Cryptosporidium-
oo6cysten, is het moeilijk om de resultaten van verschillende onderzoeken te vergelijken,
aangezien er geen gestandaardiseerd protocol is voor de detectie en kwantificering van deze
parasieten in mosselen, en verschillende onderzoekers hebben verschillende analytische
benaderingen gebruikt. Het doel van Hoofdstuk 3 was het identificeren en karakteriseren van
het meest gevoelige protocol voor de detectie van Giardia-cysten en Cryptosporidium-
oo6cysten in schaaldieren. Om de gevoeligheid en de detectielimieten van het protocol te
testen, werd elke stap van het proces onderzocht, van de eerste bereiding van het

mosselhomogenaat tot de detectie van de parasieten. Er werden vergelijkende onderzoeken
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uitgevoerd met verschillende methoden die eerder door andere onderzoekers waren
toegepast, op commerciéle Mytilus galloprovincialis mosselen, verrijkt met een bekend aantal
(o6)cysten van beide parasieten. De bereiding van de mosselmatrix speelt een belangrijke rol
voor de gevoeligheid van de methode, daarom werden verschillende technieken getest,
waaronder (ia) het verwijderen van de grove deeltjes uit de matrix met zeven, (ib) extractie
van de lipiden met diéthylether, en (ic) kunstmatige vertering van de matrix met een
verteringsoplossing met pepsine, en (ii) het al dan niet gebruiken van immunomagnetische
scheiding (IMS) voor de concentratie van de (o6)cysten. Voorbehandeling van het
mosselhomogenaat met verteringsoplossing met pepsine, gevolgd door IMS en vervolgens
detectie met een directe immunofluorescentietest, bereikte de hoogste gevoeligheid: 32,1%
(SD: 21,1) van de Giardia-cysten en 61,4% (SD: 26,2) van de Cryptosporidium-o6cysten
werden teruggevonden, met een detectiegrens van 10 (00)cysten per g mosselhomogenaat.
De uitkomst van de huidige studie was de standaardisatie van een protocol met gedefinieerde
detectielimieten voor de detectie van deze twee protozoa in mosselen, om in toekomstige
studies als referentietechniek te gebruiken. Verdere voordelen van dit protocol zijn dat het
de hele mossel als uitgangsmateriaal gebruikt en geen moeilijke hanteringsprocedures
vereist. De methode kan worden toegepast in grotere onderzoeken en mogelijk ook op

andere soorten schaaldieren voor de detectie van deze parasieten.

In Hoofdstuk 4 hebben we de aanwezigheid van Cryptosporidium en Giardia onderzocht in
mediterrane mosselen, Mytilus galloprovincialis, die worden gekweekt in de Golf van
Thermaikos, Noord-Griekenland, die wordt gevoed door de vier rivieren die zijn bestudeerd
in hoofdstuk 2, en die besmet waren met beide protozoa. Bovendien werd de aanwezigheid
van deze protozoa opgevolgd in behandeld afvalwater van 3 zuiveringsinstallaties die lozen in
de golf. Om potentiéle besmettingsbronnen te identificeren en het risico op infectie bij de
mens in te schatten, werd geprobeerd Cryptosporidium en Giardia in positieve monsters te
genotyperen. Immunofluorescentie werd gebruikt voor detectie en moleculaire technieken
werden gebruikt voor zowel detectie als genotypering van de parasieten. In totaal zijn 120
mosselmonsters, afkomstig van 10 bedrijven, onderzocht op de aanwezigheid van beide
protozoa gedurende de kweekperiode van 6 maanden. Geen van hen werd positief bevonden
door immunofluorescentiemicroscopie. In 3 mosselmonsters werd Cryptosporidium DNA

gedetecteerd met behulp van PCR, gericht op het GP60-gen, maar de sequentiebepaling was
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niet succesvol. Dertien van de 18 maandelijkse monsters die werden verzameld bij de 3
afvalwaterzuiveringsinstallaties bevatten G. duodenalis-cysten van subassemblage All, in
relatief kleine aantallen (tot 11,2 cysten/L). Cryptosporidium-o6cysten (tot 0,9 odcysten/I)
werden ook gedetecteerd in 4 van de 8 monsters, hoewel de sequentiebepaling bij geen van
de onderzochte genen succesvol was. Op de bestudeerde locatie en onder de beschreven
bemonsteringsomstandigheden bleken de geteste mosselen geen Giardia-cysten te bevatten
en de aanwezigheid van Cryptosporidium werd slechts in enkele gevallen gevonden (alleen
door middel van PCR-detectie). Deze resultaten suggereren dat de kans dat mosselen van
deze locaties fungeren als bron van menselijke infectie met Giardia en Cryptosporidium klein

is.

In Hoofdstuk 5 worden de data uit dit proefschrift besproken en vergeleken met recent
gepubliceerde studies. Over het algemeen was er een groot aantal potentieel zoonotische
Cryptosporidium-soorten en G. duodenalis (sub)assemblages aanwezig in alle geteste
watermatrices en in landbouwhuisdieren. Er werd een seizoensgebonden besmettings-
patroon gezien, met hogere besmettingspercentages tijdens de regenachtige maanden.
Dieren werden beschouwd als de belangrijkste bron van waterverontreiniging door
effluenten van de omliggende boerderijen, terwijl afvalwaterzuiveringsinstallaties niet leken
bij te dragen aan waterverontreiniging. Dezelfde potentieel zodnotische soorten/genotypen
circuleerden in het milieu en in verschillende gastheren, maar het gebrek aan multilocus-
analyses en de afwezigheid van gemelde gevallen/uitbraken bij de mens stellen ons niet in
staat om met zekerheid conclusies te trekken over hun impact op de volksgezondheid.
Modelleermethoden met ‘machine learning’ lijken een veelbelovend instrument te zijn voor
de voorspelling van waterverontreiniging door deze protozoa en kunnen worden gebruikt om
risicogebaseerde bemonsteringsplannen op te stellen of aan te vullen. Tenslotte lijken
mediterrane mosselen die gekweekt worden in het gecontamineerde milieu van de
Thermaikos-golf, als gevolg van verontreinigde rivieren en afvalwater die daar worden
geloosd, een voedselbron met een laag risico voor menselijke infecties met Cryptosporidium

spp. en G. duodenalis.
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