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Chapter 1
Introduction to Cryptosporidium:
The Parasite and the Disease

Cryptosporidium is a genus of protozoan parasites within the phylum Apicomplexa.
This phylum, traditionally considered to consist of four clearly defined groups (Adl
et al. 2005), the coccidians, the gregarines, the haemosporidians and the piroplas-
mids, contains thousands of species (Adl et al. 2007), all of which are parasitic, and
include some very important disease-causing organisms. These include haemospo-
ridians such as Plasmodium species that cause malaria and piroplasmids such as the
various Babesia species, while included among the coccidians are the multitude of
Eimeria species, which are of enormous veterinary importance, and also Toxoplasma
gondii that is of both veterinary and public health importance.

The actual placing of the Cryptosporidium genus within the Apicomplexa family
tree has been controversial, even after sequencing of the genome of some species;
although traditionally placed with the coccidians, and with various characteristics in
common with this class, phylogenetic evidence suggests that it is probably more
closely related to the gregarines (Leander et al. 2003). With the currently rather
tenuous taxonomic framework for the Apicomplexa (Morrison 2009), it may be saf-
est to state that the current placing of Cryptosporidium within the Apicomplexa
phylum awaits resolution; the most recent classification considers Cryptosporidium
as a separate group within the Apicomplexa (Adl et al. 2012).

To date approximately 25 different species of Cryptosporidium have been for-
mally described, as well as various genotypes. Many of the species are relatively
host-specific, but some species are somewhat promiscuous in terms of host specific-
ity, and approximately 50 % of the species have some degree of zoonotic potential,
indicating that they have the potential to infect humans as well as the more typical
animal species. One species of Cryptosporidium, C. hominis, is almost exclusively
associated with human infection, and the majority of human infections are due either
to infection with this species or with the least host-specific species, C. parvum.

The other major species that have been demonstrated to be important as human
pathogens include C. meleagridis, which is primarily associated with infections in
turkeys but has also been relatively commonly identified in children in South
America, and C. cuniculus, which has previously been particularly associated with
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2 1 Introduction to Cryptosporidium: The Parasite and the Disease

infections in rabbits, but was also the aetiological agent in an outbreak of waterborne
cryptosporidiosis. Some species of Cryptosporidium have only been associated
with sporadic cases of human infection (e.g. C. ubiquitum, which is more usually
associated with infections in sheep and cervids) or are particularly associated with
infections in immunocompromised patients (e.g. C. suis infections, which is gener-
ally diagnosed in infections in pigs, and C. felis infections, more commonly associ-
ated with infections in cats). The sporadic nature of some of these infections or the
fact that they apparently only cause illness in immunocompromised patients sug-
gests that these species are not well adapted to the human host, but may nevertheless
occasionally establish in such hosts.

For the purposes of this Springer Brief, we focus only upon those species of
Cryptosporidium that are of importance with respect to public health; this includes
the human-adapted species, C. hominis and the various species or genotypes with
proven zoonotic potential (Table 1.1). Other species that may be of importance to
veterinary health but are apparently of negligible relevance to human health will not
be considered further.

For the species of Cryptosporidium predominantly associated with human infec-
tion, C. hominis and C. parvum, molecular identification beyond the species level
(subtyping) has become important for both epidemiological reasons (e.g. for identi-
fying potential transmission routes or sources of infection in outbreaks) and also for
understanding the phylogeny of these species and attempting to understand their
evolution. Various molecular tools have been developed using genetic targets such
as microsatellites and minisatellites and also specific genes, in particular the gene
coding for a 60 kDa glycoprotein, gp60. In addition to the sequence heterogeneity
of this gene making it useful as a Cryptosporidium subtyping target, being one of
the most polymorphic markers identified in the Cryptosporidium genome, it is also
of biological relevance as the protein for which it codes is located on the surface of
apical region of invasive stages of the parasite (Xiao 2010). Thus, sequence infor-
mation at this gene provides a biological possibility of associating parasite charac-
teristics, including clinical presentation, with subtype family. Nevertheless, as a
single locus, the resolution of the gp60 gene is relatively low compared with a multi-
locus approach, and the development of a standardised multi-locus fragment size-
based typing (MLFT) scheme that could be integrated with epidemiological analyses
would improve some public health investigations (Robinson and Chalmers 2012).

Cryptosporidium spp. are generally considered to have a global distribution;
human infections with Cryptosporidium have been reported from more than 100
countries (Fayer 2008). Although prevalence estimates vary between countries,
between age groups and between study types, it is clear that children in developing
countries are most affected (Shirley et al. 2012); cryptosporidiosis has been
suggested to be responsible for around 20 % of cases of childhood diarrhoea in
developing countries (Mosier and Oberst 2000), and in 2004, the common link of
cryptosporidiosis with poverty encouraged its inclusion in the WHO ‘Neglected
Diseases Initiative’ (Savioli et al. 2006).

Within Europe, several countries (>25) collect data on cases of cryptosporidiosis
and report them to the European Center for Disease Control (ECDC). Although the
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Table 1.1 Overview of different species and genotypes of Cryptosporidium that have been

associated with human infection®

Species of
Cryptosporidium  Primary host

Overview of some notable
features of human infection

Relevant references®

C. andersoni Cattle

C. baileyi Chickens and
turkeys

C. bovis Cattle

C. canis Dogs

C. cuniculus Rabbits

C. fayeri Marsupials

C. felis Cats

C. hominis Humans

C. meleagridis Turkeys,
chickens,
humans

C. muris Rodents

Individual case reports only
(e.g. from Malawi); rarely
zoonotic, infection may be
associated with compromised
host nutritional status

Very few cases reported;
associated with immunocom-
promised status, and reported
as disseminated (not confined
to intestinal tract)

Very few human cases reported

Sporadic cases diagnosed in both
immunocompetent and
immunocompromised
patients, largely in tropical
countries. Asymptomatic or
associated with diarrhoea

First identified as pathogenic to
humans during a waterborne
outbreak, but sporadic cases
also diagnosed

Single human case report only

Sporadic cases diagnosed in both
immunocompetent and
immunocompromised. More
commonly diagnosed in
humans than C. canis and
with a wider geographic
distribution, including
European countries

Most common cause of human
cryptosporidiosis in many
parts of the world, including
USA, Australia and Africa.
Some sporadic animal
infections reported

Cases in both immunocompetent
and immunocompromised
patients reported. Particularly
associated with infection in
Peru, with this infection as
prevalent as C. parvum in
some studies

More common in immunocom-

promised patients, but sporadic

cases diagnosed in immuno-
competent patients also

Morse et al. (2007)

Ditrich et al. (1991)

Khan et al. (2010)

Gatei et al. (2002,
2008), Cama et al.
(2003, 2007, 2008)

Chalmers et al. (2011),
Robinson and
Chalmers (2010)

Ryan and Power (2012)

Insulander et al. (2013),
Cieloszyk et al.
(2012), Chalmers
et al. (2009), Gatei
et al. (2008), Cama
et al. (2007, 2008),
Raccurt (2007)

Xiao (2010)

Insulander et al. (2013),
Silverlés et al.
(2012), Xiao (2010),
Chalmers et al.
(2009), Cama et al.
(2003, 2007)

Al-Brikan et al. (2008),
Muthusamy et al.
(2006), Palmer et al.
(2003)

(continued)
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Table 1.1 (continued)

Species of Overview of some notable

Cryptosporidium  Primary host  features of human infection Relevant references®

C. parvum Common in Very common. In some study Xiao (2010)
preweaned areas the most common cause
ruminants, of human cryptosporidiosis
especially
calves

C. scrofarum Pigs Individual case reports only Kvic et al. (2009)

C. suis Pigs A few reports from immunocom- Wang et al. (2013),

promised patients Cama et al. (2007)

C. tyzzeri Rodents Individual case reports only Raskova et al. (2013)

C. ubiquitum Sheep and Sporadic cases frequently Fayer et al. (2010),
cervids in diagnosed in both immuno- Chalmers et al.
particular competent and immunocom- (2011), Elwin et al.

promised patients (2012a), Cieloszyk
et al. (2012)

C. viatorum Humans; no Sporadic cases particularly Insulander et al. (2013),
other hosts associated with European Elwin et al. (2012b)
identified travellers to tropical countries
to date

C. wrairi Guinea pigs Occasional sporadic cases Azami et al. (2007)

reported

Cryptosporidium  Rodents Occasional sporadic cases Insulander et al. (2013)

chipmunk reported
genotype

Cryptosporidium  Horses Sporadic cases only Chalmers et al. (2009),

horse Elwin et al. (2012a)
genotype

Cryptosporidium ~ Mink Sporadic cases only Ng-Hublin et al. (2013)

mink
genotype

Cryptosporidium  Monkeys Sporadic cases only Elwin et al. (2012a)

monkey
genotype

Cryptosporidium  Skunk Sporadic cases only Chalmers et al. (2009),

skunk Elwin et al. (2012a)
genotype

AInformation in the table adapted and updated from Robertson and Fayer (2012)
"Not intended as an overview of all case reports

actual incidence is almost certainly higher than that reported and reporting rates are
likely to be influenced by factors other than the actual occurrence of infection (e.g.
laboratory capabilities, medical awareness of the disease and other national policies
and idiosyncrasies), the accumulated data do provide a useful background for com-
parison. According to the annual epidemiological report from 2012 (ECDC 2013),
between 2006 and 2010 the overall incidence of reported cases of cryptosporidiosis
has remained approximately stable, ranging from 2.29 cases per 100,000 persons in
2010 to 2.74 cases per 100,000 persons in 2009. The highest rate of confirmed cases
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was reported by the UK (7.37 per 100,000), followed by Ireland (6.58 per 100,000)
and Sweden (4.20 per 100,000); four countries (Cyprus, Estonia, Poland, Slovakia)
reported zero cases, five countries reported only one or two cases each (Bulgaria,
Czech Republic, Lithuania, Luxembourg, Malta) and nine countries did not notify
Cryptosporidium cases to ECDC. These differences in incidence are likely to reflect
differences in national surveillance systems and diagnostic practices rather than an
actual picture of the distribution of Cryprosporidium infection in Europe. However,
meaningful information can be drawn from the age distribution data, with the high-
est confirmed case rate reported in the age group 0—4 years (12.19 per 100,000).

As many of the human infections with Cryptosporidium are probably derived
from animals, either directly or indirectly, it would be useful to have meaningful
prevalence data on infections in animals. Although several studies regarding the
prevalence/incidence of Cryptosporidium infection in individual animal species and
regions have been published, there are wide regional, population-specific and age-
specific variations, as well as huge variations in study design regarding how the
prevalence data have been collected. Thus, in considering cryptosporidiosis as a
foodborne infection, relevant data must be sought for each study and, although broad
statements can be made (such as that cryptosporidiosis is particularly prevalent in
preweaned calves), it is not possible to generalise without oversimplification.

For all Cryptosporidium species, the life cycle is direct (no intermediate host) but
nevertheless rather complex, containing both a sexual cycle and an asexual cycle.
The transmission stage is the oocyst; oocysts are the only exogenous stage in the
Cryptosporidium life cycle and are excreted in the faeces of infected hosts. These
small oocysts (although there is interspecies variation, for most species—including
C. parvum, C. hominis, C. cuniculus, C. ubiquitum, C. viatorum and C. meleagri-
dis—the oocysts are approximately spherical, possibly slightly ovoid and around
3-5.5 pm in diameter) have a tough wall of 3 or 4 layers, with an inner layer of
glycoprotein that appears to provide strength and flexibility (Jenkins et al. 2010).
The average thickness of the walls is around 50 nm, and they contain about 7.5 %
total protein, approximately 2 % hexose (glucose, galactose, mannose, talose, glu-
cofuranose, D-glucopyranose and D-mannopyranose) and also medium- and long-
chain fatty acids and aliphatic hydrocarbons (Jenkins et al. 2010). Although the
dityrosine bonds that are considered to stabilise Eimeria oocyst walls appear not to
occur in Cryptosporidium oocysts, disulphide bonds in the Cryptosporidium oocyst
wall protein (COWP) have been suggested to contribute to wall strength by forming
an extensive matrix (Robertson and Gjerde 2007).

Each oocyst contains four naked sporozoites, and these are developed and fully
infectious upon excretion (unlike for other genera of Apicomplexa such as Eimeria
spp., Cystoisospora spp. or Toxoplasma gondii for which a period of development
in the environment post-excretion is necessary). Furthermore, unlike these other
Apicomplexan species, the sporozoites are naked, rather than being contained
within sporocysts within the oocyst. Infection with Cryptosporidium is initiated
when a viable oocyst is ingested by a susceptible host. This may be direct faecal-
oral ingestion, or via a vehicle such as contaminated water or food. The infective
dose is, theoretically, a single oocyst; however, not all species of Cryptosporidium
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are equally infectious to all people, not all strains or subtypes of a species are
equally infective to all people and not all people are equally susceptible to the same
strain, subtype or species. Infectious dose studies have been conducted for C. homi-
nis (Chappell et al. 2006), C. parvum (Chappell et al. 1999; DuPont et al. 1995;
Okhuysen et al. 1999, 2002) and C. meleagridis (Chappell et al. 2011). These have
all shown similar results, with successful infection established in healthy, immuno-
competent adults, with resulting symptomatic infection. Infectious doses are varied,
but tend to be in the 10-100 range according to study. For example, the median
infectious dose for C. hominis was found to be between 10 and 83 oocysts (Chappell
et al. 2006), but another study demonstrated that the infective dose for C. parvum
ranged from below 10 to over 1,000, depending on isolate (Okhuysen et al. 1999).
Dose-response analyses should not, however, be confined to considerations of the
parasite as host variations are also likely to have an impact (Teunis et al. 2002a, b).

When viable oocysts are ingested by an appropriate susceptible host, they usu-
ally excyst in the small intestine (C. baileyi can be associated with intra-tracheal
infection in chickens) where the resultant sporozoites invade epithelial cells—and
locate epicellularly (within the cell but not within the cytoplasm)—and they develop
to the trophozoite stage. Repeat cycles of asexual reproduction result in the produc-
tion of huge quantities of meronts, which divide to form merozoites, and each
mature merozoite leaves the meront to infect another host cell, with the accompany-
ing destruction of the initial host cell. This asexual cycle results in enormous multi-
plication of the parasites. A sexual cycle, gamogony, involves the development of
microgamonts and macrogamonts, with microgametes produced from the micro-
gamonts fertilising the macrogamont, and ultimately resulting in oocyst production.
The oocysts sporulate while within the host and may excyst within the same host,
resulting in reinvasion of the epithelial cells and continuation of the infection.
Alternatively the oocysts are excreted in the faeces and are immediately infectious
to the next host. It has been suggested that those oocysts that reinvade the same host
prior to excretion have thinner walls than those that are excreted. Due to the asexual
cycle, which results in multiplication of the parasite, thousands of oocysts are
excreted from an infected host. A daily excretion rate of over 10° oocysts has been
reported from AIDS patients with symptomatic cryptosporidiosis (Goodgame et al.
1993), while in healthy, immunocompetent adults experimentally infected with C.
parvum oocysts, excretion varied with dose, with total oocyst excretion ranging
from around 5.5x 10* to around 8 x 103 (Chappell et al. 1996). Interestingly, in the
latter study, higher doses produced fewer oocysts, such that the ‘yield” of oocysts
was below 1 for doses of 100,000 and a million oocysts and was highest for the dose
of 500 oocysts.

In the human host, cryptosporidiosis is usually an enteric disease. It is generally
characterised by watery diarrhoea—often voluminous and sometimes mucoid, but
rarely containing blood—abdominal pain, nausea, vomiting and related symptoms.
The diarrhoea is most usually described as acute, but can also be persistent. In some
individuals, however, infection may be largely asymptomatic. Symptoms other than
diarrhoea have been reported, and while the spectrum of symptoms depends to some
extent on the host (age, immunity, nutritional status), parasite factors are also
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important, including the species and the number ingested. Putative factors for viru-
lence have been proposed and tend to be factors involved in aspects of host-patho-
gen interactions, from adhesion and locomotion to invasion and proliferation
(Bouzid et al. 2013). This approach is built upon use of both immunological and
molecular techniques, but information can also be obtained in the clinical setting.
For example, one study suggests that non-intestinal sequelae (joint pain, eye pain,
headache) are associated only with C. hominis infection, not with C. parvum infec-
tion (Hunter et al. 2004a). However, comparison of symptoms reported in patients
with cryptosporidiosis in the Milwaukee outbreak (Mac Kenzie et al. 1994) for
which C. hominis was identified as the aetiological agent (Sulaiman et al. 1998),
with symptoms in patients with cryptosporidiosis in patients infected during a small
outbreak where C. parvum was the aetiological agent (RimsSelien¢ et al. 2011), dem-
onstrated that while abdominal/intestinal symptoms were rather similar, for the out-
break in which C. parvum was the aetiological agent, the symptom ‘sore throat’ was
reported more frequently (39 % patients in the C. parvum outbreak compared with
17 % of patients in the Milwaukee outbreak). However, patient factors should also
be taken into account, and as the C. parvum outbreak was largely restricted to
schoolchildren, this may have affected symptoms and symptom perceptions.
Nevertheless, and regardless of parasite species or subtype, immunocompromised
individuals and children in developing countries are most affected by cryptosporidi-
osis, and the relationship of infection with growth faltering, malnutrition and diar-
rhoeal mortality is in need of further exploration (Shirley et al. 2012). It should be
noted that Cryptosporidium has been identified as being one of the four main aetio-
logical agents that are associated with serious childhood diarrhoea in developing
countries (Kotloff et al. 2013).

While cryptosporidiosis is usually self-limiting in immunocompetent individu-
als, a high relapse rate has been reported; in one study, 40 % of patients, all of whom
were immunocompetent, reported the recurrence of intestinal symptoms after reso-
lution of the acute stage of illness, and this was not affected by whether infection
was with C. hominis or C. parvum (Hunter et al. 2004a).

In immunocompromised patients the symptoms are often more severe, and infec-
tion may become chronic, debilitating and potentially life-threatening, with high
volumes of diarrhoea, potential for the spreading of infection beyond the primary
site, and severe weight loss.

It is worth noting that in animal Cryptosporidium infections, the symptoms
appear to depend highly on parasite adaptation to the host and host age/immuno-
logical status, although results from different studies vary, and for many species
infections are largely asymptomatic. Nevertheless, it has been repeatedly observed
that infections of some domestic animals, particularly calves, with some species of
Cryptosporidium, particularly C. parvum, may result in severe infection, usually
with acute diarrhoea as the main symptom. In some animals, especially young ani-
mals and particularly in association with concomitant infections or conditions, this
may even be fatal.

Symptoms of cryptosporidiosis commonly start about 1 week after infection, but
incubation periods from 24 h to as much as 2 weeks have also been reported.
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For example, in experimental human infection studies with C. hominis, the period
between infection and symptoms ranged between 2 and 10 days (Chappell et al. 20006).
In this study the mean duration of diarrhoea was around 6 days, ranging from 2 to 10
days. For the C. meleagridis experimental human infection study (Chappell et al. 2011),
the period between infection and symptoms was very similar to that for C. hominis
(4-7 days), but duration of diarrhoea tended to be shorter (2—4 days); however, differ-
ences in experimental setup mean that these studies are not directly comparable.

As cryptosporidiosis is predominant in children, some studies have investigated
whether Cryptosporidium infection in children in developing countries may result
in long-term health consequences, particularly with respect to cognitive function
and failure to thrive. A study from Brazil indicated that early childhood cryptospo-
ridiosis was associated with reduced fitness at 6-9 year of age, even when control-
ling for current nutritional status (Guerrant et al. 1999), and a study in Peru
demonstrated that C. parvum infection in children has a lasting adverse effect on
linear (height) growth, especially when the infection is acquired during infancy and
when the children are nutritionally stunted prior to infection (Checkley et al. 1998).
Furthermore, early childhood diarrhoea (not necessarily due to cryptosporidiosis)
has been associated with long-term cognitive deficits (Niehaus et al. 2002) and
impaired performance at school (Lorntz et al. 2006).

Innate immunity seems to be of importance in the control of Cryptosporidium
infection, in particular that the infected epithelium seems to provide a trigger when
infection occurs, activating intracellular signalling cascades, shaping local inflam-
matory responses and directly inactivating parasites (McDonald 2008). It is possible
that the unusual extracytoplasmic but intracellular location of Cryptosporidium pro-
vides partial protection from immunological attack. Although adaptive immunity is
accepted as being necessary for establishing immunity against Cryptosporidium,
investigations using mouse and in vitro infection models also indicate that innate
immune responses have a key role in the development of resistance. Mechanisms
that have been shown to be of partial importance include Toll-like receptors, inflam-
matory molecules and antimicrobial peptides. The role of complement, however, is
unclear. Natural killer (NK) cells as the source of proinflammatory cytokines, par-
ticularly interferon gamma (IFN-y), appear to be of importance, although results
obtained in vitro have not always been supported by in vivo models, and the cyto-
toxic activity of NK cells may also have a role. In contrast with many other intracel-
lular pathogens, CD4* T-cells appear to play an important role in the immune
response against this parasite, and this has been shown experimentally using
replacement and depletion studies in immunocompromised mice.

Although infection with Cryptosporidium results in the production of parasite-
specific antibodies in both the serum and intestine, studies using B-cell-deficient
mice indicate that antibodies are not essential for combating the infection. However,
there is evidence that passive acquisition of maternal antibodies with colostrum
reduces parasite reproductive capacity, and thereby symptoms. However, contrast-
ing results have been obtained from different studies, and it seems probable that
while antibodies have a deleterious effect on Cryptosporidium infection, they are
not a vital factor in host resistance.
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Diagnosis of cryptosporidiosis usually depends on the demonstration of oocysts
(or, less commonly, their antigens or DNA) in faecal samples. Although antibody-
based detection in serum/plasma, saliva or faeces is also possible for demonstrating
exposure to Cryptosporidium, it is only of proper diagnostic benefit if seroconver-
sion can be demonstrated, as otherwise a positive result can indicate past exposure,
current infection or both.

For faecal samples, a concentration technique such as formol-ether (ethyl ace-
tate) or flotation (often sucrose or sodium chloride) is usually used prior to micros-
copy. As the oocysts are very small, the use of a staining technique, particularly
using antibodies labelled with a fluorochrome and screening with fluorescence
microscopy (immunofluorescent antibody testing; IFAT), is recommended. IFAT is
considered to be a gold standard, although other techniques such as modified Ziehl—
Neelsen (mZN) or auramine phenol staining may also be used successfully.
However, some oocyst staining methods do not perform well on oocysts that have
been preserved in polyvinyl alcohol fixatives. Furthermore, in a number of survey
studies in which mZN has been used for identification, the lack of sensitivity and
specificity of the method has resulted in overestimation of the prevalence of infec-
tion (Chang’a et al. 2011).

Antigen tests, such as ELISA-based assays, have also been developed, and rapid
tests based on the same principle (immunochromatographic assays) are also com-
monly used. The disadvantage with such rapid assays is not only are they relatively
expensive but also may be of low sensitivity if oocyst numbers are low (Johnston
et al. 2003; Robertson et al. 2006), while low specificity has been suggested may be
due to interpretation of weak lines of colloidal carbon as potential (weak) positives
(Johnston et al. 2003; Robertson et al. 2006). However, the tests are very simple to
use and provide results within minutes at the point of care and have therefore gained
popularity among some users. Nevertheless, even when relatively good sensitivity
and specificity are reported, it is suggested that these tests might be a useful addition
to, but not a substitute for, microscopy-based methods (Weitzel et al. 2006).

It is generally accepted that screening for intestinal parasites, including
Cryptosporidium, by PCR will become increasingly common in the decades ahead
and, as the feasibility improves due to automation and high-throughput facilities,
might even replace microscopy of faecal concentrates (Stensvold et al. 2011). The
specific detection of parasite DNA in stool samples using real-time PCR is particu-
larly likely to become a method of choice, especially a multiplex approach allowing
simultaneous testing for a range of different pathogens. However, microscopy of
faecal concentrates currently remains a cornerstone, not only because many diag-
nostic laboratories do not have the technological capabilities for PCR, but also
because of some limitations in extracting DNA from faecal material; when formalin
has been used as a storage medium or for formol-ether sedimentation, then this
inhibits PCR, but also faecal samples themselves can include a range of PCR inhibi-
tors, including bilirubin, bile salts and complex polysaccharides. Furthermore, as
the specificity of primers and probes means that the only sequences detected will be
those for which they were designed—then an unusual species may not be identified
if the primers/probes selected are too specific. Care is important in selecting primers
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and loci, and it should always be considered whether the intention is to amplify
genus-specific DNA or species-specific DNA.

Despite the necessity of using molecular technologies for determining species,
the utility of microscopy should not be undervalued; during the acute stage of
Cryptosporidium infection when oocyst excretion is high, the use of microscopy for
reaching a positive diagnosis can be vastly faster (and cheaper) than using molecu-
lar techniques.

Chemotherapy of cryptosporidiosis is perhaps the area that seems to have lagged
behind the most regarding our knowledge of this infection, and successful treat-
ments for cryptosporidiosis—in both humans and animals—remain elusive. Those
medications that are used successfully for the treatment of other coccidian parasites
appear to be ill-suited towards combating cryptosporidiosis. The reason for the fail-
ure of anticoccidial preparations to eradicate Cryptosporidium infections has been
attributed to the unique taxonomic placement of this parasite; although initially con-
sidered to be a coccidian, later studies suggest that it should be in a separate group.
When Cryptosporidium was first identified as being of particular importance in
immunosuppressed patients, particularly those with AIDS, a vast array of different
chemotherapeutic, immunomodulatory and palliative agents were tried in that pop-
ulation. This has resulted in a list of around 100 agents that are ineffective or are not
consistently effective. Nevertheless, one treatment (nitazoxanide) has been FDA-
approved for symptom alleviation in immunocompetent humans and has shown
promise for treating cryptosporidiosis in animals.

For immunocompromised patients with HIV infection, the development of effec-
tive highly active antiretroviral therapies (HAART) has been of greater value for
decreasing mortality due to cryptosporidiosis than any parasite-targeted treatment,
and this has perhaps reduced the urgency for developing an effective treatment. In
developing countries, however, antiretroviral therapy coverage is often limited and
thus cryptosporidiosis in HIV patients, particularly in association with other insults
to health, may prove fatal.

Furthermore, the identification of Cryptosporidium as one of the four main aetio-
logical agents associated with serious childhood diarrhoea in developing countries
(Kotloff et al. 2013) indicates that there is still a need to develop an effective che-
motherapy targeting this parasite and that is efficacious in the most vulnerable
populations.



Chapter 2
Transmission Routes and Factors That Lend
Themselves to Foodborne Transmission

Transmission of Cryptosporidium infection occurs when an appropriate number of
infectious Cryptosporidium oocysts are ingested by a susceptible host. Transmission
can be hand-to-mouth and may be associated with unhygienic conditions or high-
risk behaviour. Although sporadic cases of cryptosporidiosis in the community can
be of individual clinical significance, particularly if the infected person is immuno-
compromised, the major public health importance of Cryptosporidium lies in the
potential for outbreaks to occur when drinking water, recreational water or food
become contaminated with infectious Cryptosporidium oocysts. Such contamina-
tion can result in several individuals becoming infected via the same transmission
vehicle, and, for drinking water in particular, this can be of considerable community
and economic importance, with tens, hundreds or even thousands of people at risk
of infection (Clancy and Hargy 2008). Additionally, when a large-scale outbreak
occurs, with many infections occurring simultaneously in a particular community
due to contamination of a common vehicle, then, due to the excretion of yet more
oocysts into the environment, the potential for subsequent environmental contami-
nation increases accordingly and thus the potential for secondary spread.
Particular factors in the biology of Cryptosporidium mean that this parasite is
particularly suited to foodborne or waterborne transmission. These are:

* The large numbers of infective oocysts that are excreted by an infected individual
into the environment (calves infected with C. parvum may produce as many as
6% 107 oocysts per gram of faeces, and a single infected calf may excrete 4 x 10'°
oocysts during its second week of life and 6 x 10! oocysts during its first month
of life; Uga et al. 2000; Nydam et al. 2001)

e The relatively low infectious dose

* The robustness of the oocyst and its ability to survive in the environment; experi-
mental results suggesting that oocyst viability is retained for at least a month in
damp conditions and in the absence of freeze-thaw cycles (Robertson et al. 1992;
Robertson and Gjerde 2006) and that oocysts are to some extent resistant to com-
monly used disinfectants such as chlorine (King and Monis 2007)

L.J. Robertson, Cryptosporidium as a Foodborne Pathogen, SpringerBriefs in Food, 11
Health, and Nutrition, DOI 10.1007/978-1-4614-9378-5_2, © Lucy J. Robertson 2014
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e The relatively small size of the oocysts (3—5 pm in diameter) that enables
penetration of sand filters used in the water industry

* The possibility for zoonotic transmission for some species of Cryptosporidium—
this means that there is greater for potential for environmental spread and
contamination

* The possibility for onward contamination or transfer by transport hosts such as
insects; promiscuous-landing synanthropic flies have been particularly associ-
ated with the carriage of protozoan parasites to food (Conn et al. 2007)

Taken together, not only do these factors mean that there is a high potential for
possible vehicles of infection such as food or water with Cryptosporidium oocysts
but also that they will probably survive on such vehicles in sufficient quantities to
pose an infection risk to susceptible hosts.

It is worth noting that in a recent risk ranking of foodborne parasites (http://
www.fao.org/food/food-safety-quality/a-zindex/foodborne-parasites/en/ and http://
www.who.int/foodsafety/micro/jemra/meetings/sep12/en/; see also Robertson et al.
2013), Cryptosporidium was ranked as number 5 out of 24 potentially foodborne
parasites in terms of importance as a foodborne pathogen, exceeded only impor-
tance by Taenia solium, Echinococcus granulosus and Echinococcus multilocularis
and Toxoplasma gondii. This relatively high ranking (compared with, e.g. Giardia
duodenalis that was ranked in position 11) reflects not only our increasing aware-
ness of cases and outbreaks of foodborne cryptosporidiosis, but also the lack of an
effective treatment and the importance of cryptosporidiosis as a significant cause of
morbidity and mortality, particularly in children in developing countries (Kotloff
et al. 2013). In this risk-ranking exercise, fresh produce, fruit juice and milk are
listed as the food commodities that are most likely to act as transmission vehicles
for Cryptosporidium, with these choices based on the documented outbreaks of
cryptosporidiosis recorded in the literature (Robertson et al. 2013).


http://www.fao.org/food/food-safety-quality/a-zindex/foodborne-parasites/en/
http://www.fao.org/food/food-safety-quality/a-zindex/foodborne-parasites/en/
http://www.who.int/foodsafety/micro/jemra/meetings/sep12/en/
http://www.who.int/foodsafety/micro/jemra/meetings/sep12/en/

Chapter 3
Documented Foodborne Outbreaks
of Cryptosporidiosis

Waterborne transmission of cryptosporidiosis is well known, and outbreaks of
waterborne cryptosporidiosis have been extensively documented. Indeed, as
Cryptosporidium oocysts that contaminate water are probably more likely to remain
infectious for longer than oocysts that contaminate food products (as Cryptosporidium
oocysts survive best under moist, cool conditions), waterborne transmission has a
higher potential to result in infection, and in a larger number of people, than food-
borne transmission. Therefore, as the most dramatic outbreaks of cryptosporidiosis
have been waterborne, research interest and funding has been particularly directed
towards this transmission route. Waterborne outbreaks of cryptosporidiosis have
been extensively reviewed; of 325 outbreaks of human disease attributed to the
waterborne transmission of pathogenic protozoa (from the beginning of records up
until around 2003), the majority of them (approximately 51 %) were caused by
Cryptosporidium infection (Karanis et al. 2007). Although most of these are sug-
gested to be C. parvum infections, the lack of molecular characterisation methods at
the time of many of these outbreaks, coupled with the fact that the majority of differ-
ent species of oocysts are morphologically indistinguishable, means that it is likely
that a large proportion of these outbreaks were actually due to C. hominis infections
(and possibly some other species of Cryptosporidium). A follow-up review of more
recent outbreaks (Baldursson and Karanis 2011) indicated that between 2004 and
2010 Cryptosporidium spp. continued to be the dominant aetiological agent of
waterborne outbreaks of protozoan disease, with more than 60 % of the 199 docu-
mented outbreaks due to Cryptosporidium infection. Most outbreaks of waterborne
cryptosporidiosis are reported from developed countries—indeed the largest out-
break of waterborne cryptosporidiosis recorded to date occurred in Milwaukee,
USA, in 1993 (Mac Kenzie et al. 1994), and over 400,000 people were estimated to
have acquired symptomatic infection. Nevertheless, common sense tells us that
waterborne cryptosporidiosis is probably more likely to occur in less developed
countries, where the infection is perhaps more likely to be endemic and where those
infrastructures that are necessary for ensuring a safe drinking water supply, such as
an intact sewage disposal system, effective catchment control measures and efficient

L.J. Robertson, Cryptosporidium as a Foodborne Pathogen, SpringerBriefs in Food, 13
Health, and Nutrition, DOI 10.1007/978-1-4614-9378-5_3, © Lucy J. Robertson 2014
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water treatment, may be suboptimal. The fact that outbreaks or cases of waterborne
cryptosporidiosis are rarely reported from less developed countries (in the review by
Karanis et al. (2007) no waterborne outbreaks of cryptosporidiosis from developing
countries are recorded; in the review by Baldursson and Karanis (2011), just one
(from Malaysia is noted) is probably more related to the endemicity of cryptospo-
ridiosis and other diarrhoeal infections in these countries, which makes detection of
outbreaks and vehicles of transmission difficult. The lack of detection and monitor-
ing systems, both at the public health level and at the water treatment level, also
mean that such outbreaks are less likely to be recognised. A waterborne outbreak
would probably be less likely to be detected in a community where a considerable
proportion of the population are already infected with Cryptosporidium, because,
unless the outbreak cases were particularly distinctive, the outbreak cases would be
unlikely to show up against the background of non-outbreak cases.

That waterborne cryptosporidiosis is of greater public health significance than
foodborne cryptosporidiosis is also reflected in the fact that standard methods for
analysis of water for Cryptosporidium oocysts were first developed between 5 and
15 years ago (e.g. US EPA Methods 1622 and 1623; ISO Method 15553), while as
of today, there is no widely accepted standard method for investigating food prod-
ucts for these parasites. Nevertheless, the value of monitoring of drinking water
(either post or pretreatment) for Cryptosporidium contamination has been the sub-
ject of considerable debate, as the methods are both expensive and time consuming,
and interpretation of data can be difficult. However, while it is widely agreed that
general performance indicators (e.g. turbidity, particle removal, pressure in distribu-
tion system) are probably of most importance for ensuring the microbial safety of
the drinking water supply, it is also acknowledged that regulatory, event-driven
monitoring of source water for contamination, using a site-specific monitoring pro-
gramme, may provide important data that can be used as data input for risk assess-
ments for an individual water source and thereby enable the application of
appropriate barriers. Analysis of water samples for Cryptosporidium oocysts also
supplies critical information in the event of an outbreak, and molecular analysis to
the subtype level of oocysts detected in water supplies indicates the origins of con-
tamination, enabling effective controls to be implemented.

Although outbreaks of waterborne cryptosporidiosis are more like to occur and
be recognised than outbreaks of foodborne cryptosporidiosis, and although less
people are likely to be infected in outbreaks of foodborne cryptosporidiosis, never-
theless, such events do occur and several have been documented (Table 3.1).

Despite there being many similarities in the potential for outbreaks of foodborne
cryptosporidiosis and the potential for outbreaks of foodborne giardiasis, there are
important differences. Although many more outbreaks of foodborne cryptosporidi-
osis have been documented than outbreaks of foodborne giardiasis (see the compan-
ion Springer Brief “Giardia as a Foodborne Pathogen”; Robertson 2013), the
vehicles of infection for Giardia seem to be much broader than for Cryptosporidium.
Thus, for the nine outbreaks of foodborne giardiasis tabulated, nine different associ-
ated food matrices are listed, while for the 21 outbreaks of foodborne cryptosporidi-
osis listed in Table 3.1, three different associated food matrices predominate: salad
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bar items and salad garnishes, dairy products and apple cider. It can be speculated
that one possible reason for this difference is that in nearly all foodborne giardiasis,
the contamination event with Giardia cysts actually originates from a food handler,
and therefore, contamination of a product occurs depending on the contact history
of the food handler. In contrast, a substantial amount of foodborne cryptosporidiosis
could be of zoonotic origin, for which the contact scope (types of food contami-
nated due to contact with animal faeces) is likely to be more limited. The likelihood
that foodborne cryptosporidiosis is often of zoonotic origin is perhaps borne out by
comparing the species of Cryptosporidium most associated with waterborne out-
breaks with the species of Cryptosporidium most associated with foodborne out-
breaks. In a review of waterborne cryptosporidiosis, selected outbreaks from
England and Wales between 2001 and 2002 in which molecular typing was con-
ducted are tabulated (Chalmers 2012); of the four outbreaks associated with drink-
ing water, three were associated with C. hominis and one with C. cuniculus. In other
major outbreaks of waterborne cryptosporidiosis, such as the Milwaukee outbreak
(Mac Kenzie et al. 1994) and a more recent outbreak in Ostersund, Sweden, in 2010
in which 27,000 people suffered from waterborne cryptosporidiosis, C. hominis has,
again, been identified as the aetiological agent (Robertson 2014). In contrast to this
apparent predominance of the anthroponotic species of Cryptosporidium, C. homi-
nis, as the aetiological agent in waterborne outbreaks, for foodborne outbreaks C.
parvum appears to predominate. Of the 12 outbreaks in which species information
was obtained that are listed in Table 3.1, 10 involve zoonotic C. parvum (1 outbreak
also has a single case of C. ubiquitum as well as other cases of C. parvum) and only
2 have C. hominis as the aetiological agent; for both of these latter outbreaks, a food
handler is considered the most probable source of contamination. While the identi-
fication of C. parvum as the aetiological agent does not necessarily mean that the
source of the contamination was an animal rather than a food handler, it does open
up for this possibility and seems more likely given the background that many of the
waterborne outbreaks are not, apparently, due to C. parvum.

Nevertheless, it should be noted that food handlers are considered to represent a
common route of contamination of food, including with parasites such as
Cryptosporidium (Greig et al. 2007), and that any item that is handled by an infected
food handler with poor hygiene may act as an infection vehicle for cryptosporidiosis
(Girotto et al. 2013). However, although various surveys of food handlers for endo-
parasites have been conducted in different countries, particularly developing coun-
tries, Cryptosporidium is rarely reported. This could be because the food handlers
included in such surveys are usually adults and, as most people in developing coun-
tries will probably have been infected as children, they will therefore have devel-
oped immunity. However, it could also be that the infections are not identified, as
Cryptosporidium is a more challenging protozoan parasite to identify than larger
parasites such as Giardia. Nevertheless, a study from Venezuela identified
Cryptosporidium infection in 14 of 119 food handlers (over 10 % prevalence)
(Freites et al. 2009). One intriguing study investigated the role of money as a poten-
tial environmental vehicle for transmitting parasites among food-related workers in
Egypt (Hassan et al. 2011); over 50 % of banknotes and coins were found to be
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contaminated with parasites, with Cryptosporidium one of the most predominant.
Thus, handling of money and then food may be one method by which food might be
contaminated with Cryptosporidium oocysts regardless of the personal hygiene of
the food handler.

Another interesting contrast between the foodborne outbreaks of giardiasis and
those of cryptosporidiosis is the geographical distribution, with a surprising number
of outbreaks of foodborne cryptosporidiosis reported from Nordic countries (in
Table 3.1, which includes 21 outbreaks from ten different countries, 7 of the out-
breaks are reported from Nordic countries and 4 of these are reported from Sweden).
Although USA is also strongly represented for outbreaks of foodborne cryptospo-
ridiosis (six outbreaks included in Table 3.1), this seems more understandable on a
population-size basis and also in comparison with waterborne outbreaks and out-
breaks of foodborne giardiasis. The potential reasons for the apparent skewed distri-
bution of foodborne cryptosporidiosis towards Nordic countries have been previously
reflected upon (Robertson and Chalmers 2013), with possible reasons considered
including prolonged survival of oocysts in the Nordic climate, greater exposure of
the Nordic population due to elevated consumption of higher-risk products (possi-
bly including imported foods) and better outbreak investigation and reporting. It was
concluded that although consumers in these countries seem to be less concerned
about microbiological contamination of foods than consumers in other European
countries, there was no clear reason for the apparently skewed distribution apart,
perhaps, from superior infrastructure and resources in these countries enabling more
directed investigation and reporting (Robertson and Chalmers 2013).

As Cryptosporidium oocysts are inactivated by desiccation and heat treatment, it
is those food substances that are intrinsically moist and are most often consumed
raw or very lightly cooked, such as salad vegetables and cold beverages, which
would seem to be the most likely vehicles for infection. Furthermore, contamination
of vegetables and fruit can, of course, take place at any point along the field to fork
continuum. Irrigation water and splash up from the soil are both particularly rele-
vant potential contamination sources for fresh produce, while shellfish, such as oys-
ters, also have the potential to be contaminated in situ before harvesting, and
unpasteurised dairy products, especially milk, have the potential to be contaminated
from the animal being milked; a case—control study of cryptosporidiosis patients in
West Germany demonstrated that drinking unpasteurised milk was significantly
associated with cryptosporidiosis (Freidank and Kist 1987). As shellfish in particu-
lar, but also fresh produce, fresh-fruit beverages and dairy products are usually kept
cool and moist before consumption, then Cryptosporidium oocysts probably have
similar chances of surviving on such products as they do in a water body. However
the number of people likely to be exposed to a contaminated food product is prob-
ably considerably less. Additionally, when a solid food product is contaminated,
then the contamination may be localised to a particular area or portion of the
product, such that not all consumers of the same product, even when derived from
the same lot, are necessarily exposed. This potential for localisation of contamina-
tion provides a further confounder for epidemiological investigation of potentially
foodborne outbreaks.
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Interestingly, while various outbreaks of cryptosporidiosis have been associated
with consumption of fresh produce, at the same time several investigations have
indicated a negative association between cryptosporidiosis and eating raw vegeta-
bles. For example, a matched case—control study in USA involving 282 persons
with laboratory-identified cryptosporidiosis and 490 age-matched and geographi-
cally matched controls demonstrated that eating raw vegetables was protective
against cryptosporidiosis (Roy et al. 2004), a case—control study of sporadic crypto-
sporidiosis in UK with genotyping of isolates from case patients and including 427
patients and 427 controls similarly demonstrated that eating raw vegetables and
eating tomatoes were strongly negatively associated with illness due to C. parvum
infection (Hunter et al. 2004b) and a case—control study investigating risk factors
for sporadic cryptosporidiosis in Australia demonstrated that eating raw carrots
had a statistically significant protective effect (Robertson et al. 2002). It has been
proposed that this apparently protective effect associated with consumption of raw
vegetables may be due to repeat exposure to low numbers of Cryptosporidium
oocysts on raw vegetables, allowing the development of protective immunity
(Bouzid et al. 2013). In contrast, however, a study from urban dairy farms in
Dagoretti, Nairobi, suggested that consumption of vegetables was a greater source
of risk for acquiring zoonotic cryptosporidiosis than consumption of milk (Grace
et al. 2012); however, this latter study was based on a theoretical stochastic simula-
tion model rather than a matched case—control study, and therefore, it might be
expected that somewhat differing results might be obtained.

It should be noted that while there is a clear risk of Cryptosporidium infection
associated with consumption of leafy vegetables that may have been contaminated
in the field, for root crops the risk seems to be much smaller, unless contaminated
by food handlers. Indeed, a study designed to predict the number of Cryptosporidium
infections in the UK transmitted by consumption of root crops grown on agricul-
tural land to which treated sewage sludge had been applied (according to the regula-
tions and guidance regarding treatment before application and the interval between
application and harvest) suggests that the risk is remote, being only one infection in
the UK every 45 years (Gale 2005).

Nevertheless, it should be emphasised that not all countries have a system in
place for reporting foodborne diseases, and, even in countries where such a system
is established, under-reporting is considerable. This is largely due to lack of knowl-
edge of the physician or the victim regarding the possible aetiological role of foods,
particularly for parasitic infections such as cryptosporidiosis. Additionally, once a
suspected contaminated food product has been eaten or discarded, then it is unavail-
able for analysis, and thus, confirmation of the foodborne route of infection becomes
impossible. In the majority of foodborne outbreaks of cryptosporidiosis described
in Table 3.1, Cryptosporidium contamination was never identified, or even sought,
on the implicated product as none was available for analysis. Indeed, the only out-
breaks in which the implicated food items were convincingly demonstrated to be
contaminated were two of the apple cider outbreaks in USA (Millard et al. 1994;
Blackburn et al. 2006). In one of these (Blackburn et al. 2006) the remaining content
of a jug of cider that one of the patients had drunk had been stored in the fridge and



3 Documented Foodborne Outbreaks of Cryptosporidiosis 23

was available for examination; PCR analysis demonstrated it to be positive for
Cryptosporidium. While epidemiological analysis may enable the investigators to
pinpoint a particular food item in a large outbreak, for individual cases or a cluster
of a small number of cases, this may be impossible. Indeed, even in large outbreaks,
it may be difficult to determine a suspect food, particularly with a buffet-type situa-
tion involving multiple food types and different combinations of foods being eaten
both by infected patients and noninfected people attending the same meal. An out-
break of cryptosporidiosis in 1984 in UK, involving 19 individuals and which also
involved a concurrent outbreak of campylobacteriosis, suggested the possibility that
consumption of either raw milk (partially prompted by the simultaneous campylo-
bacteriosis outbreak) or raw sausage (identified via a case—control study) might
have been the vehicles of infection (Casemore et al. 1986). However, the lack of
sufficient evidence, including no oocysts detected in milk samples (although mor-
phologically similar objects were seen), meant that no conclusion was reached
regarding the most probable vehicle of infection.



Chapter 4
Approaches to Detecting Cryptosporidium
Oocysts in Different Food Matrices

While diagnosis of Cryptosporidium infection is generally based upon identification
of oocysts in faecal samples, it can also be based upon detection of antigens in fae-
cal samples (or, more rarely, detection of antibodies in blood). However, detection
of contamination of vehicles of infection with Cryptosporidium oocysts, whether
water or food, relies entirely on isolating and identifying either the Cryptosporidium
oocysts themselves, or DNA from the Cryptosporidium oocysts, on the contamina-
tion vehicle. It should be noted that the concentration of Cryptosporidium oocysts
in a faecal sample from an infected individual is likely to be considerably higher
than the concentration of oocysts on a contaminated potential vehicle of transmis-
sion, and thus detection in food or water is likely to be much more difficult. For this
reason, the diagnosis of Cryptosporidium infection by identifying oocysts in faecal
samples and the detection of contamination by identifying Cryptosporidium oocysts
in food samples are not entirely comparable.

As previously mentioned, Standard Methods for detecting Cryptosporidium
oocysts in drinking water have been available for many years and are used in both
regulatory laboratories and in the research setting. In brief, these methods involve
concentrating particles that are approximately the size of Cryptosporidium oocysts
(or larger) from a relatively large water sample (minimum of 10 L) by filtration
(flocculation and sedimentation can also be used, but are used less frequently, or
continuous flow centrifugation may be used), eluting these particles from the filter
into a smaller volume, concentrating the smaller volume (often by centrifugation),
and then isolating the cysts from other material in the concentrate before detection.
While immunomagnetic separation (IMS) is most commonly used for isolation, it is
expensive, and other cheaper separation techniques, such as density gradient flota-
tion, are sometimes used when a particular method has not been stipulated by regu-
latory requirements. Flow cytometry (fluorescent-activated cell sorting) has also
been considered as a method in which both concentration and detection could be
combined. However, although gaining some degree of popularity in laboratories
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already proficient in the use of flow cytometry for other applications, the disadvan-
tages of this method (large equipment costs, need for specialised training, reliance
on parasites being individually suspended, low sensitivity, potential for false nega-
tives and false positives although specificity can be improved by using multi-labels)
mean that it has not been widely accepted generally and has not been included in
any of the Standard Methods. Detection of the oocysts is usually performed by dry-
ing the final post-IMS concentrate of around 50 pL onto a microscope slide and
examining it by IFAT. The fluorescent marker on the monoclonal antibody used is
usually fluorescein isothiocyanate (FITC), and additionally, a stain for the sporozo-
ite nuclei, usually 4’6 diamindino-2-phenyl indole (DAPI), is usually used for
improving detection by providing additional visual markers for identification.
However, other detection methodologies are possible, including using molecular-
based detection systems.

In principal, the approach to analysing food matrices for contamination with
Cryptosporidium oocysts is the same as that used for water. However, apart from
clear beverages, filtration of a large volume is not possible (filtration of colloidal
liquids such as milk is also impractical), and instead some sort of elution procedure
must be used for the food item itself. This is likely to mean that a relatively smaller
(in terms of portion size) amount of product can be analysed. Furthermore, the
approach to elution is likely to be influenced by both the physical and biochemical
nature of the product, in order to optimise removal of the parasites into a fluid phase,
but at the same time minimise contamination with particulates or other material that
may hamper the subsequent steps in the procedure. Variations in both the biochemi-
cal and physical characteristics of different matrices, from meat to dairy products,
to fruits and vegetables and to shellfish, mean that a common ‘one-method-suits-all’
approach is unsuitable and a method that is appropriate for one type of food may
result in recovery efficiencies being suboptimal in other matrices.

The final step in analysis is detection. For all the food types listed below, and
also for the Standard Methods for analysing water, IFAT usually remains the
method of choice and is the method stipulated in the ISO Method (ISO/TC 34/
SC 9/WG) currently under development for analysis of fresh leafy green vegeta-
bles and berry fruits for Cryptosporidium (and Giardia). Given the advances in
molecular detection systems within recent decades, it may be surprising that
IFAT (which is basically a microscopy-based detection system) has not been sup-
planted by a technique such as real-time PCR or LAMP, particularly as the
equipment required for IFAT, a fluorescence microscope, is highly expensive
while PCR equipment is becoming more competitively priced and, in addition,
provides the opportunity for simultaneous species identification rather than as a
downstream analytical step. In the diagnostic lab, multiplex real-time PCR is
more often becoming the method of choice for protozoa diagnostics, including
Cryptosporidium and other parasitic pathogens in stool samples (Stark et al.
2011; Taniuchi et al. 2011). However, in diagnostics, the numbers of a particular
pathogen in a sample are expected to be relatively high, whereas in environmen-
tal samples not only are the numbers low, but it may be important to detect non-
nucleated parasites, and obviously these will not be detected by methods for
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which nuclear material is necessary. The reason why it may be important to
detect non-nucleated Cryptosporidium oocysts is because although such oocysts
are of themselves of no public health importance, their presence indicates that
the material being investigated has been contaminated with Cryptosporidium and
that another subsample may contain nucleated, viable parasites. Another reason
why molecular detection may be unsuitable for use in the analysis of food and
environmental samples is because the range of potential inhibitors is variable
and not well known, and differences in matrix types may require that PCR condi-
tions are adjusted per matrix. Nevertheless, some research groups are beginning
to publish on occurrence of parasites, including Cryptosporidium, in food matri-
ces in which PCR (either standard PCR or qPCR) is used for the detection sys-
tem. For example, an experimental study in which the recovery of Cryptosporidium
parvum oocysts in a faecal suspension that was intentionally inoculated onto
lettuce leaves was investigated, with comparison of microscopy and PCR as
detection methodologies, and although only 0-6.5 % of the total numbers of
oocysts inoculated were recovered and detected by microscopy, PCR detection
was nevertheless less sensitive than microscopy (Ripabelli et al. 2004). In a sur-
vey of ready-to-eat packaged greens in Canada, Dixon et al. (2013) used nested
PCR as the detection step for different parasites, including Cryptosporidium,
subsequent to a simple washing step and concentration by centrifugation (with-
out use of IMS for purification). Unfortunately, this research apparently did not
include any seeding experiments to determine the limits of detection, and
although all samples that were found to be positive by PCR were also examined
by IFAT (and it was reported that 23 of the 32 (72 %) PCR-positive samples were
also positive by IFAT), the researchers apparently made no effort to determine
whether some samples might have been positive by IFAT and not by PCR (by
examining PCR-negative samples by IFAT). Another study compared the use of
PCR, IFAT and flow cytometry for detecting Cryptosporidium oocysts eluted
from fresh produce (lettuce and water spinach leaves) and also in irrigation water
in Thailand and found that IFAT and flow cytometry provided similar results,
although false-positive results due to autofluorescent algae occurred with flow
cytometry but that PCR often failed, with only 2 out of 27 samples positive
(Keserue et al. 2012). The authors speculate that the high number of negative
results obtained with PCR could, for some samples, be due to low numbers of
oocysts, but for other samples was probably due to inhibitors. A comparative
trial of different DNA extraction kits for Cryptosporidium oocysts seeded into
washes from raspberries and basil indicated that some kits might give better
results (Shields et al. 2013), although the limit of detection was nevertheless
relatively high. Thus, although these research reports indicate the possibility for
using molecular methods in such surveys, until more comprehensive research
comparing detection methodologies is undertaken and successfully adopted by
different laboratories, it is probable that IFAT will continue to be the detection
method of choice for the immediate future for analysing food products for con-
tamination with Cryptosporidium oocysts.
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4.1 Fruits and Vegetables

Both common sense and outbreak considerations indicate that fresh fruits and veg-
etables are food products that have a relatively high likelihood of being vehicles for
transmission of Cryptosporidium infection, and therefore, these food products have
been the focus of method development. In method standardisation most focus has
been placed on this food product group (particularly fresh leafy green vegetables
and berry fruits) by the relevant ISO Group (ISO/TC 34/SC 9/WG 6), although
other food matrices (specifically fruit juice, milk, molluscs and sprouted seeds) have
also been considered. However, it was concluded that either the requirement for a
Standard Method for analysing these other food matrices for Cryptosporidium
oocysts was insufficient at the time of consideration (2011) or that the data available
in the scientific literature were insufficient to use as a basis for a Standard Method
development. Thus, fresh leafy vegetables and berry fruits have been the sole focus
for analytical method standardisation at present (registered in the ISO/TC34/SC9
work programme with the number ISO 18744).

4.1.1 Method Development

One of the earliest published methods for analysing fresh produce for
Cryptosporidium oocysts involved sonication of sub-portions in a detergent solu-
tion, with layering on Sheather’s fluid for particularly dirty samples, and detection
by IFAT (Bier 1991). The recovery efficiencies from seeded cabbage and lettuce
samples were rather low (1 %), and this may be partly due to this method being
developed before IMS for Cryptosporidium became available. The first published
methods that investigated the use of IMS for isolation of Cryptosporidium oocysts
from eluate from experimentally inoculated fruit and vegetables (Robertson and
Gjerde 2000) achieved recovery efficiencies of around 40 % for all matrices except
for bean sprouts for which recovery efficiency was significantly lower and more
variable. Use of the same method, in which the initial step involves elution into a
detergent-based buffer (Di Benedetto et al. 2006, 2007), reported recovery efficien-
cies of over 70 % from leafy vegetables and around 40 % for vegetables such as
tomatoes and peppers, indicating that the method performed acceptably in an inde-
pendent laboratory.

In the first publication to consider the development of a Standard Method for
analysis of fresh produce for parasites, specifically Cryptosporidium and Giardia
(Robertson and Gjerde 2001a), a range of parameters that might affect recovery
efficiency of the method were investigated, including sample weight and age and
the use of different IMS systems, and with particular consideration of ‘difficult’
samples such as bean sprouts. The long-term intention of this study was to lay a
foundation for future development of a Standard Method and to demonstrate that
various aspects should be considered in such development and that methods that
demonstrate an improvement over previous approaches do not necessarily represent
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an end point; as techniques develop or different matrices become of importance,
with different characteristics, methodologies should have the capacity to develop
also. However, logistic considerations mean that once a Standard Method does
become established, it may become more difficult to innovate and improve upon
that method; alterations in the proscribed technique may have to undergo a range of
independent trials to show equivalency, and, unless there is a good incentive for this,
the effort and costs may not be worth it for many laboratories. Thus, ongoing review
and evaluation of Standard Methods should be part of the remit of a method stan-
dardisation team. However, although this may be the intention, again the costs
involved may mean that people with the qualifications and experience to review
Standard Methods and evaluate the relative merits of alternatives or innovations do
not have the motivation to undertake this task.

In the comparative work of Robertson and Gjerde (2001a), sample freshness was
found to be a parameter of importance, as with older samples the initial elution step
tends to result in greater quantities of interfering material in the eluate, including
cellular debris, microflora and excretory products of microflora and biofilms,
specifically bacterial exopolysaccharides. These substances may interfere with the
subsequent purification (IMS) and detection procedures (Robertson and Gjerde
2001a). Bean sprouts, in particular, were found to produce copious amounts of
interfering debris, even when fresh, presumably due to their method of cultivation
that also encourages growth of bacteria. However, in an outbreak situation, one can
assume that it is probable that any food available for analysis is unlikely to be fresh,
and this should be borne in mind by the analyst.

A series of publications by Cook and colleagues in 2006 and 2007 (Cook et al.
2006a, b, 2007) followed on from this earlier work, first by investigating a range of
elution methods (stomaching, pulsification, rolling, orbital shaking) and elution
media (Cook et al. 2006a). However, before investigating the efficaciousness of the
different media at eluting oocysts from lettuce and raspberries by the various meth-
ods, their compatibility with the IMS kit that was to be used was first investigated.
As three of the media were apparently not compatible with IMS, they were not
further investigated. The results obtained regarding compatibility were, in some
cases, rather surprising (e.g. IMS from PBS at pH 7.2 only yielded a recovery effi-
ciency of just over 10 %) and also meant that the membrane-based elution solution
that had been previously used in the work by Robertson and Gjerde (2000, 2001a, b)
was excluded from further investigation by Cook and colleagues. The final opti-
mised method described by Cook et al. 2006a thus included stomaching in 1 M
glycine, with concentration of the eluate by centrifugation, IMS for purification and
finally detection by IFAT. The use of the ‘best” IMS kit is discussed at length by
Cook et al. (2006a), and the IMS kit selected for their work is stated to ‘outperform’
that used in the work of Robertson and Gjerde (2000, 2001b). However, the kit that
Cook et al. (2006a) reported as being superior is apparently no longer available, and
in the later publication by the same group (Cook et al. 2007), the same kit that
Robertson and Gjerde (2000, 2001b) had used and that also can be used for isolating
Giardia cysts is employed instead; this is the kit that is mentioned in all Standard
Methods. Thus, it is clear that caution must be used in defining Standard Methods
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and method flexibility that allows for products to change, as well as research
advances, must be built in if possible.

The optimal pH for the elution solution is also explored at length in the work of
Cook et al. (2006a, b, 2007), although it is not always clear how the results are
interpreted. According to tabulated data presented, a rather low pH seems to provide
the best recovery efficiency from raspberries, but according to the text of that docu-
ment, it is stated that increasing the pH above neutral results in larger numbers of
oocysts being recovered (Cook et al. 2006a). Other research has suggested that the
quantity of particles in the water may also affect recovery efficiency in subsequent
detection procedures (Chaidez et al. 2007).

With the method of Cook et al. (2006a), a recovery efficiency of approximately
60 % from lettuce and approximately 40 % from raspberries is recorded. The use of
the same method (although the pH is not stated, nor the IMS kit used) by eight dif-
ferent laboratories in a validation trial, involving samples of both raspberries and
lettuce artificially contaminated at three different levels and also non-contaminated
samples, demonstrated an overall recovery efficiency by the different laboratories of
approximately 30 % from lettuce and around 44 % for raspberries (Cook et al.
2006b). Thus, although the results for raspberries were highly similar to those
obtained by the laboratory in which the method had originally been developed,
those from lettuce were approximately 50 % lower (60 % recovery compared with
30 % recovery). The reason for this considerably lower recovery efficiency is not
clear but indicates difficulties with the method in different laboratories that did not
occur in the lab that first described the method. In addition, several of the participat-
ing laboratories reported detection of oocysts on samples that were actually nega-
tive (and found to be negative when checked by the distributing lab). This implies
that the counts in the positive samples may have actually been overestimates. This
publication thus goes to serve as an important reminder of the value of blind trials
in establishing a method, and that data from a highly experienced laboratory that has
developed the method may not, perhaps, translate to actual results from a less expe-
rienced laboratory. The method has also been used in independent laboratories
undertaking surveys, and these labs also report relatively low and/or variable recov-
ery efficiencies, for example, 17 % recovery for lettuce (Amor6s et al. 2010) and
between 4 and 47 % (mean of 24 %) for a variety of vegetables (Rzezutka et al.
2010). The use of an internal control for estimating recovery efficiency that has also
been recommended in this method has been suggested by Rzezutka et al. (2010) to
be unsuitable, as the inclusion of such a control prevents the subsequent use of PCR
for determining species or genotype.

4.1.2 Method Standardisation

The purpose with method standardisation is not only to attempt to ensure that com-
parable methods are used by different laboratories but also that the methods used,
provided that they are conducted by competent and appropriately trained personnel,
are likely to provide satisfactory, robust recovery efficiencies.
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The method being considered for standardised analysis for green leafy vegetables
and berry fruit for Cryptosporidium and Giardia (ISO Draft 18744) is based very
closely on the standard water analysis protocol for these parasites (ISO 15553),
although with elution into a specified medium as the first step, either through agita-
tion of the produce by shaking or by stomaching using a stomacher. Elution from
the food is followed by concentration of the eluate by centrifugation, isolation of the
parasites from other debris by IMS and finally identification by IFAT and DAPI
staining, as previously described. The development of this method was based not
only the water analysis protocol but also upon publications that described use of this
method, or variations of this method and with published recovery efficiencies that
were considered to be acceptable. Despite some difficulties with the work of Cook
et al. (2006a, b), particularly with regard to confusion over pH and suitability of
different IMS kits as noted in the previous section, it should also be recognised that
this group was the first to recommend elution into glycine, which is considerably
more user-friendly than a detergent-based elution solution. Furthermore, an inter-
laboratory trial was organised as part of this research, and this is an important pro-
cedure for method validation when considering development of a Standard Method.

The two fresh products included in the method being developed for standardisa-
tion, fresh leafy green vegetables and berry fruits, present two different challenges
when selecting appropriate elution procedures. For leafy vegetables (e.g. lettuce),
there is a large surface area that has the potential for contamination, and for some
varieties of such vegetables, the leaves are deeply lobed and/or frilly (e.g. oakleaf
varieties of lettuce), such that some leaf areas are protected. For other lettuce variet-
ies, such as Mache (also known as lambs lettuce), rosettes of leaves are held together
in nubs of roots, providing pockets for contaminants to gather and not be readily
eluted. Additionally, such pockets are also likely to include soil and other debris that
may be an impediment in further steps of the analytical procedure.

For berry fruits, the delicacy of the fruit presents the problem rather than the
surface area, as vigorous elution procedures are likely to break the fruit themselves,
and the resultant fruit tissue fragments in the elution liquid might impede the
subsequent concentration and isolation steps. Some fruits and vegetables also have
hairy, rather than smooth, skins, and it may be less easy to remove Cryptosporidium
oocysts from such produce. Indeed, experiments comparing attachment of
Toxoplasma oocysts to smooth-skinned blueberries and hairy raspberries demon-
strated that they were more likely to remain attached to the raspberries (Kniel et al.
2002), while Armon et al. (2002) report on the tendency of Cryptosporidium oocysts
to be difficult to remove from courgette (zucchini) surfaces. Thus, not only are such
produce perhaps more likely to be contaminated at consumption (parasites not
removed by standard household washing), but it will be more difficult to elute the
parasites from such produce for detection and identification.

The quantity of sample analysed is a matter for consideration in a Standard
Method; for water samples, the volume analysed is considerably over a portion size
(minimum of 10 L), but for food samples, it is probably not possible to analyse in
an equivalent fashion, and it has been demonstrated that the greater the sample size,
then the less efficient the method at recovering parasites (Robertson and Gjerde
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2001a). This reduced efficiency is presumably a reflection both of compromised
elution efficiency, together with the increased quantity of other debris from the pro-
duce in the eluate and that may inhibit or hinder other steps in the analysis process.
Thus sample size should be a compromise that is selected to maximise recovery
efficiency and also to enable detection of low-level contamination, at least at the
infective dose per portion size. This is likely to vary according to the type of sample
being analysed, but currently recommended sample sizes according to the ISO
18744 Method are between 25 and 100 g.

Thus, the Standard Method that is under consideration is based broadly on the
previous work, particularly that of Cook et al. (2006a, b, 2007), and consists of the
three previously described steps of elution, concentration and purification and detec-
tion. In the proposed Standard Method, elution is into a glycine buffer, either using a
homogeniser (paddle blender) for leafy vegetables (buffer pH at 5.5) or by agitation
in a lidded container for more fragile berry fruit (buffer pH at 3.5), as described by
Cook et al. 2006a. Concentration and isolation involves centrifugation of the eluate
followed by IMS. Detection is using IFAT with DAPI and Nomarski (differential
interference contrast) optics to aid in identification. Although the use of an internal
control is not an obligatory part of the method, it is included in a note to the method.

4.1.3 Further Research on Method Development

Further research beyond that already achieved leading up to the development of a
Standard Method has tended to focus upon aspects of molecular detection (e.g.
Shields et al. 2013; Yang et al. 2013). However, other research has explored the use
of alternative approaches. A ‘proof of concept’ study investigated the feasibility of
using adhesive tape to remove Cryptosporidium oocysts from the surfaces of
selected fresh produce for subsequent detection by either IFAT or PCR (Fayer et al.
2013). This approach was found to be successful down to levels of ten oocysts
applied per area of fresh produce surface, although at the lower levels of contamina-
tion IFAT as a detection method from the tape was found to be more sensitive than
PCR, but was also very much dependent on the surface of the produce. The study
used apples, peaches, cucumbers and tomatoes, and peaches were found to be par-
ticularly problematic to work with due to the hair-like projections (trichomes) on
the skin (exocarp) of peaches, providing a physical barrier that prevented the adhe-
sive tape from reaching all the oocysts, particularly those located at the base of the
trichomes (Fayer et al. 2013). Thus, as with other methods for analysing fresh pro-
duce for contamination with Cryptosporidium oocysts, factors in the structure of the
produce are important in determining the efficacy of the technique. For example,
although the adhesive tape method may be of utility for produce with a low surface
area to weight ratio and where the surface is smooth, for produce such as leafy
greens where the surface area to weight ratio is large, then a washing method is
probably more effective for detecting low numbers of oocysts that may be widely
distributed. However, it should be noted that research that investigated removal of
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Cryptosporidium oocysts from the surfaces of apples to which they had been
experimentally applied found that complete removal of oocysts was not possible;
the method used most similar to that described in the Standard Method (agitation in
1 M glycine (pH 5.5) for 15 min using an orbital shaker) did not remove all the
oocysts from the apple surfaces, and the most efficient removal (37.5 %) was
achieved by rigorous manual washing in water with a detergent and by agitation in
an orbital shaker with Tris-sodium dodecyl sulphate buffer (Macarisin et al. 2010b).
Not only were some oocysts attached in deep natural crevices in the apple exocarp,
but some oocysts appeared to be closely associated with what appeared to be an
amorphous substance with which they might have been attached to the apple surface
(Macarisin et al. 2010b).

4.2 Shellfish

Although there have been no documented outbreaks of cryptosporidiosis associated
with bivalve molluscan shellfish, this product group is recognised as having poten-
tial as a vehicle for transmission. Not only are such shellfish traditionally consumed
raw or lightly cooked (and it has been experimentally demonstrated that
Cryptosporidium oocysts survive the process of being steamed in mussels; Gomez-
Couso et al. 2006b), but they are also likely to come into contact with parasite
transmission stages in sewage outflow or runoff from land due to their preferred
locations (intertidal or estuarine areas or areas close to the coast). Pathogens in such
waters may become accumulated in bivalve molluscan shellfish tissues due to their
particular method of alimentation that involves filtration of large volumes of water
and concentration of particles (Robertson 2007).

Although, a widely accepted, optimised method for analysis of shellfish for con-
tamination with Cryptosporidium oocysts has yet to be described (Robertson 2007),
and currently there is no Standard Method available, some research groups have
attempted to develop an optimised method by artificially contaminating shellfish and
comparing recovery efficiencies of different methods and approaches of analysis.
Different research groups have sometimes reported rather different efficacies of very
similar methods. In general, the methods start with a tissue homogenisation step.
Although some research group have used gill washings or haemolymph (obtained by
drilling a hole in the shell and aspirating the abductor muscle), most researchers
apparently agree that tissue homogenates provide better results than gill samples
(homogenate or washings) or haemolymph (MacRae et al. 2005; Robertson and
Fayer 2012). However, it should be noted that loss of oocysts may be considerable in
preparing the tissue homogenate, especially if it is sieved before analysis (Schets
et al. 2013), and another research group found that they obtained the best results for
analysis of oysters for Cryptosporidium oocysts when the haemolymph was kept
separate during the homogenisation of the whole oyster meat but was then added to
the pellet following diethyl ether extraction of the homogenate (Downey and Graczyk
2007). Preparation of the sample is usually followed by a concentration procedure
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(frequently centrifugation) and then a purification/isolation procedure, which may be
nonspecific (e.g. flotation on caesium chloride or sucrose gradients or lipid extrac-
tion) or specific (IMS). Although IMS has been considered useful by the majority of
researchers, its utility is affected by the nature of the matrix; for example, one
research group found that it performed less effectively with mussels than oysters as
the latter were less mucoid (MacRae et al. 2005), while another research group was
unable to obtain satisfactory results even with oysters and consequently did not use
it for an initial survey (Schets et al. 2007), although employed it in a later survey with
some minor adjustments (Schets et al. 2013).

However, the very different biochemical nature of shellfish compared with water
concentrates or washings from fruits and vegetables may suggest that a completely
different elution approach may be more suitable. Based on the relatively high pro-
tein content of shellfish (8—20 % depending on shellfish species), Robertson and
Gjerde (2008) developed a pepsin-digestion method that was based on the method-
ology usually used for the detection of Trichinella spp. larvae in meat or for recov-
ering Ostertagia ostertagi larvae from the abomasal mucosa of cattle. This method
was found to result in relatively high recovery efficiencies (70-80 %) when fol-
lowed by oocyst isolation by IMS and detection by IFAT (Robertson and Gjerde
2008). This method has since been modified by Willis et al. (2012), with the protein
digestion followed by concentration by centrifugation and washing in detergent
solution, in order to avoid the expensive IMS procedure. This modified method has
the advantage of being considerably cheaper and apparently results in very little
reduction in oocyst recovery efficiency. However, for some samples analysed by
the modified method of Willis et al. (2012), a large pellet size precluded complete
analysis, and this problem might perhaps have been resolved by the inclusion of a
further purification step, not necessarily based upon IMS (e.g. flotation). Further
comparative research with protein digestion may provide a method that may be
considered suitable for standardisation when it has been validated in other
laboratories.

Although in the majority of studies of Cryptosporidium contamination of fresh
produce (fruit and vegetables), IFAT has been shown to be the detection method of
choice; several research groups analysing shellfish for Cryptosporidium oocysts
have used other techniques or combined IFAT with other techniques such as fluores-
cent in situ hybridisation (FISH) and PCR. Some research groups report PCR as
being less sensitive than IFAT, but several authors consider that the different tech-
niques should be used to complement each other, and the limitations of both should
be acknowledged. It should be noted that molecular methods may provide the
opportunity for simultaneous identification of species, but such species-level deter-
mination can also be used downstream from IFAT detection. It is also of relevance
to note that the recovery efficiencies using the same method might vary with species
of shellfish, with particularly mucoid shellfish, being more likely to have lower
recovery efficiencies. One study that compared methods for detecting
Cryptosporidium oocysts in shellfish reported that the most sensitive method for the
detection of C. parvum in oocyst-exposed mussels was IMS concentration with
IFAT detection (Miller et al. 2006). Molecular methods were also investigated in
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this study, and although IFAT detection provided superior sensitivity, the authors
note that TagMan PCR provided the possibility for automated testing, high through-
put and semi-quantitative results and was therefore superior to conventional PCR.

4.3 Meat

Apart from the outbreak of cryptosporidiosis associated with ‘yukke’ (Korean-style
beef tartar) and/or raw liver (see Table 1; Yoshida et al. 2007), there is a lack of
documented outbreaks or individual cases associated with ingestion of contami-
nated meat or meat products. As a result relatively little research has been directed
towards detecting Cryptosporidium oocyst contamination of meat, although one
method has been published for isolating and detecting Cryptosporidium oocysts
from beef carcass surfaces (Moriarty et al. 2004). This method, in which fat beef
tissue and lean beef tissue are considered separately, contains four steps: (a) elution
of the oocysts from the beef using a pulsifier into a suspension medium containing
phosphate buffer saline solution with 0.1 % Tween 80 (PBST); (b) concentration of
the oocysts in the PBST by membrane filtration; (c) elution of the oocysts from the
membrane into a smaller volume (10 mL) of PBST by scraping and vortexing then
concentration by centrifugation; and (d) detection using IFAT. The authors report
high recovery efficiencies, being over 85 % for fat tissue and over 128 % for lean
tissue. That the number of recovered oocysts exceeded the size of the initial inocu-
lum is worrying and suggests either problems in preparation of the inocula initially
(a possibility suggested by the authors), or problems in identifying the oocysts sub-
sequently (misidentification of other objects reacting specifically or nonspecifically
with the monoclonal antibody); as DAPI was not used as an identification aid in this
study and nor was Nomarski/DIC microscopy, the latter possibility seems relatively
likely, particularly as nonspecific cross-reactivity of the detecting monoclonal anti-
body with fat globules from meat has been reported in at least one other study
(Robertson and Huang 2012). Another reason for the surprisingly high recovery
efficiencies described by Moriarty et al. (2004) could be that the initial oocyst inoc-
ula were given relatively little time to bind to the food matrix (allowed to stand for
only 15 min between inoculation and recovery); however, this would not result in
more oocysts being detected than were originally seeded onto the sample.

An extensive outbreak of waterborne cryptosporidiosis in Sweden in 2010 in
which cured meat products were potentially exposed to the contaminated water dur-
ing their preparation in the factory in the affected town prompted the development
of a method for analysis of cured meats for contamination with Cryptosporidium
oocysts (Robertson and Huang 2012). In the optimised method developed in this
study, for which a recovery efficiency of over 60 % was reported from seeded sam-
ples, surface sections were removed from the meat and soaked in a detergent solu-
tion for 30 min to soften the product. The meat sections and buffer were then
stomached, the eluate collected and then a further stomaching was conducted, this
time in 1 M glycine. Concentration was by centrifugation, with 1 % deoxycholate
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added to particularly fatty samples as a dispersant. IMS was used for purification of
oocysts from the concentrate, and detection was by IFAT. However, for samples that
were particularly fatty, background fluorescence from small fat globules hampered
IFAT detection, as clusters of globules resembled oocysts. Addition of 0.1 % Evans
Blue (a well-known quenching agent that works by shifting the autofluorescent
spectrum to longer wavelengths) to the sample at the same time as the monoclonal
antibody reduced this effect (Robertson and Huang 2012).

A study from India investigated goat meat samples for contamination with
Cryptosporidium oocysts using three detection methodologies (IFAT, Ziehl-Neelsen
carbol fuchsin stain and PCR) subsequent to elution and sucrose flotation (Rai et al.
2008). However, the sample preparation description is difficult to follow, and recov-
ery efficiencies of the method are not provided (Rai et al. 2008). In another unpub-
lished study, Cryptosporidium contamination has been reported to have been
detected in various raw meats (chicken breasts, minced beef, pork chops) from retail
outlets using PCR and IFAT for detection (Dixon 2009). However, the actual pro-
cess used for detection is not supplied, and, again, nor is the recovery efficiency.

4.4 Beverages

There have been several outbreaks of cryptosporidiosis associated with beverages,
specifically apple cider and milk, and thus there has been some research directed
towards developing methods for analysing beverages for contamination with
Cryptosporidium oocysts. This is in contrast with Giardia, for which, perhaps sur-
prisingly, there have been no outbreaks or individual cases for which a beverage
(other than water) has been the vehicle of infection, and thus, there has been little
development of methods for analysing beverages for these parasites. It is possible
that those methods described here for analysing beverages for Cryptosporidium
contamination could be adapted for Giardia also.

The first investigation of methods for analysing beverages for Cryptosporidium
contamination was probably that of Deng and Cliver (2000) in which they com-
pared formalin-ethyl acetate sedimentation or sucrose flotation for concentration of
oocysts from apple cider and detection of oocysts in the concentrate by acid-fast
staining, IFAT and PCR. Sucrose flotation was found to be more efficient than sedi-
mentation in recovering oocysts, and IFAT was found to be the most sensitive
detection technique; the authors speculate that inhibitory substances in the apple
juice abrogated the efficiency of the PCR (Deng and Cliver 2000). Of the methods
attempted in this study, the highest sensitivity achieved was detection of between
10 and 30 oocysts per 100 mL of apple juice, using an IMS method after flotation,
and with IFAT as the detection methodology. Another study demonstrated that
using a microbead IMS system followed by detection by PCR could detect as few
as ten oocysts in 100 mL apple juice (Deng et al. 2000). Nevertheless, in an out-
break of apple cider-related cryptosporidiosis in which contamination was actually
detected in the implicated product, the method used was direct centrifugation for
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concentration, followed by molecular detection (Blackburn et al. 2006). More
recently, a study from Egypt investigating protozoal contamination of fruit juices
used centrifugation, Sheather’s sugar flotation and staining with mZN for analysis,
but no indication of recovery efficiency or limits of detection were provided
(Mossallam 2010).

One of the first studies to investigate detection of Cryptosporidium in milk used
PCR methods to detect between 1 and 10 oocysts in 20 mL of artificially contami-
nated milk (Laberge et al. 1996), while another early method development study
also investigated other dairy products, including yoghurt and ice cream (Deng and
Cliver 1999). In the latter study, seeding of 100 mL samples of low fat milk with
high numbers of Cryptosporidium oocysts and analysis by sucrose flotation fol-
lowed by IFAT for detection resulted in a mean recovery efficiency of over 80 %
(Deng and Cliver 1999). Using homogenised milk and pre-labelled oocysts for seed-
ing studies (10 oocysts in 100 mL) with IMS followed by IFAT or PCR for detection
resulted in recovery efficiencies of over 95 % and a sensitivity for PCR down to ten
oocysts (Deng et al. 2000). Another IMS-PCR seeding trial reported detection of
less than ten oocysts (Di Pinto and Tantillo 2002). One study investigated different
flotation solutions (sucrose, sodium chloride, magnesium sulphate, zinc sulphate,
aluminium sulphate and ammonium sulphate) for isolating Cryptosporidium oocysts
from milk, with subsequent detection by staining (Kinyoun’s technique and Koster’s
modified technique) and microscopy (Machado et al. 2006). Coagulation of the milk
with some of the solutions made the procedure more cumbersome, but recovery
efficiencies of over 40 % were reported for magnesium sulphate. Use of PCR for
detection of Cryptosporidium oocysts in milk was also investigated in a further two
studies, one of which compared conventional PCR, real-time PCR and nested PCR
and reported detection limits per mL of milk of 103, 10> and 10 oocysts, respectively
(Minarovicova et al. 2007), while the same group reported that microfiltration of
milk (using cellulose acetate and cellulose nitrate filters, with pore size, 3.0 pm),
followed by elution (sodium pyrophosphate and Tween 80) in a shaker, and then
detection by single-tube nested real-time PCR had a detection limit of ten oocysts
per 100 mL of milk (Minarovicova et al. 2011).

Despite the proven importance of beverages as vehicles for outbreaks of infec-
tion and the various efforts towards method development, with particular emphasis
on detection via molecular methods, there are currently no widely known plans to
develop a Standard Method for analysis of beverages for contamination with
Cryptosporidium oocysts.

4.5 Water Used in the Food Industry

The food industry uses a huge volume of water; water is used as an ingredient, as an
initial and intermediate cleaning medium, for conditioning raw materials (soaking,
cleaning, blanching and chilling) and as a conveyor of raw materials. Prior to food
processing, water is used for crop irrigation, for application of chemicals such as
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pesticides, for depuration and for general washing and cleaning purposes. Although
water of non-potable quality may be appropriate for some uses in the water industry,
for others uses it is essential that the quality of the water is of the same microbio-
logical quality as drinking water. In order to reduce water usage/wastage, in the
fresh produce industry in particular, water might be recycled, often with a purifica-
tion step (use of a sanitiser) to inactivate pathogens already removed from the pro-
duce (Gil et al. 2009). This sanitisation step often involves chlorination, but other
technologies such as photocatalysis (Selma et al. 2008a), ozone and UV (Selma
et al. 2008b) have also been proposed. One problem with the sanitising step is that
it is usually directed towards elimination of bacteria, which may have the potential
to multiply on the produce. However, sanitisers that are effective against bacteria
may be ineffective against protozoa; although Cryprosporidium do not replicate out-
side the host environment such as in washwater, by reusing such water for a further
washing step, oocysts have the potential to be distributed onto previously clean
areas or batches of product. This may result in a point contamination becoming
spread throughout a whole batch, or among several batches, such that a limited
region of contamination that might be associated with the likelihood of a single case
of infection may be distributed such that the possibility of a single case expands to
the possibility of an outbreak.

Methods specifically directed towards analysing water used in the food industry
for Cryptosporidium oocysts have not been developed, but approaches based on the
standard protocols for drinking water would probably be most appropriate (i.e. US
EPA Method 1623; ISO Method 15552) and have indeed been used for both irriga-
tion water and processing water in the food industry (Robertson and Gjerde 2001b;
Chaidez et al. 2005; Paruch et al. submitted). It should, however, be realised that
reused processing water may have a greater load of contaminating debris than drink-
ing water and thus a lower recovery efficiency may be expected, while irrigation
water may be of microbiologically low quality, or even contain untreated wastewa-
ter. The use of an internal process control may be of use in such instances to monitor
recovery efficiencies (Warnecke et al. 2003).



Chapter 5
Occurrence of Cryptosporidium oocysts
in Different Food Matrices: Results of Surveys

The results of surveys for pathogens, such as Cryptosporidium oocysts, in different
food matrices provide a snapshot of what was found on a particular food sample, on
a particular occasion, under particular conditions, using a particular method, in a
particular laboratory, by a particular analyst. Some surveys do not even provide
information regarding the recovery efficiency of the method used, or may only pro-
vide information on recovery efficiencies produced in the research group that first
developed or published the method. As some of the methods are relatively expen-
sive (particularly IMS, if used) often surveys consist of only a small number of
samples, and as recovery efficiencies are often superior with smaller sample sizes,
only a small quantity of the product is analysed. Thus, results from such surveys can
only be considered to give a very diffuse insight into the risks of ingestion of a
Cryptosporidium oocyst from a particular product. Furthermore, surveys that do not
investigate the species of any Cryptosporidium oocysts detected cannot even deter-
mine with certainty whether the oocysts that are found are infectious to humans, and
thus of public health significance. And surveys that do not consider the viability or
infection potential of the oocysts are similarly hampered. Nevertheless, while it is
important to acknowledge and be aware of the limitations of such surveys, it should
also be realised that these results are our only available verified, scientific handle on
contamination of food matrices with potentially infective Cryptosporidium oocysts,
and thus the information that they provide is useful. In addition, investigation of
food matrices for Cryptosporidium contamination in an outbreak situation has the
potential to identify infection routes, and thus take measures against them.
Information obtained from food products analysed during an outbreak event is of
greater value if baseline survey data are also already available against which the
outbreak-related analyses can be compared. Occurrence data are being improved all
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the time, as further studies are conducted with better, more efficient methods. The
information outlined in the sections below is intended to provide an insight of what
we know about the occurrence of Cryptosporidium oocysts on different product
types as of today—more up-to-date information should always be sought. When
comparing occurrence results from different studies, the method used and the recov-
ery efficiency of that method should always be borne in mind, as surveys using very
different methods or similar methods but with different recovery efficiencies cannot
be readily compared, or such comparisons may give an erroneous impression. When
recovery data are not provided, it is probably most appropriate to assume that the
efficiency of the method used is low, and thus any contamination data provided are
likely to be conservative.

It should be noted that using recovery efficiency data that has been obtained by
another research group, even if the analytical methods used are very similar, can be
misleading, and extrapolated results may give incorrect insights regarding the extent
of contamination. Examination of the literature reveals that different laboratories
may achieve very different recovery efficiencies even when using methods that are
largely identical; for example, while Cook et al. (2007) reported a recovery effi-
ciency of Cryptosporidium cysts from salad leaves of 36.2+19.7 % (n=20) when
internal controls were used on samples, a study using the same technique in Spain
(Amorés et al. 2010) reported a mean recovery efficiency of Cryptosporidium
oocysts from salad vegetables (Chinese cabbage and lettuces) of only 24.5+3.5 %
(n=28) according to internal controls, and a study from Poland concerned with vari-
ous vegetables (Rzezutka et al. 2010) reported recovery efficiencies from internal
controls ranging from 4 % (a sample of white cabbage) to 47 % (another sample of
white cabbage), with a combined recovery efficiency (10 samples including sam-
ples of Brussels sprouts (n=1), cauliflower (n=1), leek (n=2), lettuce (n=1), spring
onion (n=1), white cabbage (n=3), Peking cabbage (n=1)) of 23.9+14.0 %.

5.1 Fruits and Vegetables

Outbreaks and method development are probably the two greatest drivers for sur-
veys for contamination of food products with Cryptosporidium oocysts, and fresh
fruits and vegetables are one of the food matrices for which the greatest number of
surveys for Cryptosporidium contamination has been conducted. Cryptosporidium
oocysts have been detected as contaminants on/in a range of raw vegetables and
fruit (see Table 5.1) and a widespread, low-level contamination of fresh produce can
be generally inferred from these results. However, as previously noted, differences
in recovery efficiencies obtained by different analytical procedures or even by simi-
lar analytical procedures used by different laboratories mean that comparison of
results obtained in different studies is problematic. Of the studies listed in Table 5.1,
only those from Europe use analytical methodologies upon which the principles
adopted by the proposed ISO standard (ISO Draft 18744) are based. Although
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survey data are available from Europe, North America (Canada), Asia, and Central
and South America, surveys from Africa are largely lacking (one survey from
Egypt). This is unfortunate as although zoonotic cryptosporidiosis may be less com-
mon in African countries, the impact of cryptosporidiosis on different African pop-
ulations is well recognised (e.g. Kotloff et al. 2013), and obtaining information on
probable transmission routes would be advantageous. It is also surprising that sur-
veys for Cryptosporidium contamination in fresh produce, such as salad vegetables
and fresh fruit, in North America have only been conducted in Canada (none from
the USA), and there are also a lack of such surveys from Australasia.

Some of the studies listed in Table 5.1 have used molecular methods for detec-
tion (sometimes in combination with other methods such as IFAT). One disadvan-
tage of using molecular methods is that quantification of oocysts is less
straight-forward (in one study, Dixon et al. (2013), in which quantification was
possible, although not undertaken, as IFAT was used on PCR-positive samples, the
authors state that in “the majority of surveillance studies” no attempt is made to
enumerate the parasites; however, this is manifestly not the case for those studies
using methods based on the principles adopted by the ISO Method; see Table 5.1).
Information on the concentration of oocysts detected per serving or quantity of a
specific product is useful input data for risk assessment, and can be obtained with
very little extra effort when IFAT is used as the detection method.

However, molecular methods do provide useful information on species or subtype
of oocysts that are detected; this information may not only indicate the possible pub-
lic health importance of the oocysts detected but also provide clues about the likely
source of contamination. In one of the Canadian studies (Dixon et al. 2013), of the
29 samples for which sequences were obtained, all were found to be of C. parvum
(subtyping information, obtained, for example, by molecular analysis at the gp60
gene, was not sought, although the authors mention that further molecular subtyping
would be needed for further source tracking). In the study from Poland (Rzezutka
et al. 2010) although IFAT was used for detection, downstream molecular processing
was used on oocysts retrieved from the microscope slides, and the oocysts from the
celery sample were identified as C. parvum. Although subtyping at the gp60 locus
was attempted it was not successful. One point made in this study is that the use of
an internal process control to determine recovery efficiency abrogates the possibility
of downstream genotyping. Thus the investigators must be sure of the intention of
their survey and use the methods that are most appropriate; it should be noted that
methods that are best suited for obtaining background survey information may be
less suitable for investigating contamination of produce in an outbreak situation.
Other studies that have used PCR as an identification method (e.g. Rai et al. 2008;
Bohaychuk et al. 2009) have not attempted to obtain other species or subtype data.

Whether the oocysts detected are infectious/viable has not been explored in any
study to date, presumably because the oocysts tend to be found at low concentra-
tions (this is the reason stated for not exploring viability in the study by Dixon et al.
2013) and also, for many studies, the detection method inactivates them or reduces
their viability (e.g. fixing to microscope slides).
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44 5 Occurrence of Cryptosporidium oocysts in Different Food Matrices...
5.2 Shellfish

Experimental studies have clearly demonstrated that shellfish (bivalve molluscs)
have the ability to filter out, retain, and accumulate Cryptosporidium oocysts from
the surrounding water (Graczyk et al. 2003). Furthermore, Cryptosporidium oocysts
have been shown to associate with marine macroaggregates (Shapiro et al. 2013).
Derivations of enrichment factor estimations from lab-scale experiments have dem-
onstrated that oocysts are two to three orders of magnitude more concentrated in
aggregates than in estuarine and marine waters surrounding the aggregates, and this
has been speculated to enhance their bioavailability to invertebrates and thus their
subsequent incorporation into the marine food web (Shapiro et al. 2013).

Although no outbreaks of cryptosporidiosis associated with shellfish have been
reported, several surveys of shellfish for Cryprosporidium oocysts have been pub-
lished. Some of these surveys have been conducted with the intention of investigat-
ing oocyst accumulation in shellfish as a method of assessing contamination in
water (e.g. [zumi et al. 2006; Lucy et al. 2008) or even as a means of depleting
oocysts from sewage to prevent further contamination of the aquatic environment
(Izumi et al. 2012). However, most of the surveys have been conducted with consid-
eration as shellfish as a potential vehicle for foodborne transmission (see Table 5.2),
and, intriguingly, there have been more surveys of shellfish than of vegetables or
fresh produce, despite the latter having been associated with proven outbreaks.
While there have been no surveys of fresh produce for Cryptosporidium contamina-
tion documented from the USA to date, for shellfish five surveys have been docu-
mented from the USA, as well as several surveys from Europe and surveys from
South America, North Africa, and Asia.

As with surveys of fresh produce, the variation in analytical methods means that
comparison between surveys is difficult. Also, ascertaining the proportion of posi-
tive samples can be problematic for some studies as samples may be prepared in
different ways (single molluscs, groups of molluscs, different sites), and similarly
for concentrations of oocysts. This lack of similarity between surveys is reflected in
the data presented from 32 studies in Table 5.2, in which only 7 of the 28 (25 %)
studies with positive results attempt to quantify the number of oocysts detected.
In comparison, of the 13 studies concerned with fresh produce listed in Table 5.1, of
the 10 that had positive results, 5 (50 %) attempted to quantify the extent of con-
tamination (oocysts per gram of produce). The lack of quantification in shellfish
surveys may also be partly due to several of the shellfish studies using molecular
methods for detection, although various studies recommend that molecular methods
and microscopy-based methods are used to complement each other (e.g. Fayer et al.
2003; Giangaspero et al. 2005).

Furthermore, and also in contrast with the surveys conducted on fresh produce,
several of the shellfish surveys have attempted to identify the viability/infectivity of
oocysts detected in shellfish, using a range of techniques. For example, mouse
infectivity studies were used by Fayer et al. (1998), Gémez-Bautista et al. (2000),
and Fayer et al. (2002) and, in these studies it was demonstrated that the oocysts
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48 5 Occurrence of Cryptosporidium oocysts in Different Food Matrices...

recovered from shellfish were infectious; a further study by Fayer et al. (2003) also
used a bioassay for investigating infectivity of Cryptosporidium oocysts detected in
shellfish, but did not result in infections establishing in mice. Gémez-Couso et al.
(2003a) used vital dye inclusion/exclusion as an indicator of viability and showed
that around 50 % of samples contained viable oocysts, while Graczyk et al. (2007)
applied a fluorescent in situ hybridisation (FISH) assay as a measure of viability and
determined that 83 % of the oyster batches contained viable oocysts, with a mean of
28 viable oocysts per contaminated group of 6 oysters. However, seeding studies
into shellfish have demonstrated that FISH can overestimate viability as compared
with in vitro excystation (Robertson and Gjerde 2008), presumably due to the sta-
bility of rDNA within oocysts, as has previously been described.

While only two of the surveys of fresh produce for Cryptosporidium contamina-
tion used molecular analysis to obtain information on the species detected, several
of the surveys for shellfish have attempted to obtain information on contaminant
species, although not all these investigations have been successful. Nevertheless, the
most common species of Cryptosporidium identified as a contaminant in shellfish
seems to be C. parvum (Gémez-Bautista et al. 2000; Fayer et al. 2002, 2003;
Traversa et al. 2004; Goémez-Couso et al. 2004, 2006a, c; Miller et al. 2005;
Giangaspero et al. 2005; Leoni et al. 2007; Molini et al. 2007). In addition, several
studies have reported contamination of shellfish with C. hominis (Lowery et al.
2001; Fayer et al. 2002, 2003; Gémez-Couso et al. 2004; Miller et al. 2005; Molini
et al. 2007). A few studies have also reported the occasional occurrence of
Cryptosporidium that may have less association with human infection, including C.
baileyi (Fayer et al. 2002), C. meleagridis (Fayer et al. 2003), C. andersoni (Goémez-
Couso et al. 2004), and C. felis (Miller et al. 2005).

5.3 Meat

Currently there are few reports on investigation of meat for Cryptosporidium oocyst
contamination. A study from Ireland investigated the contamination of beef car-
casses for Cryptosporidium contamination; of 288 carcass meat samples analysed
during the course of a year, none were found to be contaminated with Cryptosporidium
oocysts although oocysts were present in the faeces of some of the cattle presented
for slaughter during the study (Duffy et al. 2003). A study from India investigated
three batches of goat meat for contamination; although none were considered posi-
tive by IFAT, one was reported to be positive by PCR (Rai et al. 2008). Although
PCR was used for successful detection, the authors do not explore the species of
Cryptosporidium, and therefore it is difficult to speculate on whether contamination
of goat meat is likely to be from faecal matter from the goats themselves, or from
human handlers of the meat. Presumably contamination of meat via flies or other
vectors is also possible.

In another unpublished study, contamination with Cryptosporidium was detected
in various raw meats (chicken breasts, minced beef, pork chops) from retail outlets
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using PCR for detection, and one minced beef sample was also found to be positive
for Cryptosporidium by IFAT (reported in Dixon 2009). Sequencing of all the PCR
products indicated that the C. parvum was the contaminating species for all prod-
ucts (Dixon 2009); although C. parvum is zoonotic, the fact that the contamination
with C. parvum was not only in beef but also in chicken and pork (where other spe-
cies of Cryptosporidium are more common) suggests that at least some of the con-
tamination could have been due to human handling. It is probably unlikely that
chickens are slaughtered in the same facilities as cattle, and thus between-animal
product contamination at the slaughterhouse also seems unlikely.

Finally, a study from Scandinavia investigated possible contamination of cured
hams subsequent to an extensive outbreak of waterborne cryptosporidiosis
(Robertson and Huang 2012), in which contact between the contaminated water and
the meat products could have occurred. A total of 11 samples were analysed from
two different products; in one sample an object resembling a Cryptosporidium
oocyst was identified, but was recorded as putative due to the absence of internal
contents and some deformity.

5.4 Beverages

Given that both milk and fruit juices have been associated with documented out-
breaks of cryptosporidiosis, it might be expected that beverages have been surveyed
relatively widely for contamination with Cryptosporidium. However, only two sur-
veys investigating contamination of milk with Cryptosporidium were identified, and
only two prospective surveys investigating contamination of fruit juices, although
juice samples have been analysed in association with juice-related outbreaks.
Interestingly, all the studies on contamination of beverages with Cryptosporidium in
the absence of a foodborne outbreak have been conducted in less-developed coun-
tries (Trinidad, India, Egypt, Ethiopia). This is probably because the majority of
milk, fruit juices, and other beverages available in industrialised countries have
been pasteurised and therefore are usually not considered to pose a risk of infection
to consumers.

One milk survey was conducted on bulk milk samples from dairy farms in
Trinidad; this survey, which was based upon formol-ether sedimentation and acid
fast staining for detection (without presenting any data regarding the efficiency of
the method), failed to detect any Cryptosporidium contamination in 177 samples
(Adesiyun et al. 1996). The second study was from India and did not detect any
Cryptosporidium contamination in three batches of milk (Rai et al. 2008). The
method used in this survey included sedimentation, acid fast or Lugol’s iodine
microscopy and immunofluorescence microscopy, and SSU rRNA gene PCR, and
again no efficiency data regarding the method are presented.

A study from Egypt investigated a range of different juices (strawberry, sugar
cane, mango, lemon, and orange) for contamination with protozoan parasites, and
reports the detection of Cryptosporidium oocysts in all juice types (Mossallam
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2010). For each fruit juice, samples were collected from roadside stalls for analysis,
and the occurrence of Cryptosporidium contamination ranged from 29 % (10 sam-
ples positive) for strawberry juice and lemon juice to 14 % (5 samples positive) for
sugar cane juice. In total, 38 samples of juice (22 %) were reported to contain
Cryptosporidium oocysts, but oocyst numbers per volume of sample analysed are
not provided; such information would be relevant and useful for risk assessment and
it is unclear why this information is not included in the report. This study also
attempted to assess oocyst viability and infectivity, both by examining inclusion and
exclusion of the fluorogenic dyes fluorescein diacetate and propidium iodide, and
by mouse infectivity trials. The results from these studies indicated low oocyst via-
bility and lack of infectivity in the most acidic juices (orange (pH 2.9) and lemon
(pH 3.2)), but high viability and infectivity in the other three juices that were less
acid (ranging from pH 4 (mango) to pH 7.5 (sugar cane)). The reduced survival of
Cryptosporidium oocysts in beverages with a low pH has previously been reported
(Friedman et al. 1997).

In an experimental study on the capacity of filth flies to contaminate mango juice
kept in the vicinity of calves diagnosed with Cryptosporidium infection, after 2 h in
which dishes of mango juice were exposed to access by flies in the environment, 2
out of 10 samples of mango juice were contaminated, and, after 8 h, 6 dishes had
been contaminated with oocysts (Fetene et al. 2011).

5.5 Water Used in the Food Industry

5.5.1 Irrigation Water, etc.

Irrigation with untreated water is a potential route of crop contamination with
Cryptosporidium oocysts. Surface waters may contain Cryptosporidium oocysts,
either from sewage discharge or from contamination from animal sources, and if
this water is used for irrigation or for other agricultural uses (e.g. application of
pesticides or fertilisers), then these may be transferred onto the surfaces of the
crops. In addition, in developing countries, or countries where water resources are
scarce, it makes sense to use wastewater for crop irrigation. It has been estimated
that around 20 million ha globally are irrigated by raw, treated, and/or partially
diluted wastewater (Hamilton et al. 2006a), and it has been shown that the use of
untreated wastewater in agriculture can have major financial and nutritional benefits
for farmers and consumers (Ensink and van der Hoek 2009), although the risk of
intestinal disease was elevated (although cryptosporidiosis infection was apparently
not specifically elevated). Thus, the potential for transfer of pathogens, including
Cryptosporidium oocysts, from irrigation water, especially when it includes waste-
water, to crops should not be overlooked. In a recent study from Iran, crops that
were irrigated with wastewater had a statistically significantly greater likelihood of
being contaminated with Cryptosporidium oocysts, than crops that were irrigated
with well water (Ranjbar-Bahadori et al. 2013). However, a wastewater
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pretreatment step may make a large difference to the contamination potential. For
example, a study in which wastewater was used for irrigation of vegetable crops
identified Cryptosporidium contamination of both lettuce and fennel samples
(Lonigro et al. 2006), but when the wastewater was filtered effectively, the irrigation
water was not found to provide a contamination risk. A study from Thailand has
also suggested that flow-through canals, which can be viewed as waste stabilisation
ponds, remove Cryptosporidium oocysts at the generalised specific rate of 0.3, with
higher removal rates during the rainy season, and with the main removal mechanism
considered to be predation (Diallo et al. 2009). Nevertheless, although the concen-
tration of pathogens in sewage decreases successively at each treatment step, if the
initial concentrations are high, then the final effluents may still contain a large num-
ber of these pathogens, including Cryptosporidium, and these may pose a serious
public health risk (Armon et al. 2002).

It should also be remembered that using untreated wastewater in agriculture may
carry a risk to the farmers themselves as they are going to be in closer contact with
a medium that is likely to contain pathogens. One study from Eritrea suggested that
agricultural use of untreated wastewater was the major cause of the increase in gas-
trointestinal diseases (Srikanth and Naik 2004). Note that unhygienic post-harvest
handling (such as washing in contaminated water) might increase, rather than
decrease, contamination levels (Ensink et al. 2007). In an outbreak of cryptosporidi-
osis associated with apple cider, well water used for washing the apples prior to
pressing the apples was found to be contaminated and may have been the original
source of contamination (Anonymous 1997).

The method of irrigation with potentially contaminated water may facilitate or
impede potential contamination of produce. For example, sprinkler irrigation, in
which the water is piped to one or more central locations within the field and distrib-
uted by overhead high-pressure sprinklers or guns, is likely to result in contamina-
tion of leaf-crops or fruit produce, whereas drip irrigation or trickle irrigation, in
which water is delivered, drop by drop, at or near the root zone of plants, is less
likely to result in contamination of leaves and fruits. Additionally, this method is
probably more water-efficient, as evaporation and runoff are minimised. Sub-
irrigation, in which the water table is artificially raised so that the soil is moistened
from below the plants’ root zone, is also unlikely to result in contamination of fruit
or leaves above ground. Thus, ensuring that irrigation water is delivered to the roots,
rather than coming into contact with the leaves and fruit of the plant, is likely to
minimise contamination. However, a field-study comparison of two irrigation meth-
ods: surface and subsurface of field crops and follow-up of Cryptosporidium oocysts
in soil at different depths did not demonstrate a clear pattern of distribution (Armon
et al. 2002). Studies comparing the effectiveness of simple irrigation methods in
reducing microbial contamination of lettuce irrigated with polluted water in urban
farming in Ghana have demonstrated that irrigation with drip kits resulted in the
lowest levels of contamination (Keraita et al. 2007); however, Cryptosporidium was
not included in these studies and it was noted also that drip kits often became
clogged, required lower crop densities, and restricted other routine farm activities.
While the principle of avoiding fruit and leaf contamination may be appropriate
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both for irrigation and application of fertilisers, it is probably unsuitable for applica-
tion of pesticides, and for root vegetables, soil contamination itself is also likely to
be important. Additionally, for crops growing close to the ground (such as lettuce or
strawberries), the potential for splash-up from contaminated soil may also be impor-
tant. It should be noted that the majority of stomata are on the abaxial side of leaves,
and as this is the side that is most likely to become contaminated during splash-up
this can be of relevance; studies have demonstrated that Cryptosporidium oocysts
may become internalised through such pores on spinach leaves (Macarisin et al.
2010a), and this protects the oocysts from environmental degradation and also from
removal by washing.

Contamination of crops with Cryptosporidium oocysts may occur during irriga-
tion, but should also be considered during intense rain. The potential for contamina-
tion of crops during, for example, flooding of fields during extreme weather events
is one aspect of climate change that is beginning to be explored in research projects
and also as a result of specific events (e.g. Casteel et al. 2006). However, the effect
of extreme weather events on contamination of the drinking water supply with
pathogens, including Cryptosporidium, is presently of greater focus (Cann et al.
2013) than contamination of produce during or following extreme weather events;
data from Germany indicate that Cryptosporidium levels tend to rise, often signifi-
cantly, during specific weather events (Kistemann et al. 2002). A small-scale study
of irrigation water in Norway demonstrated a higher level of contamination with
Cryptosporidium oocysts after rainfall (Paruch et al. submitted).

In another study from Norway, samples from a river used for irrigation of lettuces
were found to contain Cryptosporidium oocysts, with 5 out of 11 samples analysed
positive (Robertson and Gjerde 2001b). However, the concentrations of oocysts
were low (maximum of 2 oocysts per 10 L) and oocysts were not detected on let-
tuces from this location that were analysed for contamination. However, a survey
from Spain (Amords et al. 2010) that investigated both water samples from an irri-
gation canal and crops being irrigated with that water found high concentrations of
Cryptosporidium oocysts (around 50 oocysts per litre) and also contamination of the
vegetable crops irrigated with that water. These high concentrations of oocysts in
irrigation water probably reflect inputs into the water; in this case the irrigation
canal was known to receive wastewater. Another study investigating irrigation water
in Spain (Gracenea et al. 2011) also reported a high prevalence of Cryptosporidium,
with over 18 % of the 54 samples analysed containing Cryptosporidium oocysts,
and with concentrations ranging between 3 and 82 oocysts per litre; both runoff
from fields with animals and wastewater discharges into rivers feeding the irrigation
channels were considered as potential sources of contamination.

A survey of irrigation waters at 3 sites, where fruit and vegetable crops were
produced in the USA, and at 22 sites in three Central American countries demon-
strated an overall prevalence of Cryptosporidium contamination of 36 % (Thurston-
Enriquez et al. 2002). While the concentrations of Cryptosporidium oocysts detected
in irrigation waters in the USA were approximately at the same levels as that
reported from Norway low (mean of 25 cysts per 100 L), in Central America the
concentrations of oocysts detected were considerably higher, with a mean of over
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220 oocysts per 100 L, indicating not only considerable contamination of the irriga-
tion water but, more importantly, a considerable potential for contamination of
crops (Thurston-Enriquez et al. 2002). In Mexico also the levels of Cryptosporidium
oocyst contamination of irrigation waters have been shown to be high, with 48 % of
the samples of irrigation water analysed found to contain Cryptosporidium oocysts,
and with concentrations ranging from under 20 oocysts per 100 L to 200 oocysts per
100 L (Chaidez et al. 2005). Another study from a major irrigation system in
Mexico, in which 6 irrigation water samples were analysed for Cryptosporidium
oocysts, the mean concentration was 1.78 oocysts per 100 mL (maximum concen-
tration detected=5.8 oocysts per 100 mL) despite there being no direct sewage dis-
charges into the irrigation canal system, indicating that contamination was probably
from animals, weather events, or localised contamination events (Gortares-
Moroyoqui et al. 2011). A study from Tunisia investigated the occurrence of
Cryptosporidium in treated wastewater from 18 treatment plants, of which the dis-
charge from 12 of these was destined for irrigation purposes (Ben Ayed et al. 2012);
Cryptosporidium was detected in effluent from all treatment plants, but it was not
clear if the effluent would be diluted before irrigation use, and no attempt was made
to sample crops that had been irrigated with this effluent. Water spinach grown near
to wastewater discharge outlets near Phnom Penh, Cambodia, has been found to
have relatively high contamination with Cryptosporidium oocysts, being detected
on 17 % of samples at concentrations of 0.5 oocysts per gram (Vuong et al. 2007);
however, no effort was made to quantify the Cryptosporidium content of the irriga-
tion water or wastewater. The use of sewage-contaminated water for irrigation is
common practice in Egypt, and one of the main water sources used for irrigation in
Alexandria is the El Mahmoudeya canal, in which a high rate of contamination with
Cryptosporidium oocysts has been detected (El Said Said 2012). However, no direct
attempt to associate contamination of this irrigation source and contamination of
fresh produce irrigated from this source has been published to date.

A publication from a study in Thailand (Keserue et al. 2012) suggests that the
researchers were able to “track” contaminating oocysts from wastewater to irriga-
tion waters and finally to confirm the contamination of salads and water vegetables.
In this study, concentrations of Cryptosporidium in irrigation waters were around 10
oocysts per litre, and between 1 and 10 oocysts per 200 g of fresh produce (lettuce
or water spinach). The data suggest that a brief wash of the lettuce by farmers prior
to sale had only a very minor impact on removing the contamination.

Also in the fresh produce industry, low-level Cryptosporidium oocyst contami-
nation was detected in water used in beansprout production in Norway (Robertson
and Gjerde 2001b) (contamination assumed to have originated from the beansprout
seeds), while in Mexico 16 % of wash-water tank samples used in a packinghouse
were found to be contaminated with Cryprosporidium oocysts, with concentrations
exceeding 100 oocysts per 100 L for some of the samples (Chaidez et al. 2005).
Thus, spread of Cryptosporidium contamination between produce in produce wash-
ing facilities, particularly when wash water is recycled between batches, is one
potential aspect for contamination that should be considered as part of Hazard
Analysis and Critical Control Point (HACCP) routines (see Chap. 7).
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5.5.2 Depuration Water

Depuration processes are another means by which water may be used to spread
contamination from contaminated food, here shellfish, to non-contaminated food.
During depuration, harvested shellfish are placed in a controlled aquatic environ-
ment, where the intention is that any pathogens will be removed by the shellfish
purging themselves of their gastrointestinal contents, and thereby any pathogens.
The literature investigating whether depuration may result in spread of contamina-
tion with Cryptosporidium cysts, rather than reduction, is not extensive and some
studies provide contrasting results; nevertheless, the accumulated data suggest that
the depuration times for Cryptosporidium vary between shellfish, and may perhaps
result in the spread of contamination among shellfish at depuration plants (Robertson
2007; Willis et al. 2013). For example, Gémez-Bautista et al. (2000) suggested that
if a depuration process of 72 h were adopted, then mussels would be able to purge
themselves successfully of Cryptosporidium oocysts, while, in contrast, experi-
ments on depuration in a number of shellfish species (including mussels, oysters,
clams, and cockles) suggested that depuration had no effect on the occurrence of
Cryptosporidium oocysts in the molluscs (Gémez-Couso et al. 2003a; Freire-Santos
et al. 2000), and that shellfish already harbouring Cryptosporidium oocysts may
spread their contamination further to other shellfish at depuration plants (Gémez-
Couso et al. 2003b). However, as noted by Sunnotel et al. (2007), the water circu-
lated during depuration is UV-treated, and this decreases the viability of
Cryptosporidium oocysts substantially; thus oocysts that contaminate further may
not be of public health significance. It is those oocysts that are not purged, and that
remain within the original shellfish, protected from the UV irradiation, that may
pose a greater threat to the consumer.

It should be noted that as well as variation between shellfish species (e.g. Nappier
et al. (2010) noted much lower depuration rates for Cryptosporidium in different
oyster species), the success of depuration also seems to be dependent on environ-
mental conditions such as temperature and salinity (Graczyk et al. 2006). In Sumino
oysters that were experimentally exposed to Cryptosporidium oocysts, the depura-
tion rate was considered to be low (oocysts still detected in the oysters over 30 days
after inoculation of the water), with the most inefficient depuration observed in
oysters maintained in water of low or moderate salinity (Graczyk et al. 2006). As
the method used in this experiment was intended only for the detection of viable
oocysts (combined IFAT and FISH assay), it was reported that even after 4 weeks
post-exposure, viable Cryptosporidium oocysts remained in these oysters.

It is possible that if depuration water is not of an adequate standard, previously
uncontaminated shellfish may then become contaminated; in a study from Brazil,
although the shellfish investigated were not found to be harbouring Cryptosporidium
oocysts, the depuration water was found to be contaminated (Leal Diego et al. 2013).
However, the concentration of oocysts is not provided, and it is not clear if the con-
tamination of the depuration water with Cryptosporidium originated from the shell-
fish, or whether the water was already contaminated prior to contact with the shellfish
and might actually be a source of introduction of contamination to the shellfish.
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5.5.3 Wash Water

Processing procedures post-harvest of crops, or in preparation of any other food
stuff for sale, may also involve contact with water, particularly washing procedures.
Such processing procedures may also result in Cryptosporidium oocysts being
spread from contaminated food to non-contaminated food, or throughout a batch
with point contamination, or, if water is used that is already contaminated with
Cryptosporidium oocysts, then the contamination may be introduced. The extent to
which such contamination is spread, or becomes a potential risk to public health,
depends upon a variety of factors including the concentration of oocysts in the water,
their species, their viability and infectivity, the specific contact and use of the water,
and any post-contamination procedures. A study in Ireland investigated the occur-
rence of Cryptosporidium oocysts in water used to wash beef carcasses in an abat-
toir over the course of a year (Duffy et al. 2003); although carcass contamination
was not detected, the study demonstrated that Cryptosporidium spp. can enter a beef
abattoir in the water supply and is a potential source of carcass contamination.

In the extensive outbreak of waterborne cryptosporidiosis in Ostersund, Sweden,
in 2010, a manufacturer of preserved meat products became concerned that the
water used in the production process might have resulted in contamination of
the hams that were intended for consumption without further cooking. In particular
the water used for rinsing for 3—4 h prior to smoking and drying (3,300 L per pro-
duction batch, in which each batch resulted in a finished product weight of just over
1,000 kg) was considered to be a potential source of contamination, given that the
water supply was known to be contaminated and had resulted in an extensive water-
borne outbreak (Robertson and Huang 2012). However, despite the clear possibility
for contamination under these circumstances, only one putative oocyst was detected
on the meat that had been potentially exposed to contaminated water, and no ill
effect on consumers was observed; whether this is because the numbers of oocysts
in the rinse water were low, because the oocysts had failed to adhere to the hams,
because they were inactivated and disrupted during smoking and drying, or for other
reasons cannot be determined.

Another place in food production where contaminated wash water may result in
a food product being contaminated is in the cleaning of the udders of cows before
milking, as well as in the cleaning of the equipment used for milking. A study in
Colombia investigated the water used for these purposes at 20 farms and found
considerable contamination with Cryptosporidium oocysts (Rodriguez et al. 2012);
these data demonstrate that water used in many of the processes along the farm-to-
fork food production chain should be of potable quality.

5.5.4 Other Water

Dilution of juices and other beverages with contaminated water is another possible
route for food contamination and, subsequently, transmission (Friedman et al. 1997).
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In the fruit juices that were reported to be contaminated with Cryptosporidium
oocysts in Egypt (Mossallam 2010), the author speculates that the source of the juice
contamination may be the water that was added to the juices, rather than the fruit
used for making the juice. This speculation arose because the juice that was subject
to the least dilution with water (orange juice) had the lowest number of positive
samples. However, water that was used for dilution of the juice was not investigated
for contamination and insufficient data are provided to reach a definitive conclusion.
In the Thai frozen food industry, the potential for contamination of food with proto-
zoa, including Cryptosporidium, via the use of contaminated water has been investi-
gated (Sutthikornchai et al. 2005); although treated water was not found to be
contaminated, 35 % of untreated water samples contained Cryptosporidium oocysts,
demonstrating the importance of using water of potable quality in the food industry.

Further research on the potential for water to act as a source of contamination of
food is lacking. It might be noted that in major waterborne outbreaks of cryptospo-
ridiosis, contamination of food by use of the contaminated water in the food indus-
try, has not, to date, been proven to be problematic. However, it is possible that
infections may not be traced against a background of elevated infection. Also, in
industrialised countries at least, food industries often have their own barriers in
place (for example, in-line UV disinfection) to ensure that potentially contaminated
water does not come into contact with vulnerable processes within the industry
should municipal treatment fail or be inadequate.



Chapter 6
Inactivation or Decontamination Procedures

Cryptosporidium oocysts are known to be extremely robust. They can survive for
extended periods in the damp, cool conditions in which fresh produce or shellfish
(likely vehicles for the transmission of Cryptosporidium oocysts) are generally
stored, and can also survive harsher conditions such as contact with chlorine.
However, they are susceptible to desiccation, heating and freeze-thawing, as well as
some types of irradiation, including ultra-violet, and some chemical treatments.
This resilience of Cryptosporidium oocysts to environmental pressures means that
for food products that are intended for eating with minimal processing (no cooking)
in order to retain their sensory qualities, such as taste and texture, inactivation or
decontamination is probably the wrong approach; it is preferable to avoid the origi-
nal contamination.

As Cryptosporidium oocysts as contaminants of food products must necessarily
originate from either a human or animal source, the most effective means of control-
ling such contamination from occurring on fresh produce is application of Good
Agricultural Practice (GAP) during primary production, Good Manufacturing
Practice during processing and Good Hygienic Practice before consumption
(Dawson 2005). GAP includes using clean water for irrigation, fertiliser/pesticide
application and washing, ensuring that domestic animals do not graze or contami-
nate horticultural areas, and taking precautions to ensure that wild animals do not
have access to these growing areas. As well as domestic animals, especially cattle
and sheep, being well known as bearers of Cryprosporidium infection,
Cryptosporidium oocysts have also been detected in the faeces of wild animals with
access to rivers bordering agricultural areas and could pose a potential threat to
human health via crop contamination (Castro-Hermida et al. 2011).

Pretreatments of wastewater prior to use for irrigation may reduce the quantity of
viable pathogens, including Cryptosporidium oocysts, which might otherwise con-
taminate fresh produce; potentially suitable treatments for wastewater disinfection
that may decrease the viability of oocyst include UV irradiation and ozone-treatment
(Kalisvaart 2004; Orta de Veldsquez et al. 2006). Membrane ultrafiltration using a
submerged hollow-fibre system has also been demonstrated to be suitable for
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treating wastewater prior to using it for irrigation in order to remove protozoa,
including Cryptosporidium (Lonigro et al. 2006).

During processing procedures (e.g. washing, chopping, packaging), water of
potable standard should also be used (Sutthikornchai et al. 2005), and if the wash-
water is reused then the disinfection procedures should be effective at inactivating
Cryptosporidium oocysts, as well as less resilient bacterial contaminants. It should
be noted that the organic load in wash-water becomes very high (Rosenblum et al.
2012), and thus disinfectant doses that may inactivate Cryptosporidium oocysts in
clean water may be less effective in wash-water. It should also be noted that washing
procedures in themselves may be inefficient at removing Cryptosporidium oocysts
from fresh produce; studies have demonstrated that oocysts may internalise them-
selves in the stomata of leafy vegetables such as spinach (Macarisin et al. 2010a),
and that they may attach themselves in crevases in the surfaces of fresh produce. In
addition, they have been shown to adhere strongly onto the surfaces of leaves or
fruit skins (Macarisin et al. 2010b).

If contamination cannot be avoided, and elimination by washing or other proce-
dures is inefficient, then inactivation is an additional approach for ensuring the
microbiological safety of food. Due to the association of cryptosporidiosis with
waterborne transmission, and the relatively high frequency of communitywide
waterborne outbreaks, the bulk of research concerned with inactivation of
Cryptosporidium oocysts has been concerned with approaches suitable for the water
industry, and the supply of potable, microbiologically safe drinking water. However,
survival of contaminating oocysts on different food products, and possible approaches
to inactivation, has also been explored in a number of studies (see summary of some
studies in Table 6.1, with greater detail provided in the following text).

When investigating the efficacy of inactivation methods on Cryptosporidium, it
is important to have a satisfactory method by which the viability, infectivity and
die-off of the oocysts can be determined (Robertson and Gjerde 2007); it is impor-
tant to be aware that differences in reported inactivation rates for particular stresses
could be merely artefacts associated with the different methods used by different
researchers rather than actual variations in effect on the parasites themselves (King
and Monis 2007). Unlike for bacteria, the cultivation of Cryptosporidium in vitro is
complicated; although oocysts can be hatched satisfactorily in vitro, and live sporo-
zoites seen by microscopy, this does not determine whether the sporozoites are able
to invade and establish in cells. Determining infectivity using animal models (for
example, mice) is possible and is considered the gold standard, but, aside from ethi-
cal issues, this method is expensive, labour-intensive and time-consuming, and not
all species of Cryptosporidium (including C. hominis) are infective to mice. Cell
culture methods are considered practically as good as mouse infectivity models for
determining the infectivity of C. parvum (Rochelle et al. 2002; Garvey et al. 2010),
incorporating both oocyst viability and sporozoite infectivity, with excystation in
vitro followed by invasion of cultured cell monolayers. Furthermore, unlike mouse
infection models, cell culture methods are also applicable to C. hominis. However,
high levels of variability suggest that only relatively large differences in infectivity
can be safely discerned by using cell culture methods.
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Various methods have been used for discerning infection of cell culture mono-
layers, including IFAT, PCR targeting Cryptosporidium sp.-specific DNA and
reverse transcriptase PCR (RT-PCR); although the PCR assay has been demon-
strated to have the highest sensitivity, it also produces most false positives with
mock-infected cells and inactivated oocysts, while IFAT tends not to result in false
positives and is therefore considered most suitable for routine and sensitive detec-
tion (Johnson et al. 2012).

The use of fluorescent in situ hybridisation (FISH) has been quite widely used
for determining viability of Cryptosporidium oocysts, particularly in shellfish, and
thus may have application in determining the efficacy of disinfection methods at
inactivating them. However, this method, which is based upon the theory that there
is rapid rRNA breakdown following cell death and thus that probes targeting spe-
cific rRNA sequences should label only potentially infective or recently inactivated
oocysts, has provided some confusing results; comparative experiments demon-
strated only modest agreement of FISH with infectivity and cell culture assays
(Jenkins et al. 2003), and gamma-irradiated (dead) oocysts have been reported to
give high FISH signals (Robertson and Gjerde 2007).

A more promising method for assessing Cryptosporidium oocyst viability, and
thus for evaluating the effects of disinfection procedures, involves the detection of
mRNA transcripts found only in viable oocysts; targets used include mRNA tran-
scripts from heat shock protein synthesis, fB-tubulin and amyloglucosidase
(Robertson and Gjerde 2007). However, the use of these methods for assessing die-
off of Cryptosporidium oocysts in food products is lacking.

At a more basic level, evaluation of morphological criteria (as observed by
microscopy, preferably with DIC optics) along with inclusion or exclusion vital
dyes provides an estimate of oocyst viability, but such methods are probably too
imprecise for providing an industry standard and also frequently overestimate via-
bility, and thus underestimate the efficacy of a treatment that is being investigated
(Erickson and Ortega 2006).

Thus, in comparing investigations of potential treatments for inactivating
Cryptosporidium oocysts on food, conducted by different research groups, using
different isolates, sometimes different species, of Cryptosporidium, and employing
different methods for assessing viability, these potential confounders must also be
considered (Dawson et al. 2004).

During many food manufacturing processes, elimination or inactivation of
microbial pathogens on foods is achieved by a variety of methods, including (most
commonly) heat and chemical disinfection, and also irradiation or high pressure.
Although the most commonly used sanitizer is traditionally chlorine (usually
applied in the form of hypochlorous acid (HOCI), which is considered to be most
effective), human health and environmental concerns (production of potentially car-
cinogenic by-products such as trihalomethanes and haloacetic acids and generation
of wastewater with high levels of biological oxygen demand) have led some
European authorities to prohibit the use of chlorine in organic produce washing. For
example, several European countries, including Germany, Denmark, Holland and
France, have banned the use of chlorine in washing organic produce, and
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alternatives, such as ozonisation or neutral electrolysed water, have been explored
(Rosenblum et al. 2012; Abadias et al. 2008). Nevertheless, chlorination remains
the most commonly used commercial sanitising agent, with concentrations used for
food application ranging from 50 to 200 ppm. For fresh produce, the most common
application is 100 ppm hypochlorite; at pH 6.8-7.1, this dose yields 3040 ppm free
chlorine, depending upon organic load, for a contact time of 2 min at 4 °C. Although
exposure of Cryptosporidium oocysts to 1.3 ppm of chlorine dioxide yielded 90 %
inactivation after 1 h, while 80 ppm of chlorine and 80 ppm of monochloramine
required approximately 90 min for 90 % inactivation (Korich et al. 1990), the effi-
cacy of standard chlorination at inactivating Cryptosporidium oocysts on fresh pro-
duce is dependent on a range of factors, including contact time. In particular, for
some more delicate produce, such as soft fruit (e.g. strawberries and raspberries), a
quick spray with, or a brief (10 s) immersion in, 15-20 ppm free chlorine is used—
depending on a range of factors, this may provide insufficient contact time for effec-
tive inactivation of Cryptosporidium oocysts. A challenge test in which strips of
green pepper inoculated with C. parvum oocysts were exposed to chlorination
regimes (100 and 200 ppm) for 40 s and using vital dye (propidium iodide) inclu-
sion as a measure of viability (Duhain et al. 2012) demonstrated negligible effect on
oocyst viability. Other treatments investigated in this study included blanching
(immersion in water at 96 °C for 3 min, then cooling for 3 min), blast freezing
(=20 °C for 3 min, then thawing at 4 °C for 3 min), microwave heating in a domestic
microwave oven (850 W, 2,450 MHz for 5 min) and combinations of chlorination
with blast freezing and microwave treatment (Duhain et al. 2012). These studies
demonstrated that although blanching was effective at killing oocysts, blast freezing
was not, and it was not improved by an initial chlorination step. However, micro-
wave treatment was effective, and its efficacy was improved by a chlorination step.
Microwave treatment of Cryptosporidium oocysts for as little as 20 s (with tempera-
tures reaching a minimum of 80 °C) has previously been demonstrated to inactivate
C. parvum oocysts, with lack of viability demonstrated both by vital dye inclusion
and exclusion and also neonate animal infectivity assay (Ortega and Liao 2006).
The efficacy of sodium dichloroisocyanurate (NaDCC) at inactivating various
intestinal protozoa, including Cryptosporidium oocysts, on raw vegetables and
fruits has been investigated (El Zawawy et al. 2010). Although NaDCC was more
effective against other species of protozoa (including Giardia, Entamoeba and
Microsporidia), the authors suggest that it may be suitable for use at the household
and restaurant level, as well as in catering and fresh produce industry, mentioning
its convenience in dry tablet format, and also its cheapness. Other disinfectants that
may be appropriate for inactivating Cryptosporidium oocysts contaminating fresh
produce and have been investigated experimentally include gaseous chlorine diox-
ide (tested on oocysts inoculated onto basil and lettuce leaves) (Ortega et al. 2008),
and a combination of levulinic acid and sodium dodecyl sulphate (SDS) that was
investigated on Cryptosporidium oocysts in suspension (Ortega et al. 2011) using
cell culture to assess viability. Investigation of the latter disinfection technique was
based upon the over 6 log reduction of bacterial pathogens (Salmonella and E. coli
O157) on lettuce (Zhao et al. 2009). Although chlorine dioxide affected the viability
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of Cryptosporidium, as determined by cell culture methods (Ortega et al. 2008),
levulinic acid with SDS had no effect, even at the highest concentrations used and
with exposure up to 2 h (Ortega et al. 2011). The authors point out that this is unfor-
tunate, as due to its non-toxic nature this disinfectant regime would have been ideal
for use in the food industry. Other technologies that may be useful for using in the
fresh produce industry for inactivating Cryptosporidium cysts include irradiation
(UV, cobalt-60), high pressure processing, and ozonisation. It should be noted that
the use of sequential inactivation treatments might optimise existing treatments
through synergistic effects (Erickson and Ortega 2006).

The associations of cryptosporidiosis outbreaks with drinks, particularly apple
cider and milk, mean that there has been some investigations on appropriate disinfec-
tion approaches for beverages, particularly as one of the apple cider associated with
one of the outbreaks had been treated with ozone (Blackburn et al. 2006). One study
(using vital dyes for assessing oocyst viability) demonstrated that Cryptosporidium
does not survive well in carbonated drinks (Friedman et al. 1997). Loss of viability
was also recorded in beer (three types, one without alcohol), and this was considered
to be due to a low pH, and pH was also thought to contribute to the loss of viability
in carbonated drinks. However, over 50 % of oocysts were considered to survive in
orange juice, which was of a similarly low pH (Friedman et al. 1997). Lack of sur-
vival of Cryptosporidium oocysts in juices with low pH (orange juice and lemon
juice) has also been reported in a study from Egypt (Mossallam 2010).

Although standard pasteurisation of milk is known to eliminate many microbial
pathogens, and outbreaks of cryptosporidiosis associated with milk tend to be asso-
ciated with raw milk or other dairy products, a formal study investigating whether
high-temperature-short-time (HTST) pasteurisation abrogates the infectivity of C.
parvum oocysts has also been conducted (Harp et al. 1996). Mouse infection assays
were used to demonstrate that HTST (71.7 °C for 5, 10 or 15 s) successfully inacti-
vated the oocysts. Further studies have also been conducted on other dairy products,
including yogurt and ice cream (Deng and Cliver 1999), using vital dye exclusion to
investigate viability of Cryptosporidium parvum included in their production with
the milk. These studies demonstrated that viable oocysts in milk were not inactivated
by the fermentation process used for yogurt making; however, the mixing and freez-
ing process apparently resulted in complete loss of viability (Deng and Cliver 1999).

The spate of outbreaks of cryptosporidiosis associated with apple cider between
1993 and 2003 (see Table 3.1) resulted in several studies of methods for inactivating
Cryptosporidium oocysts in this beverage, and other fruit juices. Methods investi-
gated include high hydrostatic pressure (Slifko et al. 2000), flash pasteurisation
(Deng and Cliver 2001), UV irradiation (Hanes et al. 2002), and organic acids com-
bined with hydrogen peroxide (Kniel et al. 2003). All the methods were found to be
effective, and further investigations on the probable inactivation route of the last
method were investigated in further studies (Kniel et al. 2004). Either sulphydryl
oxidation of proteins on oocyst surfaces or oxidation of cysteine proteases required
for oocyst wall strength were suggested as possible mechanisms by which hydrogen
peroxide may have a negative impact on oocyst viability.


http://dx.doi.org/10.1007/978-1-4614-9378-5_3#Tab1_3

6 Inactivation or Decontamination Procedures 63

Despite the lack of outbreaks of cryptosporidiosis associated with consumption
of shellfish, the relatively common occurrence of Cryptosporidium oocysts in shell-
fish destined for human consumption, along with the fact that shellfish are frequently
consumed raw or very lightly cooked, has resulted in some research on inactivation
of Cryptosporidium in shellfish. Experimental studies have demonstrated that
although a proportion of oocysts dies immediately after being ingested by shellfish
(within the first 4 days), a considerable proportion remain viable and infective for a
prolonged period (Tamburrini and Pozio 1999; Freire-Santos et al. 2001, 2002).

Prior to harvesting, use of UV depuration while oysters were held in industrial-
scale depuration tanks has been reported to reduce the viability of experimentally
added oocysts (Sunnotel et al. 2007); however, low numbers of viable oocysts were
recovered from the shellfish, indicating that the parasites still represented a risk to
public health. Another study that investigated the use of UV depuration, according
to EU/Portuguese procedures, for cleansing a variety of species of shellfish (two
species of clam, cupped oysters, blue mussels and cockles), investigated only
removal rather than survival (da Fonseca et al. 2006). Their results demonstrated
that oocysts can persist in bivalves after 24 h of treatment.

Post-harvesting, high pressure processing (maximum of 555 MPa for 180 s) had
a significant effect on mouse infectivity of Cryptosporidium, although some mice (4
out of 20 at maximum dose) still became infected, and a small effect on the colour of
the oyster meat (Collins et al. 2005a). Similarly, e-beam irradiation and microwave
energy has been investigated as a means of inactivating Cryptosporidium oocysts in
oysters (Collins et al. 2005b). Although a dose of 2 kGy completely eliminated C.
parvum infectivity, as demonstrated by mouse infectivity, and without affecting the
visual appearance of the oysters, microwave energy exposure (maximum of 62.5 °C
for 3 s) not only was ineffective at abrogating infectivity of the oocysts but also
resulted in significant alterations in the texture and colour of the oyster meat. It is
worth also noting that at the preparation and consumer point, steaming of mussels
experimentally contaminated with Cryprosporidium oocysts was found to be ineffec-
tive at killing them, as demonstrated by mouse infectivity assays; only mussels that
had been steamed until their shells opened were used in this study (Gémez-Couso
et al. 2006b).

Although only one small outbreak of cryptosporidiosis has been associated with
meat (Yoshida et al. 2007; see Table 3.1), some experiments have been conducted to
investigate the effects of standard beef preparation processes following slaughter on
the viability of Cryprosporidium oocysts. As Cryptosporidium infections are rela-
tively common in cattle, it is possible that contamination of meat with oocysts may
occur at the slaughterhouse. Commercial blast freezing and tempering processes
were demonstrated to have a significant effect on oocyst viability (McEvoy et al.
2004), and oocysts were entirely inactivated by standard thermal treatments, includ-
ing washing with hot water (Moriarty et al. 2005).
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Chapter 7
Risk Assessment and Regulations

The principal legislation that is in place to control the spread of pathogens such as
Cryptosporidium, and similar protozoan parasites such as Giardia, in food within the
manufacturing, processing, distribution, catering and retail sectors includes local
Food Safety Acts or Regulations. The international impact of such Acts or Regulations
is generally insignificant, as they tend to be directed towards specific local problems.
The emergence of novel foodborne pathogens provides a challenge to such regula-
tions. Nevertheless, the foremost food safety management system for many years
(originally devised to ensure that the foods consumed by astronauts were safe) has
been Hazard Analysis and Critical Control Point (HACCP), supported by Good
Hygienic Practice (GHP) and Good Manufacturing Practice (GMP). The intention of
HACKCEP is to provide a systematic, cost-effective and efficacious approach for risk
management and prevention; HACCP is of international application.

In addition, responsible authorities set public health targets that must be included
by those involved in the provision of food. For example, the World Trade
Organization introduced the concept of appropriate level of protection (ALOP) as a
public health target, and other concepts have been introduced to enable these targets
to be translated into meaningful, tangible objectives for the food industry. Among
these concepts are the following: Food Safety Objectives (FSOs), Performance
Objectives (POs) and Performance Criteria (PC), which were proposed by the
International Commission on Microbiological Specifications for Foods (ICMSF)
and adopted by the Codex Alimentarius Food Hygiene Committee. How these FSOs
can be extrapolated from or to ALOPs has yet to be established, but it is envisated
that FSOs will provide a functional link between risk assessment (RA) and risk
management, with HACCP acknowledged to be the principle tool available for use
in the food industry.

While HACCP enables food producers to identify hazards and measures for their
control, and the determination of critical control points (CCP) along the farm/fjgrd-
to-fork continuum, it differs from risk assessment. Risk assessment, comprising
hazard identification, hazard characterisation, exposure assessment and risk charac-
terisation, is a complementary tool to HACCP. HACCP enables consideration of

L.J. Robertson, Cryptosporidium as a Foodborne Pathogen, SpringerBriefs in Food, 65
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multiple hazards for a single product in a particular facility, while risk assessment
traditionally focuses on single pathogen—food combinations. Nevertheless, despite
this difference in emphasis, for both HACCP and risk assessment, the key objective is
risk mitigation. The HACCP system is based on seven principles, each of which has
a specific aim or seeks to answer a key question (see Robertson et al. 2014):

e Hazard analysis (key aim and/or questions: what are the food safety hazards?
how can they be prevented?)

e Identification of CCP (key aim and/or questions: at which points in the food
chain can controls be applied resulting in the prevention, elimination or reduc-
tion of hazards to an acceptable level?)

» Specification of criteria to ensure control (key aim and/or questions: what levels
of the hazard are acceptable in the food products? how can these levels be deter-
mined and identified?)

*  Monitoring of critical CCP (key aim and/or questions: establishment of a system
by which CCP can be monitored; what is the frequency and method for each
monitoring procedure?)

* Implementation of corrective action whenever monitoring indicates that criteria
are not being met (key aim and/or questions: establishment of appropriate cor-
rective actions when a CCP is not under control; which corrective actions should
be implemented if a critical limit is exceeded?)

» Validation and verification that the system is functioning as planned (key aim
and/or questions: establishment of procedures for verification to confirm that
HACCP is working effectively)

e Documentation for all procedures and records appropriate to these principles and
their applications (key aim and/or questions: maintenance of HACCP plans;
documentation of monitoring; documentation of verification activities and han-
dling of processing deviations)

These principles have similarities, and differences, to the four established stages
in risk assessment:

* Hazard identification: identification of agents that may cause adverse health
effects and that may be occurring in a particular food or food group.

* Exposure assessment: qualitative and/or quantitative evaluation of the likely intake
of the relevant agents via food (also exposures from other sources if relevant).

e Hazard characterisation: qualitative and/or quantitative evaluation of the nature
of the adverse health effects. For microbiological risk assessment, the concerns
relate directly to microorganisms (and/or, where relevant, their toxins). Infectious
dose is also of relevance.

» Risk characterisation: qualitative and/or quantitative estimation, including atten-
dant uncertainties, of the probability of occurrence and severity of known or
potential adverse health effects in a given population based on the three previous
steps.

Quantitative microbiological risk assessment (QMRA) is based on risk assess-
ment, but has the fundamental aims of protecting consumers from microbial risks,
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enabling decision-making on food safety issues and assisting relevant authorities to
meet public health goals by providing numerical limits and targets (within defined
ranges). By focussing on risks that are associated with single hazards and product
groups, it is possible to identify products of greatest concern to public health and
those aspects of their processing, handling and supply that are likely to have most
impact on risk. Thus, there is a clear overlap with, and support for, HACCP. While
risk assessment in general, and QMRA in particular, can enhance HACCP by aiding
in the identification of ‘design’ CCPs, detailed considerations of specific facilities
or locations are not a part of risk assessments with a more general basis.

QMRAs are very data demanding, and, for protozoan parasites including
Cryptosporidium, obtaining the data that are necessary to develop a robust QMRA is
challenging. However, by reviewing the available published data and assessing it
critically, it is possible to identify the gaps that must be filled before the QMRA can
be conducted. Data can be acquired from a range of different sources, including
retrieval from publications, by expert elicitations, by conducting relevant studies or
by developing models. More recently developed QMRAs tend to be stochastic in
nature, with probability distributions replacing single values, thereby providing a
more accurate reflection of the uncertainty associated with inputs and derived param-
eters. It is obvious that as the relevance and accuracy of the data fed into a QMRA
increase, the uncertainty in the risk estimates decreases correspondingly, and thus,
the guidance derived is more useful for decision-making. Documentation and,
thereby, transparency are also key factors. Microbial risk assessment, particularly
with application to assessing the risk of infection from drinking water, first became
a commonly used tool around 20-30 years ago, and QMRA is frequently utilised in
the water industry, with reference to Cryptosporidium as well as other pathogens.
Within the water industry, QMRA is considered to be essential in the construction of
Water Safety Plans (e.g. Smeets et al. 2010), addressing such questions as: ‘how safe
is the water?” ‘how much does the safety vary?’ and ‘how certain is the estimated of
safety?” Acknowledgement of the importance of QMRA in providing risk managers
in water utilities with answers to such questions has led to the development of user-
friendly, online tools specifically for water industries. In such tools, the necessary
data can be loaded by an operator who has no requirement for special experience in
QMRA modelling, and a risk outcome associated with a particular pathogen, includ-
ing Cryptosporidium, for consumption of drinking water from a particular source
will be provided (Schijven et al. 2011). Such tools have not been widely imple-
mented for irrigation water, although the principle would be the same, and quantita-
tive risk assessment has been published that attempts to estimate the numbers of
people that would be affected by fresh produce irrigated with water contaminated
with protozoan parasites, including Cryptosporidium (Mota et al. 2009). In this par-
ticular study (Mota et al. 2009), input into the QMRA included the following:

e The number of Cryptosporidium oocysts per 100 L of irrigation water, with 58
surface water samples collected from widely dispersed points in one of the larg-
est horticultural production areas of Mexico, and including samples taken from
rivers, irrigation channels and drainage channels
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— Results ranged from 17 to 200 oocysts per 100 L with a geometric mean of
32.94 oocysts per 100 L.

* The recovery efficiency of the detection method
- 15 %.
* The volume of irrigation water estimated to be retained on fresh produce

— This varied according to produce type and was estimated to be 0.0036 mL/g
for tomatoes, bell peppers and cucumbers and 0.108 mL/g for lettuce (based
on data from Shuval et al. 1997).

e The daily consumption of the different produce types by an adult in the USA

— This varied according to produce type and was estimated to be 13.0 g (toma-
toes), 4.3 g (bell peppers), 3.3 g (cucumbers) and 6.2 g (lettuce) (based on
information from an online food consumption database run by the US
Department of Agriculture).

For the purposes of the QMRA, a worst-case scenario was assumed, with 100 %
transfer of the Cryptosporidium oocysts from the irrigation water to the produce,
and all the oocysts being infectious to humans. Use of a ‘worst-case scenario’ in
such risk assessments, assuming, for example, raw consumption of produce, or
overhead irrigation, is not unusual, particularly when data are limited (Hamilton
et al. 2006b). From this input, the estimated annual risks of infection (assuming 120
days exposure per year) with the Cryptosporidium oocysts on the produce were
found to range from 9.0 x 1075, associated with bell peppers contaminated via irriga-
tion water with the lowest concentration of Cryptosporidium oocysts (17 oocysts
per 100 L), up to 4.48x 1073, associated with lettuce contaminated via irrigation
water with the highest concentration of Cryptosporidium oocysts (200 oocysts per
100 L) (Mota et al. 2009).

Despite limitations within a process such as this, and the requirement for making
unsubstantiated assumptions, it nevertheless provides data that are useful for con-
sidering appropriate mitigation strategies/intervention practices or guidelines for
pathogen reduction requirements. Other QMRAs have looked at specific processes.
For example, the use of wastewater or sewage sludge, including for fertilising veg-
etable crops, and the potential for spread of pathogens, including Cryptosporidium,
has been considered using QMRA and HACCP (Westrell et al. 2004), with the
worst-case situation with the largest number of infections considered to arise when
vegetables are fertilised with sludge and eaten raw (as this is illegal in Sweden,
where the study was conducted, this is an improbable scenario, but may very well
be probable in other countries).

In another study, an assessment tool requiring specific information on weather,
topography, vegetation, land management practices, etc. was used to investigate
those activities that regulate the risk of surface water contamination (potentially
used for irrigation water) with Cryptosporidium oocysts from agricultural areas at
two sites in Ireland (Tang et al. 2011). A sensitivity analysis used in this study sug-
gested that temperature was the most important variable regulating oocyst transport
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into study catchments and that the timing of manure application with respect to
water runoff events was critical (Tang et al. 2011). Interestingly, the data indicated
that while grazing management had little influence on predicted oocyst transport,
fields that were fertilised with manure were critical sources for contamination in the
catchments being studied. In this context, it should also be noted that in a study in
which the die off of Cryptosporidium oocysts in farmyard manure and slurries
spread over pasture was investigated, a 1 log reduction was only achieved after 8-31
days, with viability assessed using vital dye exclusion (Hutchison et al. 2005).

Another QMRA sought to investigate the risk of infection from root crops grown
on land to which treated sewage sludge had been applied according to UK regula-
tions (Gale 2005). In this QMRA, event trees were used to model partitioning of
pathogens from raw sewage to sewage sludge using published data, then to incorpo-
rate factors such as decay in soil, dilution in soil, remaining in soil at harvest
(assumed that root crops comprise 2 % soil (by weight) at harvest) and removal
during washing. These data, which assumed a linear decay rate in soil, indicated
that a 12-month harvest interval (period of 12 months between application of sew-
age sludge to soil and harvesting of the crop) resulted in a prediction of a single
infection with C. parvum in the UK, via this infection route, every 45 years (Gale
2005). The authors conclude that the risk to humans from consumption of vegetable
crops is remote and that any lapses in operational efficiency of sludge treatment
would be compensated for by the stipulated harvest intervals. It should be noted that
while root crops have not yet been associated with Cryptosporidium infections, this
study does not apply to leaf crops or fruits.

In such QMRAs that seek to address a specific question, it is possible that some
contamination routes may be overlooked; thus, it is important that for any particular
food item, the assessor has a clear overview of potential routes of contamination, or
how, for Cryptosporidium, oocysts might come into contact with the specific food.
This is often illustrated via a flow diagram (see, e.g. Moore et al. (2007) for a figure
illustrating possible route of entry and control of Cryptosporidium in the production
of lettuce). More all-purpose diagrams, directed to a range of food products, are pro-
vided in other articles (e.g. Budu-Amoako et al. 2011; Robertson and Chalmers 2013).

In a review of foodborne illness associated with Cryprosporidium and Giardia
from livestock, Budu-Amoako et al. (2011) listed a range of interventions and miti-
gation strategies to reduce the contamination of fresh produce. These include the
following: on-farm interventions (GAP) to minimise infection in animals and fur-
ther transmission of infection, watershed interventions to reduce contamination of
water sources from parasites excreted from infected animals (GAP) and food pro-
cessing plant interventions to prevent food contamination (GHP and GMP), with
emphasis on the application of HACCP. The authors emphasise the importance of
prevention of environmental contamination, particularly water sources, and men-
tion the use of artificial drains and buffer strips as possible interventions to limit
such contamination and also note the importance of proper treatment and manage-
ment of manure. However, there is limited emphasis on mixed farms, where animals
and food crops may both be raised, and the importance of ensuring that sufficient
barriers are kept between the two types of agricultural commodities, both spatially
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and temporally, such that transfer from animals to plants via equipment or human
transfer is minimised by ensuring that specific interventions (such as use of protec-
tive clothing or dedicated equipment) are instigated and followed. Various outbreaks
of cryptosporidiosis, both foodborne (e.g. Collier et al. 2011; see table 2) and prob-
ably direct (Silverlés et al. 2012), demonstrate the importance of on-farm hygiene
regarding transfer of Cryptosporidium oocysts from animal excretion to human
ingestion.



Chapter 8
Future Challenges

Although we continually acquire more information and improve those technologies
that can be used to combat foodborne transmission of cryptosporidiosis, a changing
globe poses new challenges. Improved refrigeration for transport of fresh produce
means that we now import or export our food as never before, producing compli-
cated trade routes, more handling and greater possibilities for contamination, as
well as potential difficulties for trace-back should contamination events occur; glo-
balisation of foodborne parasites, including Cryptosporidium, has been a subject of
increasing concern (Robertson et al. 2014). While improved food traceability sys-
tems have the potential to be used for some produce (e.g. radio-frequency identifica-
tion; Kumar et al. 2009), the application of such technologies for third countries and
small-scale producers is challenging and implementation will probably be driven by
the perceived cost—benefits as well as by consumer demand (Robertson and
Chalmers 2013). Globalisation applies not only to food products but also to the
people who handle food along the farm-to-fork continuum and to the people who
consume products—travel and tourism continue to flourish despite global economic
downturns—and seasonal tasks, such as crop picking, often involve the use of an
itinerant workforce. People travel with their intestinal parasites, and if the possibil-
ity arises for contamination of food products, then other people, perhaps in other-
wise naive populations, may also become exposed.

Globalisation may also be considered to apply to human behaviours and habits,
and this may be important with respect to foodborne transmission of a range of
parasites, including Cryptosporidium (Robertson et al. 2014). This can include
trends in which efforts are made to increase the consumption of vegetables by chil-
dren in order to attempt to combat increases in chronic diseases such as cardiovas-
cular complaints (e.g. Wolfenden et al. 2012); trends of eating more ‘exotic’ fruits
and vegetables, often imported to industrialised nations from countries where con-
tamination may be more likely to occur due to infrastructure problems, as well as a
higher endemicity of infection in the local population (Unnevehr 2000); and trends
of urban fast-food cafes including salads as part of their menus in areas of the world
where fresh, uncooked vegetables are not part of the normal diet (Amoah et al. 2007).
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Furthermore, the rise of interest in organic farming globally may have an impact on
foodborne transmission of Cryptosporidium; although perceived as healthier and
safer, particularly with respect to agrochemical residues, relevant scientific evidence
is scarce and the available evidence regarding contamination with microbial patho-
gens is so limited that it is not possible to make generalised statements (Magkos et al.
2006). While the absence of data means that it is impossible to weigh the risks, it is
obvious that ‘organic’ does not automatically equal ‘safe’. However, globalisation
need not be all bad; by facilitating the international sharing of methods and informa-
tion, globalisation might also provide approaches for controlling the entry of para-
sites, such as Cryptosporidium, into the global food chain (Robertson et al. 2014).

Climate change is another global challenge that may impact on the foodborne
transmission of microbial pathogens, including Cryptosporidium (Miraglia et al.
2009). In general, climate change models predict higher temperatures, heat waves,
excessive precipitation, storm surges, droughts and floods, many of which are likely
to affect the exposure pathways of food products to contamination. In order to
address this challenge, a computational tool has been developed (Schijven et al.
2013) for estimating climate change-associated relative infection risks for different
pathogens, including Cryptosporidium. The intention is that by inputting location-
specific data under current and projected climate change conditions, the tool can be
used to guide intervention strategies to limit or reduce the risk of infection (Schijven
et al. 2013).

Human population factors may also present a challenge with respect to crypto-
sporidiosis. An increasing population of elderly people or patients with immuno-
suppressive diseases may result in populations that are more susceptible to foodborne
cryptosporidiosis and have more severe symptoms when infected (Nufiez and
Robertson 2012). In addition, as human populations expand, greater intrusions and
interactions occur between wildlife, domestic animals and people; it is at such inter-
faces that new strains with different host specificities, pathogenicities and sensitivi-
ties might arise, and that may pose a greater threat to foodborne transmission.



Chapter 9
Conclusions

Cryptosporidium is often considered as a parasitic infection of relatively minor
severity, usually associated with low mortality and morbidity, and generally self-
resolving. However, clinical cryptosporidiosis in some populations nevertheless is
also associated with prolonged and unpleasant symptoms, which may, in specific
populations or circumstances, result in, or contribute to, death. This is particularly
because of the lack of effective treatments. The recent identification of
Cryptosporidium as being one of the four main aetiological agents that are associ-
ated with serious childhood diarrhoea in developing countries is particularly impor-
tant (Kotloff et al. 2013). In developed countries, foodborne cryptosporidiosis can
still have a major impact, particularly in outbreak situations; a study from the USA
that sought to estimate the number of episodes of foodborne illness, hospitalisations
and deaths caused by specific pathogens (Scallan et al. 2011) calculated that, based
on the US population in 2006 (299 million persons), the estimated annual number
of episodes of domestically acquired foodborne cryptosporidiosis was over 57,000
(with 90 % credible interval (CrI) of 12,060-166,771), while the estimated mean
annual number of hospitalisations and deaths due to domestically acquired food-
borne cryptosporidiosis were 210 (90 % CrI 58-518) and 4 (90 % CrI 0-19), respec-
tively (Scallan et al. 2011). An earlier study from the UK (Adak et al. 2002) provides
similar estimates and suggests that in 1995, there would have been over 2000 cases
of indigenous foodborne cryptosporidiosis, 42 hospital admissions and 4 deaths due
to Cryptosporidium parvum infection in England and Wales, while in 2000, the
corresponding data were estimated to be again over 2000 cases and 39 hospital
admissions, but <1 death. It seems possible that in deriving these data, the potential
for foodborne cryptosporidiosis was underestimated.

In association with other insults to health, especially concomitant infections and
conditions (particularly those that affect immunocompetence), or compromised
nutritional status, the effects of cryptosporidiosis may be particularly severe.
Cryptosporidiosis may thus be considered a relatively ‘neglected disease’ (Savioli
et al. 2006), both in countries with less advanced infrastructures where it weakens
the ability to achieve full potential and impairs development and socio-economic
improvements, but also in the most wealthy countries in the world. It should not be
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forgotten that outbreaks of cryptosporidiosis continue to occur in wealthy countries
(e.g. UK, Sweden, USA) where they cause considerable discomfort to those affected
and considerable disruption to local economies. The lack of effective treatments for
the most vulnerable patient groups remains an important barrier to the control of
this infection.

Although Cryptosporidium is known as a pathogen that is transmitted via the
faecal—oral route, and it is particularly associated with waterborne transmission and
waterborne outbreaks, it is less frequently associated with food as an infection vehi-
cle. Nevertheless, many foodborne outbreaks have been documented, and the poten-
tial for foodborne infection is evident; the transmission stage is extremely resilient
to environmental pressures, the infectious dose is low and Cryptosporidium oocysts
are excreted in enormous quantities by infected hosts. Thus, one probable reason
that infections with Cryptosporidium are relatively infrequently recognised as food-
borne is not because foodborne transmission occurs seldom, but because clinical,
diagnostic and epidemiological barriers hamper the ease of making the correct
associations; the symptoms may start several days after the implicated food has
been eaten, the clinician may fail to request the appropriate samples or request the
appropriate tests, the diagnostician may fail to make the correct diagnosis and the
resultant period between consumption of contaminated food and the diagnosis of
cryptosporidiosis frustrates epidemiological investigation. Therefore, foodborne
cryptosporidiosis probably occurs considerably more often than would be expected
by direct extrapolation from the cases reported in the literature.

How food becomes contaminated, which food products are most likely to be
contaminated and how Cryprosporidium oocysts that have contaminated food can
be removed and/or inactivated are all questions about which the data available are
relatively limited. Nevertheless, several surveys have been conducted, and these
indicate that fresh produce (in particular), beverages, shellfish and possibly meat
can act as potential food vehicles for transmission. These data, along with several
outbreaks, have been driving forces for developing a standardised method for exam-
ination of food (especially fresh produce—Ileafy greens and small red fruit) for con-
tamination with Cryptosporidium oocysts, and an ISO Method, based on elution,
concentration, isolation and detection, is under development (registered in the ISO/
TC34/SC9 work program with the number ISO 18744). The use of molecular meth-
ods to determine the species and subtype of Cryptosporidium oocysts that have been
detected can be added on to the method subsequently.

While the information that is obtained using such methods is valuable for increas-
ing our understanding of foodborne transmission of cryptosporidiosis, there are also
obvious gaps in our knowledge. These include not only our understanding of the
difficulty of treating cryptosporidiosis—but also we require better methods for eval-
uating the viability and infectivity of small numbers of oocysts, and understanding
why they are tenacious at attaching to different product types, and thereby develop-
ing appropriate methods for removal or inactivation of Cryptosporidium oocysts
along the farm to fork continuum. In the absence of effective methods, the rigorous
use of HACCP and risk analysis in order to reduce contamination and to optimise
the implementation of appropriate interventions that will minimise transmission
risk are very important.
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