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ABSTRACT

Cryptosporidium parvum is a major contributor to gastroenteritis in cattle and has
a significant impact on livestock health and farm productivity worldwide. As a zoonotic
parasite, it poses a public health risk and can be transmitted both directly and indirectly
to humans from livestock.

A total of 1369 faecal samples were collected from 68 dairy farms across Belgium,
Cyprus, the Czech Republic, France and the Netherlands. Following DNA extraction,
these were screened for Cryptosporidium spp. using nested-PCR amplification targeting
the 18S rRNA gene. Infecting Cryptosporidium species were accurately identified
through phylogenetic analysis of sequences. C. parvum subtypes were identified through
sequencing of the 60kDa glycoprotein (gp60) gene.

Our findings show prevalence of Cryptosporidium ranged from 23.8% to 43.8%,
across the five countries surveyed. The parasite was found in most of the farms sampled,
with 86.8% of farms testing positive. C. parvum, C. bovis, C. ryanae and C. andersoni
were identified, with C. parvum being the most predominant, representing 66.6% of all
infections. Age-related pattern of infection was observed where infections predominantly
occurred in calves. We also found C. parvum was associated with pre-weaned calves,
while C. bovis, C. ryanae and C. andersoni were associated with older animals. gp60
subtyping revealed 11 subtypes, 10 of which have been previously reported to cause
clinical disease in humans.

This study confirms the role of dairy cattle as a major carrier of zoonotic disease
and highlights the need for further research into the parasite focusing on its prevalence

and transmission dynamics to better understand how to control disease spread.
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CHAPTER 1: LITERATURE REVIEW

1.1 Cryptosporidium — what is it?

Cryptosporidiosis is a major diarrheal disease, the etiological agent being the
apicomplexan enteric parasite Cryptosporidium [1]. Global disease burden is
difficult to estimate due to underreporting and lack of laboratory diagnoses in most
countries. Despite this, Cryptosporidium is considered a leading contributor to global
disease burden among the zoonotic parasites [2]. The parasite interferes with
intestinal barrier function and the subsequent malabsorption leads to the main
clinical sign of cryptosporidiosis — profuse, watery diarrhoea [3,4]. In
immunocompetent individuals, cryptosporidiosis usually presents with self-limiting
diarrhoea. Other symptoms include abdominal cramps, nausea, weight loss and
fever. Some may not experience any disease symptoms, with only asymptomatic
shedding of oocysts. The disease generally resolves itself without intervention, but
when compounded with other factors, such as age, pre-existing illnesses and immune
status, outcomes can be far more severe. Immunocompromised individuals are
particularly at risk for serious outcomes as persistent diarrhoea can lead to severe
dehydration and malnutrition [1]. Indeed, Cryptosporidium is considered a major
opportunistic pathogen, particularly in developing countries with high numbers of
HIV/AIDS sufferers [5]. Infected children can have long-term health consequences
with studies showing retarded growth in children who contracted the disease in
infancy [6-9]. This is particularly troubling for developing countries, where children
face other significant health challenges, such as malnutrition, lack of access to clean

water and inadequate healthcare.



The infectious form of the parasite is the oocyst, which is primarily
transmitted via the faecal-oral route [1] The parasite has a monoxenous life cycle,
whereby it takes place entirely in a single host [10-12], with both sexual and asexual
reproduction taking place (Figure 1). Following ingestion of oocysts by a host,
oocysts travel through the digestive system until reaching the Gl tract. Here,
excystation occurs and four sporozoites are released from the oocyst. Sporozoites
invade the mucosal cells of the Gl tracts, developing into trophozoites. Through
disruption of host cell’s actin machinery [13] and adherens/tight junctions [14], the
host’s apical cell membranes are modified [11,12], eventually forming
extracytoplasmic structures known as parasitophorous vacuoles. Within this
structure, trophozoites undergo schizogeny to become a type | meront containing
eight merozoites. Once released, merozoites can either propagate the asexual
reproduction cycle by becoming type | meronts, or form type Il meronts in sexual
reproduction. In sexual reproduction, these type Il meronts undergo gametogony,
differentiating into either male microgamonts or female macrogamonts.
Microgametes rupture from the macrogamont and go on to fertilise the
macrogamonts. After fertilisation, a zygote develops, eventually forming oocysts
through sporogony. Two types of oocysts may arise — thick-walled and thin-walled.
Thick-walled oocysts form a two-layered, environmentally robust wall and are
expelled from the host through excretion, to be ingested by another host. Thin-walled
oocysts are responsible for autoinfection. These have only a single-membrane and
remain within the host where they rapidly excyst to start the cycle again. These are
believed responsible for persistent reoccurring infections in hosts despite a lack of

ongoing oocyst challenge [12].



Cryptosporidium oocysts are particularly robust and able to withstand many
environmental stresses without impacting viability [1,15]. Decontamination is
challenging as they are highly resistant to chlorination and can remain dormant for
up to six months [1,15]. While some oocyst inactivation methods have been shown
effective, such as ultraviolet radiation [16], these can be difficult to employ wide
scale in a cost-effective manner. Excreted oocysts are immediately infectious,
millions may be shed in host bowel movements and continue to be passed up to two
months after initial symptoms subside. Additionally, infectious dose is low, with
minimal levels of oocysts still being sufficient to establish infection in healthy adults
[17,18]. Furthermore, there is a lack of effective therapeutic agents and vaccines
[19,20]. As such, it is very difficult to manage outbreaks and contain spread of
infection.

Cryptosporidium has been discovered in many host species worldwide. While
several zoonotic species have been described, Cryptosporidium parvum and
Cryptosporidium hominis are the most important as they are the predominant species
responsible for human cryptosporidiosis cases. Unlike most Cryptosporidium species
which tend to be host-specific, C. parvum has a vast host-range, including humans,
ruminants, fish, birds, insects and reptiles. This wide host-range is significant as they
act as a disease reservoir and can all contribute to disseminating the parasite further.
This is particularly troubling when we consider the ever-increasing overlap between

human and animal territories.
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Figure 1. Life cycle of Cryptosporidium.

(a) Following ingestion by a suitable host, excystation of oocysts occurs. (b)
Sporozoites emerge from the oocyst and (c) invade host mucosal cells. Within
these cells, the parasites undergo (d) asexual reproduction and then (e) sexual
reproduction. (f) Upon fertilization, zygotes develop and sporulate in the
infected host. Zygotes give rise to two different types of oocysts. (g) thin-
walled oocysts are responsible for autoinfection, while (h) thick-walled oocysts
are excreted from the host into the environment.

Created with BioRender.com



1.2 Cryptosporidium in cattle

Of the 49 described Cryptosporidium species, around 20 are zoonotic [21-24]
and outbreaks are commonly of zoonotic nature [25]. Most zoonotic
cryptosporidiosis cases are associated with livestock. Cattle, in particular, have long
been established as a key reservoir of infection with numerous global reports of
human cryptosporidiosis linked to close contact with cattle [26,27]. In cattle, C.
parvum, C. bovis, C. ryanae and C. andersoni are the main infectious species, with
the C. parvum being the most widespread [28-30]. Molecular surveillance of
Cryptosporidium outbreaks indicates that C. parvum is responsible for the majority
of human cryptosporidiosis cases [27,31]. Furthermore, oocysts isolated from cattle
were able to infect a wide variety of other species [32], so cattle may also contribute
to Cryptosporidium occurrence in other animals.

Modes of transmission between cattle and humans are not entirely known. While
direct contact between individuals and cattle have been implicated, infections on
farms may contribute to waterborne transmission too. Water runoff from farms may
contaminate drinking water sources, recreational water sources used for swimming
or sources of irrigation for crops, leading to foodborne illness. It is possible all these
modes of transmission play a role in cryptosporidiosis spread though it remains to be
seen which is most important. Reduction of transmission will require better clarity
on routes of transmission and sources of infection.

Aside from the epidemiological significance of Cryptosporidium in cattle, bovine
cryptosporidiosis also has a major financial impact on this sector [19,26,33]. C.
parvum is a major cause of acute enteritis in cattle, causing neonatal diarrhoea. In

most cases, the disease is self-limiting, though persistent diarrhoea can lead to



emaciation, fatigue, severe dehydration, and eventually prove fatal. While mortality
is generally low, cryptosporidiosis in young animals can lead to long-term adverse
health consequences [20,28]. A recent study found a 34kg difference in weight gain
between calves who had severe cryptosporidiosis as neonates and calves that had no
infections [34]. Thus, this disease leads to significant economic losses for cattle
farmers through dead livestock, treatment of sick animals and reduced production
efficiency of meat and milk due to retarded growth [35-37]. Additionally,
cryptosporidiosis may exacerbate concurrent infections with other pathogens [38,39]
as health compromised animals will be more susceptible to developing severe
cryptosporidiosis. Furthermore, it is difficult for farmers to know how to manage
spread of infection, as there is insufficient data on risk factors for Cryptosporidium
infection in cattle. A recent systematic review found no consistent risk or protective

factors for preventing C. parvum infection [40].

1.3 Methods of detection of Cryptosporidium — with emphasis on

molecular techniques

As cryptosporidiosis symptoms are non-pathognomonic, cases must be
confirmed through laboratory testing. Several methods have been developed to
identify Cryptosporidium infections, the most common being direct detection of the
parasite in faecal samples though indirect detection of infection through serological
studies has also been used. Methods of diagnosis can vary greatly between countries
and not all have standard protocols with regards to testing patients’ specimens [41].
In the UK, clinicians are recommended to screen faecal specimens in all patients

suffering with diarrhoea. However, even within countries, different laboratories may



have different screening protocols [42]. The conventional method of diagnosis has
been through stool microscopy, though in recent times there has been a shift to
utilising molecular methods for the reasons outlined below [41].

Historically, Cryptosporidium detection has relied on microscopic
examination of faecal smears for the presence of oocysts. These methods typically
require some form of differential staining to distinguish oocysts from any
background faecal debris [43]. While these methods are generally low-cost, they
unfortunately suffer from low sensitivity and specificity [43], meaning
Cryptosporidium infection may not be detected in samples with low oocyst levels.
As even low levels of oocysts can still establish infections in the host [17,18], it is
important to use more sensitive methods of detection. Furthermore, these
microscopic methods are often time-consuming and require skilled, experienced
microscopists to interpret results [43]. Besides these, the major drawback of
microscopic studies is the lack of species and subtype identification as
Cryptosporidium oocysts are not morphologically distinct enough to make accurate
species classifications [44].

Different Cryptosporidium spp. cause varying disease severities — of the 4
species found in cattle. C. parvum is the only one to cause clinical disease, with the
other species typically asymptomatic [20]. Species and subtype identifications are
vital for outbreak surveillance, as well as tackling infection spread. For example, C.
parvum and C. hominis were historically classified as one species. Molecular testing
allowed for the distinction between C. parvum human genotype and bovine
genotype, later named C. hominis and C. parvum [45,46]. This distinction allowed
researchers to find dichotomies in distribution and transmission dynamics between

these two species. C. hominis is predominantly associated with anthroponotic
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transmission in urban areas, while C. parvum was associated with animal contact in
rural areas [47,48].

Nucleic-acid based diagnostic techniques, such as polymerase chain reaction
followed by restriction fragment length polymorphism (PCR-RFLP), nested-PCR
and gPCRs, have allowed for sensitive detection of Cryptosporidium. Aside from
increased sensitivity, the key advantage of these molecular investigations is the
ability to identity infecting Cryptosporidium species and subtypes.

Nested-PCR is a highly sensitive method, able to detect as little as a single
oocyst in a faecal sample [49-52]. Compared to conventional PCR, nested-PCRs are
far more specific as non-specific binding from the first set of primers is decreased in
the second amplification step. Concurrently, however, two amplification steps mean
there is a greater potential for contamination than in conventional PCR. Some
comparative studies have shown sensitivity of nested-PCR varies according to the
gene target used, with assays targeting the COWP gene being the most sensitive
[52]. Even when targeting the same loci, different nested-PCR protocols have been
shown to preferentially amplify one species over another [53]. Quantitative PCR
(gPCR) is also an effective detection method and has also shown similar or higher
sensitivity than nested-PCR [54-56]. A key advantage gPCR has over nested-PCR is
the real-time monitoring of DNA amplification which can be used to assess oocyst
load in a sample.

These PCR-based assays have been used extensively to genotype
Cryptosporidium in epidemiological studies. The genotypic data gained is useful for
comparison of studies of clinical, veterinary and environmental sources that allows
for outbreak sourcing and identification of potential transmission pathways.

However, as of yet there is no established standardised protocol for stool DNA

8



extraction, primer design and ideal cycling conditions. Furthermore, source and
condition of stool samples can impact the efficacy of these methods, with a study
showing sensitivity and specificity of diagnostic tests differed between cattle, horse
and sheep stool samples [53]. Development of a standardised protocol would allow
for better comparisons between studies.

Various genetic loci have been targeted in molecular studies, though the most
common is the 18S small subunit (SSU) rRNA gene. The SSU gene is a useful
marker for species identification due to its high interspecies variation and low
intraspecies variation [41,57]. Multiple copies of the SSU rRNA gene are present in
each oocyst [58], enabling sensitive detection of the parasite even in samples with
low levels of oocysts. The widespread use of sequencing in the past decade has
expanded the database of available sequences for comparison on GenBank. When
typing at the SSU gene, there is little genetic variation within species. The gp60 gene
has been well established as a genetic marker for C. parvum [59] and is used to
further subtype this species, through assessment of the repeat serine residues in this
gene. Globally, 11aA15G2R1 is the most prevalent subtype by far, and considered
“hypertransmissible” [23]. Its dominance worldwide has led it to be considered a
fitness marker [60], though it is unclear what the mechanism of action is behind its
success. Subtype analysis can shed further light on potential zoonotic transmission
by identifying which C. parvum subtypes occur in both humans and cattle. With
increased molecular typing studies, distinctions in epidemiology between different
subtypes may be discovered also. This information can enable us to ascertain how

best to tackle infection spread in certain areas.



1.4 Bovine cryptosporidiosis in Europe

Prevalence investigations have frequently been carried out in almost all
continents [61,62]. Studies of Cryptosporidium occurrences in Europe point towards
a high prevalence [63-65]. Since the aim of this thesis is to investigate the presence
of Cryptosporidium in dairy cattle from Belgium, Cyprus, Czech Republic, France
and the Netherlands, in the following subsections | will introduce the status quo of

Cryptosporidium in dairy farms from the aforementioned countries.

Belgium

In Belgium, several studies have been conducted to assess Cryptosporidium
spp. infection, though only a limited number have been in cattle. In 2007, a
prevalence study on 832 calves from 150 beef and dairy farms found 37% of dairy
calves were positive for Cryptosporidium [66]. Prevalence peaked in calves 2-4
weeks old. This may be an underestimation of Cryptosporidium as occurrence was
measured through examination of faecal smears for presence of oocysts, which is a
less sensitive detection technique and may have discounted samples with low oocyst
loads. Nonetheless, 18S SSU PCR and sequencing and was conducted on positive
samples and found the majority of infections were caused by C. parvum, with most
C. bovis infections occurring in calves older than one month. However, as only one
isolate was selected from each farm for sequencing, this may not be an accurate
reflection of the numbers of each Cryptosporidium species present. In dairy farms,
only C. bovis and C. parvum were identified but, interestingly, one case of C. suis
was identified among the beef farms. This species is predominantly associated with

infections in pigs, though has been previously reported in cattle [67,68]. Its presence
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here may simply be sporadic or could suggest a difference in Cryptosporidium
species between beef and dairy calves. Five C. parvum gp60 subtypes were
identified, all of which have previously been reported in humans, with 11aA15G2R1
the most prevalent.

Molecular genotyping in human cryptosporidiosis cases indicated C. parvum
was responsible for just under half of all cryptosporidiosis in East Flanders [69].
gp60 subtyping identified several genotypes that have previously been reported in
cattle [70].

Aside from cattle, other livestock species in Belgium have also been found to
carry C. parvum. In a small study on goat and sheep farms, C. parvum was
responsible for all infections in goats, as well as a sporadic case in one lamb [71].
Subtype analysis identified these as 11aA15G2R1 and 11dA22G1, both of which have
been reported in human patients [72]. This indicates goats may also act as a major
reservoir of zoonotic infection, in addition to cattle.

Cryptosporidium oocysts have also been found in environmental samples. A
study across four water catchments found presence of C. hominis, C. parvum, C.
andersoni, C. suis and Cryptosporidium horse genotype [73]. The presence of these
particular species supports the idea that livestock may be a key source of
contamination as these predominantly occur in cattle, pigs and horses. C. andersoni
was isolated from recreational lakes [74], providing further evidence of potential

contamination of the environment via livestock.
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Cyprus

Though numerous prevalence investigations have been conducted worldwide,
with the exception of the UK, studies in island nations are rare [75]. The limited
movement of hosts in island settings can provide insights into parasite epidemiology.
However, investigations into Cryptosporidium presence in Cyprus have been largely
absent. Regardless of host species, there have been no molecular investigations to
identify species and genotypes of Cryptosporidium circulating in Cyprus. To date, no
studies have been carried out in cattle, though studies in goats and sheep have
indicated a high presence of Cryptosporidium [76]. In 2015, 76.4 % of diarrheic goat
kids were found to be infected with Cryptosporidium [77]. However, as these studies
were only carried out in diarrheic animals, they do not indicate overall prevalence.
Furthermore, they relied on microscopic examination of faecal samples and
commercial ELISA tests, without identification of the particular Cryptosporidium
species and subtypes present. As such, very little is known about the zoonotic
potential of Cryptosporidium species in Cyprus. Oocyst examination cannot discern
well between different Cryptosporidium species and subtypes so molecular tools are
vital for ascertaining public health risk.

Previous molecular studies in the surrounding Mediterranean region do indicate
presence of Cryptosporidium infection amongst cattle. 18S rRNA PCR investigation
in Turkey [78-82], Egypt [83-87] and Jordan [88] have identified Cryptosporidium
on cattle farms. Discrepancies in the observed prevalence from these studies are
likely due to a variety of factors, including but not limited to age of animal sampled,
farm location, farm management and method of detection. Additionally, some
studies only targeted diarrheic animals [80,89], ignoring the presence of

Cryptosporidium in asymptomatic individuals. Presence of the parasite in non-
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diarrheic samples is still of clinical significance, as asymptomatic animals can still
shed oocysts to their environment and contribute to spread of infection [90].

The complete absence of reported human cryptosporidiosis cases [91] is likely
due to the lack of research in this region. However, studies in other countries do
indicate presence of Cryptosporidium on this island - C. hominis was identified in

UK patients with recent travel history to Cyprus [91,92].

The Czech Republic

In the Czech Republic, Cryptosporidium prevalence studies on cattle have
only been conducted using microscopic analysis of faecal smears. In pre-weaned
dairy calves, Cryptosporidium oocysts were found in 21.2% [93]. Molecular
characterisation of positive samples indicated C. parvum accounted for the vast
majority of positive samples at 87.2%. Curiously, C. andersoni was next most
prevalent at 12.2%, although this species is typically only found in adult cows [94].
Furthermore, PCR analysis on a subset of microscopically negative samples found
they were positive for Cryptosporidium, demonstrating the higher sensitivity of
molecular techniques. It is possible a higher incidence would have been reported if
all samples had been screened using PCR. gp60 subtyping revealed presence of
zoonotic subtypes, previously shown to cause disease in humans.
Another study in calves reported a similar prevalence of 25.8% positive [95].
Through morphology of oocysts, 30.9% of positive samples were assessed to be C.
parvum and 69.1% were identified as C. andersoni. However, identities made
without molecular analysis cannot be considered accurate. While there is an

observed size difference between C. parvum and C. andersoni, other common cattle
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species — C. bovis and C. ryanae — cannot be distinguished this way. In a study on
calves over six months old [96], both prevalence and species composition were very
different. Only 4.9% of samples were positive, with majority of infections identified
as C. andersoni. This marked difference is likely due to the age of calves sampled.
Analysis of blood sera has suggested that exposure to Cryptosporidium had been
increasing over time [97], however, no human cryptosporidiosis cases have yet been

linked to cattle contact.

France

In France, investigations into Cryptosporidium infection have been far more
extensive, in both cattle and humans. However, molecular testing has generally been
limited to the more recent studies. All Cryptosporidium investigations in French
cattle have been conducted specifically in calves and appear to indicate high burden
of Cryptosporidium. These investigations indicate cryptosporidiosis is a major threat
to health of neonatal calves in this country and that there is significant risk of
zoonotic disease transmission.

As early as 1999, Cryptosporidium was considered a major cause of neonatal
diarrhoea [98], with up to 51.8% of dairy calves across six farms excreting
Cryptosporidium oocysts. A later study further established its importance in neonatal
bovine cryptosporidiosis, finding Cryptosporidium oocysts in 17.9-43.4% of
diarrheic calves [99]. While these were claimed to be C. parvum, oocyst morphology
cannot be used to distinguish between species so its possible other species were
present as well. A 2015 molecular prevalence study found 41.5% of dairy calves

sampled across Normandy farms were positive [100]. At the farm level, incidence
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was extremely high with only 7% of farms testing negative. Additionally, C. parvum
was associated with a high risk of mortality. Numerous longitudinal studies have
been carried out where calves were sampled multiple times over several months.
Over the course of these investigations, almost all (70.4-100%) would excrete
oocysts at least once during the sampling periods [101-104]. While most studies
have measured Cryptosporidium occurrence through conventional microscopy
methods, several investigations did at least genotype microscopy-positive samples.
C. parvum has been the predominant species found, particularly amongst diarrheic
animals [101,103-107].

Age-related species associations have been observed - infections in younger
calves are typically identified as C. parvum, while C. bovis and C. ryanae are usually
found in older calves [100,101,104]. While 11aA15G1R1 is usually the predominant
gp60 identified, subtyping has revealed a very high diversity in C. parvum subtypes
present amongst French cattle farms [101,103-107], including zoonotic subtypes in
both the Ila and Ild family. Interestingly, with regards to zoonosis, C. hominis has
also been identified in cattle farms [107]. This species was previously thought to be
infect humans only, though sporadic cases of C. hominis in other hosts have been
observed worldwide [108,109]. Its presence here indicates significant risk of
zoonotic transmission from French cattle farms.

C. parvum also plays a significant role in human cryptosporidiosis cases in this
country, responsible for the majority of cases from 2015 to 2019 [110,111]. Four
outbreaks of gastroenteritis were linked to Cryptosporidium spp., including C.
parvum [112]. 1aA15G2R1 was responsible for a diarrheal disease in an infant
[113]. Furthermore, this patient was discovered to have had close contact with

diarrheic calves before the onset of illness, suggesting zoonotic transmission.
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1aA13G1R2 was found in a patient with persistent diarrhoea [114]. Both of these
subtypes have previously been reported in cattle [115].

Cryptosporidium has also been found to infect other livestock species in France.
C. parvum has been identified in goat kids, lambs and ewes [116-118]. gp60 typing
revealed zoonotic subtypes amongst these infections. Presence of C. parvum in other
livestock may pose a risk of cross-species transmission in farms housing multiple
livestock species. Furthermore, another potential indirect path of transmission has
been proposed, where manure runoff from farms leads to contamination of bodies of
water. Two studies in French lakes and seas found C. parvum infection in fish, and

identified subtypes typically reported in livestock, including cattle [119,120].

The Netherlands

While little data on the burden of Cryptosporidium in cattle in the
Netherlands exists, there is some evidence to suggest potential risk of zoonotic
transmission. Nested PCR of the 18S rRNA gene on 20 farms across the Netherlands
found occurrence of 17.3% [63]. As is seen in other countries, C. parvum was the
predominant species present, comprising 85.5% of total infections. Age-related
variance of infection was also observed with 32.5% of calves infected, compared to
only 2% of heifers and dams. This is in line with farm studies in other countries.
Presence of zoonotic gp60 subtypes was also found. The research comprised in
Chapter 3.2 of this thesis is a follow up on the farms sampled in this study. Prior to
this, there have been no prevalence studies utilising molecular tools to screen farms.
Molecular genotyping was carried out on human and cattle isolates previously

determined Cryptosporidium-positive [121]. C. parvum was the only species found,
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with 11aA15G2R1 identified in 69% of cases. A small-scale prevalence study on a
single farm found Cryptosporidium oocyst shedding was most prevalent in animals
1-3 weeks old [122]. Further evidence of Cryptosporidium in Dutch cattle was found
in heifers imported to a Polish farm from the Netherlands. Analysis of faecal smears
found 30.7% of the cows imported as positive for Cryptosporidium. This study
highlights the importance in screening to reduce spread of infection to other
countries, especially considering no Cryptosporidium oocysts were detected in a
previous investigation on this farm [123,124]. Import/export of cattle carries
potential risk of introducing infection to previously uncontaminated areas,
particularly troubling when considering the oocyst’s robustness in the environment.
While C. parvum has been implicated in numerous human cryptosporidiosis cases
[121,125], none of these cases have been specifically linked to direct or indirect

contact with cattle.

1.5 Thesis aims

Cryptosporidium is a major cause of diarrheal disease globally. Cattle are
well established reservoirs of infection, and as such, should be monitored for
assessment of zoonotic threat. This study was conducted to assess prevalence of
Cryptosporidium in dairy farms across Belgium, Cyprus, the Czech Republic, France
and the Netherlands. Herein, amplification of the 18S SSU rRNA and gp60 genes
and subsequent phylogenetic analysis has been used accurately characterise
Cryptosporidium at the species and subtype level. The use of these molecular

techniques will shed light on transmission dynamics, C. parvum species diversity
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and zoonotic potential. This will complement previous molecular work and

contribute to future studies aiming to discern transmission networks.
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CHAPTER 2: METHODOLOGY

2.1 Sample collection

Belgium, France and the Netherlands
923 faecal samples were collected from September 2020 to July 2021. In

total, forty-nine farms were surveyed - 17 in Belgium, 13 in France and 19 in the
Netherlands. Veterinarians collected faecal samples from up to 10 calves and their
respective mothers. Fewer samples were collected in cases where farms had less than
10 calves. Both diarrheic and asymptomatic animals were included. Faeces were
taken directly from the rectum, using a single pair of disposable gloves.
This study was conducted as a cross-border collaboration under the Health for Dairy
Cows (H4DC) project, funded by the Interreg-2-seas programme. This is a European
Territorial Cooperation program covering the Flanders region of Belgium, the
Hautes-de-France region in France and the western part of the Netherlands. These
regions experience similar maritime temperate climates. The main objective of the
project is to reduce the disease burden and economic impact of Cryptosporidium spp.
on dairy farms. Inclusion criteria for selection of pilot farms were:

a) Farms should be located in 2-seas area

b) Farms should have a history of clinical diarrhoea observed in its animals

c) Farmers agree to provide samples each year, for the total three years of the

study

Cyprus
242 faecal samples were collected in November 2019. Animals were

randomly selected with age of calves ranging from pre-weaned calves up to three
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months. Stool was collected directly from the rectum of animals and stored at -20°C
until further processed. Samples were collected from ten farms located in two
districts of Cyprus, namely Larnaca and Nicosia (Figure 2). These two districts were
chosen due to the high density of cattle farms. Eight farms were located in Nicosia
and two in Larnaca. The Nicosia district lies in the centre of the island and samples
were taken from the Dali, Tseri, Ayia Varvara, Akaki and Arediou regions. Most of
the farms in Nicosia are at a relatively low altitude (200400 m) experiencing hot,
dry and humid summers and cold winters with minimal precipitation. Two farms
were chosen in the Larnaca district, specifically in the Aradippou region, which has a
great confluence of farms. The area experiences a similar climate to that of Nicosia
with slightly elevated humidity due to a closer proximity to the sea and a lower
altitude (80 m). As this was just a preliminary study into presence of
Cryptosporidium in Cyprus, no selection criteria were used for inclusion into study.

Cows from all selected farms were of the dairy producing Holstein Friesian breed.

Figure 2. Geographic location of Cyprus in the East
Mediterranean region and distribution of the cattle farms
sampled.

Farms 1-8 were located across the Nicosia district (green),
while farms 9-10 were located in the Larnaca district (orange).
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The Czech Republic

204 faecal samples were collected in February to March 2020. Nine farms
were surveyed across the South Bohemia region, in the Ceské Budgjovice, Cesky
Krumlov, Prachatice and Tabor districts. Stool was collected directly from the
rectum of animals and stored at -20°C until further processed. Age of calf was noted
for each sample, ranging from neonatal to ~2 months old. Farms were selected at
random with no prior knowledge of Cryptosporidium presence. Only farms

exclusively housing cattle were included in the study.

2.2 DNA extraction

Faeces were collected directly from the rectum, placed in sterile tubes and
stored in ice on site. Tubes were stored at -20°C upon arrival to the laboratory. DNA
extraction was carried out using 200 mg of faeces per sample and the PureLink™
Microbiome DNA Purification Kit (ThermoFisher) according to manufacturer’s
instructions, with slight modifications. Specifically, 650 pul of S1 Lysis Buffer was
used for each sample. After addition of S2 Lysis enhancer, samples were incubated
for 13 min at 65°C, and homogenised for a further 13 min. Following addition of S3
Clean-up Buffer, samples were incubated at 4°C for 10 min to optimise removal of
downstream contaminants. After addition of S6 Elution Buffer, samples were
incubated at room temperature for 3 min before centrifugation to improve DNA
yield. Genomic DNA was stored at -20°C until 18S rRNA and gp60 PCR reactions

were carried out.
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2.3 Cryptosporidium spp. screening and molecular genotyping

Samples were screened for Cryptosporidium spp. using nested-PCR
amplification of a 631-bp region of the 18S rRNA gene [126]. The external primers
used were 5'- GATTAAGCCATGCATGTCTAA-3" (forward) and 5-
TTCCATGCTGGAGTATTCAAG3’ (reverse). The internal primers were 5" -
CAGTTATAGTTTACTTGATAATC-3 (forward) and 5°-
CCTGCTTTAAGCACTCTAATTTTC-3" (reverse). Each PCR mixture contained 1
pl of DNA, 0.4 uM each of forward and reverse primers, 12.5 pl of 2x PCRBIO Taq
Mix Red (PCR Biosystems) and 9.5 ul nuclease-free water. Cycling conditions for
the external PCR were a denaturation step for 2 min at 94 °C, followed by 24 cycles
at 94 °C for 50 s, annealing at 53 °C for 50 s and extension at 72 °C for 1 min, and a
final extension step at 72 °C for 10 min. Cycling conditions for the internal PCR
were a denaturation step for 2 min at 94 °C, followed by 30 cycles at 94 °C for 50 s,
annealing at 56 °C for 30 s and extension at 72 °C for 1 min, and a final extension
step at 72 °C for 10 min. Positive (genomic DNA from a pure culture of C. parvum)
and negative (sterile water was used as template instead of DNA) controls were
included in both reactions. PCR products were separated on a 2% gel and extracted
using GeneJET Gel Extraction Kit (ThermoFisher Scientific). Samples were
bidirectionally sequenced through an external company (Eurofins Genomics) using
the internal PCR primers. Chromatograms were manually assessed for quality and
ambiguous bases were trimmed on both ends of the reads. For species level
identification, sequences were used as queries to perform BLAST searches against
the nucleotide database in GenBank followed by alignment with reference

sequences.
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2.4 gp60 subtyping of Cryptosporidium parvum

To determine the subtype of Cryptosporidium 18S rRNA PCR-positive
samples, nested PCR of the gp60 gene was carried out [127]. The external primers
used were 5'- ATAGTCTCCGCTGTATTC- 3 (forward) and 5" -
GGAAGGAACGATGTATCT-3 (reverse). The internal primers were 5"-
TCCGCTGTATTCTCAGCC- 3" (forward) and 5 - GCAGAGGAACCAGCATC-3
(reverse). Each PCR mixture contained 2 pl of DNA, 0.2 uM each of forward and
reverse primers, 15 pl of 2x PCRBIO Taq Mix Red (PCR Biosystems) and 11.8 pl
nuclease-free water. Cycling conditions for both internal and external PCR reactions
were: a denaturation step for 3 min at 94 °C, followed by 35 cycles at 94 °C for 45 s,
annealing at 50 °C for 45 s and extension at 72 °C for 1 min, and a final extension
step at 72 °C for 7 min. Positive and negative controls were as described above and
included in both reactions. PCR products were separated on a 2% gel and extracted
using GeneJET Gel Extraction Kit (ThermoFisher Scientific). Samples were
bidirectionally sequenced (Eurofins Genomics) using the internal PCR primers.
Chromatograms were manually assessed for quality and ambiguous bases were
trimmed on both ends of the reads. Subtypes were determined using established
standard nomenclature [128]. Newly generated sequences were used as queries to
perform BLAST searches against the nucleotide database in GenBank followed by
alignment with reference sequences. Polymorphisms were identified using these

alignments.
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2.5 Phylogenetic analyses

The sequences generated in this study were aligned with each other and with
reference sequences from GenBank by MAFFT v.7

(https://mafft.cbrc.jp/alignment/server). Sequence alignment was manually inspected

with BioEdit v7.0.5.3 (https://bioedit.software.informer.com). Phylogenetic analyses

were conducted and best DNA/Protein phylogeny models were selected using the
MEGAG software [129]. The Tamura 3-parameter model [130], was selected for 18S
SSU and gp60 alignments. Phylogenetic trees were inferred using maximum
likelihood (ML), with the substitution model that best fit the alignment selected
using the Bayesian information criterion. Bootstrap support for branching was based
on 1,000 replications. An 18S sequence from Monocystis agilis (Accession number:

AF457127) was used to root ML tree.
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CHAPTER 3: EXPERIMENTS

3.1 Cryptosporidium in Belgium, France and the Netherlands

3.1.1 Incidence of Cryptosporidium in Belgian, French and Dutch dairy farms

In Belgium, 324 stool samples across 17 farms were screened. Amplification
of the 18S rRNA and gp60 genes showed an occurrence of 25% with 81/324
specimens positive for Cryptosporidium spp. (Table 1). Occurrence varied across
farms from 0% to 50% (5/10). The majority of the positive samples were identified
as C. parvum (65.4%, 53/81) with 43 of them showing 100% nucleotide identity to
the reference sequence AH006572.2, and 4 samples showing 99% nucleotide identity
to the same sequence. We were unable to obtain good quality sequences for six 18S
rRNA PCR-positive samples. Nonetheless, C. parvum identity was confirmed
through positive gp60 PCR and subsequent sequencing. At the farm level, C. parvum
was present in 14/17 farms, with occurrence ranging from 5% to 45%. The next most
common species found was C. bovis (21%, 17/81). Additionally, 3 samples had co-
infections of C. bovis and C. parvum. 19 samples showed 100% nucleotide identity
to reference sequence AB777173.1 while one sample showed 100% nucleotide
identity to reference sequence MZ021459.1. The next most prevalent species was C.
ryanae (6.17%, 5/81). Additionally, one sample showed mixed infection of C.
ryanae and C. parvum. Four samples showed 100% nucleotide identity to reference
sequence FJ463193.1, one sample had 100% nucleotide identity to reference
sequence KT922233.1 and another showed 99% identity to the same sequence. The
least common species was C. andersoni (2.47%, 2/81). One sample showed 100%
nucleotide identity to reference sequence AB513856.1 while the other showed 100%

nucleotide identity to FJ463171.1.
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In France, 223 stool samples across 13 farms were screened. Amplification of
the 18S rRNA and gp60 genes showed an occurrence of 23.8% with 53/223
specimens positive for Cryptosporidium spp. (Table 4). Occurrence varied across
farms from 0% to 45.5% (5/11). The majority of the positive samples were identified
as C. parvum (66%, 35/53) with 33 of them showing 100% nucleotide identity to the
reference sequence AH006572.2, and one sample showing 99% nucleotide identity
to the same sequence. We were unable to obtain good quality sequences for one 18S
rRNA PCR-positive sample but C. parvum identity was confirmed through positive
gp60 PCR and subsequent sequencing. At the farm level, C. parvum was present in
9/13 farms, with occurrence ranging from 5% to 45.5%. The next most common
species was C. bovis (13.2%, 7/53). Additionally, two samples had co-infections of
C. bovis and C. parvum. Eight samples showed 100% nucleotide identity to
reference sequence AB777173.1 while one sample showed 100% nucleotide identity
to reference sequence MZ021459.1. The next most prevalent species was C. ryanae
(9.43%, 5/53). Two variants were found with three samples showing 100% identity
to KT922233.1 and two samples showing 100% nucleotide identity to reference
sequence FJ463193.1. The least common species was C. andersoni (5.66%, 3/53),
with all three showing 100% nucleotide identity to reference sequence FJ463171.1.

In the Netherlands, 376 stool samples across 19 farms were screened.
Amplification of the 18S rRNA and gp60 genes showed an occurrence of 24.2%
with 91/376 specimens positive for Cryptosporidium spp. (Table 4). Occurrence
varied across farms from 0% to 42.1% (8/19). The majority of the positive samples
were identified as C. parvum (81.3%, 74/91) with 73 isolates showing 100%
nucleotide identity to the reference sequence AH006572.2. We were unable to obtain

good quality sequences for one 18S rRNA PCR-positive sample but C. parvum
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identity was confirmed through positive gp60 PCR and subsequent sequencing. At
the farm level, C. parvum was present in 18/19 farms, with occurrence ranging from
10% to 42.1%. The next most prevalent species was C. bovis at (16.5%, 15/91), with
all 15 isolates showing 100% nucleotide identity to reference sequence MZ021459.1.
One sample each was found positive for C. ryanae and C. andersoni, with 99%
sequence identity to FJ463193.1 and 100% nucleotide identity to AB513856.1,
respectively. No mixed infections were found. Figure 3 shows phylogenetic
relationship of C. bovis, C. ryanae and C. andersoni isolates to reference sequences

from GenBank.
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Figure 3. A maximum likelihood (ML) tree based on the 18S rRNA gene sequences
of C. bovis, C. ryanae and C. andersoni obtained in Belgium, France and the
Netherlands.

Bootstrap values for the nodes with more than 50% support are shown.

The ML tree was rooted with an 18S rRNA sequence from Monocystis agilis
(AF457127).
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3.1.2 Cryptosporidium parvum subtyping through gp60 analysis

PCR amplification and sequencing of the gp60 gene was utilised to identify
the specific C. parvum subtypes present in these three countries. All 18S rRNA
PCR-positive samples were further screened using nested-PCR of the gp60 gene. Of
these, the gp60 gene was successfully amplified and sequenced in 127 samples. 41
C. parvum positive sequences could not be successfully subtyped. Sequence analysis
revealed the presence of 8 subtypes belonging to the lla subtype family (Figure 4).
Thirty-nine of the farms sampled contained at least one C. parvum subtype.

The most abundant subtype found overall was 11aA15G2R1. 85 isolates were
found - 83 with 100% nucleotide identity to reference sequence DQ630518.1 and
two with 99% nucleotide identity to the same sequence. This subtype was also the
most widely distributed, occurring in 26/39 C. parvum-positive farms. This subtype
represented 63.2%, 35.1% and 50% of all C. parvum positive samples, in Belgium,
France and the Netherlands, respectively. It was the most prevalent subtype in
Belgium and the Netherlands. In all three countries, this subtype was only found in
calves

The second most common subtype in this study was 11aA16G2R1. 15
isolates were found with 100% nucleotide identity to reference sequence
DQ192505.1, with all isolates found in France. This subtype was found in four farms
and represented 40.5% of total C. parvum infections in the French farms. This
subtype predominantly occurred in calves, with only one isolate occurring in a dam.
Eight isolates of 11aA14G1R1 were identified - six with 100% nucleotide identity to
reference sequence AM937017.1 and two with 99% nucleotide identity to the same
sequence. This subtype occurred in three farms, representing 5.26% and 6.76% of C.
parvum infections in Belgium and the Netherlands, respectively. This subtype

predominantly occurred in calves, with only one isolate occurring in a dam.
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Seven isolates of 11aA17G1R1 were identified - six with 100% nucleotide
identity to reference sequence GQ983359.1 and one with 99% nucleotide identity to
the same sequence. This was the sole subtype present in two farms, representing
1.75% and 8.11% of C. parvum infections in Belgium and the Netherlands,
respectively.

Five isolates of 11aA13G2R1 were identified — four with 100% nucleotide
identity to reference sequence DQ192502.1 and one isolate with 99% homology to
the same sequence. This was the sole subtype present in three farms, representing
3.52% and 4.05% of C. parvum infections in Belgium and the Netherlands,
respectively.

I1aA17G2R1 was found exclusively in the Netherlands. Four isolates were
identified with 100% nucleotide identity to DQ630516.1. This subtype occurred on
one farm and represented 5.41% of C. parvum infections. The remaining subtypes
were 11aA15G1R1 (99% nucleotide identity to AB777872) and 11aA16G1R1 (100%
nucleotide identity to DQ192504.1), each occurring once in Belgium and France,
respectively. 11aA17G1R1, 11aA13G2R1, 11aA17G2R1, 11aA15G1R1 and
I1aA16G1R1 were all found exclusively in calves. Geographical distribution of

subtypes is visualised in Figure 5.
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Figure 4. Venn diagram with all observed C. parvum gp60 subtypes
across Belgium, France, and the Netherlands
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Figure 5. Geographical distribution of gp60 subtypes in dairy farms across a)
Belgium, b) France and c) the Netherlands.

11aA13G12R1 (purple), 11aA14G1R1 (red), 1aA15G1R1 (dark blue), 11aA15G2R1
(green), 11aA16G1R1 (brown), 11aA16G2R1 (peach), 11aA17G1R1 (turquoise),
1aA17G2R1 (blue). C. parvum positive samples with unsuccessful gp60
sequencing are indicated in grey. Pie charts are proportional to number of C.
parvum positive samples identified per farm.
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3.1.3 Age-associated variation in Cryptosporidium infection

In all three countries, infection occurred at considerably greater levels in
calves than in adult cows (Table 2). In Belgium, 40.61% of all calves were infected
with Cryptosporidium, whereas only 8.81% of adult cows were infected. In France,
41.1% of calves were infected, whereas only 7.5% of adult cows were infected. In
the Netherlands, 43.2% of all calves were infected, whereas only 4.8% of adult cows
were infected. Overall, calves represented 86.2% of all positive samples, while adult
cows represented 13.1% of all positive samples.

In calves, the infecting Cryptosporidium species correlated with age, with the
majority of C. parvum infections occurring in the first 1-3 weeks of life (Figure 6).
C. bovis and C. ryanae typically occurred at relatively low levels over the first few

months of life. This trend held true for all three countries.

Table 2. Cryptosporidium spp. incidence in calves and dams in Belgium, France and
the Netherlands.

Cryptosporidium spp.

Country Age C. C. C. C.
parvum bovis ryanae andersoni

C. C.
parvum/  parvum/
C.ryanae C. bovis

) Calves 49 12 2 - 1 3
Belgium
Dams 4 5 3 2 - -
Calves 33 5 5 1 - 2
France
Dams 2 2 - 3 - -
The Calves 71 11 - - - -
Netherlands pams 3 4 1 1 - -
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Figure 6. Prevalence of Cryptosporidium spp., C. parvum, C. bovis, C.
ryanae, C. andersoni and coinfections in calves from 1-15 weeks.
a) Belgium [n=165], b) France [n=113], c) The Netherlands [n=190].
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3.1.4 Comparison to previous sampling study

This study is a follow-up to a prevalence study carried out in 2019 [63].
Methodology was slightly altered between the two studies. In the preceding study,
gp60 PCR and subtyping was only carried out on samples confirmed as C. parvum
positive through 18S SSU PCR and sequencing. As such, co-infections with C.
parvum were not detected and gp60 sequencing was not used to confirm C. parvum
identity when quality 18S sequences were not able to be obtained. For comparability
between the cohorts, prevalence figures in the 2" cohort have been adjusted
accordingly as though the same method had been used. Likewise, results from FR9
have been omitted as this farm did not participate in the initial study.

Cryptosporidium incidence was higher in all three countries in the follow-up
study (Table 3), particularly in the Netherlands, where incidence increased over 6%
points. Age variation of infections is similar between the two, with Cryptosporidium
predominantly occurring in calves.

In both cohorts, C. parvum is consistently the predominant species present in
all countries. However, composition of Cryptosporidium spp. does differ between
the years. The first cohort in France reported similar numbers of C. parvum and C.
bovis - 50% and 41.6% of total infections, respectively. However, the second cohort
reports a markedly higher incidence of C. parvum at 70.2%.

C. parvum, C. bovis, C. ryanae and C. andersoni were all found in both
years, though the follow-up study does report higher incidence of C. andersoni. C.
andersoni comprised 1.1% of infections across all three countries in cohort 1, which
rose to 2.9% in cohort 2. No isolates of C. xiaoi were detected in the follow-up
study.

The difference in Cryptosporidium prevalence between the two studies was

not seen uniformly over all farms (Figure 7). In Belgium, six farms had a two-fold
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or higher increase in prevalence, while the incidence in three farms had reduced by
at least half. While BE11 initially was negative for Cryptosporidium, 20% of cows
sampled tested positive in the following year. The opposite effect happened in BE4
and BE7, where no infection was found despite presence of the parasite in the cohort
1 study. In France, prevalence doubled in FR3 and increased six-fold in FR13. No
infection was found in FR10 and FR11 in the follow-up study, despite presence of
the parasite in the first study. In the Netherlands, prevalence in four farms had a two-
fold or higher increase. While NL1, NL2 and NL9 initially were negative for
Cryptosporidium, 15-16.7% of cows sampled tested positive in the following year.
The opposite effect happened in NL13, where no infection was found despite

presence of the parasite in cohort 1.
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Figure 7. Comparison of Cryptosporidium incidence in dairy farms across two
sampling studies in Belgium, France and the Netherlands.

a) Belgium [1% year: n=335, 2"¢ year: n=324], b) France [1% year: n=217, 2" year:
n=205], ¢) The Netherlands [1% year: n=379, 2" year: n=376].

Data from 1% year has been previously published [63].
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3.2 Cryptosporidium in Cyprus

The results outlined in this chapter have been previously published [131].

3.2.1 Cryptosporidium spp. occurrence across Cypriot farms

Amplification of the 18S rRNA gene found 43.8% (106/242) samples tested
positive for Cryptosporidium spp. (Table 4). Occurrence ranged across farms, with
the lowest at 20% (3/15) to 64% (16/25). The majority of the positive samples were
identified as C. parvum (47.2%, 50/106) with 41 of them showing 100% nucleotide
identity to the reference sequence AH006572.2, and one sample showing 99%
nucleotide identity to the same sequence. Good quality sequences were unable to be
obtained for eight 18S rRNA PCR-positive samples. Nonetheless, C. parvum identity
was confirmed through positive gp60 PCR and subsequent sequencing. At the farm
level, C. parvum was present in 9/10 farms, with occurrence ranging from 9.1% to
34.8%.

The next most common species present was C. ryanae (25.5%, 27/106).
Additionally, six samples from three farms had co-infections of C. ryanae and C.
parvum, with their presence determined through 18S rRNA and gp60 amplification,
respectively. Twenty-nine samples had 100% nucleotide identity to the reference
sequence KF128756.1, while one was 99% identical to the same sequence. Another
variant of C. ryanae was identified with three samples having 100% nucleotide
identity to the reference sequence KT922233.1

Cryptosporidium bovis was the least prevalent species identified (21.7%,
23/106) with all 23 samples showing 100% nucleotide identity to the reference
sequence EU827363.2. Representative nucleotide sequences of 18S rRNA have been

deposited in GenBank under accession numbers OL348064-0L348160. Figure 8
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shows phylogenetic relationship of C. bovis and C. ryanae isolates to reference

sequences from GenBank.

Table 4. Cryptosporidium spp. prevalence in Cypriot dairy farms.
Data is from a previously published study [131]
Cryptosporidium spp. present

Farm No_. of C. ryanae/
specimens  C.parvum  C. bovis C.ryanae C. parvum
co-infection
1 13 3 - 2 -
2 11 2 2 - -
3 11 1 2 4 -
4 15 - - 3 -
5 25 7 3 5 1
6 23 5 3 2 1
7 19 3 2 1 -
8 23 8 - 3 -
9 41 13 3 2 3
10 61 8 8 6 -
Overall 242 50 23 28 5
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Figure 8. A maximum likelihood (ML) tree based on the 18S rRNA gene sequences
of C. bovis and C. ryanae obtained in Cyprus.

Bootstrap values for the nodes with more than 50% support are shown. The ML tree
was rooted with an 18S rRNA sequence from Monocystis agilis (AF457127).

Data is from a previously published study [131].
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3.2.2 Cryptosporidium parvum subtyping through gp60 analysis

All 50 of 18S rRNA PCR-positive samples were screened using nested-PCR
of the gp60 gene. Of these, the gp60 gene was successfully amplified and sequenced
in 42 samples and then subtyped for C. parvum. A further five gp60 positive samples
were identified as C. ryanae. Sequence analysis revealed the presence of five
subtypes, all belonging to the Ila C. parvum family (Table 5). Nine of the farms
sampled contained at least one C. parvum subtype.

The 11aA14G1R1 subtype was the most numerically prevalent occurring in
60% of the farms, making it also the most widely distributed. It was the sole subtype
present on three farms and represented 57.4% (27/47) of all C. parvum positive
samples with successful gp60 sequencing. All 27 showed 100% nucleotide identity
to the reference sequence MN815774.1.

The 11aA12G1R1 subtype was the next most prevalent and was only found in
one farm, accounting for 29.7% (14/47) of all C. parvum infections. All 14 samples
were identical and showed 99% nucleotide identity to the reference sequence
MW411017.1.

Four samples were identified as 11aA15G2R1, with two of them showing
100% nucleotide identity to the reference sequence DQ630518.1, while the other two
were 99% identical with the same sequence.

One sample was identified as 11aA15G1R1, with 99% nucleotide identity to
the reference sequence AB777872.1 and another was identified as 11aA18G2R1, with
99% nucleotide identity to the reference sequence DQ630515.1. Representative
nucleotide sequences of gp60 have been deposited in GenBank under accession

numbers OL462897- OL462943. Polymorphisms are detailed in Table 6.
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Table 5. Number of Cryptosporidium parvum gp60 subtypes identified out of total
C. parvum positive samples per farm.
Data is from a previously published study [131]

Subtypes

Farm (no. of subtype/total C. parvum-positive samples per farm)

=

Unidentified (3/3)

1aA14G1R1 (2/2)

1aA15G1R1 (1/1)
11aA14G1R1 (6/8), 11aA15G2R1 (2/8)
1aA14G1R1 (5/6), 11a15G2R1 (1/6)

1aA14G1R1 (6/8), 11aA18G2R1 (1/8), Unidentified (1/8)
11aA14G1R1 (2/3), Unidentified (1/3)
11aA12G1R1 (14/16) 11a15G2R1 (1/16), Unidentified (1/16)

11aA14G1R1 (6/8), Unidentified (2/8)

O© 00 NO Ol h W

=
o

Table 6. Polymorphisms in Cryptosporidium 18S SSU rRNA and gp60 gene
sequences showing intra-species and intra-subtype genetic variability.
Data is from a previously published study [131]

- GenBank
Cryptosporidium . b Reference
Gene . accession Polymorphisms
species/subtype sequence
number
18S C. parvum OL348120 G—>A, position 701 AH006572.2
18S C. ryanae OL348112 T insertion, position 490 KF128756.1
C. parvum a A->G, position 183
980 aarciry)  OMH02923 oot nosiion7or  MWALIOLTL
G—>A, positions 163°
C. parvum and 581°
960 jamrscor1)  OHA0910 AT osition 639 DOB30518.1
A->G, position 687°¢ '
C. parvum T->C, positions 454°
960 jjam1sGor1y  OLA629L7 and 469°
C. parvum .
gp60 (11aA15G1R1) 0OL462922 C->T, position 753 AB777872.1
C. parvum . c
gp60 (11aA18G2R1) OL462903 T->G, position 375 DQ630515.1

4Though multiple identical sequences were found, only one accession number is
given for simplicity.

b Positions indicate differences from the reference sequence.

¢ Polymorphisms result in an amino acid change.
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3.2.3 Geographical distribution of subtypes

For easy visualization, subtype names are also indicated by their colour as
depicted in Figure 9. The most broadly distributed subtype is 11aA14G1R1 (red),
present in 6/9 (67%) of C. parvum positive farms, followed by 11aA15G2R1 (green),
present in 3/9 (33%) farms. In all cases, the 11aA15G2R1 (green) subtype co-
occurred with another and was the least dominant of the two. In two cases, co-
occurrence was with 11aA14G1R1 (red) and in one with 11aA12G1R1 (orange). The
latter subtype, along with 11aA18G2R1 (yellow) and 11aA15G1R1 (blue) occurred
only in one farm each. In four farms only a single subtype was detected,
[1aA14G1R1 (red) in three and 11aA15G1R1 (blue) in one. Notably, in Larnaca, the
two sampled farms were in very close proximity, but the subtypes present did not
overlap. One farm contained only 11aA14G1R1 (red) subtype, while the other had

both 11aA12G1R1 (orange) and 11aA15G2R1 (green).

A
N\
. f
h Dt £ G
L4

Subtype “
M 11aA14G1R1 \ ‘
WA

Figure 9. Geographical distribution of gp60 subtypes across Cyprus cattle farms.
1aA12G1R1 (orange), 11aA14G1R1 (red), 11aA15G1R1 (blue), 11aA15G2R1
(green), 11aA18G2R1 (yellow). C. parvum positive samples with unsuccessful
gp60 sequencing are indicated in grey. Pie charts are proportional to number of C.
parvum positive samples identified per farm.

Data is from a previously published study [131]
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3.3 Cryptosporidium in the Czech Republic

3.3.1 Incidence of Cryptosporidium in Czech dairy farms

204 stool samples across nine farms were processed. Amplification of the
18S rRNA and gp60 genes showed an occurrence of 43.1% with 88/204 specimens
positive for Cryptosporidium spp. (Table 7). Cryptosporidium was found in all
farms, with occurrence varying from 19.2% (5/26) to 67.7% (23/34). The majority of
positive samples were identified as C. parvum (76.1%, 67/88) with 60 isolates
showing 100% nucleotide identity to the reference sequence AH006572.2. We were
unable to obtain good quality sequences for seven 18S rRNA PCR-positive samples.
Nonetheless, C. parvum identity was confirmed through gp60 PCR and subsequent
sequencing.

The next most common species found was C. bovis (15.9%, 14/88).
Additionally, two samples had co-infections of C. bovis and C. parvum. All 14
isolates had 100% nucleotide identity to reference sequence AB777173. The least
prevalent species found was C. ryanae (5.68%, 5/88), with all five samples showing
100% nucleotide identity to reference sequence FJ463193.1. Figure 10 shows
phylogenetic relationship of C. bovis and C. ryanae isolates to the aforementioned

reference sequences from GenBank.
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Table 7. Incidence of Cryptosporidium spp. and C. parvum gp60 subtypes in dairy
cattle from farms in the South Bohemia region of the Czech Republic.

Cryptosporidium spp. present
Prevalence % C. bovis/
Farm (no. positives/ C. parvum
total screened) -

C. parvum

C.parvum C.bovis C.ryanae gp60 subtypes

infection

CZ1  23.5% (4/17) 4
CZ2  54.5% (6/11) 6 - -
CZ3  22.7% (5/22) 5 - l1al5G2R1 (5)
CZ4  67.6% (23/34) 9 3 - 1 l1al6G1R1 (19)
CZ5 54.5% (12/22) 12 - - - l1al5G2R1 (9)
CZ6  19.2% (5/26) 5 11al5G2R1 (5)
CZ7  30% (3/10) -
Cz8 51.5% (17/33) 11

CZ9  44.8% (13/29) 5

1dA20G1 (2)
l1al5G2R1 (6)

[E=Y

11al5G2R1 (11)
lal5G2R1 (1)
11al6G1R1 (5)

A BN W
w N
=

CZ88
Cryptosporidium bovis (AB777173.1)
CZ29
CZ32
CZ33
CZ37
CZ56
CZ57
*Hczss
y 1 CZo2
0.02 CZo3
CZ64
67 || CZ68
CZ80
CZ81
CZ83
54 CZ82
Cryptosporidium xiaoi (FJ896046.1)
Cryptosporidinm ryanae (FJ463193.1)
CZ66
5 CZ74
97 | CZ84
58 CZ85
CZ86
Cryptosporidinm scrofarum (JX424840.1)
Cryptosporidium baileyi (AJ276096.2)
Cryptosporidium parvim (AH006572.2)
_nl__l—_Cr}prosporidium meleagridis (AF112574.1)
30 Crypfosporidium suis (JF710261.1)

Figure 10. A maximum likelihood (ML) tree based on the 18S rRNA gene
sequences of C. bovis and C. ryanae obtained in the Czech Republic.
Bootstrap values for the nodes with more than 50% support are shown. The
ML tree was rooted with an 18S rRNA sequence from Monocystis agilis
(AF457127).
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3.3.2 Cryptosporidium parvum subtyping through gp60 analysis

PCR amplification and sequencing of the gp60 gene was utilised to identify
the specific C. parvum subtypes present. All 18S rRNA PCR-positive samples were
further screened using nested-PCR of the gp60 gene. Of these, the gp60 gene was
successfully amplified and sequenced in 63 samples. Six C. parvum positive
sequences could not be successfully subtyped. Sequence analysis revealed the
presence of three subtypes, two of which belong to the lla subtype family and one
belonging to the Ild subtype family. Eight of the nine farms sampled contained at
least one C. parvum subtype.

The most abundant subtype found overall was 11aA15G2R1. 37 isolates were
found - 36 with 100% nucleotide identity to reference sequence DQ630518.1 and
one with 99% nucleotide identity to the same sequence. This subtype was also the
most widely distributed, occurring in 6/8 C. parvum-positive farms. This subtype
represented 53.6% of all C. parvum positive samples.

The second most common subtype in this study was 11aA16G2R1. 24 isolates
were found, representing 34.8% of all C. parvum positive samples. This subtype
occurred in 2/8 C. parvum-positive farms. Each farm had a different variant present -
19 isolates were found on CZ4 with 99% nucleotide identity to DQ192504.1, while
five isolates were found on CZ9 with 99% nucleotide identity to the same sequence.

The least common subtype identified in this study was I11dA20GL1. It occurred
on only one farm, representing 2.9% of C. parvum positive samples. Two isolates
were found with 100% nucleotide identity to reference sequence KU852714.1.
Geographical distribution of subtypes is visualised in Figure 11. All farms had a

single subtype present with the exception of CZ9.
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Figure 11. Geographical distribution of gp60 subtypes in Czech dairy farms.
I1aA15G2R1 (green), 11aA16G1R1 (brown), IIdA20G1 (blue). C. parvum positive

samples with unsuccessful gp60 sequencing are indicated in grey. Pie charts are
proportional to number of C. parvum positive samples identified per farm.
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3.3.3 Age-associated differences in Cryptosporidium infection

Infecting Cryptosporidium species were associated with age. C. parvum was
most prevalent in neonatal calves with the majority of C. parvum infections
occurring in the first 1-3 weeks of life (Figure 12). C. bovis and C. ryanae typically

occurred at much lower levels over the first few months of life.

—O-C parvum  —3-C. bovis ——C ryanae ——C. parvum/C. bovis co-infection
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Figure 12. Prevalence of Cryptosporidium spp., C. parvum, C. bovis, C. ryanae, and
coinfections in calves from 1-10 weeks in Czech dairy farms.
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CHAPTER 4: DISCUSSION AND CONCLUDING

REMARKS

4.1 Cryptosporidium species in cattle

Amplification and sequencing of 18S rRNA gene revealed high presence of
Cryptosporidium at the farm level, with 84.6-100% of farms containing at least one
positive sample in the five countries surveyed. Cyprus and the Czech Republic were
highest with Cryptosporidium present in every farm. While no bovine
cryptosporidiosis research has been carried out in Cyprus, flock-level studies also
reported high distribution of Cryptosporidium across sheep and goats herds [76]. A
Czech study in dairy calves reported farm level incidence at 70%. However, this
lower figure may be due to the use of microscopy to screen samples. Additionally,
the calves sampled did not include any young neonatal calves (i.e., 0-3 weeks). Our
results are in accordance with a previous cattle studies in France, reporting 88.4-
100% at the farm level [104,106]. Conversely, a study in Belgium reported just 32%
of farms sampled as containing Cryptosporidium. This could be attributed to the less
sensitive method of detection used (IFA of faecal smears). However, other molecular
studies utilising 18S PCR amplification in Europe have also reported lower
Cryptosporidium at the farm level, ranging from 44.5-66% [132,133]. On the other
hand, as the cows in this study were only sampled at one time point, the number of
infections may be underestimated. Oocyst shedding can be intermittent [134], and
numerous longitudinal studies in farms have observed that almost all calves will
shed oocysts over the course of the sampling period [102,103,117].

Cryptosporidium infections were predominantly identified as C. parvum,

comprising 51.8-81.3% of total infections across the five countries. These results are
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reflected in previous studies in Belgium [66], France [104], the Netherlands [121]
and the Czech Republic [93]. While there is no previous molecular data on
Cryptosporidium spp. circulating Cyprus, our results on the predominance of C.
parvum are in agreement with PCR-based studies from surrounding regions in both
healthy and diarrheic animals [78,82,83,135-137]. Beyond these countries, the
ubiquity of C. parvum in cattle has been reported extensively worldwide. 18S PCR
amplification has been previously shown to selectively amplify the dominant species
in a sample [138]. As C. parvum infections have been suggested to result in higher
oocyst shedding density, mixed infections with C. bovis, C. ryanae and C. andersoni
are effectively concealed from detection.

Our findings indicate this parasite is widespread throughout the regions studied.
The wide variation in occurrence per farm could indicate differences in farm
management practices. While this study focussed on molecular characterisation of
Cryptosporidium in these countries, information on potential risk factors should also
be reported — e.g., calf husbandry practices to gain insight to role in parasite spread.
Studies have shown seasonal variation in Cryptosporidium prevalence on farms
[139], indicating climate variables may also play a role. As warm weather is
positively correlated with Cryptosporidium prevalence [140,141], this partly
explains why Cryptosporidium incidence in Cyprus was significantly higher than

seen in Belgium, France and the Netherlands.
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4.2 High occurrence of zoonotic C. parvum gp60 subtypes circulating in

European dairy farms

In order to assess zoonotic risk of Cryptosporidium infection in cattle, C. parvum
subtype identification was carried through amplification and sequencing of the gp60
gene. Eleven subtypes, belonging to the Ila and 11d family, were identified across the
five countries sampled.

The most prevalent and widespread subtype in Belgium, the Czech Republic,
France and the Netherlands was 11aA15G2R1. In this study, it was identified in
68.1% of C. parvum-positive farms. The 1laA15G2R1 subtype is the most
predominant worldwide [142] and considered “hypertransmissable” [29]. However,
it occurred at relatively low levels in the Cypriot farms studied (8.5%). The zoonotic
risk of 11aA15G2R1 has been well established, being responsible for the majority of
human cryptosporidiosis cases [142,143]. Further studies will be required to better
assess its role in human disease in Cyprus.

The 11aA16G2R1 subtype was the second most common, and only found in
Czech and French farms. Incidence in both countries was high, representing 34.8%
and 40.5% of C. parvum infection in the Czech Republic and France, respectively.
This subtype has previously been reported in French calves [104], albeit at a much
lower incidence, as well as in fish collected from a French lake [119]. Interestingly,
there have been no prior reports of this subtype in the Czech Republic despite the
majority of previous molecular investigations in the Czech Republic having also
been carried out in farms from the South Bohemia region. In cattle, 11aA16G2R1 has
been found worldwide in the Netherlands [121], Belgium [66], Spain [57], Estonia

[132], Colombia [144] , Algeria [145,146], China [108] and Iraq [147]. It has been
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implicated in numerous human cryptosporidiosis cases globally[148-153], pointing
to potential risk of zoonotic transmission.

I1aA14G1R1 was next most common subtype found. Though only found
sporadically in Belgian and Dutch farms, it was the most abundant and widespread
subtype in Cyprus, comprising 57.4% of the C. parvum infections in the country.
There is no previous molecular data from Cyprus for comparison, however reported
subtypes in the surrounding Mediterranean region do not align with this result.
1aA13G2R1 is the endemic subtype in Turkey, while 11dA20G1 appears endemic to
Egypt [84-87,135,154]. This subtype has been reported previously in farms across
Europe [78,89,125,132,155-159]. Additionally, outbreaks of human
cryptosporidiosis in Norway, New Zealand and the UK [160-162] have been
attributed to 11aA14G1R1.

The 11aA12G1R1 subtype appeared only in Cyprus, comprising 25.4% of C.
parvum positive samples and was only found in a single farm. The only previous
report of this subtype was in Israel [136], also in cattle, making this report the second
one worldwide. Having only been reported in calves, zoonotic potential of this
subtype remains to be seen.

I1aA17G1R1 was found in Belgium and the Netherlands, at a prevalence of
1.75% and 8.11%, respectively. This is in line with a previous study in the
Netherlands, which found a slightly higher prevalence at 11% [121]. This higher
incidence is also seen in numerous other cattle studies reporting this subtype in
Argentina [163], Israel [136], Poland [159], Slovakia [164] and the UK [75,165].
Zoonotic risk appears high, with this subtype appearing in human cryptosporidiosis

cases in Ethiopia [166], Iran [167], the Netherlands [121], Slovakia [168,169],
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Slovenia [170], Sweden [115] and the UK[171,172]. In a UK study, infections with
I1aA17G1R1 were strongly associated with exposure to cattle prior to illness onset.

Subtype 11aA13G2R1 was also found solely in Belgium and the Netherlands,
at a prevalence of 3.52% and 4.05%, respectively. This subtype has been reported
previously in both Belgium and the Netherlands at similarly low incidence [66,121].
Most reports in cattle are similarly low [75,136,173], with the exception of Turkey
where this subtype appears endemic [78,89,174]. Zoonotic potential appears low as
only sporadic cases in humans have been reported [151,175-177].

Subtype 11aA17G2R1 was only found on a single farm in the Netherlands,
comprising 5.41% of C. parvum infections, in line with a previous study in this
country [121]. This subtype has been found in cattle in several European countries
including in Germany [158], Italy [178], Northern Ireland [179], Poland [180] and
Slovakia [181]. Outside Europe, it has been found in cattle in Australia
[152,182,183], Canada [184], Israel [136], Uruguay [185] and the USA [68].
11aA17G2R1 incidence in humans appears mostly sporadic [186-189], with only one
outbreak reported in Jordan [149].

I1aA15G1R1 was only identified in one isolate each from Belgium and
Cyprus. In cattle, 11aA15G1R1 has been found in the Czech Republic [190], Egypt
[83,86] and Sweden [191]. It has been linked to numerous instances of human
cryptosporidiosis globally. A Scottish study found 11aA15G1R1 was responsible for
47% of human cases there [192]. The subtype has also been identified in humans
presenting with diarrhoea from Australia [187], Egypt [135], England [193],
Lebanon [194] and Slovenia [195].

A single isolate of each 11aA16G1R1 and 11aA18G2R1 was detected in

France and Cyprus, respectively. 1laA16G1R1 has been widely reported in cattle,
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including France [104], Germany [158], Sweden [196], Hungary [197], Serbia [198],
Romania [199], Estonia [132], Slovenia [170], Argentina [200] and Jordan [88].
Despite previous reports in Netherlands [121] and the Czech Republic [93,96], it was
not detected there in this study. 11aA18G2R1 has been previously identified in cattle
in the France [63], USA [68], Northern Ireland [179], Germany [158] and Italy
[201], though was typically one of the less common subtypes found. Zoonotic
potential of both these subtypes appears to be low having only been identified
sporadically in humans from England [193], USA [151,202], Mexico [203] and
Australia [152,204].

I1dA20G1 was the only subtype found from the 1ld C. parvum family. Two
isolates were identified in a single farm in the Czech Republic. This subtype has
commonly been found in cattle in China [205-209] and Egypt [84,86,135,210],
appearing somewhat endemic to these regions. To our knowledge, it has not
previously been reported in the Czech Republic. Human outbreaks linked to this
subtype have occurred in Sweden [211,212], Egypt [135,213] and Qatar [214,215].

Amongst the 286 C. parvum positive samples identified with 18S rRNA, only
231 were successfully subtyped. The rest of the samples could not be subtyped due
to unclear sequence chromatograms. It is possible this is due to the cattle carrying
multiple subtypes of C. parvum. As mentioned previously, a significant disadvantage
nested-PCR and Sanger sequencing is the preferential amplification of only the more
abundant species, while mixed or less abundant species are essentially hidden. It is
still clinically important to identify presence of mixed species and subtypes within a
host, as due to the sexual stage of the parasite’s lifecycle this may generate variation
via recombination. This, in turn, could potentially result in altered parasite fitness,

which could impact cryptosporidiosis disease pathology. Future studies could utilise
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next-generation sequencing instead, which has been used to identify mixed
infections as well as less abundant species and subtypes [216]. As a cheaper
alternative, albeit more labour-intensive, cloning can also be utilised to distinguish
species and subtypes in mixed infections.

Several polymorphisms were identified in the sequenced gp60 genes that
resulted in a change to the amino acid sequence. At present, it is unknown whether
these have any biochemical significance, though future genome-wide association

studies could be carried out to shed some light on this.

4.3 Age-associated differences in Cryptosporidium spp. infection

Age-related variance of infection was observed with 41.7% of calves
infected, compared to just 6.6% of dams across Belgium, France and the
Netherlands. This infection rate in calves was similar to the overall prevalence in
both Cyprus and the Czech Republic, where sampled animals were predominantly
pre-weaned calves. The inverse correlation of parasite burden with age has been
observed numerous times in cattle [95,121,217,218], and suggests calves are
particularly at risk for bovine cryptosporidiosis. However, while the methods used in
this study are far more sensitive than conventional microscopic detection, they may
not be sufficient when processing stool samples from adult cows. Efficient DNA
extraction is vital for accurate detection of infection. Adult cows’ faecal pats are
much larger and contain more fibrous material [219]. As such, oocysts can be
“diluted” in these samples and DNA extracts may contain higher levels of PCR
inhibitors [220]. In this study, DNA extraction was carried out on just 0.2g of each

faecal sample so reported infection in adults may be underestimated. Indeed, when
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utilising a method to concentrate oocysts prior to PCR screening, 91% of sampled
adult cows were positive for Cryptosporidium [221].

We observed the proportion of infecting Cryptosporidium spp. differed
across age groups. C. parvum was most commonly detected in young neonatal calves
up to 3 weeks old, while C. bovis and C. ryanae became more prevalent as age
increased. The age-related variation in infecting Cryptosporidium spp. has been
observed extensively including within these same countries and elsewhere
throughout Europe [66,104,106,132,133,170]. As C. parvum is the main ‘cattle’
species that causes clinical disease, this shows neonatal calves are particularly at risk
for bovine cryptosporidiosis.

Co-infections were only observed in calves, however, this is likely
attributable to the method in which mixed infections were identified. Co-infections
were detected through a positive non-C. parvum 18S rRNA identity and positive
gp60 identity. As such, only mixed infections containing C. parvum were able to be
detected which would tend to discount older animals as C. parvum is associated with
neonates. It is possible other mixed infections were present in the dams, but
combinations of C. bovis, C. ryanae and C. andersoni could not be recognised. As
suggested in Chapter 4.2, future molecular work can utilise techniques to better

uncover mixed infections.

4.4 Follow-up study reveals increase in Cryptosporidium infection and

diversity in Belgium, France and the Netherlands
Comparison of Cryptosporidium infection Belgian, French and Dutch dairy

farms over two years reveals apparent variation in effective infection control. In

France, Cryptosporidium infection remained stable across the two years, while an
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increase was observed in Belgium and the Netherlands. This indicates infection
control measures may be more effective in the French farms. Furthermore,
circulating gp60 subtypes in French farms did not change year to year, further
suggesting effective prevention of parasite entry into these farms. While disease
burden has not reduced, oocysts are highly robust so it is to be expected that some
infection would remain, particularly in the brief period between samplings.
Contrastingly, in Belgium and the Netherlands, more subtype diversity was observed
in the following year. This could suggest some source of parasite inflow into these
farms. However, it is possible these subtypes were present in the initial study but
simply not detected as the method we used could not identify mixed subtypes.
Curiously, there were more mutual subtypes between Belgium and the Netherlands
than was observed in the previous year, possibly suggesting a flow of transmission
between these countries. Analysis of Cryptosporidium in the surrounding
environment could reveal potential sources of infection as well as routes of
transmission.

While overall prevalence did not significantly differ in France, there were
some differences in species present. A single isolate of C. xiaoi was detected in the
first study, while none were found in the follow-up. This points to it likely being an
isolated case, especially considering this species is typically observed in sheep [222].
The source of infection does not appear to have persisted to the subsequent study.

A major shortcoming of this study is a lack of statistical analyses for the
year-to-year comparisons. Given the variation in age of calves sampled, the reported
prevalence are likely not an accurate indication of the efficacy of infection control

practices. This work comprises the 2nd year of a 3-year study, by the end of which,
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statistical analyses will be used to determine how prevalence changed between years,

considering the age of calves sampled.

4.5 Future avenues

Further monitoring of this parasite will be paramount in reducing disease
burden in cattle. Development of a standardised molecular protocol for species and
subtype identification would allow for better comparability between studies for
tracking spread of different subtypes. While gp60 does reveal large subtype
diversity, additional typing at other loci may better reveal intra-subtype variability.
This is particularly important regarding the “hypertransmissable” 1laA15G2R1
subtype. Despite being the most prevalent and widespread, isolates showed little
genetic variation, even across countries, so transmission networks are difficult to
discern.

While age has been identified as a key risk factor for infection, other risk factors
regarding animal husbandry should be explored. This includes factors such as age of
separation of calves from their mothers, administration of colostrum, feed type,
housing and bedding. Additionally, as there were large variations in prevalence
between farms, investigations into how farm management practices differ may reveal
effective infection control strategies. This would help ease the significant economic
impact on farmers. Furthermore, cattle breeds should be noted in future
investigations as studies have found significant differences in prevalence from
between different breeds [108]. Further studies could help indicate which breeds are
more resistant to cryptosporidiosis disease.

A One Health approach will be needed to properly tackle disease burden of this

parasite. Import and export of cattle across borders should be monitored to prevent
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infection spread to uncontaminated areas [123,124]. As outbreaks are commonly
associated with waterborne transmission, sampling of the surrounding water bodies
may reveal other reservoirs of disease as well as possible indirect routes of

transmission through contaminated water runoff from farms.

4.6 Concluding remarks

The high levels of Cryptosporidium detected in this study reinforces the role
of dairy farms as a key reservoir of this parasite. Our findings point to a high risk of
zoonotic transmission with zoonotic C. parvum as the predominant species found
across all five countries while the majority of gp60 subtypes identified here have
previously been detected in human cryptosporidiosis cases and outbreaks. Though
this report contributes to the molecular knowledge of circulating Cryptosporidium
species and genotypes in Europe, significant knowledge gaps on transmission
dynamics, sources of infection and effective interventions remain, calling into

attention the need for a One Health approach in the immediate future.
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