This is the peer reviewed version of the following article:

The Current Molecular Epidemiological Scenario of Cryptosporidium, Giardia and

Blastocystis in Spain. Implication for Public Health

Pamela C. Koster, David Carmena

Eukaryome Impact on Human Intestine Homeostasis and Mucosal Immunology. 2020
PP 97-111

which has been published in final form at

https://doi.org/10.1007/978-3-030-44826-4 8



Luisa



10

11

12

13

14

15

The current molecular epidemiological scenario of Cryptosporidium, Giardia and

Blastocystis in Spain. Implication for public health

Pamela C. Koster?, David Carmena?

2 Parasitology Reference and Research Laboratory, National Centre for Microbiology,

Ctra. Majadahonda-Pozuelo Km 2, 28220 Majadahonda, Madrid, Spain

Corresponding author: David Carmena Parasitology Reference and Research
Laboratory, National Centre for Microbiology, Ctra. Majadahonda-Pozuelo Km 2, 28220

Majadahonda, Madrid, Spain

Corresponding author email: dacarmena@isciii.es

Corresponding author phone number: +34 91 822 3641


mailto:dacarmena@isciii.es

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Abstract

The enteric protozoan parasites Cryptosporidium spp. and Giardia duodenalis are major
contributors to the burden of gastrointestinal diseases globally. Both pathogens
primarily affect children living in resource-poor settings with limited or no access to
clean water and sanitation facilities, but are also significant public health threats in
developed countries. Additionally, Cryptosporidium spp. and G. duodenalis are
common causes of waterborne and foodborne outbreaks of gastrointestinal disease
globally. Besides, the Stramenopile Blastocystis sp. is the most common eukaryotic
organism reported in the human gut. Although its pathogenicity is a topic of debate,
there is increasing evidence demonstrating that this protist can be associated with
gastrointestinal disorders (diarrhoea, irritable bowel syndrome) and extra-intestinal
manifestations, including urticaria.

Because Cryptosporidium spp., G. duodenalis and Blastocystis sp. share the
same transmission (faecal-oral) route, are able to infect a wide range of animal species
other than humans with variable host specificities, and their infective forms are
environmentally resilient, the study of these pathogens should be ideally approached
under the One Health umbrella. In this context, molecular-based methods including
PCR and sequencing provide powerful tools to investigate the epidemiology and
transmission of these parasites.

In Spain, cryptosporidiosis and giardiosis, but not blastocystosis, are notifiable
diseases. However, the true incidence of these infections remain largely unknown
because underdiagnosing and underreporting. Symptomatic cryptosporidiosis and
giardiosis disproportionally affect children under four years of age, but we know now
that subclinical infections are also common in apparently healthy individuals of all age

groups. However, molecular data regarding the frequency and diversity of these
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pathogens are limited and spatially and temporally discontinuous. This chapter aims to
provide, from a public veterinary health perspective, an updated account on the
epidemiology of Cryptosporidium, G. duodenalis and Blastocystis in Spain, with an
emphasis on the description of the species/genotypes circulating in symptomatic and
asymptomatic human populations. Current knowledge on the presence of these
pathogens in production (livestock), companion (dogs and cats) and wildlife animal
species is also discussed, including their potential role as natural reservoirs of human
infections, and the available evidence of zoonotic (and anthroponotic) transmission

events.

Keywords: Blastocystis; Cryptosporidium; Giardia; Diarrhoea; Epidemiology;
Molecular characterization; Host specificity; Speciation; Experimental infection;

Natural infection; Transmission.
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1. Introduction

The enteric protozoan parasites Cryptosporidium spp. (Apicomplexa:
Cryptosporidiidae), and Giardia duodenalis (Metamonada: Hexamitidae) are among the
most important causes of protozoan-diarrheal illness in humans and animals globally.
Clinical manifestations vary from asymptomatic carriage to acute diarrhoea and chronic
disease. Transmission of giardiosis and cryptosporidiosis is through the faecal-oral
route, either indirectly via accidental ingestion of contaminated water or food, or
directly via human-to-human or animal-to-human contact. Approximately 200 million
people in Asia, Africa and Latin America present symptomatic giardiosis with some
500,000 new cases reported each year (WHO, 1996). Cryptosporidiosis is a leading
cause of diarrhoeal death in children younger than 5 years in sub-Saharan Africa and
Southeast Asia, only second after rotaviral enteritis (GBD, 2016). Both giardiosis and
cryptosporidiosis primarily affect young children living in low-income countries and are
strongly linked with malnutrition, growth faltering, and cognitive impairment (Guerrant
etal., 1999; Halliez et al., 2013). These very same disorders, although to a much lower
extent, have been described in some Spanish paediatric populations (Azcona-Gutiérrez
etal., 2017). The Stramenopile Blastocystis sp. is one of the most common enteric
parasites found in human stool samples. It is estimated that up to 1 billion people would
be colonized/infected with this protozoan species globally (Clark et al., 2013). The
clinical and public health relevance of Blastocystis sp. remains controversial, as it is
commonly found in both apparently healthy individuals and patients suffering from
intestinal (diarrhoea, irritable bowel syndrome) and extra-intestinal (urticaria)
manifestations (Scanlan et al., 2014). Hence, it is currently not possible to distinguish

between colonization and infection.
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At least 38 Cryptosporidium species have been named today, of which C.
hominis and C. parvum account for ~90% of human cryptosporidiosis cases globally
(Ryan et al., 2014). The only Giardia species that is pathogenic to humans, G.
duodenalis, is indeed a species complex consisting of eight (A to H) assemblages;
assemblages A and B, which commonly infect humans and other mammals,
assemblages C and D in dogs and other canids, assemblage E in hoofed animals,
assemblage F in cats, assemblage G in rodents and assemblage H in pinnipeds (Caccio
et al., 2018). Extensive genetic diversity has also been demonstrated within Blastocystis
sp., allowing the differentiation of at least 17 subtypes (ST), of which STs 1-9 and 12
infect humans, among other mammal species (Stensvold et al., 2007; Ramirez et al.,
2016). Blastocystis ST1-4 are the subtypes more frequently identified in humans.
Because Cryptosporidium spp., G. duodenalis, and Blastocystis sp. genetic variants
have marked differences in host range and specificity, molecular epidemiological
surveys are essential not only to determine the frequency and diversity of
species/genotypes in a given population or geographical region, but also to characterize
transmission pathways, to identify the range of host species able to harbour these

pathogens, and to assess zoonotic (or anthroponotic) potential.

2. The Spanish epidemiological scenario

The epidemiology of G. duodenalis and Cryptosporidium spp. in Spain has been the
subject of previous reviews (Navarro-i-Martinez et al., 2011; Carmena et al., 2012), so
the interested reader is referred to them for in-depth information. Regarding human
infections, most of the available data comes from observational, transversal studies
conducted in schoolchildren populations by conventional (microscopy) diagnostic

methods. In brief, reported prevalence rates of human giardiosis ranged from 3—7% in
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asymptomatic individuals to 13-25% in symptomatic individuals. Giardia duodenalis
infections have also been identified in ovine (3—44%), bovine (5-30%), canine (5—
20%), feline (14%), and wildlife (1-16%) animal populations (Table 1). Similarly,
Cryptosporidium infections were more frequently found in individuals declaring
gastrointestinal complaints (5-30%) than in asymptomatic subjects (1-5%).
Cryptosporidium spp. infections were a common cause of diarrhoea in young calves (4—
60%) and lambs (5-90%). In contrast, Cryptosporidium spp. infections in domestic
dogs (7-15%) and cats (5—10%) were mostly reported in asymptomatic animals (Table
1).

Importantly, Giardia cysts and Cryptosporidium oocysts have been found in up
to 100% of the surface waters intender for human or agricultural consumption (Carmena
et al., 2007; Castro-Hermida et al., 2009), including recreational river areas (Castro-
Hermida et al., 2010). When the viability of the (0oo0)cysts was assessed with vital dyes,
infective forms of Giardia and Cryptosporidium were detected in 57—61% of the
samples analysed (Castro-Hermida et al., 2010). (Oo)cysts of both pathogens were also
a frequent finding (16-60%) in packed salads and other fresh produce (e.g. Amoros et
al., 2010). The fact that infective G. duodenalis cysts and Cryptosporidium oocysts are
regularly found in drinking waters and ready-to-eat, fresh meals explain why these
pathogens are common causes of waterborne and foodborne outbreaks of diarrhoeal
illness globally (Efstratiou et al., 2017; Ryan et al., 2018, 2019).

In addition, Giardia cysts and Crytosporidium oocysts have been isolated from
soil samples in Spanish public parks (Martinez-Moreno et al, 2007; Dado et al., 2012),
Although these studies did not assess neither the viability/infectivity of the parasite
forms nor their species/genotypes, environmental contamination with faecal material

from companion animals or even humans can be a source of infection to people in close
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contact with contaminated soil, particularly children playing in sand pits on public
grounds.

Comparatively far lesser epidemiological information is currently available on
Blastocystis carriage/infection in Spain (reviewed in Paulos et al., 2018). As in the case
of G. duodenalis and Cryptosporidium infections, most of the research conducted on
Blastocystis sp has been generated in microscopy-based prospective (Del Aguila et al.,
1997; Paulos et al, 2018) or clinical retrospective (Gonzalez-Moreno et al., 2011,
Salvador et al., 2016) studies (Table 1). Blastocystis sp. has also been identified in
intensively reared pigs (Navarro et al., 2008) and farmed ostriches and rheas (Ponce

Gordo et al., 2002).

3. Current surveillance and research limitations

Cryptosporidiosis and giardiosis, but not blastocystosis, are compulsory notifiable
diseases in Spain since March 2015 (Table 1). Based on official data, a total of 1,627
and 646 confirmed cases of giardiosis and cryptosporidiosis were reported in Spain in
2015 (ECDC 2018a,b). Of note, these figures represent a fraction of the true number of
cases. Variable health care seeking behaviour by patients, poor awareness among
primary care physicians, underdiagnosing, and underreporting are all important
contributing factors to this problem. When uncertainties associated to those factors are
considered, the true number of cases are expected to be 2-3 order of magnitude higher
than the declared number of cases (Caccio and Chalmers, 2016). Information regarding
the situation of human blastocystosis is even scarcer. In practical terms this general lack
of information means that the seasonal distribution of these enteric parasites along the
year are largely unknown. Historical case series at national scale are also lacking.

Seasonal patterns have been investigated at regional level during relatively short periods
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of time. These studies have evidenced that Cryptosporidium cases peak during late
summer and early autumn (Abal-Fabeiro et al., 2015; Azcona-Gutiérrez et al., 2017).
The very same temporal trend has been previously reported in other European countries
including Germany, The Netherlands, and UK and has been associated to increased
travel and exposure to recreational water (Chalmers et al., 2009; Fournet et al., 2013).

Importantly, molecular studies investigating the occurrence and genetic
variability of Cryptosporidium spp., G. duodenalis and Blastocystis sp. infections in
human and animal populations and in environmental (water, soil) samples in Spain are
limited (reviewed in Navarro-i-Martinez et al., 2011; Carmena et al., 2012; Paulos et al,
2018). Active molecular-based epidemiological surveillance has been demonstrated as a
very useful tool in outbreak investigations (e.g. Fuentes et al., 2015) and to identify
novel or rare species/genotypes of enteric parasites in clinical samples (Martinez-Ruiz
et al., 2016; Merino et al., 2019; Millan et al., 2019).

No routine surveillance or monitoring programs to detect the presence of the
infective stages of Cryptosporidium spp., G. duodenalis, and Blastocystis sp. in drinking
water and fresh produce are currently in place in Spain. Indeed, current legislation does
not specify the maximum concentration levels of these pathogens in water and food

matrices.

4. Molecular epidemiological research in humans

The molecular diversity of G. duodenalis, Cryptosporidium spp., and Blastocystis sp. in
human infections in Spain has been mainly assessed in clinical populations with or
without clinical manifestations. In some instances, these parasites were accidentally
identified during routine testing at clinical laboratories. This is particularly true for

Blastocystis sp. Available genotyping data indicate that Giardia duodenalis assemblage
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B is more prevalent than assemblage A in most of the surveys conducted (Sahagun et
al., 2008; de Lucio et al., 2015; Gabin-Garcia et al., 2017), although both genetic
variants have been detected at similar frequencies in other studies (Azcona-Gutiérrez et
al., 2017). At the sub-genotype level BIV is the most common sub-assemblage
circulating in those clinical patient populations. Similarly, sub-assemblage BIV has
been the predominant genotype found in children attending day care centres (Mateo et
al., 2014), in schoolchildren (Cardona et al., 2011), and in community surveys (de Lucio
etal., 2017). These data suggest that, besides parasite genotype, other determinants (e.g.
co-infections, host immune status, microbiome) may play a role in the progression from
asymptomatic carriage to symptomatic infection. A recent study investigating G.
duodenalis infections in individuals of all ages with and without clinical symptoms
revealed that children were more commonly infected by assemblage B, whereas
asymptomatic infection was more common in patients with assemblage A than in those
with assemblage B (Wang et al, 2019). Importantly, asymptomatic carriage of G.
duodenalis has been demonstrated by PCR in a larger than expected proportion of
apparently healthy schoolchildren attending primary and secondary schools in Madrid
(Reh et al., 2019). This finding may have important consequences as unnoticed school
and household transmission events could represent a public health issue for at-risk
populations such as young children, the elderly and immunocompromised individuals.
Regarding cryptosporidiosis, human cases in Spain are primarily caused by C.
hominis (80-90%) and C. parvum (10-18%) (de Lucio et al., 2015; Segura et al., 2015;
Azcona-Gutierrez et al., 2017), but these frequencies may vary depending on the region
considered. For instance, in the Autonomous region of Galicia (northwest Spain), it was
C. parvum and not C. hominis the main Cryptosporidium species detected in summer

peaks during the period 2000-2008, particularly in rural areas (Abal-Fabeiro et al.,
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2015). Considering that this Spanish region breeds and feeds large populations of dairy
and beef cattle, the finding mentioned above has been interpreted as the consequence of
zoonotic C. parvum transmission. Infections by less common Cryptosporidium species
including C. meleagridis (Abal Fabeiro et al., 2014; Segura et al., 2015), C. canis (Abal-
Fabeiro et al., 2014; de Lucio et al., 2016), and C. cuniculus (Martinez-Ruiz et al.,
2016) have also been reported sporadically, some of them reflecting zoonotic events.
These surveys revealed that IbDA10G2 and I1dA15G2 were the sub-genotypes more
prevalent within C. hominis and C. parvum, respectively. Taken together, available
molecular data seem to indicate that human giardiosis and cryptosporidiosis in Spain are
primarily of anthroponotic origin, with a comparatively smaller contribution from
zoonotic reservoirs in production and companion animals (Abal-Fabeiro et al., 2014,
2015; Azcona-Gutiérrez et al., 2017).

In Spain, ST4 has been demonstrated as the most prevalent (94%) Blastocystis
subtype circulating in symptomatic, mono-infected patients (Dominguez-Marquez et al.,
2009). Interestingly, ST4 has been detected at considerable lower rates than ST1-3 in
general (Paulos et al., 2018) and schoolchildren (Reh et al., 2019) populations in
different Spanish geographical regions, suggesting that ST4 may be more pathogenic

than other Blastocystis subtypes commonly seen in humans.

5. Molecular epidemiological research in livestock

In Spain, molecular genotyping studies have been conducted in G. duodenalis-positive
samples from cattle, sheep, and goats; these surveys revealed that assemblage E was the
most prevalent genotype in all the species studied, ranging from 64% to 100% in cattle
and sheep and 100% in goats (Castro-Hermida et al., 2006, 2007, 2011a; Cardona et al.,

2015). Zoonotic assemblage B was identified in 8-35% of sheep, whereas assemblage
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A sub-assemblage Al was found in 1% of goats. In cattle, genetic analyses for G.
duodenalis have been conducted in asymptomatic animals including neonatal calves,
heifers, and cows (Castro-Hermida et al., 2007, 2011a). Besides assemblage E, sub-
assemblage Al was also identified in 36% of cattle.

Cryptosporidium infections in cattle have a marked age-related pattern; thus, C.
parvum is more prevalent in pre-weaned calves, whereas C. bovis, C. andersoni, and C
ryanae are more frequently found in post-weaned calves, heifers, and adult animals
(Santin et al., 2008). Molecular epidemiological data from Spanish herds confirm this
trend (Castro-Hermida et al., 2007, 2011a; Quilez et al., 2008b; Cardona et al., 2015).
Calves, lambs, and goats infected with C. parvum have been demonstrated to harbour
zoonotic sub-genotypes (e.g. 11aA15G2) of the parasite and should, therefore,
considered as natural reservoirs of human cryptosporidiosis (Quilez et al., 2008a; Diaz
et al., 2010). Intriguingly, feline-specific G. duodenalis assemblage G and C. felis have
been detected in cattle in northern Spain (Cardona et al., 2015). This finding reveals that
inter-species transmission of apparently host-specific species/genotypes is possible
when environmental conditions are favourable.

Overall, molecular epidemiological data from Spain were in line with those
suggesting that the actual role of livestock as major reservoirs for G. duodenalis and
Cryptosporidium spp. infections to humans might be much less relevant than initially
anticipated (O'Handley, 2007; Feng and Xiao, 2011). The molecular diversity of

Blastocystis sp. carriage/infections in livestock is unknown at present.

6. Molecular epidemiological research in companion animals
Molecular epidemiological studies investigating the genetic diversity of G. duodenalis,

Cryptosporidium spp., and Blastocystis sp. in domestic dogs and cats in Spain are

11
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particularly scarce. These studies (conducted in stray, sheltered, and owned animals)
showed that both G. duodenalis and Cryptosporidium infections were primarily caused
by canine-specific (e.g. G. duodenalis assemblages C and D, C. canis) or feline-specific
(e.g. G. duodenalis assemblage F, C. felis) genetic variants of these parasites (Ortufio et
al., 2014; de Lucio et al., 2017). However, other surveys have demonstrated that dogs
can harbour infections by potentially zoonotic G. duodenalis sub-assemblages All, BlllI,
and BIV. However, most of these genetic variants contained single nucleotide
polymorphisms that were not present in sequences of human origin belonging to the
same sub-assemblages. Taken together, these facts seem to suggest that sub-
assemblages All, Blll, and BIV may be naturally circulating in canine populations (Gil
et al., 2017; Adell-Aledodn et al., 2018; Sanchez-Thevenet et al., 2019). Zoonotic
transmission of giardiasis and cryptosporidiosis could not been demonstrated between
pet dogs and cats and their owners in northern Spain, indicating that this kind of events
should be relatively infrequent. Intriguingly, C. hominis of unknown sub-genotype was
detected in a sheltered dog in this very same geographical region (Gil et al., 2017).
Whether this finding represents a true infection or an accidental acquisition and
mechanical carriage of C. hominis oocysts of anthroponotic origin via environmental
contamination remains to be clarified in further molecular studies. Neither companion

dogs nor cats seem suitable hosts for Blastocystis sp. (Paulos et al., 2018).

7. Molecular epidemiological research in wildlife

Previous epidemiological studies have reported the occurrence of Giardia duodenalis
and Cryptosporidium spp. infections in small rodents and insectivores (Torres et al.,
2000), birds (Reboredo-Fernandez et al., 2015; Cano et al., 2016), ungulates including

roe deer and wild boars (Castro-Hermida et al., 2011a,b), and several carnivore species

12
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including badgers, red foxes, genets, beech martens, otters, and wolves (Méndez-
Hermida et al., 2007; Mateo et al., 2017). Available molecular data revealed that
zoonotic G. duodenalis assemblage B was present in buzzards, quails, and magpies
(Reboredo-Fernandez et al., 2015). The finding of BIV (the G. duodenalis sub-
assemblage more prevalent in Spanish human populations) in waterfowl may represent
a public health concern, as these birds commonly nest, breed, and feed in source waters
intended for human consumption (Cano et al., 2016).

Since its naming in 2002 (Morgan-Ryan et al., 2002), C. hominis has been
largely recognized as a human-specific species. However, this notion has been
challenged by recent experimental and molecular epidemiological data demonstrating
that C. hominis is able to successfully infect a wide range of mammal species other than
human and non-human primates including cattle (e.g. Razakandrainibe et al., 2018),
sheep (e.g. Connelly et al., 2013), donkeys (Jian et al., 2016), kangaroos (Zahedi et al.,
2018), and field mice (Condlova et al., 2018), among others. In Spain, no evidence of C.
hominis infections circulating in livestock has been described yet, but C. hominis
oocysts have been identified in the intestinal tract of a domestic dog (Gil et al., 2017), a
badger (Mateo et al., 2017) and four red foxes (Montoya et al., 2019). These findings
may be just the consequence of passive carriage of ingested oocysts but may also
represent true infections as consequence of spill-over events of anthroponotic C.

hominis from humans to companion and wildlife (Figure 1).

8. Molecular epidemiological research in surface waters
Giardia cysts and Cryptosporidium oocysts have been reported in up to 100% of the
surface waters intender for human consumption, and in 27% of tap water from

municipalities in northern Spain with chlorination treatment only (Carmena et al.,
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2007). Both parasites have also been detected in the final effluent of drinking water
treatment plants at concentrations of 0—4 (oo)cysts per litre in northwest Spain (Castro-
Hermida et al., 2008, 2015), and at concentrations <1 (oo)cyst per litre in north-eastern
Spain (Ramo et al., 2017). Vital staining dyes revealed that up to 95% of the (oo)cysts
identified were viable (Castro-Hermida et al., 2015). Sequence analyses allowed the
identification of a wide range of species/genotypes, including C. hominis, C. parvum, C.
andersoni, C. ubiquitum, and C. muris within Cryptosporidium, and assemblages A
(including sub-assemblages Al and All) and E within G. duodenalis (Galvan et al.,
2014; Castro-Hermida et al., 2015). In addition, Cryptosporidium oocysts have also
been detected in 19% of public swimming pools with a maximum concentration of 13
oocysts per litre (Gracenea et al, 2018). Considered together, these results demonstrate
that both Cryptosporidium spp. and G. duodenalis are ubiquitous in environmental and
recreative waters in Spain. This fact, together with the ineffectiveness of treatments in
drinking water treatment plants in eliminating/inactivating the (oo)cysts of both
protozoan species represent a perceptible risk for waterborne outbreaks of giardiosis
and/or cryptosporidiosis, and a serious concern for the water industry and the public

health authorities responsible for assuring the safety and quality of drinking water.

9. Concluding remarks

Despite the unquestionable progress achieved in the last two decades, the epidemiology
of the diarrhoea-causing enteric parasites G. duodenalis, Cryptosporidium spp., and
Blastocystis sp. in Spain remain insufficiently understood. Current molecular data
demonstrate that the transmission of these pathogens and the factors that determine their
pathogenicity are more intricate than initially anticipated and involve interconnected

human, animal, and environmental reservoirs. The species/genotypes involved in the
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infections are an important factor in determining the pathogenicity of the infection, but
it is not the only determinant in the equation. Other variables including co-infections,
host age and immune status, and microbiota abundance and diversity are also key actors

in tipping the balance between health and disease.

Declarations of interest

None declared.

Acknowledgements

Research summarized in this chapter and conducted at the Spanish National Centre for
Microbiology was funded by the Health Institute Carlos I11 (ISCIII), Ministry of
Economy and Competitiveness (Spain), under projects CP12/03081 and
P116C111/00024. The funder had no role in study design, data collection and analysis,

decision to publish or preparation of the manuscript.

References

Abal-Fabeiro JL, Maside X, Llovo J, Bartolomé C. Aetiology and epidemiology of
human cryptosporidiosis cases in Galicia (NW Spain), 2000-2008. Epidemiol
Infect. 2015;143:3022—-3035.

Abal-Fabeiro JL, Maside X, Llovo J, Bello X, Torres M, Trevifio M, Moldes L, Mufioz
A, Carracedo A, Bartolomé C. High-throughput genotyping assay for the large-
scale genetic characterization of Cryptosporidium parasites from human and bovine
samples. Parasitology. 2014;141(4):491-500.

Adell-Aledon M, Koster PC, de Lucio A, Puente P, Hernandez-de-Mingo M, Sanchez-

Thevenet P, Dea-Ayuela MA, Carmena D. Occurrence and molecular epidemiology

15



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

of Giardia duodenalis infection in dog populations in eastern Spain. BMC Vet Res.
2018;14(1):26.

Amoros I, Alonso JL, Cuesta G. Cryptosporidium oocysts and Giardia cysts on salad
products irrigated with contaminated water. J Food Prot. 2010;73:1138-1140.

Azcona-Gutiérrez JM, de Lucio A, Hernandez-de-Mingo M, Garcia-Garcia C, Soria-
Blanco LM, Morales L, Aguilera M, Fuentes I, Carmena D. Molecular diversity
and frequency of the diarrheagenic enteric protozoan Giardia duodenalis and
Cryptosporidium spp. in a hospital setting in Northern Spain. PLoS One.
2017;12(6):€0178575.

Caccio SM, Chalmers RM. Human cryptosporidiosis in Europe. Clin Microbiol Infect.
2016;22(6):471-480.

Caccio SM, Lalle M, Svard SG. Host specificity in the Giardia duodenalis species
complex. Infect Genet Evol. 2018;66:335-345.

Cano L, de Lucio A, Bailo B, Cardona GA, Muadica AS, Lobo L, Carmena D.
Identification and genotyping of Giardia spp. and Cryptosporidium spp. isolates in
aquatic birds in the Salburua wetlands, Alava, Northern Spain. Vet Parasitol.
2016;221:144-148.

Cardona GA, Carabin H, Gofii P, Arriola L, Robinson G, Fernandez-Crespo JC, Clavel
A, Chalmers RM, Carmena D. Identification and molecular characterization of
Cryptosporidium and Giardia in children and cattle populations from the province
of Alava, North of Spain. Sci Total Environ. 2011;412-413:101-108.

Cardona GA, de Lucio A, Bailo B, Cano L, de Fuentes I, Carmena D. Unexpected
finding of feline-specific Giardia duodenalis assemblage F and Cryptosporidium
felis in asymptomatic adult cattle in Northern Spain. Vet Parasitol. 2015;209(3—

4):258-263.

16



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

Carmena D, Aguinagalde X, Zigorraga C, Fernandez-Crespo JC, Ocio JA. Presence of
Giardia cysts and Cryptosporidium oocysts in drinking water supplies in northern
Spain. J Appl Microbiol. 2007;102(3):619—629.

Carmena D, Cardona GA, Sanchez-Serrano LP. Current situation of Giardia infection
in Spain: Implications for public health. World J Clin Infect Dis. 2012;2:1-12.
Castro-Hermida JA, Gonzélez-Warleta M, Mezo M. Cryptosporidium spp. and Giardia
duodenalis as pathogenic contaminants of water in Galicia, Spain: the need for safe

drinking water. Int J Hyg Environ Health. 2015;218(1):132-138.

Castro-Hermida JA, Almeida A, Gonzalez-Warleta M, Correia da Costa JM, Rumbo-
Lorenzo C, Mezo M. Occurrence of Cryptosporidium parvum and Giardia
duodenalis in healthy adult domestic ruminants. Parasitol Res. 2007;101:443-448.

Castro-Hermida JA, Almeida A, Gonzalez-Warleta M, Da Costa JM, Mezo M.
Prevalence and preliminary genetic analysis of Giardia isolated from adult sheep in
Galicia (northwest Spain). J Eukaryot Microbiol. 2006;53: S172-S173.

Castro-Hermida JA, Garcia-Presedo I, Almeida A, Gonzélez-Warleta M, Correia Da
Costa JM, Mezo M. Presence of Cryptosporidium spp. and Giardia duodenalis
through drinking water. Sci Total Environ. 2008;405(1-3):45-53.

Castro-Hermida JA, Garcia-Presedo I, Almeida A, Gonzélez-Warleta M, Correia Da
Costa JM, Mezo M. Cryptosporidium spp. and Giardia duodenalis in two areas of
Galicia (NW Spain). Sci Total Environ. 2011a;409:2451-2459.

Castro-Hermida JA, Garcia-Presedo I, Almeida A, Gonzéalez-Warleta M, Da Costa JM,
Mezo M. Detection of Cryptosporidium spp. and Giardia duodenalis in surface

water: a health risk for humans and animals. Water Res. 2009;43(17):4133-4142.

17



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

Castro-Hermida JA, Garcia-Presedo I, Gonzalez-Warleta M, Mezo M. Cryptosporidium
and Giardia detection in water bodies of Galicia, Spain. Water Res.
2010;44(20):5887-5896.

Castro-Hermida JA, Garcia-Presedo |, Gonzalez-Warleta M, Mezo M. Prevalence of
Cryptosporidium and Giardia in roe deer (Capreolus capreolus) andwild boars (Sus
scrofa) in Galicia (NW, Spain). Vet. Parasitol. 2011b;179: 216-219.

Chalmers RM, Elwin K, Thomas AL, Guy EC, Mason B. Long-term Cryptosporidium
typing reveals the aetiology and species-specific epidemiology of human
cryptosporidiosis in England and Wales, 2000 to 2003. Euro Surveill.
2009;14:19086.

Clark CG, van der Giezen M, Alfellani MA, Stensvold CR. Recent developments in
Blastocystis research. Adv Parasitol. 2013;82:1-32.

Condlova S, Hor¢ickova M, Sak B, Kvétotiova D, Hlaskova L, Koneé¢ny R, Stanko M,
McEvoy J, Kva¢ M.. Cryptosporidium apodemi sp. n. and Cryptosporidium ditrichi
sp. n. (Apicomplexa: Cryptosporidiidae) in Apodemus spp. Eur J Praotistol.
2018;63:1-12.

Connelly L, Craig BH, Jones B, Alexander CL. Genetic diversity of Cryptosporidium
spp. within a remote population of Soay Sheep on St. Kilda Islands, Scotland. Appl
Environ Microbiol. 2013;79:2240-2246.

Dado D, Izquierdo F, Vera O, Montoya A, Mateo M, Fenoy S, Galvan AL, Garcia S,
Garcia A, Aranguez E, Lopez L, del Aguila C, Mir6 G. Detection of zoonotic
intestinal parasites in public parks of Spain. Potential epidemiological role of
microsporidia. Zoonoses Public Health. 2012;59(1):23-28.

de Lucio A, Bailo B, Aguilera M, Cardona GA, Fernandez-Crespo JC, Carmena D. No

molecular epidemiological evidence supporting household transmission of zoonotic

18



427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

Giardia duodenalis and Cryptosporidium spp. from pet dogs and cats in the
province of Alava, Northern Spain. Acta Trop. 2017;170:48-56.

de Lucio A, Martinez-Ruiz R, Merino FJ, Bailo B, Aguilera M, Fuentes I, Carmena D.
Molecular genotyping of Giardia duodenalis isolates from symptomatic individuals
attending two major public hospitals in Madrid, Spain. PLoS One.
2015;10(12):e0143981.

de Lucio A, Merino FJ, Martinez-Ruiz R, Bailo B, Aguilera M, Fuentes I, Carmena D.
Molecular genotyping and sub-genotyping of Cryptosporidium spp. isolates from
symptomatic individuals attending two major public hospitals in Madrid, Spain.
Infect Genet Evol. 2016;37:49-56.

Del Aguila C, Navajas R, Gurbindo D, Ramos JT, Mellado MJ, Fenoy S, Mufioz
Fernandez MA, Subirats M, Ruiz J, Pieniazek NJ. Microsporidiosis in HIV-positive
children in Madrid (Spain). J Eukaryot Microbiol. 1997;44(6):84S-85S.

Diaz P, Quilez J, Chalmers RM, Panadero R, Lépez C, Sanchez-Acedo C, Morrondo P,
Diez-Bafios P. Genotype and subtype analysis of Cryptosporidium isolates from
calves and lambs in Galicia (NW Spain). Parasitology. 2010;137(8):1187-1193.

Dominguez-Méarquez MV, Guna R, Mufioz C, Gbmez-Mufioz MT, Borras R. High
prevalence of subtype 4 among isolates of Blastocystis hominis from symptomatic
patients of a health district of VValencia (Spain). Parasitol Res. 2009;105(4):949—
955.

Efstratiou A, Ongerth JE, Karanis P.Waterborne transmission of protozoan parasites:
Review of worldwide outbreaks - An update 2011-2016. Water Res. 2017;114:14—
22.

European Centre for Disease Prevention and Control (ECDC). Cryptosporidiosis -

Annual Epidemiological Report for 2015. Stockholm: ECDC; 2018a. Available

19



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

from: https://ecdc.europa.eu/en/publications-data/cryptosporidiosis-annual-

epidemiological-report-2015

European Centre for Disease Prevention and Control (ECDC). Giardiasis - Annual
Epidemiological Report for 2015. Stockholm: ECDC; 2018b. Available from:

https://ecdc.europa.eu/en/publications-data/giardiasis-annual-epidemiological-

report-2015

Feng Y, Xiao L. Zoonotic potential and molecular epidemiology of Giardia species and
giardiasis. Clin Microbiol Rev. 2011;24:110-140.

Fournet N, Deege MP, Urbanus AT, Nichols G, Rosner BM, Chalmers RM, Gorton R,
Pollock KG, van der Giessen JW, Wever PC, Dorigo-Zetsma JW, Mulder B, Mank
TG, Overdevest I, Kusters JG, van Pelt W, Kortbeek LM. Simultaneous increase of
Cryptosporidium infections in the Netherlands, the United Kingdom and Germany
in late summer season, 2012. Euro Surveill. 2013;18(2).

Fuentes I, Martin C, Beristain X, Mazo6n A, Saugar JM, Blanco A, Garcia Cenoz M,
Valle-Cristia M, Ezpeleta C, Castilla J. Cryptosporidium hominis genotypes
involved in increased incidence and clusters of cases, Navarra, Spain, 2012.
Epidemiol Infect. 2015;143(5):1033-1036.

Gabin-Garcia LB, Bartolomé C, Abal-Fabeiro JL, Méndez S, Llovo J, Maside X. Strong
genetic structure revealed by multilocus patterns of variation in Giardia duodenalis
isolates of patients from Galicia (NW-Iberian Peninsula). Infect Genet Evol.
2017;48:131-141.

Galvan AL, Magnet A, Izquierdo F, Fernandez Vadillo C, Peralta RH, Angulo S, Fenoy
S, del Aguila C. A year-long study of Cryptosporidium species and subtypes in
recreational, drinking and wastewater from the central area of Spain. Sci Total

Environ. 2014;468-469:368—-375.

20


https://ecdc.europa.eu/en/publications-data/cryptosporidiosis-annual-epidemiological-report-2015
https://ecdc.europa.eu/en/publications-data/cryptosporidiosis-annual-epidemiological-report-2015
https://ecdc.europa.eu/en/publications-data/giardiasis-annual-epidemiological-report-2015
https://ecdc.europa.eu/en/publications-data/giardiasis-annual-epidemiological-report-2015

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

Gil H, Cano L, de Lucio A, Bailo B, de Mingo MH, Cardona GA, Fernandez-Basterra
JA, Aramburu-Aguirre J, Lopez-Molina N, Carmena D. Detection and molecular
diversity of Giardia duodenalis and Cryptosporidium spp. in sheltered dogs and
cats in Northern Spain. Infect Genet Evol. 2017;50:62—69.

GBD 2015 Mortality and Causes of Death Collaborators. Global, regional, and national
life expectancy, all-cause mortality, and cause-specific mortality for 249 causes of
death, 1980-2015: a systematic analysis for the Global Burden of Disease Study
2015. Lancet. 2016;388:1459-544.

Gonzalez-Moreno O, Domingo L, Teixidor J, Gracenea M. Prevalence and associated
factors of intestinal parasitisation: a cross-sectional study among outpatients with
gastrointestinal symptoms in Catalonia, Spain. Parasitol Res. 2011;108(1):87-93.

Gracenea M, Castafio S, Méndez J, Lucena F, Gdmez MS. Faecal contamination in
public pools in Barcelona province: Cryptosporidium spp. and bacterial indicators.
J Water Health. 2018;16(5):762—772.

Guerrant DI, Moore SR, Lima AA, Patrick PD, Schorling JB, Guerrant RL. Association
of early childhood diarrhea and cryptosporidiosis with impaired physical fitness and
cognitive function four-seven years later in a poor urban community in northeast
Brazil. Am J Trop Med Hyg. 1999;61:707—713.

Halliez MC, Buret AG. Extra-intestinal and long term consequences of Giardia
duodenalis infections. World J Gastroenterol. 2013;19:8974-8985.

Jian F, Liu A, Wang R, Zhang S, Qi M, Zhao W, Shi Y, Wang J, Wei J, Zhang L, Xiao
L. Common occurrence of Cryptosporidium hominis in horses and donkeys. Infect

Genet Evol. 2016;43:261-266.

21



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

Martinez-Moreno FJ, Hernandez S, L6pez-Cobos E, Becerra C, Acosta |, Martinez-
Moreno A. Estimation of canine intestinal parasites in Cérdoba (Spain) and their
risk to public health. Vet Parasitol. 2007;143(1):7-13.

Martinez-Ruiz R, de Lucio A, Fuentes I, Carmena D. Autochthonous Cryptosporidium
cuniculus infection in Spain: First report in a symptomatic paediatric patient from
Madrid. Enferm Infecc Microbiol Clin. 2016;34(8):532-534.

Mateo M, de Mingo MH, de Lucio A, Morales L, Balseiro A, Espi A, Barral M, Lima
Barbero JF, Habela MA, Fernandez-Garcia JL, Bernal RC, Késter PC, Cardona
GA, Carmena D. Occurrence and molecular genotyping of Giardia duodenalis and
Cryptosporidium spp. in wild mesocarnivores in Spain. Vet Parasitol. 2017;235:86-
93.

Mateo M, Mateo M, Montoya A, Bailo B, Saugar JM, Aguilera M, Fuentes I, Carmena
D. Detection and molecular characterization of Giardia duodenalis in children
attending day care centers in Majadahonda, Madrid, Central Spain. Medicine
(Baltimore). 2014;93(15):e75.

Méndez-Hermida F, Gébmez-Couso H, Romero-Suances R, Ares-Mazés E.
Cryptosporidium and Giardia in wild otters (Lutra lutra). Vet Parasitol.
2007;144:153-156.

Merino FJ, Koster PC, Fuentes I, Carmena D. Imported cryptosporidiosis caused by
Cryptosporidium hominis IbA13G3 in Spain. The relevance of molecular-based
surveillance. Enferm Infecc Microbiol Clin. 2019;37(8):552-554.

Millan R, Koster PC, Fuentes I, Carmena D. Cryptosporidium hominis 1IbA12G3: First
report of a rare sub-genotype in Spain. Enferm Infecc Microbiol Clin.

2019;37(4):279-281.

22



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

Montoya A, Checa R, Rodriguez E, L6pez AM, Carmena D, Fidalgo L, Gélvez R,
Marino V, Fuentes I, Mird G. El zorro rojo (Vulpes vulpes), potencial reservorio
natural de Cryptosporidium hominis en el noroeste de Espafia. XXI Congreso de la
Sociedad Espafiola de Parasitologia, 2019, Pontevedra (Spain), p. 85.

Morgan-Ryan UM, Fall A, Ward LA, Hijjawi N, Sulaiman I, Fayer R, Thompson RC,
Olson M, Lal A, Xiao L. Cryptosporidium hominis n. sp. (Apicomplexa:
Cryptosporidiidae) from Homo sapiens. J Eukaryot Microbiol. 2002;49:433—440.

Navarro-i-Martinez L, del Aguila C, Bornay-Llinares F. Cryptosporidium: un género en
revision. Situacion en Espafia. Enferm Infecc Microbiol Clin. 2011;29:135-143.

Navarro C, Dominguez-Marquez MV, Garijo-Toledo MM, Vega-Garcia S, Fernandez-
Barredo S, Pérez-Gracia MT, Garcia A, Borrés R, Gdmez-Mufioz MT. High
prevalence of Blastocystis sp. in pigs reared under intensive growing systems:
frequency of ribotypes and associated risk factors. Vet Parasitol. 2008;153(3-
4):347-58.

O'Handley RM. Cryptosporidium parvum infection in cattle: are current perceptions
accurate? Trends Parasitol. 2007;23:477-480.

Ortufio A, Scorza V, Castella J, Lappin M. Prevalence of intestinal parasites in shelter
and hunting dogs in Catalonia, Northeastern Spain. Vet J. 2014;199(3):465-467.

Paulos S, Koster PC, de Lucio A, Hernandez-de-Mingo M, Cardona GA, Fernandez-
Crespo JC, Stensvold CR, Carmena D. Occurrence and subtype distribution of
Blastocystis sp. in humans, dogs and cats sharing household in northern Spain and
assessment of zoonotic transmission risk. Zoonoses Public Health. 2018;65(8):993—

1002.

23



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

Ponce Gordo F, Herrera S, Castro AT, Garcia Duran B, Martinez Diaz RA. Parasites
from farmed ostriches (Struthio camelus) and rheas (Rhea americana) in Europe.
Vet Parasitol. 2002;107(1-2):137-60.

Quilez J, Torres E, Chalmers RM, Hadfield SJ, Del Cacho E, Sanchez-Acedo C.
Cryptosporidium genotypes and subtypes in lambs and goat kids in Spain. Appl
Environ Microbiol. 2008a;74(19):6026-6031.

Quilez J, Torres E, Chalmers RM, Robinson G, Del Cacho E, Sanchez-Acedo C.
Cryptosporidium species and subtype analysis from dairy calves in Spain.
Parasitology. 2008b;135(14):1613--1620.

Ramirez JD, Sanchez A, Hernandez C, Flérez C, Bernal MC, Giraldo JC, Reyes P,
Lépez MC, Garcia L, Cooper PJ, Vicufia Y, Mongi F, Casero RD. Geographic
distribution of human Blastocystis subtypes in South America. Infect Genet Evol.
2016;41:32-35.

Ramo A, Del Cacho E, Sanchez-Acedo C, Quilez J. Occurrence of Cryptosporidium
and Giardia in raw and finished drinking water in north-eastern Spain. Sci Total
Environ. 2017;580:1007-1013.

Razakandrainibe R, Diawara EHI, Costa D, Le Goff L, Lemeteil D, Ballet JJ, Gargala
G, Favennec L. Common occurrence of Cryptosporidium hominis in asymptomatic
and symptomatic calves in France. PLoS Negl Trop Dis. 2018;12:e0006355.

Reboredo-Fernandez A, Ares-Mazés E, Caccio SM, Gomez-Couso H. Occurrence of
Giardia and Cryptosporidium in wild birds in Galicia (Northwest Spain).
Parasitology. 2015;142:917-925.

Reh L, Muadica AS, Koster PC, Balasegaram S, Verlander NQ, Chércoles E, Carmena

D. Substantial prevalence of enteroparasites Cryptosporidium spp., Giardia

24



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

duodenalis and Blastocystis sp. in asymptomatic schoolchildren in Madrid, Spain,
November 2017 to June 2018. Euro Surveill. 2019;24(43):pii=1900241.

Ryan U, Fayer R, Xiao L. Cryptosporidium species in humans and animals: current
understanding and research needs. Parasitology. 2014;141:1667-85.

Ryan U, Hijjawi N, Xiao L. Foodborne cryptosporidiosis. Int J Parasitol. 2018;48(1):1—
12.

Ryan U, Hijjawi N, Feng Y, Xiao L. Giardia: an under-reported foodborne parasite. Int
J Parasitol. 2019;49(1):1-11.

Salvador F, Sulleiro E, Sdnchez-Montalva A, Alonso C, Santos J, Fuentes |, Molina 1.
Epidemiological and clinical profile of adult patients with Blastocystis sp. infection
in Barcelona, Spain. Parasit Vectors. 2016;9(1):548.

Sanchez-Thevenet P, Carmena D, Adell-Aledon M, Dacal E, Arias E, Saugar JM,
Rodriguez E, Dea-Ayuela MA. High prevalence and diversity of zoonotic and other
intestinal parasites in dogs from Eastern Spain. Vector Borne Zoonotic Dis. 2019.

Sahagun J, Clavel A, Goiii P, Seral C, Llorente MT, Castillo FJ, Capilla S, Arias A,
Gomez-Lus R. Correlation between the presence of symptoms and the Giardia
duodenalis genotype. Eur J Clin Microbiol Infect Dis. 2008;27(1):81-83.

Santin M, Trout JM, Fayer R. A longitudinal study of cryptosporidiosis in dairy cattle
from birth to 2 years of age. Vet Parasitol. 2008;155(1-2):15-23.

Scanlan PD, Stensvold CR, Rajili¢-Stojanovi¢ M, Heilig HG, De Vos WM, O'Toole
PW, Cotter PD. The microbial eukaryote Blastocystis is a prevalent and diverse
member of the healthy human gut microbiota. FEMS Microbiol Ecol. 2014;90:326—

330.

25



594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

Segura R, Prim N, Montemayor M, Valls ME, Muiioz C. Predominant virulent
IbA10G2 subtype of Cryptosporidium hominis in human isolates in Barcelona: a
five-year study. PLoS One. 2015;10(3):e0121753.

Stensvold CR, Suresh GK, Tan KS, Thompson RC, Traub RJ, Viscogliosi E,
Yoshikawa H, Clark CG. Terminology for Blastocystis subtypes - a consensus.
Trends Parasitol. 2007;23:93-6.

Torres J, Gracenea M, Gomez MS, Arrizabalaga A, Gonzalez-Moreno O. The
occurrence of Cryptosporidium parvum and C. muris in wild rodents and
insectivores in Spain. Vet. Parasitol. 2000;92:253-260.

Wang Y, Gonzalez-Moreno O, Roellig DM, Oliver L, Huguet J, Guo Y, Feng Y, Xiao
L. Epidemiological distribution of genotypes of Giardia duodenalis in humans in
Spain. Parasit Vectors. 2019;12(1):432.

WHO. The World Health Report. Fighting disease fostering development. Geneva:

Switzerland; 1996. Available from: http://www.who.int/whr/1996/en/

Zahedi A, Monis P, Gofton AW, Oskam CL, Ball A, Bath A, Bartkow M, Robertson |,
Ryan U. Cryptosporidium species and subtypes in animals inhabiting drinking

water catchments in three states across Australia. Water Res. 2018;134:327-340.

26


http://www.who.int/whr/1996/en/

612

613

Tables

Table 1. Main surveillance, epidemiological, and research features of Giardia duodenalis, Cryptosporidium spp., and Blastocystis sp. in Spain.

Giardia duodenalis

Cryptosporidium spp.

Blastocystis sp.

Surveillance
Notifiable disease? Yes® Yes® No
Official number of cases! 1,627 646 Unknown
Time series? No No No
Outbreak investigation Limited Limited No
Prevalence? (%)
Asymptomatic humans 3-7 1-5 3-22
Symptomatic humans 13-25 5-30 8-23
Ovine 3-44 5-90 Unknown
Bovine 5-30 4-60 2
Dogs 5-20 7-15 0
Cats 14 5-10 0
Wildlife 1-16 1-27 2
Surface waters 25-100 15-90 Unknown
Fresh produce 16-50 20-60 Unknown
Research
Genotyping studies? Limited Limited Limited
Transmission studies? Limited Limited Limited
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1 Confirmed cases reported to the European Centre for Disease Prevention and Control in 2015.

2 Composite data from references Carmena et al. World J Clin Infect Dis. 2012;2:1-12; Navarro-i-Martinez et al. Enferm Infecc Microbiol Clin.

2011;29:135-143; and Paulos et al., Zoonoses Public Health. 2018;65(8):993—1002.

3 Since 2015.
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619  Legends to Figures

620  Figure 1. Potential transmission pathways of Cryptosporidium hominis among human,
621  livestock, companion, and wildlife animal species in Spain according to current molecular

622  epidemiological data.
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