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Abstract

:

Simple Summary


Cryptosporidium is a parasite that infects humans and a broad range of animals. There are few diagnostic features that can be used to identify and differentiate between species and therefore DNA-based detection and genetic typing methods are required. This is important as some species are transmitted from animals to humans (a process called zoonotic transmission) and understanding this is central to control. These DNA-based tools have greatly facilitated our current understanding of which of the many Cryptosporidium species and genotypes that have been identified are capable of infecting humans. More studies need to be conducted in areas where the potential for zoonotic transmission is greatest and recently developed genetic tools should be applied more extensively to further our understanding of the zoonotic transmission of this important parasite.




Abstract


The enteric parasite, Cryptosporidium is a major cause of diarrhoeal illness in humans and animals worldwide. No effective therapeutics or vaccines are available and therefore control is dependent on understanding transmission dynamics. The development of molecular detection and typing tools has resulted in the identification of a large number of cryptic species and genotypes and facilitated our understanding of their potential for zoonotic transmission. Of the 44 recognised Cryptosporidium species and >120 genotypes, 19 species, and four genotypes have been reported in humans with C. hominis, C. parvum, C. meleagridis, C. canis and C. felis being the most prevalent. The development of typing tools that are still lacking some zoonotic species and genotypes and more extensive molecular epidemiological studies in countries where the potential for transmission is highest are required to further our understanding of this important zoonotic pathogen. Similarly, whole-genome sequencing (WGS) and amplicon next-generation sequencing (NGS) are important for more accurately tracking transmission and understanding the mechanisms behind host specificity.
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1. Introduction


Cryptosporidium species are enteric parasites with a global distribution and a wide range of hosts. Transmission is by the faecal–oral route via contaminated water, food or direct contact with humans and animals [1]. Although first described in 1907 by Tyzzer [2], Cryptosporidium did not come to prominence until the early 1980s, when it was identified as a cause of severe protracted diarrhoea and death in HIV+/AIDS patients [3]. It is now recognised as a major pathogen in children and immunocompromised adults [4,5] and after rotavirus is the most important diarrheal pathogen in young children [6,7]. In 1993, Cryptosporidium was responsible for a large waterborne outbreak affecting over 400,000 residents of Milwaukee, Wisconsin [8] and although still frequently under-reported, is a well-known and major cause of both waterborne and foodborne outbreaks of gastroenteritis globally [9,10,11]. This is due in part to the resistance of the environmental stage, the oocyst, to disinfectants including chlorine treatment of both drinking and recreational water [12,13].



The parasite has a complex life cycle that initiates upon ingestion and excystation of oocysts and involves both asexual and sexual phases, which culminate in the shedding of infectious thick-walled oocysts in faeces [14]. In humans, in addition to watery diarrhoea, cryptosporidiosis can cause abdominal pain, vomiting, headaches, joint pain, malnutrition, failure to thrive and cognitive deficits and has been linked with colon cancer [15,16,17,18,19,20]. Although usually self-limiting in immunocompetent hosts, cryptosporidiosis can become chronic, persisting for 2 years or more [5,17]. In neonatal livestock, cryptosporidiosis can cause profuse diarrhoea, weight loss and death [11,21,22,23], resulting in significant production losses [22,24,25,26]. The only US Food and Drug Administration approved drug, nitazoxanide, is ineffective in the most affected populations (children and immunocompromised individuals) and there is no FDA-approved vaccine [27,28,29,30]. In animals, nitazoxanide is also largely ineffective and while Halocur® (halofuginone lactate) has been licensed in some countries as a prophylactic, its effectiveness is variable and it cannot be given to animals that already have diarrhoea [11,22].



Molecular typing of Cryptosporidium has advanced significantly over the last few decades and is particularly important for this parasite as many species are morphologically identical [31]. Identification to species level is most commonly conducted using the 18S ribosomal RNA locus due to the existence of both hypervariable and conserved sequences [31,32]. Other loci examined include actin, heat shock protein 70 (hsp70) and the Cryptosporidium oocyst wall protein gene (COWP) [31]. Currently, at least 44 species of Cryptosporidium and >120 genotypes have been identified, with C. hominis and C. parvum being the most important species infecting humans [33].



Contact with animals has been identified as a risk factor in many studies [34,35,36,37]; therefore, zoonotic transmission plays a major role in the epidemiology of cryptosporidiosis [1,23,38,39,40,41]. In order to track transmission, multi-locus sequence typing (MLST) tools have been developed, including analysis of the highly polymorphic glycoprotein 60 (gp60) gene, the most commonly used locus [31]. The gp60-based typing system is based on a combination of tandem serine-coding trinucleotide repeats (TCA, TCG and TCT) and extensive sequence divergence in non-repeat regions [31,42,43]. The nomenclature system [43], starts with a Roman numeral and lower-case letter for each Cryptosporidium and genotype (e.g., C. hominis, Ia, Ib, etc., C. parvum IIa, IIb, etc.), followed by uppercase letters denoting numbers of repeats. For example, C. hominis subtype IfA19G1R5 has 19 TCA (A) repeats, 1 TCG repeat (G) repeat and 5 AAGAAGGCAAAGAAG repeats (R). For some divergent species and genotypes, including C. ubiquitum, C. felis, C. canis, C. ryanae, C. xiaoi, C. bovis and Cryptosporidium chipmunk genotype I and skunk genotype, whole-genome sequencing (WGS) has been required to identify the gp60 loci in order to develop typing systems [44,45,46,47,48,49,50]. The trinucleotide repeats (TCA, TCG, TCT) are absent from gp60 genes in C. ubiquitum, C. felis, C. canis, C. ryanae, C. bovis and C. xiaoi [44,46,47,48,49,50].



This review aims to summarise the currently available data on the zoonotic transmission of Cryptosporidium species and genotypes as well as outlining future studies that are required to better understand the transmission dynamics of this ubiquitous parasite. This review could provide a valuable reference for One Health scientists and help guide future research.




2. Zoonotic Cryptosporidium Species and Genotypes


In total, 19 species (including C. hominis and C. parvum) and 4 genotypes have been reported in humans including C. meleagridis, C. canis, C. felis, C. ubiquitum, C. cuniculus, C. viatorum, C. muris, C. andersoni, C. erinacei, C. tyzzeri, C. bovis, C. suis, C. scrofarum, C. occultus, C. xiaoi, C. fayeri, C. ditrichi, Cryptosporidium chipmunk genotype I, mink genotype, skunk genotype and horse genotype [1,33] (Table 1). Where possible, subtyping analysis at the gp60 locus has been used to document gp60 subtypes common to humans and animals, to support zoonotic transmission (Table 2). Cryptosporidium hominis and C. parvum are responsible for ~95% of human infections, followed by C. meleagridis, C. felis, C. canis and C. ubiquitum [1,38] (Figure 1). Some species such as C. meleagridis, C. canis, C. felis, C. viatorum and C. muris are more commonly identified in humans in developing countries, whereas others such as C. ubiquitum, C. cuniculus and chipmunk genotype I are predominantly seen in developed countries [1].



2.1. Cryptosporidium hominis


Cryptosporidium hominis is the dominant species in humans in many industrialised countries and in developing countries, whereas, in the Middle East, European countries and New Zealand, C. parvum occurs at similar rates to C. hominis [1], indicating that zoonotic transmission is more prevalent in countries with intensive farming [122]. Although largely anthropologically transmitted, there have been numerous reports of C. hominis in animals (including non-human primates, cattle, sheep, goats, horses, donkeys, Bactrian camels, birds, marsupials, a dugong, badger, dingo, foxes, flying fox, rodents, and fish) and experimental infections has been established in calves, lambs, piglets, gerbils, and mice [123,124,125]. In human infectivity trials, the 50% infectious dose (ID50) was as low as 10 C. hominis oocysts [126], however, in animal models, much larger numbers of oocysts were required to achieve infections, suggesting that higher doses are required to cause infection in animals [125].



Cryptosporidium hominis has been detected at a relatively low frequency in livestock [22,23,125], although in one study, 80% of Cryptosporidium positives in calves in New Zealand were identified as C. hominis [127] and C. hominis was the only Cryptosporidium sp. detected in goats in South Korea [128]. These studies demonstrate that cattle, sheep and goats can potentially serve as animal reservoirs for infections with C. hominis [22,23,125]. In Australia, in addition to cattle and sheep, C. hominis has been detected in deer, dingoes and marsupials inhabiting drinking water catchments [129,130,131]. This likely resulted from human spill-back either via direct contact or via sewage contamination of pastures or drinking water.



The C. hominis subtypes identified at the gp60 locus in non-human hosts has been extensively reviewed [125]. Briefly, the C. hominis IbA10G2 subtype dominates in livestock that are positive for C. hominis [22,125] and has also been detected in hedgehogs and mice in Europe [132,133,134]. As IbA10G2 is one of the most prevalent subtypes in humans in many countries and is also a major cause of waterborne outbreaks [1,11,38], this further supports a human origin for C. hominis in animals. In equines and particularly donkeys and horses, the Ik C. hominis subtype family (which is relatively rare in humans) is endemic and a reservoir of infection for humans [135,136,137,138]. Studies in Australia also suggest that C. hominis may become endemic in marsupials [131,139,140]. Continued human encroachment into wildlife areas may result in C. hominis becoming increasingly endemic in livestock and wildlife populations escalating the risk of zoonotic C. hominis transmission.




2.2. Cryptosporidium parvum and Other Livestock-Associated Species


Cryptosporidium parvum has a very wide host range infecting ungulates, wildlife (including carnivores, rodents, non-human primates, marine mammals and fish) and is the most important zoonotic species in humans, particularly in rural areas with frequent contact with livestock [1,11,22,23,124,141,142]. Calves, sheep and goats are major contributors to zoonotic C. parvum transmission with significant differences in prevalence [11,22,23,143]. In cattle, the dominant species are C. parvum, C. bovis, C. ryanae and C. andersoni, although other species (C. hominis, C. felis, C. suis, C. scrofarum, C. meleagridis, C. tyzzeri, C. serpent is, a novel genotype and C. occultus) have been reported [11,22]. In sheep and goats, C. parvum, C. ubiquitum and C. xiaoi are the predominant species, but a range of other species including C. bovis, C. hominis, C. andersoni, C. suis, C. muris, C. fayeri, C. baileyi, C. ryanae, C. scrofarum, C. canis, C. occultus, Cryptosporidium sheep genotype I and rat genotype II have occasionally been reported [11,22,23]. In pre-weaned calves, C. parvum is the dominant species in most studies [22], with the exception of China where C. bovis mostly dominates [144]. There does not appear to be an age-related prevalence of C. parvum in sheep and goats and while C. parvum dominates in these hosts in Europe and Australia, in other regions including the Americas, Asia, C. xiaoi and C. ubiquitum dominate in sheep and goats [23].



Over 20 C. parvum gp60 subtype families have been identified with geographic variation in subtype distribution as well as host adaptation demonstrated [23,31]. For example, the three dominant C. parvum gp60 subtype families in humans are IIa, IId and IIc, and of these, IIc appears to be almost exclusively anthropologically transmitted whereas IIa and IId are zoonotic [1,33,145]. WGS also supports this and it has been suggested that the C. parvum IIc subtype should be considered a separate subspecies (Cryptosporidium parvum anthroponosum), while the zoonotically transmitted IIa and IId subtypes referred to as Cryptosporidium parvum parvum [146]. In cattle, IIa is the dominant C. parvum subtype family in most countries and particularly in Europe and contact with calves has been identified as a risk factor for infection with the IIa subtypes [34]. In other countries, however, including China, Egypt, Malaysia, Romania and Sweden, the IId subtype dominates in cattle [31,144]. Similarly in sheep and goats, IIa dominates in European countries but in Africa, Asia and Australia, IId is the dominant C. parvum subtype family [23,144]. Subtyping studies have confirmed the identification of identical IIa and IId subtypes in humans and animals indicating zoonotic transmission [11,22,23,31,117,139]. For example, the relatively rare IIaA19G1R1 was identified in children, goat kids, and lambs during an outbreak of cryptosporidiosis at a holiday farm in Norway [147]. Similarly, subtypes IIaA15G2R1, IIaA18G2R1 and IIaA19G1R1 were responsible for several outbreaks in the UK, with the same subtypes identified from livestock on the same farms where the outbreaks occurred [38]. Of these, IIaA15G2R1 is the dominant C. parvum subtype in humans and cattle in industrialised countries and MLST analysis indicates that genetic recombination is the driving force behind its emergence as a dominant and hyper-transmissible subtype [148].



Cryptosporidium bovis is prevalent in cattle and other bovid species, while C. xiaoi is a related species in sheep and goats worldwide [11,22,23]. A gp60 typing system has been established for C. bovis based on WGS sequences. Sixty-eight subtypes in six subtype families (XXVIa to XXVIf) have been identified, with apparent genetic recombination among subtype families [50]. There have been several reports of C. bovis in humans (Table 1). It was first reported in a dairy farm worker (and dairy calves) in Bengal, India in 2010 [108] and again in 2012 in a study in Australia, which collected and screened faecal samples from diarrheic calves in rural NSW and farmers from these farms [109]. In that study, C. bovis was identified in a 3-year-old child and a 23-year-old adult, from separate farms and both were asymptomatic [109]. Both individuals drank raw milk and had frequent contact with calves [109]. In another study, a mixed C. parvum and C. bovis infection was identified in a diarrhoeic child (<6 years) (along with mixed infections in cattle) from Ismailia province in Egypt [110]. A gp60 typing system has recently been established for C. xiaoi based on WGS, with 12 subtype families, (XXIIIa to XXIIIl) and high subtype diversity identified [48]. It has previously been reported in two HIV/AIDS patients from Ethiopia based on 18S sequences only [34]. Both C. bovis and C. xiaoi appear to have narrow host ranges but further research is required to understand the zoonotic potential of these common livestock species.



Like C. parvum, C. ubiquitum (previously cervine genotype) also has a wide host range and is commonly detected in both domestic and wild ruminants, rodents, carnivores, primates, and humans, particularly in industrialised countries [44,51,52,139,149,150]. Both gp60 and MLST tools have been developed for C. ubiquitum [44,150]. At the gp60 locus, C. ubiquitum lacks the TCA, TCG and TCT repeats and to date, eight subtype families (XIIa–XIIh) have been identified [44], yet the transmission routes between animals and humans are not well understood. In the UK, XIIa is the dominant C. ubiquitum subtype in humans, which is also the main subtype in small ruminants [23,44]. In contrast, human C. ubiquitum infections in the US are caused by XIIb, XIIc and XIId subtype families which are common in rodents [44]. Subtype families XIIe and XIIf are also found in rodents but at present have only been identified in the Slovak Republic [44]. In France and Sweden, XIIb and XIId subtype families have been reported in humans [51,52]. MLST analysis has also re-affirmed that XIIa is ruminant-adapted and XIIb, XIIc and XIId subtype families are rodent-adapted [150].



Cryptosporidium andersoni, a gastric species, was originally thought to be C. muris due to its morphological similarity, until it was established as a separate species [151]. It is commonly reported in ruminants, particularly adult cattle and other bovids and is also common in sheep and goats, mainly in China [23] and has been reported in deer [152] and rodents, particularly hamsters [153,154,155,156]. As gastric Cryptosporidium species do not appear to have the gp60 gene, a gp60 typing tool has not been established for C. andersoni. However, an MLST tool has been developed and a mostly epidemic population structure has been identified [157,158,159]. There have been numerous reports in humans, but the extent of zoonotic transmission remains to be determined (Table 1).



Cryptosporidium suis and C. scrofarum are the dominant species infecting pigs (and wild boars) and mostly cause subclinical infections (although C. parvum, C. muris, C. tyzzeri, C. felis, C. hominis, C. andersoni and C. meleagridis can also infect pigs) [160,161,162]. Cryptosporidium suis is mainly found in pre-weaned animals and C. scrofarum in post-weaned pigs. Neither C. suis nor C. scrofarum are commonly identified in humans. There have been a few reports of C. suis in HIV-positive individuals in China, Peru and Thailand [79,92,101,102,103], as well as children in Cambodia [99] and symptomatic individuals in the UK and Madagascar [96,100]. There has only been one report of C. scrofarum in a symptomatic immunocompetent 29-year-old male co-infected with Giardia [121]. A gp60 typing tool has not yet been developed for C. suis or C. scrofarum and need to be developed to explore the zoonotic potential of C. suis and C. scrofarum in pigs and transmission routes via water and sewage.



The horse genotype is commonly reported in donkeys and horses [135,137,138]. Typing of the horse genotype at the gp60 locus has identified subtype families VIa, VIb and VIc [31,51]. Subtype VIaA15G4 is one of the most common subtypes identified in horses and donkeys, with subtype VIbA13 and VIaA14G4 identified in a hedgehog and calf respectively [135]. The horse genotype (subtype VIcA16) has been identified in a traveller to Sweden [51], an 18-year-old symptomatic patient from the US (subtype VIbA13) [104], a symptomatic 30-year-old immunocompetent woman from the rural UK (subtype VIbA13) [105] and in two adult females from the UK [82].




2.3. C. meleagridis


Avian cryptosporidiosis was first described in 1929 [163], but the first avian species, Cryptosporidium meleagridis was not named until 1955 in turkeys [164]. The parasite has a broad host range and is commonly reported in wild birds but less so in poultry [165,166]. It has also been reported in foxes, minks, cattle, wallabies, gorillas, and dogs [167,168,169,170,171,172]. Experimental transmission studies have also confirmed its infectivity for calves, pigs, rabbits, rats and mice and humans [173,174]. It is the third most common Cryptosporidium species in humans [1,175] and has also been identified in colon adenocarcinoma tissue in an immunocompetent Polish patient [176]. Phylogenetic analysis suggests that C. meleagridis may originally have been a mammalian parasite that secondarily became established in birds [177]. In children and HIV+ individuals in developing countries, C. meleagridis is frequently the dominant Cryptosporidium species [1,5,178], whereas, in developed countries, C. meleagridis is usually responsible for ~1–4% of human infections [38,66,174,179]. Despite being so commonly identified in humans, the extent of zoonotic transmission is not well understood. One study in an organic farm in Sweden identified identical C. meleagridis 70 kDa Heat Shock Protein (hsp70) gene sequences in samples from one human, three chickens and one hen, suggesting zoonotic transmission [180].



Typing at the gp60 locus indicates that humans are susceptible to most C. meleagridis gp60 subtypes, as of the 10 known subtype families (IIIa to IIIi), eight (IIIa to IIIh) (and 30 subtypes) have been identified in humans with IIIb among the most common [31,181,182,183,184]. Relatively few subtyping studies have been conducted in birds but both MLST and gp60 studies have provided some support for zoonotic transmission. For example, subtype IIIgA31G3R1 has been reported from four poultry and one human from a Swedish farm [181]. MLST analysis of C. meleagridis from humans and birds from Peru did not find evidence of host segregation [182] and the same gp60 subtypes (IIIbA26G1R1b and IIIbA22G1R1c) have been found in children with diarrhoea and in farmed chickens in Hubei province, China, supporting zoonotic transmission [183,184]. Similarly, subtypes IIIeA17G2R1, IIIeA19G2R1, IIIeA21G2R1 and IIIeA22G1R1 has been reported in Swedish patients (and IIIeA21G2R1 in Canadian patients) and in rodents and chickens in Asia [51,52,79,183] (Table 2).




2.4. Companion Animal-Associated Species (C. canis and C. felis)


Companion animals, particularly dogs and cats, have close relationships with their owners contributing to improved mental health and social support but can also contribute to zoonotic disease transmission [185]. There are currently ~470 million pet dogs and 370 million pet cats in the world (www.statista.com/statistics/1044386/dog-and-cat-pet-population-worldwide/accessed on 20 October 2021). Cryptosporidium canis and C. felis are the main species infecting dogs and cats respectively and are among the top five Cryptosporidium species infecting humans [142,186]. There have also been numerous reports of C. parvum and a few reports of C. meleagridis, C. muris, C. andersoni, C. scrofarum, C. ryanae, C. hominis and rat genotype III in cats and dogs, some of which may be due to coprophagy [40,187]. Prevalence rates of C. canis and C. felis vary widely but are commonly below 10% [40,187,188]. Few studies have examined the species of Cryptosporidium in humans and pets living in the same household, but one study identified C. canis in a 32-month-old girl, her 6.5-year-old brother and a dog from the same house in Lima, Peru [189]. Another study reported identical 18S, HSP70 and COWP C. felis sequences from a cat and her 37-year-old immunocompetent owner in Sweden [190]. A case-control study of HIV-infected individuals with and without cryptosporidiosis reported only a weak association between dog ownership and cryptosporidiosis [191].



Cryptosporidium canis and C. felis gp60 loci have recently been characterised and have been shown to lack the serine-coding trinucleotide repeats normally used for typing (similar to C. ubiquitum) [40,46,49,186]. Within C. canis, five gp60 subtype families have been identified (XXa, XXb, XXc, XXd and XXe), with subtypes XXa1 and XXa4 detected in both humans and dogs [49]. The previously identified household transmission of C. canis between two children and a dog in Lima, Peru [190] was confirmed by gp60 subtyping [49]. Five subtype families have also been identified in C. felis (XIXa, XIXb, XIXc, XIXd and XIXe) [46] and of these, two subtypes (XIXa and XIXb) have been reported in both humans and cats supporting zoonotic transmission, with the remaining three subtypes (XIXc, XIXd and XIXe), possibly transmitted anthropologically [40,46,186,192].




2.5. Wildlife-Associated Species and Genotypes


Due to their wide geographical distribution and abundance and close contact with humans, rodents are considered an important zoonotic reservoir for Cryptosporidium and the global prevalence of Cryptosporidium in rodents has been estimated at ~17% [193]. To date, cryptosporidial infections from five rodent-derived species (C. viatorum, C. muris, C. tyzzeri, C. occultus and C. ditrichi) and one genotype (Cryptosporidium chipmunk genotype I) have been reported in humans (Table 1). Of these, there have only been a few reports of C. tyzzeri, C. occultus and C. ditrichi in humans (Table 1).



Cryptosporidium muris, a gastric species, has a very wide host range including rodents, ruminants, cats and dogs, horses, Bactrian camels, pigs, birds, and non-human primates [22,23,40,162,194,195,196,197,198]. There have been numerous reports in humans, particularly in developing countries (in children and HIV patients) [1,5], (Table 1). As with C. andersoni, an MLST tool has been developed for C. muris [157,158], which revealed that the genetic diversity of C. muris was greater than C. andersoni, possibly reflecting the much smaller host range of C. andersoni and that host clustering was evident, suggesting that some C. muris isolates have co-evolved with their hosts over a long period of time [158]. A C. muris human infectivity trial has been conducted in which six healthy adults were challenged with 105 C. muris oocysts each (isolate RN66) and all became infected (two were symptomatic), confirming the zoonotic potential of C. muris [199].



Typing of C. tyzzeri is at the gp60 locus has identified three subtype families; IXa, IXb and IXc [31,200], including subtype IXbA22R9 from a horse [195]. Cryptosporidium tyzzeri (subtype IXaA6R2) was identified from a child in Kuwait [43] and subtype family IXb has been detected in three human patients in New Zealand [54]. A mixed C. parvum (subtype IIaA13G1R1) and C. tyzzeri (subtypes IXaA8 and IXbA6) infection was identified in a symptomatic 25-year-old female conducting fieldwork trapping wild rodents in the Czech Republic [113]. The same subtypes were identified in the trapped mice supporting zoonotic transmission [113]. Cryptosporidium tyzzeri is genetically very closely related to C. parvum [201], which further supports its potential for zoonotic transmission.



A gp60 typing system has not been established for C. ditrichi or C. occultus. Cryptosporidium ditrichi has been reported in three patients from Sweden, two of which were symptomatic and one had possible contact with mice [51,116]. Although predominantly a rodent species, C. occultus appears to be common in bovids including cattle, yaks (Bos gunniens) and water buffalo (Bubalus bubalis) [202] and was the dominant species detected in Alpacas in China [203]. It has been reported in one human from the UK (HQ822146), two humans from British Columbia [115] and a young child in China [114].



Cryptosporidium viatorum was originally reported in the UK in travellers returning from India and formally described as a human species in 2012 [73]. Since then, C. viatorum have been described in humans from Australia [66], China [114], Columbia [68], Ethiopia [34,64,74], India [63,67], Mozambique [62], Myanmar [65], Nigeria [69,70] and Swedish patients (who had returned from Kenya or Guatemala) [51,71,72]. It has also been detected in urban wastewater in China [204]. Due to the relatively high prevalence of C. viatorum in rats in Australia and China [205,206,207], it is now thought that C. viatorum was originally a rodent species and therefore rodents are likely to be an important reservoir host.



A gp60 typing tool has been established for C. viatorum and to date four subtype families have been identified; XVa, XVb, XVc and XVd [205,206,207,208]. Subtyping supports the potential zoonotic transmission between rodents and humans. For example, human-derived C. viatorum isolates have been subtyped to date as XVa3a to XVa3h [66,114,209] and XVcA2G1c [65], and subtype XVaA6 was identified in both sewer overflow and wastewater in Shanghai, China [204]. In rodents, XVa (XVaA6, XVaA3g, XVaA3h), XVb (XVbA2G1), XVc (XVcA2G1a, XVcA2G1b) and XVd (XVdA3) subtype families have been identified [205,206,207]. Thus, three subtypes (XVaA3g, XVaA3h and XVcA2G1) are common to humans and rodents and in addition, the XVaA3g subtype identified from wild rats [206] was 100% homologous to an XVaA3g subtype identified in a human patient in Australia [66]. Screening of rodents and rats across wider geographic areas is essential to better understand their role as reservoirs for C. viatorum.



To date, five chipmunk genotypes have been identified in rodents but only one of these, chipmunk genotype 1 has been identified in humans [33]. Chipmunk genotype I was first identified in New York storm water as genotype W17 [209] but was renamed as chipmunk genotype I, when it was detected in rodent faecal samples in 2007 [210]. It infects a range of rodents particularly squirrels, chipmunks, and deer mice and is considered an emerging zoonotic pathogen in humans [45,75], being the third most commonly identified Cryptosporidium sp. in Sweden [75]. A gp60 typing system has been developed for chipmunk genotype I, with one subtype family identified (XIVa) [45]. Chipmunk genotype I was first identified in two humans in 2004 in Wisconsin (subtype XIVaA16G2T1) [77], and in a 41-year-old HIV-positive male in France [60]. In 2013, it was reported in a two-year-old female and 56-year-old male from Sweden [71,72] and typed as XIVaA20G2T1 by Guo et al. [45], who also identified 19 US human isolates and typed 17 as XIVaA14G2T1 (n = 1), XIVaA16G2T1 (n = 1), XIVaA14G2T2 (n = 1), XIVaA16G2T2 (n = 4), XIVaA18G2T1b (n = 2), XIVaA17G2T2 (n = 1), XIVaA19G2T2a (n = 1), XIVaA20G2T2 (n = 2), XIVaA19G2T2b (n = 1), XIVaA15G2T3 (n = 2) and XIVaA17G2T3 (n = 1) [45]. In that study, in the three rodent samples analysed, subtypes XIVaA18G2T1a and XIVaA18G2T2 were detected. It was identified in a human in Nebraska [37] and between 2014 and 2015, chipmunk genotype 1 was identified in five adults (four women and one man) in Sweden and all were typed as XIVaA20G2T1 [51]. Subsequently, it was identified in sixteen sporadic cases, three outbreak-related cases, and one zoonotic case, as well as in two squirrel samples in Sweden between 2018 and 2019, and subtyping of nineteen humans and two squirrels identified subtype XIVaA20G2T1 in all samples, supporting zoonotic transmission [75].



Of the other wildlife species and genotypes identified in humans, C. cuniculus (previously known as rabbit genotype) is a common species in rabbits worldwide [211,212,213] and has also been reported in kangaroos and alpacas in Australia [130,131,214]. It is the only species (other than C. parvum and C. hominis) known to have caused a waterborne outbreak of disease [56,61]. It is more commonly reported in humans in industrialised countries and particularly in the UK (Table 1). Two subtype families (Va and Vb) have been identified [31]. The waterborne outbreak caused by C. cuniculus in the UK was typed as VaA18 [56], however, most C. cuniculus cases typed in humans and rabbits have been caused by subtype family Vb [51,52,53,54,55,58]. In humans, subtypes VaA11, VaA18, VaA19 to VaA22, VaA23, VbA13, VbA15 VbA17, VbA20, VbA22, VbA23, VbA24 to VbA34, VbA36, VbA37 and VbA38 have been reported [51,52,54,58,211,212]. Of these, subtypes VbA19, VbA22 to Vb26, Vb28, VbA29 and VbA31 to VbA33 have been reported in rabbits supporting zoonotic transmission [130,131,140,212,215,216,217,218]. More recently an MLST typing tool has been developed and a clonal population structure identified [219].



Cryptosporidium erinacei (previously hedgehog genotype 1) was first described in European hedgehogs in 2014 [220]. It has also been reported in horses in Algeria and rats in China [206,221] and was detected in cattle and kangaroo faecal samples by next-generation amplicon sequencing in Australia [131]. Cryptosporidium erinacei has been reported in an immunocompetent 26-year-old man from the Czech Republic [107], an immunocompromised patient in France [106], in two cases from Sweden (one locally acquired and one in a traveller from Greece) [51] and in thirteen cases from New Zealand [53,54]. The higher number of cases in New Zealand may be due to the greater abundance of European hedgehogs (Erinaceus europaeus) in New Zealand compared to Europe, but as C. erinacei can infect other hosts, the range and prevalence of this parasite in reservoir hosts remain to be determined.



At the gp60 locus, one subtype family (XIIIa) has been identified [31,220]. Zoonotic transmission has not been demonstrated as the gp60 subtypes identified in humans (XIIIaA20R10, XIIIaA23R12, XIIIaA24R9, XIIIaA24R10, XIIIaA25R10 XIIIaA25R11, XIIIaA26R9 and XIIIaA26R10) [51,54] have not been identified in hedgehogs and horses (XIIIaA19R12, XIIIaA19R13, XIIIaA21R10, XIIIaA21R11, XIIIaA22R9, XIIIaA22R11 [221,222,223]). However as only a small number of isolates have been subtyped, further research is required to better understand its zoonotic potential.



The skunk genotype was first identified in striped skunks (Mephitis mephitis) in the US [177], but has a broad host range and has been described in numerous species of wild mammals [111,223], and is common in surface water in the US and Canada [111]. There have been five reports in humans; an 18-month-old child attending a UK daycare centre [112], a 25-year-old woman from a rural area in the UK [105], an adult female from the UK [82] and a human in Nebraska [37,111], and all except the child attending daycare were symptomatic.



Typing at the gp60 locus has identified four subtype families (XVIa, XVIb, XVIc and XVId) with a high subtype diversity (n = 14) [111,224]. In humans, subtypes XVIbA16G2b and XVIcA22 have been identified, which have not been identified in wildlife. However, a closely related subtype (XVIbA16G2a subtype) has been found in raccoons and storm runoff samples in the US [111].



There have only been two reports of the marsupial derived C. fayeri in humans; a symptomatic 29-year-old immunocompetent female in New South Wales (NSW), Australia in 2010 and a decade later, in 2020, it was identified in a symptomatic 37-year-old immunosuppressed female treated for acute myeloid leukaemia in Western Australia (WA) [119,120]. Eight subtype families have been identified within C. fayeri (Iva–IVh) [31,130,225,226]. In the initial study by Waldron et al. [119], the same C. fayeri subtype (IVaA9G4T1R1) was identified in both the woman and eastern grey kangaroos (Macropus giganteus) inhabiting the main drinking water catchment for Sydney [225] and the woman had regular contact with marsupials supporting zoonotic transmission [119]. In the latter study in WA, C. fayeri subtype IVgA10G1T1R1 was identified in the female [120] and the same subtype had previously been identified in western grey kangaroos (Macropus fuliginosus) in WA and rabbits (Oryctolagus cuniculus) in NSW drinking water catchments [131], again supporting the potential for zoonotic transmission. Marsupials are the dominant animals inhabiting drinking water catchments in Australia and further research is necessary to better understand the zoonotic implications, particularly in addition to C. fayeri and C. macropodum, marsupials can also be infected with C. hominis as discussed above [131].



The Cryptosporidium mink genotype was first identified in minks (Mustela vison) inhabiting a New York City drinking water supply watershed [210] and is a common parasite in minks [227]. Typing at the gp60 locus has identified four subtypes, including XaA5G1, XbA5G1R1, XcA5G1R1 and XdA4G1 [172,227,228]. There have been two reports of the mink genotype in humans [117,118]. However, no gp60 sequences are available and therefore the possibility of zoonotic transmission is unknown.
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Table 2. Zoonotic gp60 subtypes common to humans and animals (excluding non-human primates).
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Species Name

	
gp60 Subtypes

	
References






	
C. hominis

	
IbA9G3, IbA13G3, IbA14G2, IbA10G2, IdA15G1, IbA10G2R2 and Ik subtype family

	
[22,125,127,131,132,133,134,139,221]




	
C. parvum

	
Many subtypes but mainly the IIa (particularly IIaA15G2R1) and IId subtype families

	
[11,22,23,31,117,140]




	
C. meleagridis

	
IIIbA21G1R1b, IIIbA22G1R1cIIIbA23G1R1b, IIIbA23G1R1c, IIIbA24G1R1, IIIbA26G1R1b, IIIeA17G2R1, IIIeA19G2R1, IIIeA21G2R1, IIIeA21G2R1 and IIIgA31G3R1

	
[51,52,79,181,182,183,184]




	
C. felis

	
XIXa and XIXb

	
[40,46,186,192]




	
C. canis

	
XXa1 and XXa4

	
[40,49]




	
C. ubiquitum

	
XIIa, XIIb, XIIc and XIId

	
[23,44,51,52]




	
C. cuniculus

	
VaA18, VbA19, VbA22 to Vb26, Vb28, VbA29 and VbA31 to VbA33

	
[51,52,53,54,55,56,58,210,211]




	
C. viatorum

	
XVaA3g, XVaA3h and XVcA2G1

	
[65,66,114,207,209]




	
Chipmunk genotype I

	
XIVaA18G2T2

	
[37,45,51,60,71,72,75,76,77]




	
C. muris

	
Gastric Cryptosporidium species do not appear to have the gp60 gene

	




	
C. andersoni

	




	
C. suis

	
A gp60 typing tool has not yet been developed

	




	
Horse genotype

	
VIbA13 and VIcA16

	
[51,58,82,104,105]




	
C. erinacei

	
XIIIaA20R10, XIIIaA23R12, XIIIaA24R9, XIIIaA24R10, XIIIaA25R10 XIIIaA25R11, XIIIaA26R9 and XIIIaA26R10 (humans only)

	
[53,54]




	
C. bovis

	
No gp60 sequences available from humans

	




	
Skunk genotype

	
XVIbA16G2b and XVIcA22 (humans only but XVIbA16G2a in wildlife)

	
[111,224]




	
C. tyzzeri

	
IXaA8 and IXbA6

	
[43,113]




	
C. occultus

	
A gp60 typing tool has not yet been developed

	




	
C. ditrichi

	
A gp60 typing tool has not yet been developed

	




	
Mink genotype

	
No gp60 sequences available from humans

	




	
C. fayeri

	
IVaA9G4T1R1, IVgA10G1T1R1

	
[119,120]




	
C. xiaoi

	
No gp60 sequences available from humans

	




	
C. scrofarum

	
A gp60 typing tool has not yet been developed

	











3. Knowledge Gaps and Future Studies


The prevalence and clinical impact of Cryptosporidium and the potential for zoonotic transmission is highest in developing countries, yet relatively few molecular epidemiological studies have been conducted in these areas [1,33]. Large-scale molecular studies are therefore urgently required to explore the extent of zoonotic transmission [1,33]. Relatively little information is also available on the pathogenicity of some of the less common zoonotic species and genotypes, as most reports do not provide detailed clinical information, and this is another important knowledge gap that needs to be addressed. The majority of gp60 subtyping studies conducted to date have relied on Sanger sequencing, which cannot reliably identify the extent of mixed subtypes. For example, a recent study applied the bioinformatic program TIDE to deconvolute gp60 chromatograms generated using Sanger sequencing and identified previously unrecognised mixed subtype infections and has the advantage of also being able to be applied to retrospective data [229]. Similarly, another bioinformatics tool called “CryptoGenotyper” has been developed to read both 18S and gp60 Sanger sequence data, which can also resolve double peaks in mixed infections and increase the accuracy of sequence identification [230]. Amplicon next-generation sequencing (NGS), which can identify low-abundance sequences in mixed infections, has shown that it can identify additional Cryptosporidium gp60 subtypes not identified by Sanger sequencing in various hosts [141,231]. This has important implications for tracing zoonotic transmission as Sanger sequencing may not detect zoonotic species and subtypes that are present at low abundance and therefore incorrect conclusions regarding zoonotic transmission may be made. Future studies need to examine the extent of intra-sample diversity more closely to better understand zoonotic transmission dynamics.



The application of CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR associated protein) genome editing technology to Cryptosporidium has been a major advance in the ability to genetically modify the parasite [232]. More recently CRISPR technologies have been applied to the detection of infectious diseases by identifying specific pathogen sequences and then cleaving them in order to produce a readable signal [233]. For example, in the HOLMES (one-HOur Low-cost Multipurpose highly Efficient System) detection platform, if a target DNA is present, a Cas protein called Cas12a forms a complex with the guide CRISPR RNA, which then binds the target DNA and cleaves a non-target ssDNA reporter in the system, resulting in a fluorescent signal [233]. A lateral flow biosensor has been developed which incorporated isothermal amplification of Cryptosporidium DNA with this CRISPR detection method to identify C. parvum sequences belonging to the gp60 IId subtype family (from both humans and cattle), with high sensitivity and specificity [234]. This type of system has the potential to be employed in field situations to rapidly identify zoonotic subtypes and transmission hot-spots for more targeted analysis.



A more complete understanding of the molecular epidemiology of Cryptosporidium and zoonotic transmission dynamics can be gained from WGS studies, which are also increasingly being used to identify gp60 loci in divergent species and genotypes [235]. Currently, WGS data has been generated from the following zoonotic species and genotypes; C. parvum, C. hominis, C. muris, C. meleagridis, C. ubiquitum, C. andersoni, C. tyzzeri, C. cuniculus, C. viatorum, C. felis, C. canis, C. bovis, C. xiaoi, Cryptosporidium skunk genotype and chipmunk genotype I [44,45,46,47,48,49,50,236]. Comparative WGS has identified a variety of invasion-associated proteins including mucin glycoproteins, insulinase-like proteases and MEDLE secretory proteins, which differ between species with narrow and broad host ranges and hence may play a role in host specificity [76,237,238,239]. However, many challenges remain including the development of a universal MLST system that uses polymorphic markers distributed across all chromosomes [236]. Future studies need to conduct WGS on a wider range of species and genotypes and to examine the biological functions of diverse genes in the Cryptosporidium genome to gain a better understanding of the genetic determinants of host specificity.



WGS is expensive and another alternative may be to mine existing raw untargeted (shotgun) sequencing metagenomic data deposited in public databases generated for other purposes (such as the microbiome of humans and animals) [240,241]. For example, one study successfully mined 12 large data sets on the human gut microbiome to examine the population genomics of Blastocystis [242]. As a proof of principle, C. parvum (chromosome 6) was identified and mapped from data sets derived from water concentrates and calf microbiomes, although further bioinformatic pipeline optimisation is required [243]. With the rapid expansion of publicly available metagenomes, this approach offers a cost-effective and unprecedented opportunity to unravel the extent of zoonotic transmission and environmental contamination of Cryptosporidium across wide geographic areas.




4. Conclusions


Our understanding of the extent of genetic diversity and zoonotic potential of Cryptosporidium species and genotypes has been greatly enhanced by the development of molecular detection and typing tools, particularly the gp60 typing tool. The six most common species identified in humans are C. hominis, C. parvum, C. meleagridis, C. canis, C. felis and C. ubiquitum, yet the extent of zoonotic transmission in many of these species is still not clearly understood. Although primarily anthropologically transmitted, C. hominis is increasingly detected in animals, with evidence that it may be endemic in marsupials (IbA10G2 subtype) and equines (Ik subtype family). Cryptosporidium parvum is the most important zoonotic species, with IIa and IId the major zoonotic subtypes. Evidence to date supports the zoonotic transmission of C. meleagridis (IIIbA26G1R1b and IIIbA22G1R1c subtypes), C. canis (XXa1 and XXa4 subtypes), C. felis (XIXa and XIXb subtypes) and C. ubiquitum (XIIa, XIIb, XIIc and XIId subtype families). Cryptosporidium viatorum was originally described as a human species but rodents are now thought to be the major host species with subtypes (XVaA3g, XVaA3h and XVcA2G1) common to both humans and rodents. The rodent-derived chipmunk genotype I is considered an emerging human pathogen in the US and Sweden with evidence supporting the zoonotic transmission (subtype XIVaA20G2T1) between humans and squirrels. Cryptosporidium cuniculus in rabbits is another important zoonotic species, as it was responsible for a waterborne outbreak in the UK, with evidence supporting zoonotic transmission of multiple subtypes. Cryptosporidium erinacei in hedgehogs is a minor zoonotic species in most areas except New Zealand and the limited gp60 subtyping conducted to date has yet to support zoonotic transmission. Similarly, identical skunk genotype gp60 subtypes have not been identified in skunks and humans. Two studies have identified identical C. fayeri subtypes (IVaA9G4T1R1 and IVgA10G1T1R1) in humans and kangaroos in Australia. Gastric species (C. muris and C. andersoni) seem to lack the gp60 gene but gp60 typing tools that are still lacking for C. suis, C. scrofarum, C. ditrichi, C. occultus and the mink genotype are essential to better understand their transmission dynamics. The application of WGS and amplicon NGS in future studies are important for more accurately tracking transmission and understanding the mechanisms behind host specificity.
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Figure 1. Zoonotic transmission of the six most common species of Cryptosporidium in humans. 
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Table 1. Cryptosporidium species and genotypes in humans in order of frequency.
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	Species Name
	Main Reservoir Hosts
	Reports in Humans





	C. hominis
	Non-human primates, donkeys
	Most common species in humans



	C. parvum
	Ruminants, wildlife
	Second most common species in humans



	C. meleagridis
	Birds
	Third most commonly reported species in humans



	C. felis
	Cats
	Commonly reported [40]



	C. canis (previously canine genotype)
	Dog
	Commonly reported [40]



	C. ubiquitum (previously cervine genotype)
	Ruminants, rodents, carnivores,

non-human primates
	Commonly reported [31,44,51,52]



	C. cuniculus (previously rabbit genotype)
	Rabbits
	Many reports in humans [51,52,53,54,55,56,57,58,59,60,61]



	C. viatorum
	Rodents
	[34,51,62,63,64,65,66,67,68,69,70,71,72,73,74]



	Chipmunk genotype I
	Rodents
	[37,45,51,60,71,72,75,76,77]



	C. muris
	Rodents
	[52,60,78,79,80,81,82,83,84,85,86,87,88,89]



	C. andersoni (previously C. muris-like genotype)
	Cattle
	[65,81,90,91,92,93,94,95,96,97]



	C. suis (previously pig genotype I)
	Pigs, wild boars
	[79,96,98,99,100,101,102,103]



	Horse genotype
	Horses
	[51,58,82,104,105]



	C. erinacei (previously hedgehog genotype)
	Hedgehogs, horses
	[51,53,54,106,107]



	C. bovis (previously bovine B genotype)
	Cattle
	[78,108,109,110]



	Skunk genotype
	Skunk
	[37,82,105,111,112]



	C. tyzzeri (previously mouse genotype I)
	Rodents
	[43,54,113]



	C. occultus (previously C. suis-like genotype and C. parvum VF383)
	Rodents
	Refs. [114,115] Unpublished report in a human in GenBank (HQ822146)



	C. ditrichi
	Rodents (mainly mice)
	[51,116]



	Mink genotype
	Mink
	[117,118]



	C. fayeri (previously marsupial genotype I)
	Marsupials
	[119,120]



	C. xiaoi (previously C. bovis-like genotype)
	Sheep, goats
	[34]



	C. scrofarum (previously pig genotype II)
	Pigs, wild boar
	[121]
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