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31Knowledge of the within-host genetic diversity of a pathogen often has broad implications for disease
32management. Cryptosporidium protozoan parasites are among the most common causative agents of
33infectious diarrhoea. Current limitations of in vitro culture impose the use of uncultured isolates obtained
34directly from the hosts as operational units of Cryptosporidium genotyping. As the validity of this practice
35is centred on the assumption of genetic homogeneity of the parasite within the host, genetic studies often
36take little account of the within-host genetic diversity of Cryptosporidium. Yet, theory and experimental
37evidence contemplate genetic diversity of Cryptosporidium at the within-host scale, which is not easily
38identified by end-point genotyping methods ill-suited for the resolution of DNA mixtures. We performed
39a systematic bibliographical search of the occurrence of within-host genetic diversity of Cryptosporidium
40parasites in epidemiological samples. Our results indicate that genetic diversity at the within-host scale,
41in the form of mixed species or intra-species diversity, has been identified in a large number (n = 55) of
42epidemiological surveys of cryptosporidiosis in variable proportions, but has often been treated as a sec-
43ondary finding and not analysed further. As in malaria, there are indications that the scale of this diversity
44varies between geographical regions, perhaps depending on the prevailing regional transmission path-
45ways. These results provide a significant knowledge base from which to draw alternative population
46genetic structure models, some of which are discussed in this paper.
47� 2016 Published by Elsevier Ltd. on behalf of Australian Society for Parasitology Inc.
48
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50

51 1. Introduction

52 In many infectious diseases there is a presence of distinct
53 microbial lineages within the host, and the within-host genetic
54 diversity of the pathogen is often associated with its ability to
55 adapt to selective pressures exerted during the infection. For
56 instance, in hepatitis C and HIV infections the presence of viral sub-
57 populations enhances evasion from the immune response and
58 resistance to chemotherapy (Wolinsky et al., 1996; McMichael
59 and Phillips, 1997; Farci et al., 2000; Briones et al., 2006). It has
60 been recently reported that approximately 20% of people infected
61 with Mycobacterium tuberculosis in KwaZulu-Natal, South Africa,
62 harboured genetically heterogeneous infections, and microbial
63 heterogeneity was associated with increased odds of treatment
64 failure (Cohen et al., 2016). Examples in the protozoan world also
65 abound. Polyclonal infections with Eimeria tenella (poultry) and
66 Theileria annulata (cattle) seem to be common (Weir et al., 2011;
67 Blake et al., 2015), and mixed infections with Plasmodium falci-

68parum clones were already observed in people during the 1990s
69(Viriyakosol et al., 1995). Furthermore, in some regions most
70malaria patients may harbour multiple clones (Arnot, 1998;
71Apinjoh et al., 2015). Other studies have found associations
72between the within-host genetic diversity of Plasmodium spp.
73and the natural history of malaria, and it is currently recognised
74that this diversity may influence the evolution of virulence, ham-
75per chemotherapeutic control and potentially promote the emer-
76gence of vaccine escape variants (de Roode et al., 2004; Kwiek
77et al., 2007; Juliano et al., 2010a,b; Tyagi et al., 2013). Thus, knowl-
78edge of the genetic diversity of a pathogen within the host may
79have broad implications for disease management.
80Cryptosporidium is a genus of sexually reproducing protozoan
81parasites of amphibians, fish, reptiles, birds and mammals. Para-
82sites belonging to this genus are major contributors to the burden
83of paediatric diarrhoea in many developing countries (Kotloff et al.,
842013). The intestinal species Cryptosporidium parvum and Cryp-
85tosporidium hominis, in particular, are among the most common
86and cosmopolitan causes of diarrhoea in people, and the latter spe-
87cies is also a leading cause of diarrhoea in young farmed ruminants
88(Al Mawly et al., 2015). Despite the availability of the sequences of
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89 the C. parvum and C. hominis genomes (Abrahamsen et al., 2004; Xu
90 et al., 2004), our understanding of cryptosporidiosis is still incom-
91 plete. Efficient anti-Cryptosporidium drugs and vaccines are lacking
92 and there is poor knowledge on the role of genetic exchange in the
93 evolution of the parasites’ virulence. One of the main reasons for
94 the poor progress in many fields is the limitations of in vitro cul-
95 ture. Despite recent progress (Morada et al., 2015), methods for
96 Cryptosporidium culture are still inefficient and clonal lineages
97 derived from individual sporozoites, which are the basic cells car-
98 rying the parasite’s haploid genome, are not available. As a conse-
99 quence, Cryptosporidium strains remain loosely defined (Cama

100 et al., 2006a) and most research is currently performed using iso-
101 lates composed of parasites obtained from single infected hosts,
102 without previous culture. The use of uncultured isolates as opera-
103 tional units of Cryptosporidium genotyping is also an established
104 practice (Ryan et al., 2014), the working assumption being that a
105 broadly phylogenetically homogeneous parasite infects the host.
106 However, as in malaria, where individuals can harbour several
107 genetically distinct parasites as a result of multiple mosquito bites,
108 or single bites from mosquitoes bearing multiple clones (Talisuna
109 et al., 2007), Cryptosporidium within-host diversity may originate
110 from multiple exposures, or a single infection with genetically
111 diverse oocysts. In fact, studies have identified water as a major
112 route of Cryptosporidium transmission in some areas (Xiao et al.,
113 2004), and it has been demonstrated that water sources can con-
114 tain multiple Cryptosporidium spp. originating from disparate loca-
115 tions or hosts (Ruecker et al., 2005, 2013; Nichols et al., 2006; Feng
116 et al., 2009). Thus, one would expect to find heterogeneous para-
117 sites within hosts exposed to such sources, as well as in secondary
118 infections.
119 There is long-standing evidence for the existence of within-host
120 genetic diversity in Cryptosporidium (Widmer, 1998; Tanriverdi
121 et al., 2003, 2008), but most epidemiological studies of cryp-
122 tosporidiosis used PCR-based genotyping methods able to resolve
123 the dominant sequence but insensitive to minority variants and
124 ill-suited for resolution of complex DNA mixtures (Suzuki and
125 Giovannoni, 1996; Rochelle et al., 2000; Reed et al., 2002; Liu
126 et al., 2008; Paparini et al., 2015). Furthermore, when identified
127 in the field, the Cryptosporidium within-host diversity has been
128 often deemed marginal, defined as ‘mixed infections’ and not anal-
129 ysed, and only a few groups have pursued further analyses at the
130 within-isolate scale (Cama et al., 2006b; Jeníková et al., 2011;
131 Shrestha et al., 2014). As a consequence, the extent of within-
132 host Cryptosporidium diversity in nature remains unknown.
133 There are practicalities in working with the assumption of a
134 within-host genetic homogeneity of Cryptosporidium, and genotyp-
135 ing of uncultured isolates has significantly aided our understand-
136 ing of the epidemiology of cryptosporidiosis. Nevertheless, from
137 the study of other pathogens we learn that genetic analyses at
138 the within-host level could enhance our ability to answer many
139 unresolved questions on cryptosporidiosis. Here, we present the
140 results of a systematic bibliographical search of the epidemiologi-
141 cal evidence for Cryptosporidium within-host genetic diversity. We
142 also assemble current understandings of aspects of the parasites’
143 life cycle pertaining to genetic exchange, to hypothesise alternative
144 population genetic structures that challenge the assumption of
145 within-host genetic homogeneity. Finally, the gaps between actual
146 and desired genotyping practices for the study of the genetic struc-
147 ture of Cryptosporidium populations are briefly addressed.

148 2. Within-host Cryptosporidium genetic diversity:
149 epidemiological evidence

150 We aimed to estimate the extent of Cryptosporidium within-
151 host genetic diversity in nature based on information published

152in the scientific literature. We noted that in many papers the
153genetic heterogeneity revealed in the isolates was not the main
154focus of the discussion, and when identified, it was defined as
155‘mixed infections’. Therefore, we interrogated the PubMed data-
156base (http://www.ncbi.nlm.nih.gov/PubMed) using the descriptor
157‘Cryptosporidium’ (all fields); and ‘mixed’ (all fields). Filters applied
158were ‘species’ (values: ‘humans’; and ‘other animals’); ‘text avail-
159ability’ (value: ‘abstract’); and ‘languages’ (value: ‘English’). The
160search was limited to the decade of 2005–2015. This strategy
161returned all the papers in English, containing the terms ‘Cryp-
162tosporidium’ and ‘mixed’, referring to infections in humans and ani-
163mals for which an abstract was available in PubMed, published
164between 2005 and 2015. The database was accessed repeatedly
165from 31 August 2014. Relevant papers retrieved by us elsewhere
166were also used.
167The articles were downloaded and assessed for the type of
168intra-isolate diversity reported (mixed-species/intra-species diver-
169sity). Each article was scored by its evidentiary value as follows:
170Evidentiary Score 1 (ES1), studies in which spurious intra-isolate
171genetic diversity was unlikely by virtue of the type of genotyping
172method used, or in which the possibility of genotyping error was
173controlled; ES2, studies in which spurious intra-isolate genetic
174diversity was possible, and this was acknowledged or discussed
175by the authors; ES3, studies in which spurious intra-isolate genetic
176diversity was possible, but not discussed.
177Of 144 articles initially retrieved, 55 reported intra-isolate
178genetic diversity, worldwide. Other papers (n = 89) reported
179mixed infections with Cryptosporidium and other organisms, or
180analysed Cryptosporidium mixtures in water, or involved
181in vitro experiments and were discarded. Twelve articles
182reported intra-isolate genetic diversity in humans and 41 in ani-
183mal species. Two articles reported mixed infections in both
184humans and animals. Forty articles reported mixed species and
18513 intra-species diversity, whilst two articles reported both
186occurrences. In many articles the diversity was observed in a
187non-negligible proportion of the analysed isolates, and in one
188it was reported in 42% of the isolates. A total of 25/55 (45%)
189articles received an ES1 score, five received ES2 and 25 received
190ES3. Two articles could not be scored due to missing informa-
191tion. The details of the surveyed articles are presented in Sup-
192plementary Table S1.

1933. Origins of Cryptosporidium within-host genetic diversity

194The bibliographic search indicated a substantial number of epi-
195demiological studies reporting Cryptosporidium intra-isolate
196genetic diversity. Hence, to establish the origins of this diversity
197it is necessary to review aspects of the parasites’ life cycle perti-
198nent to genetic exchange. We note as a limitation, that much of
199what we assume today about this life cycle is based on inferences
200from electron microscopic studies performed before different spe-
201cies could be differentiated by genotyping (Tzipori, 1986; Tzipori
202and Griffiths, 1998; Tzipori and Ward, 2002).
203Infections with C. parvum (or as a generalisation, with any
204intestinal Cryptosporidium sp.) are acquired through the ingestion
205of oocysts, and the life cycle culminates with excretion in the fae-
206ces of millions of highly resistant oocysts containing four haploid
207sporozoites. With some exceptions (Karanis et al., 2008; Koh
208et al., 2013), it is generally assumed that Cryptosporidium only
209replicates inside the host. In the gut, sporozoites excyst from the
210oocyst, invade the host cells and undergo subsequent rounds of
211conservative cell divisions in an intracellular but extracytoplas-
212matic position within the enterocytes, followed by differentiation
213into micro- or macrogametocytes and mating of gametes, resulting
214in the formation of a transient diploid zygote. It is not known
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