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ABSTRACT

Cryptosporidium species cause cryptosporidiosis, characterized by acute
gastroenteritis in humans and animals worldwide. Knowledge of the diversity of
Cryptosporidium among mammals and birds is incomplete, especially in North American
passerines. In this first molecular study of Cryptosporidium in a North American passerine,
C. parvum and a novel genotype, called the red-winged black bird genotype were isolated.
Genetic characteristics and phylogenetic analyses of the red-winged black bird genotype
were described at the 18S rRNA, actin and HSP70 loci, and it was distinct from previously
described species and genotypes. The novelty of this genotype was also supported by
propagation studies in chickens, zebra finches and cockatiels that failed to produce patent
infections. The study adds to our understanding of the co-evolution of the parasite with its
hosts and potential sources of C. parvum transmission to susceptible human and animal

hosts.
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LITERATURE REVIEW

Introduction

Obligate protozoan parasites of the genus Cryptosporidium (phylum Apicomplexa)
have been associated with opportunistic clinical cryptosporidiosis in healthy and
immunocompromised human patients (Meisel et al., 1976; Nime et al., 1976).

Cryptosporidiosis is also seen in clinical and non-clinical settings worldwide in
vertebrates of every class including mammals (Appelbee et al., 2005), birds, fish,
amphibians (Ryan, 2010), and reptiles (Xiao et al., 2004b).

Ernest Tyzzer first described Cryptosporidium in the gastric glands (Cryptosporidium
muris) (Tyzzer, 1907) and intestines (Cryptosporidium parvum) of the laboratory mouse
(Tyzzer 1912). He subsequently described a parasite in the ceca of chickens that was
morphologically similar to Cryptosporidium parvum, but he did not name it (Tyzzer, 1929).
With the exception of descriptions of Cryptosporidium meleagridis in turkeys (Slavin, 1955)
and Cryptosporidium wrairi in guinea pigs (Vetterling et al., 1971a), few studies on
Cryptosporidium before the late 1970s have been conducted.

Cryptosporidium parvum was first isolated from a human with acute enterocolitis in
1976 (Nime, 1976). In the early 1980s, cryptosporidiosis emerged as a threat to the lives of
immunocompromised patients diagnosed with AIDS (Pitlik et al., 1983). The focus on
Cryptosporidium as a major human parasite intensified when it was identified as the cause
of a waterborne outbreak affecting 516 people in Wiltshire and Oxfordshire, England, in
1991 (Richardson et al., 1991). The largest outbreak of waterborne cryptosporidiosis
occurred in 1994, in Milwaukee, WI, with an estimated 403,000 people affected with
gastrointestinal symptoms including acute watery diarrhea, abdominal cramps, vomiting
and fever (Mac Kenzie et al., 1994). In the years since, about 20 different species of

Cryptosporidium have been identified as human pathogens, causing infections in both



immunocompromised and immunocompetent patients (Ryan et al., 2014). However, more
than 90% of human cases are caused by C. parvum and C. hominis (Ryan et al., 2014).
Taxonomy

Cryptosporidium is placed in the family Cryptosporidiidae, suborder Eimeriorina,
order Eucoccdiorida, subclass Coccidiasina, class Sporozoasida, phylum Apicomplexa and
Superkingdom Eukaryota (Current and Garcia, 1991; Egyed et al., 2003). However, this
classification is not supported by phylogenies constructed from small subunit ribosomal RNA
gene sequences (18S rRNA gene). Within the phylum Apicomplexa, the gregarines and
Cryptosporidium occur as sister groups (Carreno et al., 1999).

Two major clades are evident in phylogenies constructed from sequences of
Cryptosporidium rRNA and protein coding genes (Xiao et al., 2002), a gastric clade
comprising Cryptosporidium spp. that infect the gastric epithelium, and an intestinal clade
comprising Cryptosporidium that infect the intestinal epithelium (Upton and Current, 1985).

The conventional definition of a species is difficult to apply to Cryptosporidium;
consequently, the type of evidence required to describe new Cryptosporidium species has
been much debated (Xiao et al., 2000). Although morphology has traditionally been used to
describe apicomplexan parasites, it is not particularly useful in the case of Cryptosporidium,
which lacks variation in oocyst morphology (Xiao et al., 2004a). (Egyed et al., 2002))
proposed a polyphasic approach to taxonomy, where a valid species must have the following
investigated in a standardized manner with precisely documented experimental conditions:
(a) Morphology of oocysts, including the length, width, and oocyst index; (b) Infectivity of
oocysts with adequate description of oocyst age, method of purification, storage, origin, and
time of incubation for excystation; (c) Biological studies to determine host specificity,
predilection site, virulence, oocyst shedding, and prepatent and patent periods (Cross
transmission studies with appropriate positive and negative controls are deemed necessary.
Importance is given to age of the experimental animal and its immune status); (d)

Genotypic studies by direct sequencing or cloning of amplified genes that code for rRNA and



proteins, including 18S rRNA, Heat Shock Protein 70 (HSP70), and Cryptosporidium oocyst
wall protein (COWP) (Egyed et al., 2003). This approach to Cryptosporidium taxonomy is
generally followed in the description of new Cryptosporidium species and, depending on the

source, twenty-six (Ryan et al., 2014) or thirty valid species (Slapeta, 2013) are currently

recognized and listed in Table 1.

Table 1: List of currently accepted valid species in the genus Cryptosporidium

Species Type host Reference

C. muris Mouse (Tyzzer, 1907, 1910)

C. parvum Mouse (Tyzzer 1912; Upton and
Current, 1985)

C. meleagridis Turkey (Slavin, 1955)

C. wrairi Guinea pig (Vetterling et al., 1971a)

C. xiaoi Sheep (Barker and Carbonell,
1974; Fayer and Santin,
2009)

C. bovis Calves (Barker and Carbonell,
1974; Fayer et al., 2005)

C. cuniculus Rabbit (Inman and Takeuchi, 1979;

(synonym C. saurophilum)

Robinson et al., 2010)

C. felis Domestic cat (Iseki, 1979)

C. serpentis Snakes (Levine, 1980)

C. baileyi Chicken (Current et al., 1986)
C. varanii Emerald monitor (Pavlasek et al., 1995)

C. galli Birds (Ryan et al., 2003b)

C. andersoni Cattle (Lindsay et al., 2000)

C. canis Dog (Fayer et al., 2001)

C. hominis Human (Morgan-Ryan et al., 2002)

C. molnari Fish (Alvarez-Pellitero and Sitja-
Bobadilla, 2002)

C. suis Pig (Ryan et al., 2004)




Table 1: List of currently accepted valid species in the genus Cryptosporidium (Continued)

C. fayeri Kangaroo (Ryan et al., 2008)

C. ryanae Cattle (Fayer et al., 2008)

C. fragile Toad (Jirkd et al., 2008)

C. macropodum Kangaroo (Power and Ryan, 2008)

C. ubiquitum Cattle (Fayer et al., 2010)

C. viatorum Human (Elwin et al., 2012)

C. tyzzeri Mouse (Ren et al., 2012; Tyzzer,
1912)

C. scrofarum Pig (Kvac et al., 2013)

C. erinacei European hedgehog (Kvac et al., 2014a)

In addition to those listed in Table 1, (Slapeta, 2013)) recognizes C. nasoris (Hoover
et al., 1981), C. cichlidis (Paperna and Vilenkin, 1996), C. reichenbachklinlei (Paperna and
Vilenkin, 1996), and C. scophthalmi (Alvarez-Pellitero et al., 2004) as valid species, but
these are not broadly accepted.

In addition to these named species, more than 70 genotypes have been named
based on sequences of rRNA and protein coding genes. A genotype is a partial and
temporary descriptor of a group of organisms, which are genetically unique (Plutzer and
Karanis, 2009). Therefore, the described genotypes are awaiting full classification when
sufficient morphological, biological, and genetic data are available.

Lifecycle of Cryptosporidium parvum

Tyzzer (1912; 1910) first described the lifecycles of C. parvum and C. muris, and
electron-microscopic details of the C. parvum lifecycle were studied later in experimental
infections of neonatal mice with isolates from an immunocompetent human with acute, self-
limiting diarrhea, an immunosuppressed patient with chronic gastroenteritis, and a naturally
infected calf (Current and Garcia, 1991). The six major events described in the lifecycle of

C. parvum are excystation, merogony, gametogony, fertilization, oocyst formation, and



sporogony (Current and Garcia, 1991). Similar stages have been observed in C. wrairi
derived from guinea pigs (Vetterling et al., 1971b).

Oocysts, the infective stage of the parasite, contain four naked sporozoites without
a sporocyst. Following ingestion, the oocyst excysts to release motile sporozoites into the
lumen of the duodenum and ileum (Current and Reese, 1986). Sporozoites invade intestinal
epithelial cells where they occupy an intracellular but extracytoplasmic location and form a
parasitophorous vacuole, enveloped by host membrane, at the apical surface. Sporozoites
transform into round trophozoites, a feeding stage that obtains nutrients from the host cell
(Marcial and Madara, 1986), before undergoing asexual replication, termed merogony, to
produce eight merozoites in a type I meront. Merozoites released from type I meronts
invade neighboring enterocytes in a manner similar to sporozoites, and develop into either
type I meronts, repeating the cycle of asexual replication, or type II meronts containing four
merozoites, which, upon release, develop into micro- and macro-gamonts. Sixteen bullet-
shaped microgametes released by microgamonts seek out and penetrate macrogamonts
and fuse with macrogametes to form a zygote (the sexual stage).

The zygote subsequently develops into a thick or thin walled oocyst. Eighty percent
of oocysts are thick walled. These have a trilaminar wall (Harris and Petry, 1999), are shed
fully sporulated, and are environmentally stable in the feces of the host (Current and
Garcia, 1991). Thin walled oocysts rupture soon after their release from enterocytes,
allowing the excysted sporozoites to infect cells and maintain an autoinfective cycle (Current

and Reese, 1986).
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Figure 1. Lifecycle of Cryptosporidium derived from studies of C. parvum
(CDC/Alexander J. da Silva, 2002; Current and Garcia, 1991)

Pathogenesis of human Cryptosporidium infections

Cryptosporidium parvum is directly or indirectly transmitted between animals and
humans, and as few as 10 oocysts can cause disease in humans (Okhuysen et al., 1999).
The parasite does not generally cause a systemic infection, but is localized at an
intracellular but extracytoplasmic location in parasitophorous vacuoles, on the apical surface
of the epithelial cells (Okhuysen and Chappell, 2002). Many putative virulence factors have
been identified that function in excystation, adhesion, locomotion, invasion, and membrane
lysis (Bouzid et al., 2013). The process of attachment, invasion, and replication causes
disintegration of the microvilli at the sites of attachment (Pohlenz et al., 1978), which
disrupts epithelial barrier function (Adams et al., 1994).

In addition, the innate immune system, including intestinal epithelial cells, dendritic
cells (Auray et al., 2007), interferon gamma, natural killer cells (Chen et al., 1993),

phagocytes (Takeuchi et al., 2008), nitric oxide (Gookin et al., 2004), and the complement



system (Kelly et al., 2000) play a role in immunity against the parasite. The adaptive
immune system responds primarily through helper T cells (Aguirre et al., 1994), with Th1l
cytokines like IL-12 (Urban et al., 1996) and IL-18 (Ehigiator et al., 2005) predominating.

Symptoms of clinical cryptosporidiosis include non-pathognomonic signs of acute
watery diarrhea, nausea, vomiting, and a low grade fever (Current and Garcia, 1991). In
healthy, immunocompetent hosts, infection is self-limiting. In immunosuppressed hosts, like
patients suffering from AIDS, a chronic and frequently fatal infection is seen, which may
involve body systems other than the gastrointestinal tract, such as the biliary system and
respiratory system (Hunter and Nichols, 2002; Lopez-Vélez et al., 1995).

Epidemiology of human infections

Human cryptosporidiosis occurs world-wide and pathogenic Cryptosporidium
species, that cause clinically relevant disease, can be found and transmitted from many
different hosts (Meinhardt et al., 1996). Cryptosporidium parvum and C. hominis, are the
most common species that affect humans, while C. meleagridis, C. felis, and C. canis are
the others that are found in order of importance; although more than 20 species have been
known to cause clinical cryptosporidiosis in humans (Ryan et al., 2014; Xiao and Feng,
2008).

Diarrhea caused by Cryptosporidium is especially severe in neonates in the age
group of 12-23 months in low-income countries (Kotloff et al., 2013). The
immunocompromised, particularly those with AIDS, primary immunodeficiency disorders,
malignant diseases, organ transplants, and those who are malnourished are at the highest
risk (Hunter and Nichols, 2002).

Children and immunocompromised patients show acute enterocolitis (Nime et al.,
1976) and severe, debilitating diarrhea (Meisel et al., 1976) that is often fatal. The disease
is the second most frequent cause of fatal diarrhea in children younger than 5 years in low-

income countries in Sub Saharan Africa and Asia (Kotloff et al., 2013). Because of the link



to poverty and childhood mortality, there has been a call for urgent investment in research
on cryptosporidiosis (Striepen, 2013).

CryptoNet, a CDC initiative, is a network used to track outbreaks in the United
States using molecular data (CDC, 2013). It is based on the Bionumerics platform and
works by providing expertise for the differentiation and tracking of outbreaks of
Cryptosporidium by sequencing thel8S rRNA and gp60 genes (CDC, 2013).

There is no vaccine or consistently effective drug treatment for cryptosporidiosis.
Pharmaceutical control options in humans are limited to nitazoxanide, paromomycin, and
azithromycin, which have limited effectiveness, particularly in the immunocompromised, so
the identification of new drug targets is a priority (Gargala, 2008). Some vaccines targets
have been identified using reverse vaccinology from genome sequences of C. hominis and
C. parvum, and vaccines made using three of these recombinant surface antigens have
been shown to generate a strong immune response in mice (Manque et al., 2011). No
vaccines have reached the human trial stage so far.

Public health significance of Cryptosporidium dissemination by birds

Although C. parvum typically infects mammals, viable oocysts can be disseminated
by birds, particularly free ranging aquatic birds (Jellison et al., 2007; Majewska et al.,
2009). In Maryland, C. parvum oocysts from Canada Geese were infective for neonatal mice
(Graczyk et al., 1998). The shedding of infective C. parvum oocysts by birds could be the
result of an active infection or may be a consequence of mechanical transmission. It has
been shown that while Canada geese and Peking ducks are refractory to C. parvum infection
under experimental conditions, oocysts can retain their infectivity following passage
(Graczyk et al., 1996; Graczyk et al., 1997).

Non-aquatic birds, such as domestic chickens, ducks, and quails also have been
identified as mechanical transporters of Cryptosporidium parvum, although they are not the

only major sources (Bomfim et al., 2013)



Species and genotypes that parasitize birds
Three species of Cryptosporidium have been described in birds. Many avian
genotypes have also been described, that may eventually be recognized as separate species

when sufficient morphological and biological data are obtained (Ryan, 2010).

Cryptosporidium meleagridis

Cryptosporidium meleagridis was first described in turkey poults with clinical
enteritis (Slavin, 1955). Natural infections have subsequently been found in the Indian ring
necked parakeet (Psittacula krameri) (Morgan et al., 2000), cockatiels (Nymphus
hollandicus) (Abe and Iseki, 2004), chickens (Gallus gallus) (Darabus and Olariu, 2003),
and humans (Matos et al., 2004; Pedraza-Diaz et al., 2001; Pedraza-Diaz et al., 2000).
Cryptosporidium meleagridis is unusual in being infective for mammalian and avian species
and it is the third most frequent cause of human cryptosporidiosis after C. parvum and C.
hominis (Chalmers et al., 2009). Infectivity of C. meleagridis for humans was recently
demonstrated experimentally, and chicken-derived C. meleagridis was shown to be infective
for mice, calves, pigs, rabbits, and rats, demonstrating that direct transmission from birds
to mammals can occur (Chappell et al., 2011; Darabus and Olariu, 2003). In addition, a
human derived C. meleagridis was shown to be infective for chickens, mice, piglets, and
calves, demonstrating that transmission can occur in both directions (Akiyoshi et al., 2003).
In further support of this conclusion, a sequential cross transmission study successfully
demonstrated the transmission and passage of oocysts of a Hungarian turkey-derived C.
meleagridis isolate through one-week-old turkey poults, immunosuppressed mice, and
seven-day-old chickens (Sréter et al., 2000).

Oocysts of C. meleagridis are fully sporulated when they are excreted in feces, and
measure of 5.2 um by 4.6 pm with sporozoites measuring 5.2 pm by 1.4 ym. The oocyst

length to width ratio is 1.13 (Lindsay et al., 1989a) (Table 2).



The lifecycle of C. meleagridis has been described and is the same as that of C.
parvum (Akiyoshi et al., 2003).

Cryptosporidium baileyi

Cryptosporidium baileyi was first described in broiler chickens (Current 1986), and
was subsequently found to naturally and experimentally infect ostriches (Struthio camelus)
(Ryan et al., 2003a), ducks (Anas platyrhynchos) (Lindsay et al., 1989b), geese ( Branta
canadensis) (Chvala et al., 2006), cormorants (Phalacrocorax sps.) (Jellison et al., 2004),
otus owls (Otus scops) (Molina-Lopez et al., 2010), mixed breed falcons (Falco rusticolus x
Falco cherrug) (van Zeeland et al., 2008), black headed gulls (Larus ridibundus) (Pavlasek,
1993), whooping cranes (Grus vipio), eastern golden backed weavers (Ploceus jacksoni),
gray bellied bulbuls (Pycnonotus sps.) (Ng et al., 2006), cockatiels (Nymphicus hollandicus)
(Lindsay et al., 1990), budgerigars (Melopsittacus undulatus) (Goodwin and Krabill, 1989),
red crowned amazons (Amazona dufresniana), channel billed toucans (Phamphastus
vitellinus) (Ryan et al., 2003a), crested lark (Galerida cristata), black billed magpie (Pica
pica), gouldian finch (Chloebia gouldiae), white java sparrow (Padda oryzivora), common
myna (Acridotheres tristis), red billed leiothrix (Leiothrix lutea), zebra finch (Taenipygia
guttata) (Qi et al., 2011) and saffron finch (Sicalis flaveola) (Nakamura et al., 2009).

It primarily causes a respiratory infection with high morbidity and mortality. The
bursa and cloaca are also infected. Other sites of infection include the conjunctiva, trachea,
air sac, intestines, ceca, bursa, and kidneys (Lindsay et al., 1989b).

Oral and intratracheal inoculations of C. baileyi oocysts caused infection in the
cloaca, bursa of Fabricius, terminal colon, and cecum of chicks. Intratracheal inoculation
caused clinical respiratory cryptosporidiosis (Lindsay et al., 1986). Intraocular inoculation of
oocysts caused infection of the conjunctival epithelium in chicks but not in turkeys, which
developed cloacal infections without clinical signs (Lindsay et al., 1987a). Intraabdominal
inoculation produced clinical infection in the airsacs, bursa of Fabricius, and cloaca.

Intravenous inoculation did not produce infection (Lindsay et al., 1987b). Per rectal, ingluval
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inoculation caused parasite localization in the bursa of Fabricius and cloaca, with marked
histological changes in the bursa, and shedding of large numbers of oocysts, but no
infection was found in the respiratory tract (Yuan et al., 2014).

Oocysts of C. baileyi are excreted fully sporulated and measure 6.6 by 5.0 yum with
a shape index of 1.33 (Lindsay et al., 1989a) (Table 2).
Cryptosporidium galli

Cryptosporidium galli primarily infects the proventricular epithelium (Ryan et al.,
2003b).

Natural infections of C. galli have been detected in chickens (Gallus domesticus),
grouse (Tetrastes bonasia rupestris), capercaillies (Tetrao urogallus), Cuban flamingo
Phoenicopterus ruber), turquoise parrot (Neophema pulchella), chestnut finch (Lonchura
castaneothorax), painted firetail finch (Emblema pictum), Parson’s finch (Poephila cincta)
zebra finch (Taeniopygia guttata) pine grosbeak (Pinicola enucleator) red-cowled cardinal
(Paroaria dominicana) (Ng et al., 2006; Ryan et al., 2003b), chestnut finch (Lonchura cas-
taneothorax) (Morgan et al., 2001), canaries (Serinus canaria), cockatiel (Nymphicus
hollandicus), lesser seed-finches (Oryzoborus angolensis)(Antunes et al., 2008), Bohemian
waxwing (Bombycilla garrulous), silver-eared mesia (Leiothrix argentauris)(Qi et al., 2011),
green-winged saltator (Saltator similis), goldfinch (Carduelis tristis), saffron finch (Sicalis
flaveola), slate-coloured seedeater (Sporophila schistacea) and rufous-bellied thrush
(Turdus rufiventris) (Seva et al., 2011). Juvenile 9-day-old chickens are susceptible to
experimental infection with C. galli, with a prepatent and patent period of 25 and 6 days,
respectively. In contrast, 40-day-old chickens are not susceptible to experimental infection
(Ryan et al., 2003b).

Oocysts of C. galli measure 8.0-8.5 pm by 6.2-6.4 um with a shape index of 1.30,

and they are fully sporulated when excreted (Ryan et al., 2003a) (Table 2).
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Cryptosporidium avian genotype I

Cryptosporidium avian genotype I was first isolated from a red factory canary
(Serinus canaria) with no clinical signs in Western Australia (Ng et al., 2006) . It was
subsequently reported in 3.8% and 4.1% of captive Indian peafowl (Pavo cristatus) and
canaries (Serinus canaria) in Brazil respectively (Nakamura et al., 2009).

This genotype shares 99.5% and 95.7% sequence similarity with C. baileyi at the
18S rRNA and actin loci, respectively (Ng et al., 2006).

Cryptosporidium avian genotype II

Cryptosporidium avian genotype II has been identified only in psittacines like major
mitchell cockatoos (Cacatua leadbeateri), eclectus (Eclectus roratus), cockatiels (Nymphicus
hollandicus), sun conures (Aratinga solstitialis), princess parrots (Polytelis alexandrae),
galahs (Eolophus roseicapilla), alexandrine parrots (Psittacula eupatria) (Ng et al., 2006),
white-eyed parakeet (Aratinga leucophthalma) (Seva et al., 2011) and ostriches (Struthio
camelus) (Meireles et al., 2006), suggesting that the host range may be restricted to these
birds. None of the infected birds showed clinical signs of cryptosporidiosis.

The prevalence of avian genotype II in ostriches in central Vietnam was 23.7%. The
highest prevalence was found in juvenile birds of the age group 61 - 90 days. Prevalence
declined sharply to 0% and 5.8% in the 3-12 month and >12 month age categories,
respectively (Nguyen et al., 2013). Avian genotype II shares 97.4% and 88.3% identity
with C. baileyi at the 18S rRNA and actin genes, respectively (Ng et al., 2006).
Cryptosporidium avian genotype III

Cryptosporidium avian genotype III has been identified in cockatiels (Nymphicus
hollandicus), galahs (Eolophus roseicapilla), and sun conures (Aratinga solstitialis) in
Australia (Ng et al., 2006); cockatiels (Nymphicus hollandicus) and red billed magpies
(Urocissa erythrorycha) in China (Qi et al., 2011); and peach faced lovebirds (Agapornis

roseicollis) in Japan (Makino et al., 2010).
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Birds from Australia infected with avian genotype III showed no clinical signs.
However, avian genotype III infection of the proventricular epithelium of peach faced
lovebirds (Agapornis roseicollis) in Japan was associated with chronic vomiting, weight loss,
and thickened proventriculus (Makino et al., 2010).

Avian genotype III shares 98.7%, 98.3% and 95.5% identity with the Eurasian
woodcock genotype, C. serpentis, and C. galli, respectively, at the 18S rRNA gene locus,
and 98.5%, 94.6%, and 96.6% identity, respectively, at the actin locus (Ng et al., 2006).
Cryptosporidium avian genotype IV

Cryptosporidium avian genotype IV has been identified in a Japanese white eye
(Zosterops japonica) with anorexia and diarrhea (Ng et al., 2006). This genotype shares
96.5% sequence similarity with C. galli at the 18S rRNA gene. No other genes have been
sequenced from this isolate and no other isolates have been reported.

Cryptosporidium avian genotype V

Cryptosporidium avian genotype V was first identified in cockatiels in Japan (Abe
and Makino, 2010) and was later described in blue fronted amazons (Amazona aestiva) in
Brazil (Nakamura et al., 2014). Japanese isolates shared 99.7%, 98.3%, and 97.8%
similarity, respectively, with avian genotype II, avian genotype I, and C. baileyi at the 18S
rRNA gene. (Abe and Makino, 2010).

Oocysts of avian genotype V measure 5.8 um (range: 5.0 - 6.6 um) by 4.5 pm
(range: 4.1 - 5.2 ym) with a shape index of 1.37 (Qi et al., 2011) (Table 2).
Cryptosporidium Eurasian woodcock genotype

Cryptosporidium Eurasian woodcock genotype has been identified in a wild caught
Eurasian woodcock (Scolopax rusticola) housed at the Prague Zoo. The bird died during a
quarantine period and endogenous stages were detected in the proventriculus at necropsy
(Ryan et al., 2003a).

The Eurasian woodcock genotype genotype shares 95.5% sequence similarity with

Cryptosporidium galli at the 18S rRNA locus (Ryan et al., 2003a).
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Oocysts of the Eurasian woodcock genotype measure were 8.5 pm by 6.4 um , with
a shape index 1.32 (Ryan et al., 2003a) (Table 2).

Cryptosporidium duck genotype

The Cryptosporidium duck genotype was first isolated from a black duck (Anas
superciliosa) in Australia (Morgan et al., 2001), and was later found in Canada geese
(Branta canadensis) in Ohio, USA (Zhou et al., 2004). This genotype is 96% similar to
Cryptosporidium baileyi at the 18S rRNA locus (Zhou et al., 2004).

Goose genotypes

Goose genotypes I and II were identified in 17.2% and 4.3% of Canada geese,
respectively in the USA (Zhou et al., 2004).

Goose genotypes III and IV have been identified in Canada geese from New York
and Illinois, USA (Jellison et al., 2004).

Lifecycle of avian Cryptosporidium

Although the first avian Cryptosporidium species, C. meleagridis, was reported by
(Tyzzer, 1929), it was neither named nor was its lifecycle described; it was finally
recoghized as an unique species from infected turkeys in 1955, but the localization of its
endogenous stages were not described until 1994 (Pavlasek, 1994; Slavin, 1955).

Current et al., (1986) described the lifecycle of C. baileyi from infected broiler
chickens. Although similar to C. parvum, C. baileyi additionally produces type III meronts
with eight merozoites, and develops in the ileum and large intestine before spreading to the
cloaca and bursa of Fabricius by day four post infection.

Over the course of the last two decades, several other ultrastructural studies of the
lifecycle stages of avian Cryptosporidium have been published, but the species studied were
not described (Itakura et al., 1985; Tadeja-Simborio and Itakura, 1993; Tadeja-Simborio et

al., 1993).
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Table 2: Oocyst morphology of Cryptosporidium species and genotypes infecting birds

Oocyst morphology

Species / Site of Length Width Shape References
Genotype infection (Hm) (Hm) index
C. meleagridis Small 5.2(5.0- 4.6 (4.5 1.13 (Lindsay et al.,
intestine 5.6) - 4.8) (1.07 - 1989a), (Tacconi
1.18) et al., 2001)
C. baileyi Cloaca, 6.6 5.0 1.33 (Lindsay et al.,
Bursa, 1989a)
Trachea
C. galli Proventriculus 8.25 6.3(6.2 1.3 (Ryan et al.,
(8.0 - -6.4) 2003b)
8.5)
avian genotype I NA NA NA NA NA
avian genotype II NA 6.6 6.5 (4.8 1-1.25 (Meireles et al.,
-6.6) 2006; Ng et al.,
avian genotype III NA 7.5 6.0 1.25 (Ng et al., 2006)
avian genotype IV NA 8.25 6.3 1.30 (Ng et al., 2006)
avian genotype V NA 5.8 (5.0 4.5 (4.1- 1.37 (Qi et al., 2011)
-6.6) 5.2) (1.16 -
1.53)
Eurasian woodcock Proventriculus 8.5 6.4 1.32 (Ryan et al,,
genotype 2003a)

NA = Not available

Problem statement

There are approximately 5,400 extant mammalian species in 29 orders (Wilson and

Reeder, 2005) and about 10,000 species of birds in 26 orders. Of the 26 Cryptosporidium

species described, 18 have mammalian species as their type hosts and only 3 have avian

species as their type host (Ryan et al., 2014). Eight species and 27 genotypes of

Cryptosporidium have been described in members of the class Rodentia, which comprises

more than 2,200 species that correspond to 40% of mammalian diversity (Kvac et al.,

2014b). However, only 3 species and 3 genotypes have been described in the order

Passeriformes, the most diverse avian order with more than 5,700 extant species,
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accounting for 60% of avian diversity. There is a gap in our understanding of the diversity
of Cryptosporidium in birds in general, and in the passerines in particular. There is no
molecular data of Cryptosporidium infections available from passerines in North America.
Also, the public health implications of the vectorial capacity of birds has not been fully
elucidated. Thus, a greater knowledge of Cryptosporidium diversity in birds will enhance our
understanding of how this parasite has co-evolved with its hosts, and will enhance our

knowledge of the potential sources of human cryptosporidiosis.
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THESIS OBJECTIVES

1. Determine the prevalence of Cryptosporidium in red-winged blackbirds (Agelaius
phoeniceus), a member of the order Passeriformes that is native to North America,
and characterize isolates at multiple genetic loci.

2. Undertake the morphological and biological characterization of Cryptosporidium from

red-winged blackbirds.
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CRYPTOSPORIDIUM IN NORTH AMERICAN RED-WINGED BLACKBIRDS (AGELAIUS

PHOENICEUS)

Introduction

Cryptosporidium is an apicomplexan parasite that infects all major vertebrate groups
(Ng et al., 2006; Nime et al., 1976; Wang et al., 2014; Widerstrom et al., 2014) and causes
the disease cryptosporidiosis. Between 26 and 30 species are recognized; in addition, more
than 70 genotypes have been described from sequences of rRNA and protein coding genes
(Ryan et al., 2014; Slapeta, 2013). Two major clades are evident in Cryptosporidium
phylogenies: a basal clade comprising species that infect the gastric epithelium and a clade
comprising species that infect the intestinal epithelium (Xiao et al., 2002). Gastric species
tend to have larger oocysts than the intestinal species (Upton and Current, 1985).

Cryptosporidium species exhibit varying specificities for hosts, and the factors
contributing to host specificity are poorly understood. Although the intestinal species C.
hominis and C. parvum, which collectively cause more than 90% of human cryptosporidiosis
cases, have the same genome organization and share approximately 98% nucleotide
sequence similarity, they have very different host ranges. Natural C. hominis infections are
rarely detected in non-human hosts; in contrast, C. parvum is a broadly specific zoonotic
pathogen, infecting neonatal ruminants and a number of other mammal species in addition
to humans (Feng et al., 2007; HajdusSek et al., 2004; Quah et al., 2011). Other
Cryptosporidium species, such as C. suis in pigs and C. cuniculus in rabbits, appear to have
a narrow host range yet are capable of causing human disease (Hadfield and Chalmers,
2012; Zhang et al., 2013).

Cryptosporidium has been identified in 17 of the 26 extant avian orders (Kvac et al.,
2014b). Passeriformes, the largest avian order, comprises almost 60% of avian diversity, in
96 families, with more than 1200 genera, and 5700 species (Ericson et al., 2014).

Passerines have been identified as hosts of the three avian-adapted species C. galli (Ryan,
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2010; Ryan et al., 2003b; Seva et al., 2011), C. meleagridis (Slavin, 1955), and C. baileyi
(Current et al., 1986; Qi et al., 2011; Seva et al., 2011). They also host Cryptosporidium
avian genotype I (Nakamura et al., 2009), avian genotype III (Gomes et al., 2012;
Nakamura et al., 2014; Qi et al., 2011), and avian genotype IV (Ng et al., 2006). Less
frequently, they have been identified as hosts of C. parvum (Gomes et al., 2012).

There have been no reports to date identifying the Cryptosporidium species or
genotypes infecting North American passerines. However, cryptosporidiosis has been
diagnosed in North American passerines based on histopathology or detection of oocysts.
Endogenous developmental stages were detected in the proventriculus of an Australian
diamond fire tail finch (Stagonopleura guttata) following necropsy. The bird, which was from
a pet store aviary, had died from acute onset of severe diarrhea (Blagburn et al., 1990).
Cryptosporidiosis also has been diagnosed in white lored euphonias (Euphonia chrysopata),
bronze mannikin finches (Lonchura cucullata), black-throated finch (Poephila cincta), and
cliff swallows (Petrochelidon pyrrhonota) (Gardiner and Imes, 1984; Ley et al., 2012;
Lindsay et al., 1991).

Red-winged blackbirds (Agelaius pheonicius) are members of the New World
passerine family Icteridae, which has 95 species in 23 genera, including oropendolas
(Psarocolius sps.), caciques (Cacicus sps.), orioles (Icterus sps.), meadowlarks (Sturnella
sps.), grackles (Quiscalus sps., Hypopyrrhus sps., Lampropsar sps., Macroagelius sps.), and
cowbirds (Molothrus sps.) (Lowther, 1975). Red-winged blackbirds are abundant in North
America with a range that extends as far north as Alaska and as far south as Cuba. Higher
latitude populations migrate to the lower latitudes in the winter (Ball et al., 1988). They
nest in marshes, wetland areas, and hayfields, and populations are influenced by ecological
factors such as regional hay production and climatic phenomena such as the North American
Oscillation (Weatherhead, 2005). Although there have been no reports of Cryptosporidium
in North American Icteridae, C. galli was identified in chopi blackbirds (Gnorimopsar chopi)

in Brazil (Nakamura et al., 2014) and C. baileyi was identified in a red rumped cacique and
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a crested oropendola (Psarocolius decumanus) in the Czech Republic (Cacicus haemorrhous)
(Ryan et al., 2003a).

In the present study, proventricular and intestinal contents from North American
red-winged blackbirds were examined for Cryptosporidium species by amplification and
sequencing of fragments of the 18S rRNA, actin, and heat shock protein 70 (HSP70) genes.
Phylogenetic analyses reveal that North American red-winged black birds host a novel
Cryptosporidium genotype that is closely related to C. galli and they may be vectors of the
zoonotic pathogen C. parvum.

Materials and methods
Sample collection and DNA isolation

Carcasses of 70 red-winged blackbirds originating from areas of Kansas, North
Dakota, and Minnesota, were dissected and samples were obtained from the proventriculus
and intestine. DNA was isolated from 200 ug of sampled contents by alkaline digestion and
phenol-chloroform extraction and purified using the QIAamp DNA Stool Mini Kit (QIAGEN,

Valencia, CA) as described previously (Feltus et al., 2008; Peng et al., 2003).

Figure 2. Sampling locations
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PCR amplification and sequencing

The 18S rRNA, actin, HSP70, Cryptosporidium oocyst wall protein (COWP1), 60
kilodalton glycoprotein (gp60), and thrombospondin related adhesive protein of
Cryptosporidium 1 (TRAPC1) genes were amplified using nested PCR protocols and the
primers listed in Table 3.

An approximately 830 bp fragment of the 18S rRNA gene was amplified as described
previously (Sulaiman et al., 2002; Xiao et al., 1999).

An approximately 1066 bp fragment of the actin gene was amplified using the
protocol previously described (Sulaiman et al., 2002).

A 515bp fragment of the HSP70 gene was amplified using a nested PCR protocol
developed to target gastric Cryptosporidium species. Nested PCR primers were designed to
be specific for HSP70 sequences that are conserved in C. galli (accession no.

AY168849), Cryptosporidium sp. CzechB1 Eurasian woodcock (accession no. AY273773), C.
muris (accession no. AF221542), C. andersoni (accession no. AY954894), C. serpentis
(accession no. AF221541), and C. scrofarum (accession no. JX424842) (Table 3). The
primary reaction was carried out in 1x PCR buffer, 0.2mM of dNTP, 1.5mM of MgClz, 2.5U of
Taq DNA polymerase, 10 pmol of primers HSPAVAF1 and HSPAvVAR1, and 0.5uL, 1uL or 2uL
of template DNA in a 100uL reaction. The PCR conditions for the primary reaction were
initial denaturation at 94°C for 5 min; followed by 35 cycles of 94°C for 45 seconds, 52°C
for 45 seconds, and 72°C for 1 min; and a final extension at 72°C for 10 min. The
secondary reaction was carried out with 1x PCR buffer, 0.2 mM of dNTP, 1.5mM MgClz, 2.5U
Taqg DNA polymerase, 10pmol of primers HSPAVAF2 and HSPAVAR2, and 2pL of primary PCR
product as DNA template. PCR cycling conditions were the same as the primary reaction
with the exception that the annealing temperature was 50°C.

The COWP1 gene was targeted using the protocol described by (Spano et al., 1997).

The gp60 gene was targeted using the protocol described by (Strong et al., 2000).
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The TRAPC1 gene was targeted using a protocol previously described by Spano et al.
(1998).

DNA from C. hominis was used as a positive control for all nested PCR assays. Water
was included instead of DNA template as a negative control. Secondary PCR products were
visualized using EZ Vision One DNA Dye (Amresco, Solon, OH), following agarose gel
electrophoresis. Products of expected size were purified (Wizard SV, Promega, Madison, WI)
and stored at 4°C until they were sequenced.

Table 3: Details of primers used in this study

Gene Primer Sequence Reference
name

18S 18-1S For 5" TTC TAG AGC TAA TAC ATG CG (Xiao et al.,

rRNA 18-1S Rev 5"CCC ATT TCC TTC GAA ACAGGA’ 1999)
18-2S For 5" GGA AGG GTT GTA TTT ATT AGA TAA AG
18-2S Rev 5" AAG GAG TAA GGA ACAACCTCCA

Actin Actinl For 5’-ATG RGW GAA GAA GWA RYW CAA GC (Sulaiman et
Actinl Rev 5'-AGA ARC AYT TTC TGT GKA CAA T al., 2002)
Actin2 For 5'-CAA GCW TTR GTT GTT GAY AA
Actin2 Rev 5'-TTT CTG TGK ACA ATW SWT GG

HSP70 HSPAVAF1 5'-GCT CGT GGT CCT AAA GAT AA This study
HSPAvVAR1 5'-ACG GGT TGA ACC ACCTACTAAT
HSPAVAF2 5’-ACA GTT CCT GCC TAT TTC
HSPAVAR2 5'-GCT AAT GTA CCA CGG AAATAATC

COWP1  BCOWPR 5'-CGC ACC TGT TCC CAC TCA ATG TAA ACC C (Spano et
BCOWPF 5’-ACC GCT TCT CAA CAACCATCTTGT CCT G al., 1997)
Cry9 5'-GGA CTG AAA TAC AGG CAT TATCTT G
Cry15 5'-GTA GAT AAT GGA AGA GAT TGT G

gp60 AL3531 5'-ATG GTC TCC GCT GTAATT C (Strong et
AL3535 5'-GGA AGG AAC GAT GTA TCT al., 2000)
AL3532 5-TCC GCT GTA TTC TCA GCC
AL3534 5'-GCA GAG GAA CCA GCATC

TRAPC1 CpE 5'-GGA TGG GTA TCA GGT AAT AAG AA (Spano et
Cpz 5'-CAA CTA GCC CAG TTC TGA CTC TCT GG al., 1998)
TrapSecF 5’-AGA AAG TTG TAA TAA AGA TGT GGA ATG
TrapSecR 5’-CCA ATT TCT TGA ACA TAT TCT GAG TG
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Sequencing and phylogenetic analyses

Purified amplicons were sequenced directly in both directions using a BigDye
Terminator v3.1 cycle sequencing kit with secondary PCR primers in an ABI Prism 3130
genetic analyzer (Applied Biosystems, Carlsbad, CA).

Sequences were assembled using SegqMan (DNAStar, Madison, WI), aligned with
previously published sequences using the MAFFT version 7 online server with automatic
selection of alignment mode (http://mafft.cbrc.jp/alignment/server/) (Katoh and
Standley, 2013). The evolutionary history of aligned sequences was inferred using neighbor
joining (NJ) (Saitou and Nei, 1987) based on the Kimura 2-parameter (K2P) distances
model (Kimura, 1980) with pairwise deletions. The bootstrap consensus tree was inferred
from 1000 pseudoreplicates. Phylogenetic trees were constructed using MEGAS (Tamura et

al., 2011) and edited for style using Adobe Illustrator CS5.1 (San Jose, CA).

Results

Prevalence of Cryptosporidium in red winged blackbirds

Forty out of 140 (28.6%) samples from 25/70 (35.7%) birds were positive for the
Cryptosporidium 18S rRNA gene. Six out of 70 (8.6%) birds were positive at the
proventriculus site only, 4/70 (5.7%) birds were positive at the intestine site only, and
15/70 (21.4%) birds were positive at both sites.
Two Cryptosporidium 18S rRNA clades were present in red-winged blackbirds

A NJ tree constructed from sequences of 20 18S rRNA amplicons and representative
Cryptosporidium 18S rRNA sequences in GenBank showed the presence of two major
Cryptosporidium clades in red-winged blackbirds (Figure 3A). Sequences comprising one of
the clades, which were obtained from 3/70 (4.2%) and 6/70 (8.5%) proventriculus samples
and intestine samples, respectively, shared 100% identity with C. parvum (accession no.
AF161857). The second clade represented a novel genotype, which we have named

Cryptosporidium red-winged blackbird genotype. This genotype clustered with gastric
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Cryptosporidium species and was most similar to C. galli and avian genotype 1V, sharing
97.8 £ 0.6% and 96.3 £ 1.0% sequence similarity, respectively (Figure 3B). The red-
winged blackbird genotype was identified in 7/70 (10%) and 4/70 (5.7%) of proventriculus
and intestine samples, respectively. Two birds (2.8%) had the red-winged blackbird
genotype at both the proventriculus and intestine sites, and two birds (2.8%) had the red
winged black bird genotype at the proventriculus site and C. parvum at the intestine site.
Phylogenies of actin and HSP70 sequences were consistent with the 18S rRNA
phylogeny.

Nested PCR reactions failed to amplify COWP1, TRAPC1, or gp60 genes from samples
that were positive for Cryptosporidium 18S rRNA.

Nested PCR amplification for the actin gene was successful in 13/40 samples that
were positive for the Cryptosporidium 18S rRNA gene. Of these, only three were
successfully sequenced.

Similar to the 18S rRNA phylogeny, actin sequences from this study formed an
intestinal clade with C. parvum and a gastric clade that was most similar to C. galli. The
actin sequence that clustered with C. parvum was from proventriculus sample PV-3551,
which had been identified as the red-winged blackbird genotype at the 18S rRNA locus. IN-
3552, an intestine sample from the same bird as PV-3551, was positive for C. parvum at the
18S rRNA locus, suggesting that the bird had a mixed infection of the red-winged blackbird
genotype and C. parvum. The actin sequence of the red-winged blackbird genotype shared
99.4 + 0.3%, 96.0 = 0.7%, and 93.0 £ 1.0% similarity with C. galli, C. serpentis, and C.
muris, respectively (Figure 4).

The HSP70 gene was amplified from 7/40 samples that were positive for the
Cryptosporidium 18S rRNA gene, and sequences were obtained from five amplicons. The
HSP70 gene was not amplified from C. parvum, which was expected because the primers
were designed to be specific for gastric Cryptosporidium spp. Similar to the 18S rRNA and

actin phylogenies, HSP70 sequences clustered with the gastric Cryptosporidium species,
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sharing 98.0 £ 0.3%, 94.6 £ 1.1%, and 92.0 + 1.3% similarity, respectively, with C. galli,
C. serpentis, and C. muris (Figure 5).

A. C. parvum[AF161857]
- PV-3555
IN-3493
IN-3576
82 IN-3552
PV-3484
3] IN-3491
| Pv-3535
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L C. tyzzeri [DQ898158]
L C. erinacei [KF612324]
C. hominis [DQ286403]
C. cuniculus [FJ262726]
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C. meleagridis [AF112574]
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C. macropodum [AF513227]
C. canis [AB210854]
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Figure 3. Neighbor-joining tree of 18S rRNA sequences from this study and [A] described

Cryptosporidium species or [B] Cryptosporidium species and genotypes identified previously
in birds
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The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown above the branches. Only values >50% are
shown. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Kimura 2-parameter method and are in the units of the number of base
substitutions per site. The tree was rooted with 18S rRNA from Monocystis agilis (accession
no. AF457127). Sequences from this study are bolded. The prefix PV’ indicates a sequence
obtained from a proventriculus sample. The prefix 'IN’ indicates a sequence obtained from
an intestinal sample.
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Figure 3. Neighbor-joining tree of 18S rRNA sequences from this study and [A] described

Cryptosporidium species or [B] Cryptosporidium species and genotypes identified previously
in birds (continued)
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Figure 4. Neighbor-joining tree of actin gene sequences

The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown above the branches. Only values >50% are
shown. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Kimura 2-parameter method and are in the units of the humber of base
substitutions per site. The tree was rooted with 18S rRNA from Monocystis agilis (accession
no. AY391264). Sequences from this study are bolded. The prefix ‘PV’ indicates a sequence
obtained from a proventriculus sample. The prefix ‘IN’ indicates a sequence obtained from

an intestinal sample.
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Figure 5. Neighbor-joining tree of heat shock protein 70 gene sequences
The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown above the branches. Only values >50% are
shown. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Kimura 2-parameter method and are in the units of the humber of base
substitutions per site. The tree was rooted with 18S rRNA from Plasmodium falciparum
[accession no. M19753]. Sequences from this study are bolded. The prefix ‘PV’ indicates a
sequence obtained from a proventriculus sample. The prefix ‘IN’ indicates a sequence
obtained from an intestinal sample.
Discussion

This is the first study to isolate and characterize Cryptosporidium spp. from a wild
North American passerine species. The findings contribute to the understanding of
Cryptosporidium diversification in birds and suggest that red-winged blackbirds may play a
role in the dissemination of human- and livestock-pathogenic C. parvum.

More than one in three free-living red-winged blackbirds (35.7%) were positive for

Cryptosporidium spp. Most previous studies on Cryptosporidium in passerines were carried

out on captive birds, limiting the value of comparisons with the present study. The only
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other study to determine the prevalence of Cryptosporidium solely in passerines, reported a
rate of 56.5% of all avian gastric Cryptosporidium species, but a mixed group of captive and
wild passerines were used (Nakamura et al., 2014). The Cryptosporidium prevalence in wild
red-winged blackbirds was higher than the 6.8% prevalence reported in wild Canada Geese
from various US States (Jellison et al., 2004), but lower than the 49% reported in wild
ducks in New Mexico, suggesting that the Cryptosporidium prevalence in North American
migratory birds is variable (Kuhn et al., 2002). But, these comparisons may not yield
valuable information, because in the first study, actual sites of infection in the bird are not
accounted for, because fecal samples were collected from the environment, and although
novel isolates formed a clade distinct from the basal gastric clade or grouped with C. baileyi,
which can cause extraintestinal infections, differences in actual infection site cannot be
determined (Jellison et al., 2004). In the second study, no sequencing was performed (Kuhn
et al., 2002).

The extent of genetic diversity among the Cryptosporidium species infecting birds is
limited compared to that in mammals, and proportionately more gastric Cryptosporidium
spp. have been identified in birds. Sixteen of the species that primarily infect mammals (C.
cuniculus, C. hominis, C. parvum, C. wrairi, C. fayeri, C. viatorum, C. canis, C.
macropodum, C. suis, C. ubiquitum, C. felis, C. scrofarum, C. ryanae, C. xaioi, C. bovis, C.
erinacei) belong to the intestinal clade, while C. muris and C. andersoni are the only two
gastric species found in mammals. Three species and about twelve genotypes infect birds.
Of the three species, C. meleagridis is intestinal, C. galli is proventicular and C. baileyi is
capable of causing extraintestinal infections . In previous studies, C. galli, C. meleagridis, C.
baileyi, avian genotype I, avian genotype III and avian genotype IV have been found to be
naturally present in the Passeriformes (Antunes et al., 2008; Nakamura et al., 2014;
Nakamura et al., 2009; Ng et al., 2006; Qi et al., 2011; Seva et al., 2011). On the 18S
rRNA phylogenetic trees, C. meleagridis, C. baileyi and avian genotype I cluster within the

intestinal clade, whereas C. galli, red-winged black bird genotype (this study), avian
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genotypes III and IV cluster within the monophyletic gastric species. This data on diversity
is obtained from studies conducted in Asia, Europe, Australia, and South America, as no
molecular data of Cryptosporidium has been available from passerines that live in North
America thus far.

The finding that red-winged blackbirds are carriers of C. parvum suggests that these
birds could play a role in the dissemination of this important human pathogen. Red-winged
blackbirds cross the major cattle-producing states of Nebraska and Kansas during migration
and are frequently observed on cattle feedlots at certain times of the year, where they are
exposed to infected cattle and their feces. Point prevalence studies estimate that 0.99 to
1.08 % of feedlot pens from the central and western United States had C. parvum in fecal
matter, with about 1.3 to 3.6 Cryptosporidium oocysts per gram of feces on average, and
an estimated oocyst output of 2.8 x 104 to 1.4x10° oocysts per animal per day (Atwill et al.,
2006). It has been shown that when Cryptosporidium oocysts remain infective following
passage through refractory avian hosts such as ducks and geese (Graczyk et al., 1996;
Graczyk et al., 1997). Water-associated birds such as seagulls and Canada geese (Branta
canadensis) can act as carriers of C. parvum and potentially be a source of viable oocysts in
water catchment and wetland areas (Graczyk et al., 1998; Smith et al., 1993). In
multispecies agricultural complexes, mechanical vectors can carry infectious oocysts of
Cryptosporidium to other surfaces (Conn et al., 2007). Red-winged blackbirds could be
mechanical vectors that transmit Cryptosporidium oocysts from cattle feedlots to wetland
areas, given their habitat and migratory habits.

In summary, a novel Cryptosporidium genotype that clustered with gastric
Cryptosporidium spp. at the 18S rRNA, actin, and HSP70 loci, was identified in North
American red-winged blackbirds. Consistent with its phylogenetic position, the prevalence of
the genotype in proventriculus samples was almost twice that in intestinal samples.

Human pathogenic C. parvum also was detected in red-winged blackbirds, and the

frequency in intestinal samples was twice that in proventricular samples. These findings
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broaden our understanding of the Cryptosporidium species and genotypes in North

American passerines.
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ATTEMPTED MORPHOLOGICAL AND BIOLOGICAL CHARACTERIZATION OF THE

CRYPTOSPORIDIUM RED-WINGED BLACKBIRD GENOTYPE

Introduction

The genetic diversity in Cryptosporidium has been increasingly well described over
the past decade because of the widespread use of molecular tools to characterize isolates
(Kvac et al., 2014b). More than 70 genotypes have been identified, primarily from
sequences of the 18S rRNA locus. However, a genotype is a temporary descriptor and is not
a valid taxonomic classification (Plutzer and Karanis, 2009); therefore, a critical next step to
clarify taxonomy and better understand evolution is to undertake the morphological and
biological characterization that is necessary to describe genotypes as new species or assign
them to already described species. Phylogenies have shown that many genotypes are
genetically more different from recognized species, than recognized species are from each
other, and it is therefore anticipated that they will be described as separated species.

The standard of evidence to support descriptions of nhew Cryptosporidium species has
been agreed by research workers in the field (Egyed et al., 2003; Jirk{ et al., 2008). The
evidence includes (a) a description of oocyst morphology including length, width and oocyst
index, (b) sequence information from multiple genetic loci, (c) a description of host range,
predilection site, and patent and prepatent periods from natural and experimental
infections, and (d) adherence to International Commission on Zoological Nomenclature
(ICZN) rules. Using this standard, a number of new species have been described in recent
years, including C. ryanae in cattle (previously deer-like genotype; Fayer et al., 2008), C.
scrofarum in pigs (previously pig genotype II; Kvac et al., 2013), C. erinacei in hedgehogs
(previously hedgehog genotype; Kvac et al., 2014a), and C. galli in birds (previously various
finch genotypes (Ryan et al., 2003b).

The experimental studies necessary to describe a new species require an adequate

supply of purified oocysts. In many cases, oocysts numbers from natural infections are
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insufficient to meet the needs of experimental studies; therefore, a method is required to
propagate the isolate. Although in vitro cultivation can be used to study the endogenous
development of some Cryptosporidium spp., this approach cannot be used for propagation
because of inadequate oocysts production: the number of oocysts produced during in vitro
infection does not exceed the oocysts used to establish the infection (Arrowood, 2002).
Therefore, propagation of Cryptosporidium oocysts must be carried out in vivo.

Few Cryptosporidium isolates are propagated routinely in animals. Of these, C.
parvum is most frequently propagated because of its clinical importance and the ease of
propagation in various animals including neonatal calves and mice. Limited propagation of
C. hominis is carried out at a single lab using a gnotobiotic pig model; consequently,
oocysts of this species are not easily obtained for research. Other Cryptosporidium species
are either propagated commercially (e.g. C. muris in mice) or for limited periods to support
experimental studies (Kvac et al., 2009; Kvac et al., 2008).

Our objective in this study was to determine the oocyst morphology and host
specificity of Cryptosporidium red-winged black bird genotype in order to address two of the
four criteria (parts A and C above) necessary for its description as a new species. Genetic
characterization at the 18S rRNA, actin, and HSP70 loci (Chapter 2) fulfilled the requirement
for sequence information from multiple genetic loci (part B above). Achieving our objective
required propagation of a red-winged blackbird isolate in a susceptible host to obtain
sufficient numbers of oocysts for experimental studies. Infectivity studies and studies of
oocyst morphology were carried out at the laboratory of Dr. Martin Kvac, Biology Center,
Academy of Sciences of the Czech Republic. Although the propagation of red-winged
blackbird genotype oocysts was unsuccessful, a number of techniques relating to animal
infectivity and oocyst characterization were mastered at the laboratory of Dr. Kvac, and

these will be described in this chapter.
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Materials and methods

Sample preparation

Eleven samples of the proventriculus from red-winged blackbirds that were positive
for Cryptosporidium red-winged blackbird genotype DNA (Chapter 2) were sent to the
laboratory of Dr. Kvac for biological characterization. Samples were placed in separate 2mL
eppendorf tubes, washed twice with sterile PBS (pH 7.0), and pelleted by centrifugation at
3000G for 3 mins. Each tube was individually wrapped with Parafilm M (Bemis NA, Neenah,
WI) and placed between absorbent sheets of paper in plastic sealed bags. Samples were
further packaged in accordance with IATA shipping protocols and shipped by FedEX to the
Laboratory of Veterinary and Medical Protistology (head Dr. M. Kvac¢) at the Institute of
Parasitology BC ASCR, Ceské Budé&jovice, Czech Republic. All sample tubes were stored at
4°C upon arrival at the Institute of Parasitology BC ASCR. Smears were made from all the
positive samples, and examined at high power with oil immersion objectives, after aniline
carbol methyl violet staining (Milacek and Vitovec, 1985).
Propagation studies

The red-winged blackbird is not present in the Czech Republic, so we had to consider
alternative hosts for oocyst propagation. Because propagation is most likely to be successful
between homologous species (Karanis and Aldeyarbi, 2011), we examined experimental
hosts with demonstrated susceptibility to C. galli, a genetically closely related species.
Natural C. galli infections have been reported in Passeriformes (O'Donoghue et al., 1987),
Galliformes (Antunes et al., 2008; da Silva et al., 2010; Morgan et al., 2001; Nakamura et
al., 2014; Nakamura et al., 2009; Ng et al., 2006; Qi et al., 2011; Ryan et al., 2003a; Ryan
et al., 2003b; Ryan et al., 2003b; Seva et al., 2011), and Psittaciformes (Ng et al., 2006;
Ryan et al., 2003b). Therefore, representative avian species from these three orders were
examined for susceptibility to Cryptosporidium red-winged blackbird genotype. These were

the domestic chicken (Gallus domesticus; Family: Phasianidae; Order: Galliformes), zebra
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finch (Taeniopygia guttata; Family: Estrildidae; Order: Passeriformes), and cockatiel
(Nymphicus hollandicus; Family: Cacatuidae; Order: Psittaciformes).

Five-day-old chickens were purchased from a commercial hatchery. The parents
were negative for Cryptosporidium. The birds were housed in individual cages on deep litter.
Litter, water, and feed were changed every day during the study period. Chickens were fed
a commercial chicken feed, and purified water ad libitum.

Three zebra finches and one cockatiel of unknown age purchased from a commercial
pet shop were housed in individual commercial avian pet cages with perches. The cage floor
was lined with clean paper that was changed every day, which facilitated the hygienic
collection of fecal pellets for analysis. Zebra finches and cockatiels were fed a commercial
pet bird feed, and purified water ad libitum.

Four out of the five 9-day-old chickens were orally fed red-winged blackbird
genotype positive samples mixed with 1 mL of sterile PBS. One chick was used as a
negative control, and was left untreated. The negative control chick was housed in a
separate cage in a different part of the experimental animal room. Fresh droppings were
collected from the birds from days 3 to 12 post infection (p.i.) and stored at 4°C.

Two Zebra finches and one cockatiel were orally fed red-winged Black bird genotype
sample diluted with sterile PBS. Fecal samples were collected from each bird from days 3 to
12 p.i. and stored at 4°C. One Zebra finch was used as a negative control, and was left
untreated. It was housed in a separate cage in a different part of the experimental animal
room.

An isolate of Cryptosporidium avian genotype V originally obtained from an infected
cockatiel in the Czech Republic was used as a positive control for Cryptosporidium infection
in the cockatiel. The bird was inoculated orally and fecal samples collected from each bird
from days 3 to 12 p.i. and stored at 4°C

Two hundred micrograms of feces from each sample was used to make a fecal smear

for staining with aniline carbol methyl violet (Antunes et al., 2008; Milacek and Vitovec,
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1985; Nakamura et al., 2009; Ng et al., 2006). Slides were examined at 1,000x total
magnification under oil immersion. DNA was extracted from 200 ug fecal samples using the
Stratec PSP Spin Stool DNA Kit (Buch, Germany) following bead disruption (Sak et al.,
2008). DNA was eluted in 200pL of deionized nuclease free water and stored at -20°C.
Nested PCR amplification of the 18S rRNA gene was carried out as described previously
(Xiao et al., 1999), and amplified products were visualized following agarose gel
electrophoresis on 1% agarose gels.

Results and discussion

Aniline carbol methyl violet stained fecal smears from red-winged blackbird genotype
infected birds were negative for oocysts by microscopic examination. In contrast,
Cryptosporidium oocysts were detected in fecal smears from the cockatiel infected with
Cryptosporidium avian genotype V (positive control).

None of the fecal samples from birds infected with the red-winged blackbird
genotype were positive for amplicons of the 18S rRNA gene. In contrast, amplicons were
obtained from fecal samples of the cockatiel infected with avian genotype V. Sequencing of
the secondary PCR product from the positive control showed that it was 100% identical to
avian genotype V.

The failure to infect chickens, a zebra finch, and a cockatiel with Cryptosporidium
red-winged blackbird genotype may be due to a lack of susceptibility in the hosts and/or an
inadequate infectious dose in the inoculum.

Only 0.2 to 1.2 grams of proventricular and intestinal samples were obtained from
red-winged blackbirds because of their small size. Oocyst numbers in the PCR positive
samples used to infect birds were below the detection limit of the microscopy-based aniline
carbol methyl violet staining method. Methods based on microscopy of non-concentrated
fecal smears have detection limits of 50,000 oocysts per gram of feces (Weber et al., 1991),

far higher than the detection limit of 10 oocysts per gram by nested PCR (Sturbaum et al.,
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2001). The intensity of oocyst shedding in red-winged blackbirds is unknown. Also, no
macroscopic changes had been detectable at necropsy.

The infectious dose in inocula could have been further reduced by loss of oocyst
viability during transport and storage, as the oocysts were stored in water and subjected to
environmental temperature variations (Fayer et al., 1998). Standard microscopy-based
methods for viability assessment, including in vitro excystation and dye permeability assays,
were not possible because oocyst numbers were below levels that were detectable by
microscopy (Weber et al., 1991). In addition, purified oocysts are necessary for in vitro
excystation assays, which would result in further oocyst losses.

The closely related species, C. galli was able to infect juvenile birds but not adult
chicken (Ryan et al., 2003b) The age at which cockatiels become susceptible to the gastric
species - C. galli and avian genotype III, is unknown (Antunes et al., 2008; Ng et al.,
2006). Similarly, the age at which finches become susceptible to C. galli is also unknown
(Antunes et al., 2008) The exact age of the zebra finches and cockatiel acquired for this
study from the commercial aviaries were unknown, but they were considered adults based
on presence of full adult plumage and size.

This study highlights a major impediment to biological studies of novel
Cryptosporidium genotypes: obtaining sufficient numbers of infectious oocysts for infectivity
assays. This can be viewed as a catch-22 paradox because the most effective way to obtain
infectious oocysts is from an experimental infection. However, an alternative approach
would be to use pooled samples collected on multiple occasions from a naturally infected
animal held in captivity. Greater numbers of viable oocysts would be expected following
concentration of pooled fecal samples. This approach has the added benefit of purifying
oocysts, which should result in greater control of the inoculum and permit microscopy-based

estimates of viability.
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CONCLUSION

The broad diversity of Cryptosporidium spp. infecting vertebrates is testimony to a
long history of parasitism. Characterizing diversification, and determining how it differs
along the major phylogenetic branches, will increase our understanding of Cryptosporidium
evolution and coevolution with vertebrate hosts. Because Cryptosporidium causes human
and livestock disease, much more is known about parasite diversity in mammals than in
other major vertebrate groups. A humber of Cryptosporidium spp. that infect avians,
reptiles, and amphibians belong to the significantly understudied gastric clade, which
diverged from the intestinal group quite early during Cryptosporidium evolution. In addition
to oocyst size and infection site, gastric and intestinal species have major differences in
their biochemistry. For example, the gastric species, C. muris has a working a
mitochondrion and a functional TCA cycle and oxidative phosphorylation, all of which have
been lost in the intestinal species C. parvum. Given these biological differences, it is
probable that the mechanisms of, and perhaps even capacity for, diversification in gastric
Cryptosporidium spp. are entirely different to those in intestinal species. Our study of
Cryptosporidium spp. in red-winged blackbirds, the first to characterize Cryptosporidium in
North American passerines, begins to address the gap in knowledge between intestinal and
gastric species and between mammalian and avian species.

Coevolution of Cryptosporidium with avian hosts

To understand host-parasite coevolution between passerine birds and
Cryptosporidium, it is necessary to consider the evolution of birds. Most evidence supports
the hypothesis that passerines originated in Gondwana and radiated following the breakup
of Gondwanaland (Ericson et al., 2003). The passerines are divided into three major
monophyletic clades; the basal New Zealand wrens (Acanthisittidae), the suboscines
(Tyranni) and the oscines (Passeri and the songbirds). The suboscines are morphologically

distinct because of the presence of a bulbular base of the columella bone in the inner ear.
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They are considered more primitive than the oscines and include the broadbills and pittas of
the Old World, and the manakins and woodcreepers of the New World (Ericson et al., 2003).
The ancestor of the passerines split from their sister group the swifts about 76 million years
ago (Mya) (Haddrath and Baker, 2012). The New World suboscines diverged from their
ancestors when the split between the Old World and New World suboscines occurred 63.6
Mya, and they reached South America about 40 Mya, aided by continental drift and
migration (Ericson et al., 2003). They migrated from there to North America 3 Mya (Ericson
et al., 2014). Differences in divergence rates have been observed leading to morphologically
hypervariable passerine lineages (Barker et al., 2013).

The oscines, comprising the Corvoidea and the Eupasseri, radiated in Australia,
spreading northwards aided by the tectonic collision of the Australian and South East Asian
plate. According to models, the oscines reached North America during the passerine
radiation via the Beringian track, or via Greenland from Europe, and later spread southward
into the Americas (Ericson et al., 2003). The core Corvoidea clade is estimated to have
radiated around 37.4 Mya (Ericson et al., 2014). The Eupasseri, which comprises the
Sylvioidea (larks, swallows, bulbuls, babblers, white-eyes), Muscicapoidea (thrushes, old
world flycatchers, starlings), and the Passeroidea (sparrows, finches, nine- primaried
oscines, weavers), is estimated to have radiated 43.5 Mya (Ericson et al., 2014).

The New World nine-primaried oscine clade, to which the family Icteridae belongs, is
an assemblage of related but highly diverse families comprising 8% of extant avian species,
15% of passerine species, and 17% of New World bird species (Barker et al., 2013). The
clade comprises the Fringillidae (finches), Emberizidae (sparrows), Parulidae (warblers),
Thraupidae (tangers), Cardinalidae (cardinals) and Icteridae (blackbirds) (Yuri and Mindell,
2002).

To test the hypothesis that C. galli and related gastric Cryptosporidium spp.
coevolved with their passerine hosts, a phylogenetic analysis was constructed from

Cryptosporidium 18S rRNA gene sequences obtained from birds in different geographic
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regions (Figure 6). Since most hosts from which sequences are available were captive
species, it is likely that they were host to Cryptosporidium spp. from their location of origin
(Antunes et al., 2008; da Silva et al., 2010; Nakamura et al., 2014; Nakamura et al., 2009;

Ng et al., 2006; Qi et al., 2011; Ryan et al., 2003a).

Saffron finch - Thraupidae - Brazil [GU816048]
Slate-coloured seedeater - Thraupidae - Brazil [GU816063]
Rusty-collared seedeater - Thraupidae - Brazil [GU734646]
Rufous-bellied thrush - Turdidae - Brazil [GU816058]
Green-winged Saltator - Cardinalidae - Brazil [GU816044]
— Gouldian finch - Estrildidae - Australia [AF316623]
Goldfinch - Fringilidae - Brazil [GU816057]
Lesser seed finch - Fringilidae - Brazil [EU543270]
Cockatiel - Psittaciformes - Brazil [EU543270]
Cockatiel - Psittaciformes - Brazil [EU543268]
Ultramarine grosbeck - Cardinalidae - Brazil [GU734647]
Aurora finch - Estrildidae - Australia [AF316628]
61| Gouldian finch - Estrildidae - Australia [AF316625]
L—Aurora finch - Estrildidae - Australia [AF316629]
54L Gouldian finch - Estrildidae - Australia [AF316627]
Bohemian waxwing - Bombycilloidae - China [HM116388]
Canary - Fringillidae - Brazil [EU543269]
Finch - Estrildidae - Czech Republic [AY168846]
Finch - Estrildidae - Czech Republic [AY1683848]
Plum-headed finch - Estrildidae - Australia [AF316626]
— Silver-eared mesia - Leiothrichidae - China [HM116387]
RWBB - Icteridae - USA [This study]

6

i

) 0.01 i

Figure 6. Neighbor-joining tree of 18S rRNA sequences of Cryptosporidium galli derived
from passerine birds

The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown above the branches. Only values >50% are
shown. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the Kimura 2-parameter method and are in the units of the humber of base
substitutions per site. The tree was rooted with 18S rRNA from Cryptosporidium andersoni
[accession no. AB362934]. The family that each bird belongs to is provided, along with the
location of sampling.

Cryptosporidium galli sequences that originate from Brazil cluster separately from
the sequences that originate from Australia and Czech Republic. The sequence of the red-

winged black bird genotype forms a sister group to all the C. galli sequences, indicating that

40



it is evolutionarily distinct. There is a marked diversity among C. galli and similar isolates
from different continents, which reflects the divergence of hosts, suggesting that the hosts
and parasites have coevolved due to geographical separation from other similar populations.

Cryptosporidium red-winged black bird genotype which was isolated in this study, is
evolutionarily distinct, and is from a nine-primaried oscines endemic to North America.
Since the host is distinct and evolved in isolation from other oscines, the genetic
distinctiveness of the novel genotype could be attributed to coevolution with its host.
Taxonomic nhomenclature

The criteria for naming a new species in the genus Cryptosporidium have been
widely accepted and reviewed (Ryan et al., 2003b). These include morphometrics of
oocysts, deposition of gene sequences, demonstration of infections in natural and
experimental hosts and compliance with ICZN rules. Many genotypes have been redescribed
as valid species including C. xiaoi, C. ubiguitum, C. ryanae, C. erinacei, C. scrofarum, C.
hominis, C. macropodum, C. suis, and C. galli (Egyed et al., 2003; Jirk{ et al., 2008).
However, not all newly described species satisfy the four criteria for a valid species.
Cryptosporidium viatorum was described in humans with only genetic and morphometric
information (Elwin et al., 2012). No biological data are available for this species. Some
species that were previously described have been invalidated (Ryan et al., 2014). Most
recently, C. pestis (Slapeta, 2006), which does not obey the ICZN rule of priority, and C.
ducismarci (Traversa, 2010), which lacks biological data and a formal description, have
been invalidated.

In summary, the work in this thesis has contributed to knowledge of Cryptosporidium
diversity in, and coevolution with, passerines. The difficulties in obtaining the necessary
morphological and biological data to redescribe a genotype as a new species greatly hinder
progress towards a more complete understanding of Cryptosporidium diversity. The
vectorial capacity of birds as carriers of C. parvum has been explored, and further work is

warranted to address the public health implications of these findings.
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