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Anotace

Cryptosporidium (Apicomplexa) je rod jednobuné¢nych paraziti infikujicich
gastrointestinalni, respiracni a urogenitalni trakt vétSiny obratlovcl véetné ¢loveka a
zpuisobujicich onemocnéni kryptosporidiézu. Podle Svétové zdravotnické organizace
je kryptosporididza celosvétové se vyskytujicim prijmovym onemocnénim, které
postihuje miliony osob, je druhou nej¢astéjsi pri¢inou umrti kojencti v rozvojovych
zemich a je oznacovana za novou pfiinu nemocnosti a imrtnosti na celém svéte.
Kryptosporidie také zplsobuji zdvazné onemocnéni u hospodaiskych zvirat, kde
vyvolavaji Casté prijmy a zpasobuji znaéné ekonomické ztraty, zejména u mladych
jedinct. Ackoli jsou kryptosporidie intenzivné zkoumany jiz vice nez 35 let, vyzkum
se do znacné miry zaméfuje na kryptosporidie u lidi, hospodarskych zvitat a jinych
savcu, pricemz kryptosporidiim ptaka byla dosud vénovana pomérné mala pozornost.
V soucasné dobé je popsdno 49 platnych druhii kryptosporidii parazitujicich u
Sirokého spektra hostiteld. Kromé platn€¢ popsanych druhi byly popsany desitky
genotypl, o kterych neni dostatek udaji, aby bylo mozné je oznacit za samostatné
druhy. Z téchto druhti a genotypi je Sest druhi, z nichz tii byly popsany v ramci této
prace, a 20 genotypu specifickych pro ptaky. Tato disertacni prace vyrazné rozsifuje
znalosti o kryptosporidiich specifickych pro ptdky, zaméfuje se na jejich vyskyt a
diverzitu v ramci 25 tadi a 176 celedi ptakii, morfologii vyvojovych stadii,

hostitelskou a organovou specifitu, patogenitu a prenos.



Annotation

Cryptosporidium is a genus of single-cell protist parasites that infect gastrointestinal,
respiratory and/or urogenital tract of most vertebrates, including humans, and it
causes the disease cryptosporidiosis. According to the World Health Organisation,
cryptosporidiosis is a global diarrhoeal disease affecting millions of individuals; it is
the second most common cause of infantile death in developing countries and is has
been identified as an emerging cause of morbidity and mortality worldwide. The
disease is also severe in livestock, causing profuse diarrhoea and considerable
economic losses in farmed young animals. Although Cryptosporidium has been
under intensive investigation for more than 35 years, research has been heavily
biased towards Cryptosporidium in humans, livestock, and other mammals, with
comparatively little attention paid to Cryptosporidium in birds. Currently, there are
49 described valid Cryptosporidium species infecting a wide spectrum of animals. In
addition to the validly described species, dozens of genotypes have been described
that lack sufficient data to justify a species designation. Out of these, six species,
three were described within this thesis, and 20 genotypes has been reported to be bird
specific. The thesis greatly expands the overview of bird-derived Cryptosporidium,
focusing on its prevalence and diversity across 25 orders and 176 families within the
class Aves, morphology of developmental stages, host- and organ specificity,

pathogenicity and transmission.



Souhrn

Predmétem této disertacni prace je studium vyskytu a diverzity kryptosporidii
infikujicich ptaky. Béhem studia bylo ziskano a vysetieno pomoci mikroskopickych
a molekuldrnich metod 4740 vzorkl trusu ptakd z 25 tadt a 176 rodd z9 zemi,
konkrétné 2928 vzorkid z Ceské republiky, 301 ze Slovenska, 732 z Chorvatska, 25
z Polska, 90 z Jihoafrické republiky, 238 z Nového Zélandu, 11 ze Spojenych
arabskych emiratt, 345 z Alzirska a 70 z USA. Specifickda DNA kryptosporidii byla
detekovana na lokusech genti kodujicich malou podjednotku rRNA (SSU), aktin,
heat shock protein (HSP70), thrombospondin-related adhesive protein (TRAP-C1),
Cryptosporidium oocyst wall protein (COWP) a 60 kDa glykoprotein (gp60) v 255
ptipadech (5,4 %). Fylogenetické analyzy prokazaly ptitomnost 11 druhi a 6
genotypu kryptosporidii. Nejéastéji byly detekovany druhy C. baileyi (65/4740; 1,4
%), C. proventriculi (35/4740; 0,7 %) a Cryptosporidium sp. goose genotyp Id
(33/4740; 0,7 %). Naopak nejméné Casto byl detekovan Cryptosporidium sp. avian
genotyp | (2/4740; 0,04 %). Na zaklad¢ fylogenetickych a experimentalnich studii
byl popsan jeden novy genotyp - Cryptosporidium avian genotyp VI z vlhovce
Cervenokiidlého a tfi nové druhy - C. avium z kakarikiho rudocelého, C.
proventriculi z papouska konzského a C. ornithophilus z pstrosa dvouprstého.
Velikost oocyst vSech nové popsanych druht se od sebe lisila. Oocysty C. avium
méfily 6,3 x 4,9 um, C. proventriculi 7,4 x 5,7 um a C. ornithophilus 6,1 x 5,2 um.
Studium tkanové specifity prokazalo vyvoj C. avium v tenkém a slepém stievé, ale
také ledvinach a mocovodech. Vyvojova stadia C. proventriculi byla nalezena v
proventrikulu a ventrikulu. Druh C. ornithophilus infikoval slepé a tlusté stievo spolu
s Fabriciovou burzou. Cryptosporidium avium ziskané z papousku, bylo infekéni pro
kur doméaci z tadu hrabavych, kachnu domaci pattici do fadu vrubozobych, ale
prekvapivé neinfekéni pro bazanta obecného. Druh C. proventriculi je infekéni pro
korelu chocholatou z fadu papouskil, nikoliv vSak andulku vinkovanou, kterd také
patii mezi papousky. Kur doméci byl v experimentalnich podminkach vnimavy
k infekci C. ornithophilus. Ani jeden vySe jmenovany druh kryptosporidii nebyl
infekéni pro laboratorni mysi kmene SCID a BALB/c. Vysledky naSich studii
vyraznym zpusobem roz$ifily nase znalosti o v€kové specifité a pribchu infekce

riznych druhti a genotypt kryptosporidii parazitujicich u ptaka. Cryptosporidium



avium patii mezi druhy kryptosporidii, u kterych byl prokazan pfenos parazita na
hostitele u vSech vékovych kategorii vybranych skupin ptakt. U Cryptosporidium
ornithophilus jsme na zakladé nami provedenych experimentll zjistili kratsi
prepatentni periodu u mladsich jedinct nez u dospélych, kteti mohou byt k infekci
méné citlivi z divodl jiz prod€lané kryptosporidiové infekce. B&hem naSich
experimentll jsme nezaznamenali zadné klinické ptiznaky ptakt infikovanych druhy
C. avium, C. proventriculi a C. ornothophilus. V neposledni fadé byla tato diserta¢ni
prace rozSifena o vyzkum zaméfeny na kultivaci kryptosporidii pomoci kufecich
embryi. Byla Uspé$né zpracovana a opakované ovéfena metodika pro uspéSnou

infekci embryi druhy C. baileyi a C. parvum.



Summary

The subject of this thesis is the study of the occurrence and diversity of
cryptosporidia infecting birds. During the study, 4,740 bird faecal samples from 25
orders and 176 genera from 9 countries, namely 2,928 samples from the Czech
Republic, 301 from Slovakia, 732 from Croatia, 25 from Poland, 90 from South
Africa, 238 from New Zealand, 11 from the United Arab Emirates, 345 from Algeria
and 70 from the USA, were obtained and examined using microscopic and molecular
methods. Cryptosporidium-specific DNA was detected at loci of genes encoding
small subunit rRNA (SSU), actin, heat shock protein (HSP70), thrombospondin-
related adhesive protein (TRAP-C1), Cryptosporidium oocyst wall protein (COWP)
and 60 kDa glycoprotein (gp60) in 255 cases (5.4 %). Phylogenetic analyses revealed
the presence of 11 species and 6 genotypes of Cryptosporidium. The most frequently
detected species were C. baileyi (65/4,740; 1.4 %), C. proventriculi (35/4,740; 0.7%)
and Cryptosporidium sp. goose genotype Id (33/4,740; 0.7%). In contrast,
Cryptosporidium sp. avian genotype | was the least frequently detected (2/4,740;
0.04%). Based on phylogenetic and experimental studies, one new genotype,
Cryptosporidium avian genotype VI, was described from the red-winged blackbird,
and three new species, C. avium from the red-fronted parakeet, C. proventriculi from
the red-fronted parrot and C. ornithophilus from the ostrich. The oocyst size of all
newly described species differed from each other. Oocysts of C. avium measured 6.3
x 4.9 um, C. proventriculi 7.4 x 5.7 um and C. ornithophilus 6.1 x 5.2 um. Tissue
specificity studies showed the development of C. avium in the small intestine and
caecum but also in the kidney and ureters. Developmental stages of C. proventriculi
were found in the proventriculus and ventriculus. Cryptosporidium ornithophilus
infected the caecum and colon together with bursae of Fabricius. Cryptosporidium
avium, obtained from parrots, was infectious to the domestic chicken belonging to
the order Galliformes, the domestic duck belonging to the order Anseriformes, but
surprisingly non-infectious to the common pheasant. The species C. proventriculi
was infectious to the cockatiel of the order Psittaciformes, but not to the budgerigar,
which also belongs to the order Psittaciformes. The domestic chicken was
susceptible to infection by C. ornithophilus under experimental conditions. Neither

of the above-mentioned Cryptosporidium species was infective to laboratory mice of



the SCID and BALB/c strains. The results of our studies have greatly increased our
knowledge of the age specificity and infection course of different species and
genotypes of cryptosporidia parasitizing birds. Cryptosporidium avium is one of the
cryptosporidial species that have been shown to be infectious to the host at all ages in
selected groups of birds. In case of Cryptosporidium ornithophilus, based on our
experiments, we found a shorter prepatent period in younger individuals than in
adults, which may be less susceptible to infection because of previous
cryptosporidial infection. During our experiments, we did not observe any clinical
signs in birds infected with C. avium, C. proventriculi and C. ornothophilus species.
Finally, this thesis has been extended to include research on Cryptosporidium
cultivation using chicken embryos. A methodology for successful infection of
embryos with C. baileyi and C. parvum species was successfully developed and

repeatedly validated.
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1. GVOD

Miliony let trvajici vyvoj ptakG smétoval ziejmé k jednomu cili, a to k ovladnuti
vzdu$ného prostoru. Postupem casu urcité skupiny ptakt z rozlinych davodi
schopnost 1état ztratily. Nékteii ptaci dorostli takovych rozméri, Ze jejich obrovska
téla by svaly kiidel nemohly unést (pstros dvouprsty (Struthio camelus)), moisti ptaci
se specializovali na lov potravy pod hladinou a jejich télo se zdokonalovalo v
plavani, zatimco na sousi si vystacili jen s pomalou a kolébavou chizi a létat viibec
nepotiebovali (tu¢naci — Sphenisciformes). Dalsi ptaci se schopnosti Iétat
"dobrovoln¢" vzdali (kiviové (Apterygiformes), papousek zemni (Pezoporus
wallicus) a kakapo sovi (Strigops habroptila), protoze ji v Zivoté nepotiebovali a
neuplatiiovali. Vyvoj né€kterych ptakt probihal na jednom misté, Casto na
izolovanych ostrovech nebo v nedostupnych oblastech, poskytujicich dostatek
potravy a spolu s nimi se vyvijeli i jejich paraziti. Naopak jini ptaci diky své
schopnosti migrovat na velké vzdalenosti mohli pfenaset rizné patogeny z jedné
oblasti do druhé a piedstavovat tak potencialni zdroj infekce pro dalsi ptaci druhy,
ale i ¢loveka a jim chovana zvitata (Ryan et al. 2014, Nakamura et Meireles 2015).

Paraziti rodu Cryptosporidium jsou nejéastéjsi pivodci parazitarnich onemocnéni
volné Zijicich, v zajeti a hospodaisky chovanych ptakt (O'donoghue 1995, Sréter et
Varga 2000). Vzhledem k omezenému mnozstvi studii provedenych na ptacich
hostitelich, ziistava mnoho otazek nezodpovézenych. Mezi zakladni otazky patii i) je
druhova diverzita ptacich kryptosporidii obdobna té, kterou zndme u kryptosporidii
savcu, i1) jsou ptaci kryptosporidie hostitelsky, vékoveé a tkanove specifické, iii) jaka
je patogenita a prubéh infekce ptacich kryptosporidii nebo iv) mohou byt ptaci
hostitel¢ sav¢ich kryptosporidii?

PrestoZze pocet druhil ptakil vyrazné prevysSuje pocet zastupci ttidy savel, u nichz
byla popsana velka diverzita kryptosporidii, bylo dosud popsano pouze 6 platnych
druhti ptacich kryptosporidii, z nichZ 3 (tu¢né€ zvyraznéno) byly popsany v rdmci této
prace: Cryptosporidium meleagridis (Slavin 1955), Cryptosporidium baileyi (Current
et al. 1986), Cryptosporidium galli (Pavlasek 1999, Ryan et al. 2003b),
Cryptosporidium avium (Holubova et al. 2016), Cryptosporidium proventriculi
(Holubova et al. 2019) a Cryptosporidium ornithophilus (Holubova et al. 2020) a
20 genotypu, o kterych nemame dostatek udaji, aby bylo mozné je oznalit za

samostatné druhy. Tato disertacni prace vyrazné rozsituje piehled o kryptosporidiich
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specifickych pro ptdky, zamétuje se na jejich vyskyt a diverzitu v ramci 25 tadi a
176 celedi, morfologii vyvojovych stadii, hostitelskou a organovou specifitu,

patogenitu a pienos infekce.
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2. CILE PRACE

Cilem této prace je studovat vyskyt, diverzitu a biologii ptacich kryptosporidii u

vybranych skupin ptaki.

Nasledujici konkrétni dil¢i cile predstavuji jednotlivé kroky vyzkumu nezbytné
pro dosazeni hlavniho cile:

e Vyhodnotit vyskyt a prevalenci kryptosporidiovych infekci u volné€ zijicich ptak,
u ptakd ze zoologickych zahrad, v chovech exotického ptactva, na riznych
ptacich farmach a u pernaté zvéte chované mysliveckymi spolky.

e Prokazat hostitelskou specifitu a infektivitu raznych druht a genotypt
kryptosporidii pomoci experimentalnich infekci.

e Popsat biologii ziskanych druhi a genotypt kryptosporidii, zejména pribeh
infekce, patogenitu a lokalizaci vyvojového cyklu véetné popisu vyvojovych
stadii.

e Popsat diverzitu kryptosporidii ptakit pomoci multilokusové genotypizace a

fylogenetickych analyz.
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3. LITERARNI PREHLED

3.1 Trida ptaci

Ptaci patfi mezi teplokrevné obratlovce a jsou jednou z nejrozmanitéjSich skupin
modernich obratlovci. Ptaci se vyvinuli z teropodnich dinosaurti béhem jury (asi
pred 165-150 miliony let) a jejich klasicky maly, lehky, opetfeny a okfidleny télesny
plan se sklddal dohromady postupné béhem desitek miliont let evoluce. Rani ptaci se
diverzifikovali v prib¢hu jury a kiidy, stali se schopnymi letci s rychlym ristem. Pti
masivnim vymirani na konci kiidy (pozdni druhohory) a palegonu (starsi tietihory)
vyhynula spolu se svymi blizkymi dinosaufimi pfibuznymi i vétSina ptaki. Po tomto
hromadném vymirani se moderni ptaci explozivné diverzifikovali do soucasnych
vice nez 10 000 druh a obsadili rizné ekologické niky napfic¢ celym svétem
(Veselovsky 2001, Brusatte et al. 2015).

Charakteristickym znakem vétSiny ptaka je adaptace stavby téla na let. Nékteré
druhy ptaka schopnost 1état ztratily. Jsou to pfedevsim vSichni bézci, jako je pStros
(Struthio), emu (Dromaius), nandu (Rhea) a kivi (Apteryx). T¢lo ptakd je pokryto
pefim, které vynikd malou hmotnosti. Velmi slozity a fyzicky ndro¢ny zplisob
ptaciho pohybu vyzaduje intenzivni télesny metabolismus a velmi vykonny ob&hovy
i dychaci systém (Kucerova-Pospisilova et Ditrich 1998). Ptaci kosti jsou duté, bez
kostni dfen¢, ktera se vyskytuje jen velmi omezené v nékterych kostech a tim se
vyrazné¢ sniZila hmotnost. Diky tomu hmotnost kostry ptaki pfedstavuje jen kolem 4
% hmotnosti téla, u savct je to 15-30 %. S timto souvisi i rozdéleni tvorby bunék
imunitniho systému. Zatimco u savcu se tvoii a zraji B lymfocyty pravé v kostni
dfeni, u ptakt se pfesunula tvorba do Fabriciovy burzy. Pravé diky nalezu B
lymfocytt v burze ziskaly tyto lymfocyty svou zkratku (Glick et al. 1956, Tizard
1979, Sun et al. 2012, Jilek 2014, Staley et Bonneaud 2015).

3.1.1 Anatomie traviciho traktu ptaki

Travici soustava ptakid se podobd travici soustavé savcill, ale existuji mezi nimi
nékteré zédsadni rozdily. Ptdci nemaji zuby a potravu zpracovavaji mechanicky
zobakem a ve svalnatém zaludku. Jicen (0esophagus) se rozd€luje na tisek pied a za
voletem. Jeho primér je vétsi nez u savcl, coz ptakim umoziuje polykat i velké
kusy potravy, které by savci rozkousali na malé kusy. Vole (ingluvies) je

vychlipenina jicnu a méa pfedevsim funkci skladovaci. Nejlépe je vole vytvofeno u
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semenozravych ptaki a nékterych rybozravych ptakd. U nékterych ptaki zcela chybi,
napt. u bézcii funkci volete prejima zlaznaty zaludek. U hrabavych (Galliformes) a
sokola (Falconiformes) tvoii vole jednoduchy vak v misté vstupu do hrudniku. U
papouski (Psittaciformes) je vole uloZeno napti¢. U kanart (Serinus) a vrubozobych
ptakt (Anseriformes) se kréni ¢ast jicnu pouze vietenovité rozSifuje a tim vytvaii
naznak volete. U holubli (Columbidae) tvoii vole tfi vakovité vychlipeniny, dvé
postranni a jednu stfedni. Na rozdil od polygastrickych savca je zlaznaty Zaludek
(proventriculus) uloZen pfed svalnatym Zaludkem. Zalude¢ni sekrece HCI,
pepsinogenu a mucinu probihd ve zlaznatém zaludku, kde se potrava dlouho
nezdrzuje a pokracuje plynule do svalnatého zaludku (ventriculus), ktery je
uzpusoben pro mechanické zpracovani potravy. U hmyzo- a masozravych ptaki se
odd¢luji nestravitelné ¢asti, které jsou vyvrhovany zpét ve formé vyvrzki. Nekteti
ptaci (bézci, hrabavi a n¢kteti papousci) polykaji grit (drobné kaminky a pisek), ktery
ve svalnatém Zaludku pomaha rozmélnovat potravu. Tenké stfevo, kde probiha
vétSina travicich procesti a absorpce zivin, ma zietelny dvanactnik (duodenum),
V jehoz kli¢ce je uloZzena slinivka bfis$ni. Hranice mezi laénikem (jejunum) a
kycelnikem (ileum) vSak neni patrna. Uprostied délky tenkého stieva je patrny
pozistatek po Zloutkovém vacku. Sliznice tenkého stfeva je podobna jako u savcii
s tou vyjimkou, Ze klky maji dobfe vyvinuté krevni kapilary, ale nemaji centralni
chylovy kandlek. Slepd stfeva jsou dvé a byvaji rizné velkd. Jsou lokalizovana na
prechodu tenkého a tlustého stfeva. Do slepych stiev se nedostava vSechna potrava.
Nejvyznamng;j$i funkci slepych stiev je mikrobidlni zpracovani celulézy. Moc, ktera
se dostavd do traéniku zkloaky, se muize dostat az do slepych stiev
antiperistaltickymi vlnami, které jsou nejvétsi zvlastnosti pohybl tra¢niku ptaki, a
proto se slepa stieva neustdle plni. Ve slepych stfevech se kyselina mocova stava
zdrojem dusiku pro bakterie, které rozkladaji celulézu. Dalsi dilezitou funkci
slepych stiev je zpétna resorpce vody z moci. Travici soustava ptakl konéi kloakou,
kterd je spolecnym vyvodem pro travici, pohlavni a mo€ovou soustavu. Fabriciova
burza je dorzaln€ umistény vacek ve stén¢ proktodea, ve kterém dozravaji B-

lymfocyty (Altman et al. 1997, Cerny 2005, Reece 2011).
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3.1.2 Migrace ptaki

Migrace je ptesun z jednoho mista na druhé, konkrétné jde o ptesun z hnizdisté na
zimovisté a zpét (Berthold 2001). Migrace bezprostiedné souvisi s fotoperiodicitou
ptacich populaci, vnitfnimi hodinami a se schopnosti ptakll se orientovat v prostredi.
Diky vynikajici pohyblivosti a jejich letovym schopnostem mohou ptaci kazdorocné
piekonavat i pozoruhodné dlouhé cesty z arealu hnizdéni do zimovist. Ptaky, ktefi
migruji, 1ze rozdélit na migranty na kratké nebo dlouhé vzdalenosti. Ptaci migrujici
na kratké vzdalenosti obvykle 1étaji po sousi Vramci kontinenti. Naopak ptaci
migrujici na velké vzdalenosti prekracuji hranice kontinentd a ¢asto i mofe a oceany.
Toto rozdéleni je vSak jen zdkladni, protoze obé& skupiny se vzajemné prolinaji a
zavisi 1 na variabilité¢ migracni vzdalenosti. RozliSujeme tfi hlavni tahové systémy —
paleakrticko-afrotropicky, neoarkticko-neotropicky a asijsko-australskoasijsky
(Newton 2006; Obrazek 1). Podle radarovych zaznami kazdy rok odléta vice jak
osm miliard ptakti ze severni polokoule na sva zimovisté v Africe a Jizni a Stfedni
Americe (Boere et al. 2006).

Obrazek 1. Tii hlavni svétové trasy migrace ptakd. Neoarkticko-neotropicka trasa -

modra; Paleakrticko-afrotropicka trasa - zluta; Asijsko-australskoasijska trasa -

¢ervena (pievzato z Migration: 2.1 Migration paths and flyways - OpenLearn - Open
University - S295 1).
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Schopnost ptakt 1état a prekondvat znacné vzdalenosti usnadiiuje pienos patogent
zahrnujici velké mnozstvi ptivodcti virovych (napft. virus ptaci chiipky, newcastleska
choroba, pta¢i pneumoviry, kachni virus, riketsie, zapadonilska horecka nebo virus
konské encefalomyelitidy), bakterialnich (napt. borelie, chlamydie, kampylobaktery,
pasterely ¢i salmonely) nebo parazitarnich onemocnéni (bicenky, hlistice,
kryptosporidie) (Hoogstraal 1979, Jourdain et al. 2007, Dhama et al. 2009, Takekawa
et al. 2010, Lawson et al. 2011, Prosser et al. 2011, Rumer et al. 2011, Chitimia-
Dobler et al. 2019, Hubalek et al. 2020). Vyjma puvodci onemocnéni, ktefi jsou
specifiCti pouze pro ptaky, predstavuji ptaci vyznamny zdroj patogennich organismu
ptrenosnych na ¢loveka a jim chovana hospodaiska zvirata (Reed et al. 2003). Kromé
toho se ptaci mohou stat dadlkovymi ptfenaSeci organismil odolnych vici 1ékim a
podilet se na vzniku novych endemickych ohnisek nakaz podél migracnich tras.
Muze tak dochazet k objeveni jiz znamych infekci v novych populacich,
k rychlejsimu Sifeni nebo rozsifovani geografického vyskytu (Reed et al. 2003).

Sifenim jednotlivych druhd kryptosporidii prostiednictvim migrujicich ptakd se
zatim podrobné nikdo detailnéji nezabyval. Nejvétsi druhova diverzita kryptosporidii
byla zaznamenana u pévcu, papouski a vrubozobych (Wang et al. 2021), nicméné
V literatuie nelze nalézt mnoho indicii, které by mohly ukazovat na pfimé Sifeni
téchto parazith ptac¢imi hostiteli napti¢ geografickymi oblastmi. Krom¢ toho, u celé
fady genotypt (Cryptosporidium sp. avian IV, VI-IX, Cryptosporidium sp. canary
genotyp | a Il, Cryptosporidium sp. finch genotyp I, 1l a Ill, Cryptosporidium sp.
Eurasian woodcock genotyp, Cryptosporidium sp. genotyp YS-2017) nejsou znamy
zadné informace o jejich rozsifeni a hostitelské specifité. Tyto genotypy byly
popsany pouze u jednoho nebo nékolika mdlo jedinct v rdmci nekolika publikaci
(Morgan et al. 2001, Ryan et al. 2003a, Ng et al. 2006, Gomes et al. 2012,
Chelladurai et al. 2016, Helmy et al. 2017, Makino et al. 2018).
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3.2 Kryptosporidie a kryptosporidiéza ptaki

3.2.1 Historie a evoluce kryptosporidii

Odpoveéd’ na otazku ,,Jak jsou kryptosporidie staré” a kdy se evoluéné oddélily od
svého nejblizsiho ptibuzného, neni zcela jasna. Garcia et Hayman (2016) se pokusili
zrekonstruovat vyvoj rodu Cryptosporidium pomoci molekularnich hodin. Vysledky
jejich studie ukazaly, ze kryptosporidie se pravdépodobné oddélily od svého predka
nékdy pred 590 miliony lety (877—345) a v obdobi stiednich prvohor se rozd¢lily na
dveé samostatné skupiny. K formovani linie zahrnujici druhy C. muris, C. andersoni,
C. serpentis, C. fragile a C. galli, tedy druhy osidlujici Zaludek svych hostiteld, doslo
pravdépodobné pred 368 miliony let (560-218), zatimco k formovani linie
zahrnujici druhy C. baileyi, C. bovis, C. canis, C. cuniculus, C. erinacei, C. fayeri, C.
felis, C. hominis, C. macropodum, C. meleagridis, C. molnari, C. parvum, C. ryanae,
C. scrofarum, C. suis, C. tyzzeri, C. ubiquitum, C. varanii, C. viatorum, C. wrairi a
C. xiaoi (poznamka — druhy pouzité ve studii) infikujici stfeva svych hostitelti doslo
pozd¢ji, piiblizné pted 265 miliony let (409—153). Tyto Casy vzniku jednotlivych
linii kryptosporidii se ptekryvaji s intervalem odhadia véku uvadénych pro puvod
obratlovcu. VeEk oddéleni Zalude¢ni a stfevni linie je také v souladu s dobou, kdy se
zacinaly vyskytovat prvni druhy ryb (Kumar et Hedges 1998, Blair et Hedges 2005,
Erwin et al. 2011, Hedges et al. 2015). Nicméné je nutné poznamenat, ze druh
Cryptosporidium "struthionis", podle kterého byla evoluce kryptosporidii mapovana
a ktery byl izolovan ze pStrosa a jehoz pifibuzné kmeny byly nalezeny ve
zkamenglinach ptaki Moa (Wood et al. 2013), v pfilivovych a odlivovych
usazeninach (Wilms et al. 2006) a odpadni vodé z lodi (Lohan et al. 2017) neni
platnym druhem rodu Cryptosporidium a s nejvétsi pravdépodobnosti se nejedna o
kryptosporidii, ale jiny kryptosporidiim ptibuzny organismus.

Prvni zminka o kryptosporidiich pochéazi az zroku 1907, kdy Ernest Edward
Tyzzer popsal vyvojovy cyklus parazita, které nalezl ve sliznici zaludku
laboratornich mysi a popsal je jako novy druh, ktery pojmenoval Cryptosporidium
muris (Tyzzer 1907, 1910). Tyzzer pravdépodobné nebyl prvni, kdo kryptosporidie
dekoval. V letech 1894-95 popsal Clark vyskyt paraziti ve sliznici zaludku mysi
napadné podobnym C. muris, nicméné je povazoval za Coccidium falciforme (dnes

Eimeria falciformis) parazitujici bézné u mysi ve stievé (Clark 1894-95). V roce
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1912 popsal Tyzzer dalsi druh kryptosporidii s vyvojovym cyklem v tenkém stfevé
mysi a pojmenoval ho Cryptosporidium parvum (Tyzzer 1912). Prvni kryptosporidie
u ptaka byly popsany v roce 1929 Tyzzerem ve stievé kurat (Tyzzer 1929), nicméné
az v roce 1955 popsal Slavin v potadi tieti druh rodu Cryptosporidium. Tento druh,
ktery detekoval u kritat pojmenoval Cryptosporidium meleagridis (Slavin 1955). Do
pocatku 70. let 20. stoleti nebyly kryptosporidie povazovany za Iékarsky ¢i
veterinarné vyznamné a vyzkum kryptosporidii nebyl v tomto obdobi intenzivné
provadén (Wetzel 1938, Panciera et al. 1971, Meuten et al. 1974, Nime et al. 1976,
Lasser et al. 1979). V sedmdesatych letech 20. stoleti se kryptosporidie staly stfedem
pozornosti mnoha studii, kdyz byly identifikovany jako pficina vycerpavajicich a
Zivot ohrozujicich vodnatych prijmu telat a jehniat, které se nedafilo vylééit zadnymi
chemoterapeutiky a ¢asto koncily thynem (Panciera et al. 1971). Ve stejném obdobi
byla u ovci, jestéru, sluk a hus popsana fada druht kryptosporidii, které jsou dnes
povazovany za neplatné (napt. C. agni, C. ameivae, C. baikalika, C. ctenosauris, C.
anserinum) nebo byly znovu nové popsany (napt. C. bovis, C. tyzzeri, C. cuniculus)
az koncem 20. a zacatkem 21. stoleti s nastupem molekularnich metod (Carreno et al.
1999, Sulaiman et al. 1999). Zajem o kryptosporidie vzrostl az v roce 1993, a to v
souvislosti s masivni kontaminaci vody oocystami kryptosporidii (C. hominis), kdy
se nakazilo vice nez 400 000 osob v Milwaukee ve Wisconsinu (Mac Kenzie et al.
1994). V soucasné dob& jsou kryptosporidie povazovany za vyznamné lidské a
zviteci patogeny (Sréter et Varga 2000, Seva Ada et al. 2011, Eibach et al. 2015).
Pro piehlednost nize uvadim chronologicky popis jednotlivych druhii a genotypti
ptacich kryptosporidii. V ptehledu nejsou uvedeny druhy a genotypy, které jsou
prokazatelné hostitelsky specifické pro jiné obratlovce, prestoze u ptaki byly

ptileZitostné nalezeny (vice v kapitole 3.2.7).
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Chronologie popisu druhii a genotypii kryptosporidii ptaki

1929 Prvni zminka o kryptosporidiich u ptacich hostiteli
Tyzzer (1929) detekoval kryptosporidie velmi podobné druhu C. parvum v céku
kurat.

1947 Cryptosporidium baikalika nom. nud.
Matschoulsky (1947) popsal Cryptosporidium baikalika nom. nud. jako novy druh
kryptosporidie u sluky (Scolopax). Tento druh neni Vv soucasné dobé platny.
Publikované nakresy naznacuji, ze se jednalo o oocysty gregarin.

1955 Cryptosporidium meleagridis sp. n.
Slavin (1955) detekoval kryptosporidie parazitujici v tenkém stievé krut
(Meleagris gallopavo f. domestica), popsal morfologii oocyst a dalSich
vyvojovych stadii a pojmenoval tento druh jako Cryptosporidium meleagridis.

1972 Cryptosporidium sp. u jestfaba lesniho
Gottschalk (1972) popsal Cryptosporidium sp. u jestidaba lesniho (Accipiter
gentilis). Pravdépodobné se jednalo o Sarcocystis sp.

1974 Cryptosporidium anserinum nom. nud.
Proctor et Kemp (1974) popsali novy druh Cryptosporidium anserinum nom. nud.
nalezeny v tlustém stievé hus (Anser domesticus). Morfologie vyvojovych stadii
nebyla publikovan a tento druh je dnes povazovan za neplatny.

1982 Cryptosporidium sp. v dychacim a zazivacim traktu kiepelky
Tham et al. (1982) popsali vyskyt a patogenitu Cryptosporidium sp. v dychacim a
a morfologii vyvojovych stadii nebyly uvetejnény.

1986 Cryptosporidium baileyi sp. n.
Current et Reese (1986) detailné popsali pribéh infekce a vyvojovy cyklus véetné
morfologie jednotlivych vyvojovych stadii kryptosporidie detekované v tenkém a
tlustém stfeveé, kloace a Fabriciové burze kura domaciho (Gallus gallus f.
domestica) a pojmenovali tento druh Cryptosporidium baileyi.

1990 Tkanova specifita C. baileyi a Cryptosporidium blagburni nom. nud.
Lindsay et Blagburn (1990) popsali dalsi tkanovou specifitu C. baileyi u pfirozené
infikovanych ptaki. Kromé diive detekovanych mist infekce (Current et Reese
1986) byl tento druh nalezen ve spojivkach, nosohltanu, pridusnici, plicich a
vzdusnych vacich, ledvinach a mocovodu. Ve stejném roce popsali Blagburn et al.
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(1990) novy druh C. blagburni nom. nud. z proventrikulu amadiny paskované
(Amadina fasciata). Nicméné tento druh nebyl publikovan s odpovidajicim
popisem, a proto neni povazovan za platny druh.

1993/94 Cryptosporidium sp. u pstrost
Gajadhar (1993) a Bezuidenhout et al. (1993) nezavisle na sobé popsali vyskyt
Cryptosporidium sp. u pstrost. Gajadhar (1994) navazal na svou ptedchozi praci a
popsal morfologii oocyst nalezenych u pstrost. Vysledky jeho prace naznacovaly,
ze Cryptosporidium sp. popsané u pstrosu je odlisné od do té doby znamych
ptacich kryptosporidii.

1999 Cryptosporidium galli sp. n.
Pavlasek (1999) nalezl morfologicky identickou kryptosporidii s C. blagburni
nom. nud. v proventrikulu drtibeze a pévci a pojmenoval ji Cryptosporidium
galli.

2001 Cryptosporidium sp. finch genotyp I-Ill a Cryptosporidium sp. duck
genotyp la ll
Rok 2001 lze povazovat za pocatek molekularni éry v detekci a genotypizaci
kryptosporidii ptakd. Morgan et al. (2001) detekovali pomoci molekularnich
metod Cryptosporidium sp. finch genotyp I, II a III u amadiny Gouldové
(Erythrura gouldiae). Prokazali, Ze tyto izolaty se molekularné 1isi od platnych
druht kryptosporidii. Ve stejném roce byl publikovan nalez Cryptosporidium sp.
duck genotyp I a II u kachny ¢erné (Anas rubripes) a husy kanadské (Branta
canadensis) (Jellison et al. 2004, Zhou et al. 2004).

2003 Cryptosporidium sp. Eurasian woodcock genotyp
Ryan et al. (2003a) detekovali a molekularn¢ odlisili Cryptosporidium sp.
Eurasian woodcock genotyp ze sluky lesni (Scolopax rusticola) od ostatnich
druhti a genotypi kryptosporidii. Soucasn¢é byla provedena redeskripce popisu
druhu Cryptosporidium galli.

2004 Cryptosporidium sp. goose genotyp -1V
Zhou et al. (2004) na zakladé molekularni genotypizace popsali ve vzorcich trusu
husy kanadské Cryptosporidium sp. goose genotyp | a Il. V stejném roce byly ze
stejného hostitele popsany dalsi dva genotypy - Cryptosporidium sp. goose
genotyp Il a IV (Jellison et al. 2004).
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2006 Cryptosporidium sp. avian genotyp 1-1V
Ng et al. (2006) ve své studii publikovali nalez Cryptosporidium sp. avian
genotyp I u kanara divokého (Serinus canaria) a pava korunkatého (Pavo
cristatus). Ve stejném roce byly pomoci molekularnich analyz popsany dalsi pro
ptaky specifické genotypy kryptosporidii. Cryptosporidium sp. avian genotyp Il
byl nalezen u papouskl v Australii a pStrosi v Brazilii, Cryptosporidium sp. avian
genotyp III papouskt v Australii (Ng et al. 2006) a Cryptosporidium sp. avian
genotyp IV u kruhooc¢ka japonského (Zosterops japonicus) v Ceské republice (Ng
et al. 2006).

2011 Cryptosporidium sp. avian genotyp V
Qi et al. (2011) pomoci molekularni detekce identifikovali Cryptosporidium sp.
avian genotyp V u korely chocholaté (Nymphicus hollandicus) v Cing.

2012 Cryptosporidium sp. canary genotyp | a Il, Cryptosporidium sp. genotyp
Jawa
Gomes et al. (2012) na zakladé genotypizace popsali tfi nové genotypy
kryptosporidii. U kanara divokého (Serinus canaria) popsali Cryptosporidium sp.
canary genotyp | a Il a u chavicky japonské (Lonchura striata domestica)
Cryptosporidium sp. genotyp Jawa.

2016 Cryptosporidium sp. duck genotyp I1b, goose genotyp Id a avian genotyp VI
V tomto roce byl publikovan nalez Cryptosporidium sp. duck genotyp Ilb a
Cryptosporidium sp. goose genotyp Id u vodnich ptaki v severnim Spanélsku
(Cano et al. 2016), a Cryptosporidium sp. avian genotyp VI u vlhovce
¢ervenokiidlého (Agelaius phoeniceus) v USA (Chelladurai et al. 2016) (pFiloha
).

2016 Cryptosporidium avium sp. n. (di‘ive Cryptosporidium sp. avian genotyp 1V)
Holubova et al. (2016) popsali morfologické, molekularni a biologické vlastnosti
Cryptosporidium sp. avian genotyp IV a navrhli tuto kryptosporidii popsat jako
samostatny druh Cryptosporidium avium (p¥iloha IT)

2017 Cryptosporidium sp. avian genotyp VII-1X
Helmy et al. (2017) popsali dalsi tifi genotypy ptacich kryptosporidii u
krocanu a kutat v Némecku a nazvali je Cryptosporidium sp. avian genotyp
VI, VIl a IX.
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2018 Makino et al. (2018) nalezli u pustika hnédého (Strix leptogrammica)
v Japonsku dalsi molekularné odlisny genotyp kryptosporidii, ktery nazvali
Cryptosporidium sp. genotyp YS-2017.

2019 Cryptosporidium proventriculi sp. n. (difive Cryptosporidium sp. avian

genotyp I11)
Holubova et al. (2019) popsali morfologické, biologické a molekularni
vlastnosti  Cryptosporidium sp. avian genotyp Il a navrhli tuto
kryptosporidii popsat jako samostatny druh Cryptosporidium proventriculi
(pFiloha V).

2020 Cryptosporidium ornithophilus sp. n. (d¥ive Cryptosporidium sp. avian
genotyp I1)

Holubova et al. (2020) popsali morfologické, biologické a molekularni
vlastnosti Cryptosporidium sp. avian genotyp Il a navrhli tuto kryptosporidii
popsat jako samostatny druh Cryptosporidium ornithophilus (pFiloha VI).

3.2.2 Historie a evoluce kryptosporidii

Kryptosporidie jsou tazeny do kmene Apicomplexa, Vv ramci néhoz byly dlouhou
dobu zatazeny mezi kokcidie (intracelularni, ¢asto hostitelsky specificti paraziti stiev
a dalSich organt obratlovcl prodélavajici nepohlavni a pohlavni vyvoj zakonceny
produkci  velmi  odolnych  oocyst, které jsou zhostitele nejcastéji
vylu¢ovany trusem), zejména diky morfologické podobnosti vyvojovych stadii a
vyvojovému CyKlu v gastrointestinalnim traktu (Fayer et Xiao 1997). Nicméné
taxonomické postaveni Kryptosporidii bylo vzdy pfedmétem diskuzi. Jiz Tyzzer,
ktery kryptosporidie popsal a ke kokcidiim je pfifadil, poznamenal, Ze se od kokcidii
li§i stavbou oocyst, zpisobem pfichyceni na hostitelskou buiiku a schopnosti
autoinfekce (Tyzzer 1910). Také uplna nevnimavost na 1é¢bu veskerymi
antikokcidiky naznaCovala nespravné zafazeni téchto paraziti ke kokcidiim
(Abrahamsen et al. 2004). Dalsi diikaz o nejistém postaveni kryptosporidii v ramci
kokcidii pfinesly vysledky antigenni piibuznosti zjisténé monoklonalnimi
protilatkami (Bull et al. 1998). Zasadni zlom v taxonomickém zafazeni téchto
parazitickych prvoki pfinesly molekuldrni analyzy, které prokazaly bliZsi ptibuznost
kryptosporidii s gregarinami (Gregarinasina) nez s kokcidiemi (Coccidiasina)

(Carreno et al. 1999, Ryan et al. 2016). Tento fakt byl dale podpoifen i podobnou
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morfologickou stavbou organel slouzicich Kk ptichyceni k hostitelské bunce
(Valigurova et al. 2007) a neptitomnosti plastidového genomu (Zhu et al. 2000). Na
zakladé téchto skute¢nosti byly Kryptosporidie piesunuty z podtiidy Coccidia do
nové¢ podtiidy Cryptogregaria V ramci nové tfidy Gregarinomorphea a nového fadu
Cryptogregarida (Cavalier-Smith 2014).

Do soucasné doby bylo popsano 49 platnych druht kryptosporidii a detekovany
stovky genotypii, které byly od platnych druhii odliSeny na zaklad¢ hostitelské
specificity a v poslednich 20 letech mnohem castéji na zakladé molekularni
odlisnosti. VétSina  genotypti byla nejcastéji popsana na zakladé odliSnosti v
sekvenci genu kodujiciho malou podjednotku rRNA (Kvac et al. 2014b).
Morfologické rozdily ve velikosti a tvaru oocyst jsou u vétSiny kryptosporidii natolik
malé, ze je nelze vyuzit jako diferencialni znak pro odliseni druhu (Jex et al. 2008,
Kvag et al. 2013a, Kvac et al. 2014a).

3.2.3 Vyvojovy cyklus kryptosporidii

Kryptosporidie jsou paraziti, ktefi ukonéuji sviij vyvojovy cyklus v jednom hostiteli
(monoxenni cyklus). Vétsina kryptosporidii je, az na par vyjimek, hostitelsky
specificka (viz kapitola 3.2.7). Predilekénim mistem infekce jsou epitelidlni bunky
zazivaciho traktu, nicméné u nékterych druhl parazitujicich u ptakti byl popsan
vyskyt i v dychacim a urogenitalnim traktu (Current et Blagburn 1990). Jen omezené
mnozstvi druhii a genotypl kryptosporidii infikuje vice nez jedno specifické misto
(kapitola 3.2.4).  Piestoze dnes zname velké mnozstvi druhd a genotypt
kryptosporidii, vyvojovy cyklus byl popsan pouze u péti druht, a to u tii druhd
savc¢ich kryptosporidii, C. parvum (Tyzzer 1912), C. muris (Tyzzer 1907, 1910) a C.
proliferans (Melicherova et al. 2013) a dvou ptacich druhi, C. baileyi (Current et al.
1986) a C. ornithophilus jehoz vyvojovy cyklus byl popsan v ramci této prace
(Holubova et al. 2020).

Vyvojovy cyklus lze rozdélit do ¢tyf hlavnich fazi: excystace, merogonie
(nepohlavni rozmnozovani), gametogonie (pohlavni rozmnoZovani) a sporogonie
(Fayer et Xiao 1997, Thompson et al. 2005). Oocysty kryptosporidii vylu¢ované
z hostitele trusem/stolici, sputem nebo moci jsou na rozdil od kokcidii pIné infek¢éni
thned po vylouceni ztéla hostitele. Po pozieni oocysty hostitelem dochazi k
excystaci, kdy se uvolni Ctyfi infekéni sporozoiti, ktefi infikuji epitelialni bunky

(Fayer 2007). Proces excystace je zasadni pro rozvoj infekce. Kazdy druh/genotyp
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kryptosporidie excystuje v ptesn¢ daném misté zazivaciho traktu. Naptiklad C.
andersoni infikuje vyluéné slez skotu, C. parvum parazituje v tenkém stieve,
zejména v duodenu a jejunu, Cryptosporidium sp. chipmunk genotyp | osidluje
vyhradn¢ slepé stfevo a vyvoj druhu C. occultus je lokalizovan pouze v tlustém
stfevé (Lindsay et al. 2000, Widmer et al. 2007, Stark et al. 2009, Matsubayashi et al.
2011, Modry et al. 2012, Kvac et al. 2016, Kvac et al. 2018). Uvolnéni sporozoiti se
apikalnim koncem pfichycuji k povrchu epitelidlnich bunék, morfologicky se méni
na trofozoity a prodluZzovanim a spojovanim mikrovilarni vrstvy epitelu dochazi k
tvorbé parazitoforniho vaku, ve kterém je trofozoit uzavien (Elliott et al. 2001,
Valigurova et al. 2007, Melicherova et al. 2013). Z trofozoita vznikd meront, jehoz
jadro se v prib&hu merogonie déli a vznikaji meronti, jejichZz pocet je dan typem
merogonie. Pii prvni merogonii vznika meront I. typu jehoz jadro se déli na 6-8
jader/merozoiti. Néktefi merozoiti 1. typu davaji vzniknout opét meronttim 1. typu a
ostatni se pfeménuji na meronty II. typu, ktefi tvofi pouze 4 merozoity (Aydin et
Ozkul 1996, Hijjawi 2010, Melicherova et al. 2013). Vznikem merozoitu II. typu je
ukoncena faze merogonie (Current et al. 1986, Hijjawi 2010). U druhu C. baileyi, byl
popsan jesté treti typ merontt, ktery dava vzniknout 8 merozoitim III. typu (Current
et al. 1986). Meronti Il., respektive Ill. typu davaji vzniknout vicejadernym
mikrogamontim a jednojadernym makrogamontam, ¢imz za¢ina faze gametogonie.
Z mikrogamonti se uvoliiuji pohyblivé mikrogamety (16), které migruji a oplodiuji
makrogamety vzniklé pfeménou makrogamonti, ¢imz vznika zygota, ktera prochazi
sporogonii, béhem které vznikaji oocysty dvojiho typu (Sunnotel et al. 2006, Hijjawi
et al. 2010). Vétsina oocyst je tzv. silnosténnych (80 %), které jsou vylucovany z téla
hostitele a slouzi k infekci dalSich vnimavych jedinc. Mensi ¢ast (20 %) oocyst je
tenkosténnych, které ve vétsiné ptipadi télo hostitele neopousti, excystuji v hostiteli

a zpusobuji autoinfekci (Current et Reese 1986).

3.2.4 Organova a tkanova specifita pta¢ich kryptosporidii

Jak jiZ bylo vySe naznaeno, jednotlivé druhy/genotypy kryptosporidii se vyznacuji
tkanovou/organovou specifitou. Vyvoj vSech dosud popsanych kryptosporidii je vzdy
lokalizovan do nékteré casti zazivaci soustavy s moznosti infekce dalSich
organovych soustav. Podle mista infekce lze kryptosporidie rozdélit do dvou
monofyletickych odlisnych linii (Xiao et al. 2004a; Tabulka 1). Prvni, fylogeneticky

star§i linii jsou kryptosporidie infikujici epitelidlni buniky Zlaznatého a svalnatého
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zaludku svych hostiteltl (Kvac et al. 2013b) a druhou linii jsou stfevni kryptosporidie
(Xiao et al. 2002). Vramci stievni linie se pak jednotlivé druhy déli na
kryptosporidie infikujici tenké, slepé a tlusté stfevo. VétSina kryptosporidii, u kterych
je lokalizace znama, se vyviji vtenkém stiev€, nejCastéji v duodenu a jejunu
(Condlové et al. 2018, Horcickova et al. 2019, Jezkova et al. 2021b). Jen u malé ¢asti
druht/genotypti byl popsan vyvoj ve slepém nebo tlustém stievé (Condlova et al.
2018, Kvac¢ et al. 2018, Horc¢i¢kova et al. 2019). Pro druhy C. baileyi a C. avium,
které jsou hostitelsky adaptovany na ptaky, je charakteristickd multiorganova
lokalizace. Druh C. baileyi, ktery je primarné lokalizovan Vv tenkém stieve, je Casto
spojovan s infekci kloaky, spojivek, plic, ledvin a Fabriciovy burzy (Current et al.
1986). Také C. avium, jehoz predilekénim mistem infekce je ileum a cékum, byl
nalezen v ledvinach a mocovodech (Curtiss et al. 2015, Holubova et al. 2016).
Organova a tkanova afinita neni znama pro vSechny dosud popsané druhy a genotypy
kryptosporidii. Lokalizace v hostiteli je Casto odvozovdna na zdklad¢ piislusnosti
k fylogenetické linii (Obrazek 2).

Primarni (predilekéni) a sekundarni mista infekce jednotlivych druhti a genotypli
ptacich kryptosporidii se mohou piekryvat, a proto je nelze vyuzit jako spolehlivy
diferencialni znak (Tabulka 1).
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Obrazek 2. Prislusnost jednotlivych druh a genotypt kryptosporidii ptaka ke
sttevni a zaludecni linii. Druhy a genotypy, u kterych byla lokalizace infekce
potvrzena, jsou oznaceny hvézdickou (*). GenBank registracni Cislo sekvence je

uvedeno v zavorce.

4 Cryptosporidium sp. avian | genotyp (DQ650339)
Cryptosporidium sp. YS-2017 genotyp (LC310795)
Cryptosporidium avium (KU058876)*

72

Cryptosporidium ornithophilus (MN969959)*
Cryptosporidium baileyi (AF09349 5)%

Cr idium sp. duck genotyp (AF316630)*
L 0.05 i Cryptosporidium sp. duck genotyp b (KT880498) ..
® Cryptosporidium sp. goose g yp Il (AY504512) _LII'II?
70 stfevnich

7 Cryptosporidium sp. goose genotyp | (AY120912) . gur
= i kryptosporidii
Cryptosporidium sp. goose genotyp Id (KT880499)

Cryptosporidium sp. avian genotyp VIII (KX513543)

Cryptosporidium sp. avian genotyp IX (KX513544)
Cryptosporidium sp. avian genotyp VIl (KX513534)

Cryptosporidium meleagridis (AF112574)%
Cryptosporidium sp. goose genotyp Il (AY324638)
Cr

yptosporidium sp. goose genotyp IV (AY324641)

Cryptosporidium sp. Canario S5 genotyp (GU074388)
100

Cryptosporidium sp. Canario S6 genotyp (GU074389)
Cryptosporidium proventriculi (MK311136 * =

Cryptosporidium sp. Eurasian woodcock genotyp (AY273769)*

Cryptosporidium sp. avian genotyp VI (KT353000)*

100 Linie
Cryptosporidium galli (HM116388)* zaludeé&nich
Cryptosporidium sp. avian genotyp IV (DQ650344) kryptosporldli

Cryptosporidium sp. finch genotyp Il (AF316628)
94 Cryptosporidium sp. finch genotyp Il (AF316629)

50 cryptosporidium sp. finch genotyp | (AF316627)
Eimeria maxima (EF122251)

Tabulka 1. Primarni (predilekéni) a sekundarni mista infekce jednotlivych druhti a

genotypu ptacich kryptosporidii, u kterych byla lokalizace ovétena.

Cryptosporidium spp. _ Lokalizace __ Reference
primarni sekundarni
C. avium ileum a cékum mocovod, ledviny Holubova et al. (2016)
tenké stfevo, cékum, oko, prudusnice,
C. baileyi tlusté stfevo, kloaka, nosohltan, plice, Current et al. (1986)
Fabriciova burza vzdus$né vaky
C. galli provetrikulus - Wi GEEL), (EEie), (REm

et al. (2003b)
ileum, cékum, tlusté

C. meleagridis stfevo, kloaka, - Slavin (1955)
Fabriciova burza
cékum, tlusté strevo,

C. ornithophilus kloaka, Fabriciova - Holubova et al. (2020)
burza

C. proventriculi sgﬁ\tﬁgﬂfﬂlus a - Holubova et al. (2019)

Cryptosporldlum SP- provetrikulus - Chelladurai et al. (2016)

avian genotyp VI

Cryptosporidium sp. tenké stievo - Morgan et al. (2001)

duck genotyp

Cryptosporidium sp.

Euroasian woodcock provetrikulus - Ryan et al. (2003a)

genotyp
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3.2.5 Prenos infekce

Oocysty kryptosporidii jsou velmi odolné vici neptiznivym podminkdm vnéjSiho
prostiedi (Fayer 2007). Zejména v chladném a vlhkém prostiedi jsou schopné piezit
mnoho mésict (Fayer 2004). Navic bézné dezinfekéni prostiedky, zejména na bazi
chloru nejsou ucinné (Fayer 2004, Baldursson et Karanis 2011, Burnet et al. 2014).
V laboratornich podminkach byla testovana celd tada faktort, jako jsou nizké a
vysoké teploty, ultrafialové zéafeni, ozonizace a dezinfekce atd., ovliviujici
zivotaschopnost kryptosporidii (Anderson 1985, Robertson et al. 1992, Rhee et al.
1996, Slifko et al. 1997, Fayer et al. 1998, Jenkins et al. 2000, Walker et al. 2001,
Jenkins et al. 2003, Surl et al. 2003, Fayer 2004, Kva¢ et al. 2007a). Stézejnim
faktorem ovliviiujicim zivotaschopnost oocyst v prostfedi je teplota. Optimalni
teplota je 5-15 °C (Fayer et al. 1998), pii poklesu nebo vzestupu teploty dochazi v
dusledku rychlejsiho metabolismu ke zkracovani doby ptezivani v prostedi (Jenkins
et al. 2003, King et al. 2005). Expozice oocyst teplotam nad 55 °C zpusobuje rychlou
devitalizaci (Fayer 1994, Harp et al. 1996, Fujino et al. 2002, Neumayerova et
Koudela 2008).

Prestoze nékteré druhy Kryptosporidii infikuji i jiné organy a organové soustavy
nez travici trakt (kapitola 3.2.4), jsou oocysty primarné¢ vyluCovany z hostitele
trusem (Xiao 2010). Hostitelé mohou byt infikovani bud’ ptimo, tedy kontaktem
sinfikovanym jedincem (Ziegler et al. 2007, Feng 2010), nebo nepiimo,
kontaminovanou vodou ¢i potravou (Nyachuba 2010, Budu-Amoako et al. 2011).
Sponseller et al. (2014) popsal pienos prostiednictvim kapénkové infekce - inhalaci
oocyst kryptosporidii. Lindsay et Blagburn (1986) vroce 1986 popsali
experimentalni infekci kutat Cryptosporidium sp. ptes kloaku. Jakym zptisobem jsou
ptaci nejcastéji infikovani, neni znamo, ale predpoklada se, Ze stejné jako u lidi a
dalsich obratlovci pievlada infekce kontaminovanou potravou a vodou (Baldursson
et Karanis 2011).

Vzhledem k tomu, Ze je voda povazovana za nejcast&jsi zdroj oocyst
kryptosporidii, dalo by se ptfedpokladat, Ze vétSina druhli/genotypi kryptosporidii
parazitujicich u zvifat vdzanych na vodni prostfedi, bude detekovana v povrchovych
vodach. Zajimavé je, ze vétSina kryptosporidii ptakl, zvlast€é téch, které jsou

specifické pro vodni ptaky, nebyla v povrchovych vodach detekovana (Tabulka 2).
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Tabulka 2. Seznam druhi a genotypu kryptosporidii detekovanych v povrchovych
(PV) a odpadnich vodach (OV).
Cryptosporidium Typ Stat (reference)
spp. vod
AUS (Zahedi et al. 2020) ; BEL (Ehsan et al. 2015); CAN (Ruecker
et al. 2005, Wilkes et al. 2013); GBR (Mcevoy et al. 2005,
PV  Robinson et al. 2011); GRC (Ligda et al. 2020); CHN (Ma et al.
2019); IRN (Mahmoudi et al. 2015); JPN (Masago et al. 2006);
PRT (Lobo et al. 2009); ESP (Kishida et al. 2012)

C. andersoni

OV CHN (Liu et al. 2011, Ma et al. 2019); USA (Zhou et al. 2003)

. baileyi PV  GBR (Ruecker et al. 2005)

. bovis PV  AUS (Swaffer et al. 2014, Zahedi et al. 2020)

AUS (Bryan et al. 2009, Swaffer et al. 2014); IRN (Mahmoudi et

canis PV al. 2015)

. cuniculus PV  AUS (Bryan et al. 2009, Swaffer et al. 2014, Zahedi et al. 2020)

. fayeri PV AUS (Bryan et al. 2009, Swaffer et al. 2014)

000 O 0O

. fragile PV NGA (Falohun et al. 2021)

AUS (Bryan et al. 2009, Loganthan et al. 2012, Zahedi et al. 2020);
BEL (Ehsan et al. 2015); BRA (Araujo et al. 2011); CHN (Ma et al.

PV  2019); IRN (Mahmoudi et al. 2015); JPN (Masago et al. 2006);
PRT (Lobo et al. 2009); USA (Dreelin et al. 2014, Stokdyk et al.
2019)

C. hominis

OV USA (Zhou et al. 2003)

C. macropodum PV  AUS (Bryan et al. 2009, Zahedi et al. 2020)

C. meleagridis PV  BRA (Araujo et al. 2011)

AUS (Swaffer et al. 2014); ESP (Kishida et al. 2012); IRN
PV  (Mahmoudi et al. 2015); NGA (Falohun et al. 2021); PRT (Lobo et
al. 2009)
OV GRC (Spanakos et al. 2015); USA (Zhou et al. 2003)

C. muris

AUS (Ryan et al. 2005, Bryan et al. 2009, Loganthan et al. 2012,
Swaffer et al. 2014, Zahedi et al. 2020); BEL (Ehsan et al. 2015);
CAN (Budu-Amoako et al. 2011); GBR (Mcevoy et al. 2005,

PV  Robinson et al. 2011); HTI (Damiani et al. 2013); CHN (Ma et al.
2019); IRN (Mahmoudi et al. 2015); JPN (Masago et al. 2006);
NGA (Falohun et al. 2021); PRK (Bahk et al. 2018); PRT (Lobo et
al. 2009); USA (Dreelin et al. 2014, Stokdyk et al. 2019)

C. parvum

DEU (Ajonina et al. 2012); GRC (Spanakos et al. 2015); MYS,
OV PHL, THA (Kumar et al. 2016); ROU (Imre et al. 2017); TUR
(Aslan et al. 2012); USA (Zhou et al. 2003)

. ryanae PV  AUS (Swaffer et al. 2014); THA (Chuah et al. 2016)

. scrofarum PV  AUS (Ryan et al. 2005)

. suis PV  AUS (Ryan et al. 2005); BEL (Ehsan et al. 2015)

O 000

PV  AUS (Swaffer et al. 2014)

- tyzzen OV  USA (Zhou et al. 2003)

PV  AUS (Ryan et al. 2005, Bryan et al. 2009, Zahedi et al. 2020)
OV  CHN (Liu etal. 2011); USA (Zhou et al. 2003)

C. ubiquitum

C. xiaoi PV  AUS (Ryan et al. 2005, Zahedi et al. 2020)

ﬁfyptos?o”d'“m - pv  BEL (Ehsan etal. 2015)
orse genotyp

Cryptosporidium sp.

muskrat genotyp 1 a Il PV  CAN (Wilkes et al. 2013)

Cryptosporidium sp. - by, AN (Ruecker et al. 2005)
skunk genotyp

AUS: Australie; BEL: Belgie; BRA: Brazilie; CAN: Kanada; DEU: Némecko; CHN: Cina; ESP: Spanélsko;
GBR: Spojené kralovstvi Velka Britanie a Severniho Irska; GRC: Recko; HTI: Haiti; IRN: fran; JPN:
Japonsko; MYS: Malajsie; NGA: Nigérie; PHL: Filipiny; PRK: Korejska lidové demokraticka republika; PRT:
Portugalsko; ROU: Rumunsko; THA: Thajsko; TUR: Turecko; USA: Spojené staty americké
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3.2.6 Terapie a prevence

Dodnes neexistuje Zadna ucinnd 1écba nejen ptaci, ale obecné zadné kryptosporididzy
(Lindsay et Blagburn 1990, Fayer et Xiao 1997). V chovech ptaku se bézn¢ pouzivaji
na kryptosporidiozu antikokcidika samostatné nebo v kombinaci s Duokvinem
(dihydroquinoline antioxidant). Experimentalni studie ukazaly, ze podavani téchto
lé¢iv onemocnéni zpusobené C. baileyi neeliminuje, ani neslouzi jako preventivni
opatfeni (Lindsay et Blagburn 1990, Sréter et al. 1995). Dalsi preparaty,
oxytetracykliny, chlortetracykliny, aprolium a derivat pyrimidinu, nemély Zadny
efekt na respiratorni kryptosporididozu u krocant a pavi (Mason et Hartley 1980,
Glisson et al. 1984), stejn¢ tak preparat neomycin furazolidon nebyl G¢inny na
stievni kryptosporidiozu u kiepele virginského (Colinus virginianus) (Hoerr et al.
1986). U kufat byla studovana G¢innost 1é¢by kryptosporidiozy zptisobené C. baileyi,
zvlasté na redukci poctu oocyst pomoci huménnich 1é¢iv rekombinantniho
interleukinu-1 beta (hrIL-1 beta) a prostaglandinu, inhibitoru indomethacinu.
Parenterdlni aplikace tohoto ptipravku snizila vylu¢ovani oocyst o 6 %, ale
onemocnéni mélo stejny prabéh u skupiny kutat bez aplikace 1€¢iv a kutat 1écenych.
Nicméné pokud byl do krmiva ptidavan pripravek Indomethacin doslo ke snizeni
poctu vylucovanych oocyst 0 13,7 % a zkraceni doby infekce v porovnani s kontrolni
skupinou (Hornok et al. 1999). Nové¢jsi studie tykajici se antikryptosporidialni
profylaktické Gi¢innosti enrofloxacinu a paramomycinu ukazala 52%, respektive 62%
ucinnost (Sréter et al. 2002). VSeobecné se pii ptaci kryptosporididoze spoléha na

prevenci a zamezeni zaneseni infek¢nich oocyst z vnéjsiho prostiedi.

3.2.7 Hostitelska specifita kryptosporidii
Hostitelska specifita vyjadiuje schopnost parazita infikovat a dokoncit svlij vyvojovy
cyklus v jednom ¢i vice hostitelich. K zjisténi hostitelského spektra se vyuzivaji
experimenty, kdy se infekénimi oocystami kryptosporidii infikuji odlisné druhy
zvitat, nez ze kterych byla infekéni davka ziskana. Jestlize hostitel po uplynuti doby
nezbytné k dokonceni vyvojového cyklu za¢ne vyluovat oocysty, které jsou
geneticky shodné s oocystami z infekéni davky, lze povazovat daného hostitele za
vnimavého pro dany druh ¢i genotyp kryptosporidii.

V ramci rodu Cryptosporidium mizeme na zakladé hostitelského spektra rozdélit
druhy do dvou skupin. Do prvni skupiny, ktera je pocetné¢ malo zastoupena, fadime

druhy, které jsou pfirozené infekéni pro Siroké spektrum druht hostiteltt napfic
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riznymi tiidami a fady zivoc¢ichl. Mezi zastupce této skupiny patii C. parvum a C.
ubiquitum, C. baileyi a C. meleagridis (Tyzzer 1912, Slavin 1955, Li et al. 2014).
Zastupci druhé skupiny jsou hostitelsky uzce specializovani, a miizeme je rozd¢lit na
dve podskupiny. Do prvni podskupiny fadime druhy, u kterych je zndm pouze jediny
hostitel nebo hostitelé patfici do jednoho rodu. Ptikladem jsou C. suis, C. wrairi nebo
C. xiaoi (Tyzzer 1910, Vetterling et al. 1971, Current et al. 1986, Fayer et Santin
2009). Do druhé podskupiny fadime druhy, které infikuji SirSi spektrem hostitelt
v ramci fylogeneticky ptfibuznych roda. Piikladem takovychto kryptosporidii je C.
muris parazitujici u fady hlodavci nebo C. andersoni vyskytujici se u zastupcu
turovitych (Bovidae) a velbloudovitych (Camelidac) (Koudela et al. 1998, Ryan et al.
2003a, Kvac et al. 2007b, Kvag et al. 2008).

Hostitelska specifita ptacich kryptosporidii je blize popséna u jednotlivych druht
a genotypi v kapitole 3.2.8. Krom¢ hostitelsky specifickych kryptosporidii byly u
ptakt nalezeny i druhy, které jsou typické pro savce (Tabulka 3). Tyto pfipady
muzeme vysvétlit ndhodnym pozienim oocyst a u ptakl byla zachycena pouze pasdz

(Fayer et al. 2001, Xiao et al. 2007).

Tabulka 3. Sav¢i druhy kryptosporidii detekované u ptaka.
Typicky Ptadi hostitel

Druh hostitel (védeckeé jméno) Misto nalezu Reference
koroptev korunkata
Evropa Ng et al. (2006
C. andersoni skot (Rollulus r<3u|qu|) i ’ ( !
belbuif g soice Skotsko Wang et al. (2019)
(Cygnus cygnus)
. . alexandr maly o . ;
C. canis psi (Psittacula krameri) Jizni Amerika Ferrari et al. (2018)
vrubozobi Severni Amerika Santin et al. (2004)
C. hominis ¢lovék berneska Velka. USA Zhou et al. (2004)
(Branta canadensis)
lelkoun sovi . .
C s hlodave (Podargus strigoides) Asie Ng et al. (2006), Qi et al. (2014)
pstros dvouprsty Evropa Qi et al. (2014)

(Struthio camelus)
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Tabulka 3. Sav¢i druhy kryptosporidii detekované u ptakia (pokrac¢ovani).

Druh

Typicky
hostitel

Ptadi hostitel

(védecké jméno)

Misto nalezu

Reference

C. parvum

skot

alexandr maly
(Psittacula krameri)
papousicek (Forpus sp.)

dytik thorni

(Burhinus oedicnemus)
korela chocholata

(Nymphicus
hollandicus)

krahujec obecny
(Accipiter nisus)

kan¢ lesni
(Buteo buteo)
lunak hnédy

(Milvus migrans)

vcelojed lesni

(Pernis apivorus),

straka obecna
(Pica pica)

holub skalni

(Columba livia)

kur domaci

(Gallus gallus f.

domestica)

berneska velka
(Branta canadensis)

kur domaci

(Gallus gallus f.

domestica)
kriita domaci

(Meleagris gallopavo f.

domestica)

chuvicka japonska
(Lonchura striata

domestica)

berneska velka
(Branta canadensis)

kruta domaci

(Meleagris gallopavo f.

domestica)

Brazilie
Dubaj

Brazilie

Spanélsko

Brazilie

Iran

USA

Némecko

Brazilie

USA

USA
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Jamshidi et al. (2012)

Zylan et al. (2008)

Nakamura et al. (2009)

Diaz et al. (2015)

Graczyk et al. (1998), Zhou et al.
(2004), Zylan et al. (2008),
Mcevoy et Giddings (2009),

Nakamura et al. (2009), Gomes et

al. (2012), Helmy et al. (2017),
Oliveira et al. (2017a)

Shahbazi et al. (2020)

Graczyk et al. (1998)

Helmy et al. (2017)

Gomes et al. (2012)

Zhou et al. (2004)

Mcevoy et Giddings (2009)



3.2.8 Druhy a genotypy kryptosporidii infikujici ptaky
e Cryptosporidium meleagridis Slavin, 1955

Hostitelska specifita: Tato kryptosporidie neni specifickd pouze pro ptaky, ale
bézné se vyskytuje i u savcl véetné ¢lovéka (Wang et al. 2014). U ptaki byla infekce
zaznamenana u ptakd zfadu papouskl, pévcl, hrabavych, mékkozobych a
vrubozobych (Morgan et al. 2000c, Morgan et al. 2001, Ryan et al. 2003a, Huber et
al. 2007, Wang et al. 2012, Baroudi et al. 2013, Wang et al. 2014, Li et al. 2015a,
Maca et Pavlasek 2016). Diky experimentim bylo potvrzeno, ze C. meleagridis je
schopné infikovat velky okruh zvifat. Oocysty byly schopny infikovat brojlerova
kufata, kachny, kruty, telata, prasata, kraliky, krysy a mysi (O'donoghue 1985,
Akiyoshi et al. 2003, Darabus et Olariu 2003, Huang et al. 2003).

Lokalizace a patogenita: O detailech pribéhu infekce a lokalizaci vyvojovych
stadii se vi prekvapivé madlo. Experimentalnimi infekcemi kriit oocystami C.
meleagridis byla prokazana lokalizace vyvojovych stadii parazita v ileu, céku,
kolonu a Fabriciové burze (Bermudez et al. 1988). Onemocnéni je spojovano
s prijmy a hubnutim (Slavin 1955, Gharagozlou et al. 2006). Tacconi et al. (2001)
sledovali pribéh infekce u 30-denniho krocana a prokdzali nejvétSi mnozZstvi
vyvojovych stadii C. meleagridis na epitelialnich buiikach stfeva a Fabriciové burze.
U infikovanych kufat mé infekce za nasledek nepatrné zkraceni stievnich klka a
nepravidelny povrch vystelkové vrstvy (Akiyoshi et al. 2003).

Fylogeneticka analyza: Jesté na konci 20. stoleti byly izolaty C. meleagridis
ziskané z ¢loveéka povazovany za genotyp druhu C. parvum (Champliaud et al. 1998,
Sréter et Varga 2000). Na zakladé molekularnich analyz gent kodujicich SSU,
HSP70, COWP, aktin a gp60 u vzorkt pochazejicich z ruznych casti svéta bylo
prokazano, ze se jedna o samostatny druh (Xiao et al. 1999, Morgan et al. 2000b,
Sréter et al. 2000b, Sulaiman et al. 2000, Xiao et al. 2000, Morgan et al. 2001,
Sulaiman et al. 2002, Xiao et al. 2002, Leoni et al. 2006).

Morfologie a morfometrie oocyst: Oocysty jsou ovalného tvaru. Velikost oocyst
je 45-6,0 pm (pramér 5,2 um) x 4,2-5,3 um (pramér 5,3 pm) s pomerem délky a
sitky 1,00-1,33 um (Lindsay et al. 1989).

Vékova specifita: Studii, které by se zabyvaly v€kovou variabilitou je velmi
malo. Tamova et al. (2002) sledovali infekci u brojlerovych kutat infikovanych
V rizném veéku (7, 14 a 21 dni). Bez ohledu na vék, vsechna zvifata trpéla typickymi
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pfiznaky a infekce neméla pozdéji vliv na ubytek hmotnosti ani Umrtnost
sledovanych skupin ptakd.

Zoonoticky potencial: Vysledky mnoha studii potvrdily zoonoticky potencial C.
meleagridis, zejména u lidi, zijicich v blizkém kontaktu s chovanymi ptaky (Silverlas
et al. 2012, Widmer et al. 2015). Cryptosporidium meleagridis je tieti nejcastéji
detekovanou kryptosporidii u lidi (Mclauchlin et al. 2000, Morgan et al. 2000a,
Glaberman et al. 2001, Guyot et al. 2001, Pedraza-Diaz et al. 2001, Yagita et al.
2001, Enemark et al. 2002, Gatei et al. 2002, Tiangtip et Jongwutiwes 2002, Cama et
al. 2003, Gatei et al. 2003, Leoni et al. 2003, Matos et al. 2004, Xiao et al. 2004a,
Coupe et al. 2005, Gatei et al. 2006a, Gatei et al. 2006b, Muthusamy et al. 2006,
Wang et al. 2014). Cryptosporidium meleagridis se nevyskytuje pouze u
imunodeficitnich pacientt, ale i u imunokompetentnich jedincu (Leoni et al. 2006,
Chalmers et al. 2009, Elwin et al. 2011, Wang et al. 2014). V roce 2019 bylo C.
meleagridis prokazano v adenokarcinomu tlust¢ého stfeva v Polsku u
imunokompetentniho pacienta, coz prokazalo prvni dikaz vyvoje C. meleagridis v
rakovinotvorné tkani (Kopacz et al. 2019), kdy doposud byl diive prokazan vyssi
vyskyt C. parvum a C. hominis u pacientti s rakovinou tlustého stieva (Berahmat et
al. 2017).

e Cryptosporidium baileyi Current, 1986

Hostitelska specifita: Tato ptaci kryptosporidie byla nalezena u ptakd fadu
dlouhoktidlych  (Charadriiformes), hrabavych (Galliformes), kratkokiidlych
(Gruiformes), papousku (Psittaciformes), pévci (Passeriformes), pStrosi
(Struthioniformes), Splhavct (Piciformes), veslonohych (Pelecaniformes) a
vrubozobych (Anseriformes) (Lindsay et Blagburn 1990, Pavlasek 1993, Ryan et al.
2003a, Abe et Iseki 2004, Jellison et al. 2004, Kimura et al. 2004, Chvala et al.
2006).

Lokalizace a patogenita: Dle lokalizace se tento druh fadi mezi stfevni
kryptosporidie a jedna se o nejbéznéjsi kryptosporidii u ptakda (Fayer 2007).
Pfirozend infekce u ptakd byla lokalizovdna nejen ve stfevech, ale také ve
spojivkach, v nosohltanu, pridusnici, praduskach, vzdusnych wvacich, Fabriciové
burze, ledvinach a mo¢ovém traktu (Lindsay et al. 1987, Lindsay et Blagburn 1990,
Abbassi et al. 1999). Mnoho experimentalnich infekci provadénych na savcich
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zahrnujicich laboratorni mysi, kozy domaci, piskomily, potkany, morcata, kiecky a
prasata ukazalo, ze C. baileyi je infek¢ni pouze pro ptaky (Current et al. 1986,
Lindsay et al. 1986a, Lindsay et al. 1986b, Lindsay et al. 1987).

Vysoka mortalita zptisobena infekci dychaciho traktu parazitem C. baileyi byla
zaznamenana u brojlerovych kurat (Lindsay et Blagburn 1990). Infekce ve
spojivkach byla lokalizovana pfimo ve spojivkovém vaku. Ledviny po infekci C.
baileyi byly vyrazné oteklé a zapalené. Na povrchu byly viditelné moc¢ové krystaly a
pritomnost parazita byla potvrzena na histologickém vySetfeni. Studie rovnéz
ukézala subakutni intersticialni nefritidu, akutni zanét mocové trubice, kdy lokalizace
parazit byla na povrchu epitelialnich bunék ledvin (Abbassi et al. 1999).

Fylogeneticka analyza: Cryptosporidium baileyi na zakladé analyzy ¢asti gent
SSU rRNA, aktin a COWP se tadi mezi stfevni kryptosporidie, blizce ptibuzné
Cryptosporidium avian genotyp I a Il (Meireles et al. 2006) a C. avium (Holubova et
al. 2016), ale sekvence genu HSP70 klastruji spise k zalude¢nim kryptosporidiim
(Xiao et al. 2002).

Morfologie a morfometrie oocyst: Zivotaschopné oocysty maji velikost 6,0-7,5
um 4,8 pum X 5,7 um s pomérem délky a Sifky 1,05-1,79 um (Lindsay et al. 1989).

Vékova specifita: Prepatentni perioda je vyrazné krat§i a patentni perioda
vyrazné€ del$i u juvenilnich ptakt. Délka prepatentni periody u kufat rizného stafi je
3 dny, patentni perioda je od 4 do 24 dnd. Vékova variabilita u C. baileyi byla
pozorovana u kurat infikovanych ve véku 1 a 9 tydnt. Kurata infikovana v 1. tydnu
zivota vylucovala 3% vice oocyst nez kufata infikovana v 9 tydnech Zivota (Sréter et
al. 1995, Sréter et Varga 2000).

Zoonoticky potencial: V roce 1991 Ditrich et al. (1991) popsali ptirozenou
infekci C. baileyi u imunodeficitniho pacienta. Nicméné s ohledem na absenci
genotypizace nelze z pohledu dnesnich znalosti spolehlivé potvrdit, ze se skutecné
jednalo o druh C. baileyi. V Polsku byl zaznamenan ptipad nezhoubného nadoru
Vv plicich 51 leté Zeny. Mikroskopické a molekularni vySetieni tkdné a tekutiny
z okoli nadoru prokazalo ptitomnost oocyst, respektive specifické DNA C. baileyi
(Kopacz et al. 2020).
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e Cryptosporidium galli Pavlasek, 1999

Hostitelska specifita: Jedna se o zalude¢ni kryptosporidii infikujici
proventrikulus svého ptaciho hostitele. Hostitelské spektrum je velmi $iroké, infikuje
ptaky ztadi hrabavych (Galliformes), papouskd (Psittaciformes), pévcl
(Passeriformes), plamenaku (Phoenicopteriformes) a zoborozct (Bucerotiformes)
(Mathis et al. 1999, Pavlasek 2001, Ryan et al. 2003a, Ng et al. 2006).

Lokalizace a patogenita: Infekce je doprovazena klinickymi pfiznaky a vysokou
mortalitou. V mnoha pfipadech uhynuli infikovani ptici po nastupu prijmui
(Blagburn et al. 1990, Mathis et al. 1999, Morgan et al. 2001, Pavlasek 2001).
Histologické nalezy ukazuji hyperplazii epitelovych bunck proventrikularnich zlaz
svelkym poctem vyvojovych stadii kryptosporidii, které jsou soustiedény na
povrchu epitelialnich bun¢k (Morgan et al. 2001). Prepatentni ani patentni perioda
neni znama.

Fylogeneticka analyza: Na zaklad¢ fylogenetickych analyz spada C. galli do
vétve zaludeCnich kryptosporidii blizce ptibuznych se skupinou genotypt
Cryptosporidium sp. finch genotyp I-111 (Morgan et al. 2001) a Cryptosporidium sp.
avian genotyp VI (Chelladurai et al. 2016).

Morfologie a morfometrie oocyst: Oocysty jsou elipsovitého tvaru. Uvnitf
oocysty je sférické zbytkové télisko o velikosti 3,6-4,0 um, 3 zbytkova granula a 4
sporozoiti ve tvaru banant. Velikost oocyst je 8,0-8,5 um (pramér 8,25 um) x 6,2—
6,4 um (pramer 6,3 um) s pomérem délky a $itky 1,30 um (Mathis et al. 1999, Ryan
et al. 2003b).

Vékova specifita: Pomoci experimentalni studie bylo prokazano, ze 9denni
kutata se nakazi C. galli, kdezto 40denni kuftata nikoli (Ryan et al. 2003b).

Zoonoticky potencial: Cryptosporidium galli neni infekéni pro ¢lovéka.

e Cryptosporidium avium Holubova, Sak, Horc¢i¢kova, Hlaskova, Kvétonova,
Menchaca, McEvoy & Kvaé, 2016
Diive znamo jako Cryptosporidium sp. avian genotyp V. Tento druh byl popsan

jako platny druh rodu Cryptosporidium v ramci této disertacni prace (pFiloha II).
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e Cryptosporidium proventriculi Holubova, Zikmundova, Limpouchova, Sak,
Konecny, Hlaskova, Rajsky, Kopacz, McEvoy & Kvac, 2019
Diive znamo jako Cryptosporidium sp. avian genotyp Ill. Tento druh byl popsan

jako platny druh rodu Cryptosporidium v ramci této disertacni prace (pFiloha V).

e Cryptosporidium ornithophilus Holubova, Tumova, Sak, Hejzlarova,
Konecny, John McEvoy & Kvac, 2020
Diive znamo jako Cryptosporidium sp. avian genotyp Il. Tento druh byl popsan

jako platny druh rodu Cryptosporidium v ramci této disertacni prace (pFiloha VI).

e Cryptosporidium sp. avian genotyp |

Tento genotyp byl nalezen u kanara divokého (Serinus canaria) (Ng et al. 2006) a
pava korunkatého (Pavo cristatus) (Nakamura et al. 2009). Jedna se o stfevni
kryptosporidii, ktera je fylogeneticky ptibuznda s C. avium, C. baileyi a
Cryptosporidium sp. avian genotyp Il. Zadné dalsi blizsi biologické nebo

molekularni charakteristiky nejsou znamy.

e Cryptosporidium sp. avian genotyp 1V

Tento genotyp je fylogeneticky nejpiibuznéjsi k C. galli a na zakladé¢
fylogenetickych analyz se ptedpoklada, ze se jedna o kryptosporidii s lokalizaci
v zaludku. Oocysty jsou velikostné identické s oocystami C. galli (8,3 x 6,3 um;
Ryan et al. 2003a).

e Cryptosporidium sp. avian genotyp VI
Vice informaci o tomto genotypu je uvedeno Vv ptilozené publikaci, ktera vznikla

za spoluprace s kolegy North Dakota State University, ND, USA (pfiloha I).

e Cryptosporidium sp. avian genotyp VII-1X
Tyto tf1 genotypy byly nalezeny v Némecku u krocanli a kufat. Dle
fylogenetického zarazeni se jedna o stfevni kryptosporidie (Didier et Weiss 2011).

Z4dné dalsi bliz§i biologické nebo molekularni charakteristiky nejsou znamy.
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e Cryptosporidium sp. Eurasian woodcock genotyp

Oocysty Cryptosporidium Eurasian woodcock genotyp (8,5 x 6,4 um) se
velikostné podobaji C. galli, nicméné strukturou, tvarem a velikosti granuli v
oocystach se lisi. Histologické vySetfeni zazivaciho traktu ptirozené infikované sluky
prokazalo piritomnost vyvojovych stadii pouze v proventrikulu. Genotyp byl odliSen
od ostatnich zastupct rodu Cryptosporidium na genech kodujich SSU, GP60, aktin a
HSP70 (Ryan et al. 2003a, Ng et al. 2006).

e Cryptosporidium sp. duck genotyp I, 11 a llb

Cryptosporidium duck genotyp byl detekovan u kachny ¢erné (Anas rubripes) a
husy kanadské (Branta canadensis) (Morgan et al. 2001, Jellison et al. 2004, Zhou et
al. 2004). Fylogenetickd analyza SSU ukazala jeho blizkou pftibuznost s
Cryptosporidium sp. goose genotyp | a Il. Cryptosporidium duck genotyp Ilb byl
nalezen u vodnich ptakd v severnim Spanélsku (Cano et al. 2016). Zadné dalsi blizsi

biologické nebo molekularni charakteristiky nejsou znamy.

e Cryptosporidium sp. goose genotyp I-1V, Id

Cryptosporidium goose genotyp I a II byly nejcastéji identifikovany ve vzorcich
trusu husy kanadské, coz naznacuje uzkou vazbu na daného hostitele (Morgan et al.
2001). Fylogeneticka analyza prokazala podobnost s Cryptosporidium sp. duck
genotyp | (Zhou et al. 2004). Cryptosporidium goose genotyp Id byl nalezen u
vodnich ptakt v severnim Spanélsku (Cano et al. 2016). Zadné dalsi blizsi biologické

nebo molekuldrni charakteristiky nejsou znamy.

e Cryptosporidium sp. finch genotyp I-I11
Tyto genotypy byly detekovany u amadiny Gouldové (Erythrura gouldiae).
Fylogeneticky jsou tyto genotypy tzce ptibuzné C. galli a patii mezi zalude¢ni

kryptosporidie (Morgan et al. 2000c).

¢ DalSi genotypy kryptosporidii ptaku
Cryptosporidium genotyp oznaceny YS-2017 byl nalezen u pustika hnédého (Strix
leptogrammica) a pustika teckovaného (Strix seloputo) v Japonsku. Je fylogeneticky

blizce ptibuzny s C. avium a Cryptosporidium sp. avian genotyp II, jedna se tedy o
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sttevni kryptosporidii. Velikost oocyst tohoto genotypu je 540 x 4,13 um. Dle
zdznamu zpusobuje tento genotyp klinické onemocnéni charakterizované prijmy,
dehydrataci a zvracenim (Makino et al. 2018). Gomes et al. (2012) nalezli u kanara
divokého (Serinus canarius) dosud nepopsané genotypy, které byly pracovné
nazvany canary | a Il (GUO074388-89) a dalsi novy genotyp Jawa sparrow
(GU074390) u chivicky japonské (Lonchura striata domestica). Vsechny tyto
genotypy patii mezi stfevni kryptosporidie a jsou fylogeneticky piibuzné s C.

parvum a C. meleagridis.
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4. KOMENTAR K VYSLEDKUM

Veskeré ziskané vysledky (obrazky, grafy, tabulky), pouzity materidl a metody je

mozné nalézt v ptilozenych publikacich.

4.1Vyskyt a diverzita kryptosporidii

V ramci doktorského studia bylo ziskano a vySetfeno 4740 vzorki trusu ptakt z 25
fadt a 176 rodt z9 zemi (Tabulka 4). Z toho 2928 vzorki pochézelo z Ceské
republiky, 301 ze Slovenska, 732 z Chorvatska, 25 z Polska, 90 z Jihoafrické
republiky, 238 z Nového Zélandu, 11 ze Spojenych arabskych emiratt, 345
z Alzirska a 70 z USA. Celkovy pocet pozitivnich vzorkl ptakli na kryptosporidie
byl 255 (5,4 %). Tento vysledek odpovida praimémé promotenosti volné Zzijicich
ptakt 3,96 % (1945/49129, 95 % CI: 3,79-4,13; Wang et al. 2021).

Tabulka 4. Pocet vySetfenych a na kryptosporidie pozitivnich ptakl v ramci vSech

provedenych studii, které jsou podkladem pro tuto praci.

Rad Rod [Pocet. Pocet
vySetfenych pozitivnich
Accipiter (2), Aquila (1), Buteo (3), Cardinalis (1),
Accipitriformes Circaetus (1), Circus (2), Haliaeetus (5), 19 0

Milvus (1), Neophron (1), Pernis (2)
Alopochen (1), Anas (584), Anser (514), Branta

Anseriformes (2), Cairina (2), Cyanochen (1), Cygnus (25), 1134 118
Mareca (1), Somateria (1) Spatula (2), Tadorna (1)

Apodiformes Apus (3) 3 0
Apterygiformes Apteryx (23) 23 0
Bucerotiformes Bycanistes (1) 1 0
Casuariiformes Dromaius (8) 8 0

Ciconiiformes Ciconia (33), Leptoptilos (2) 35 0

Coliiformes Colius (5) 5 0

. Columba (793), Gallicolumba (1), Chalcophaps
Columbiformes (1), Ocyphaps (1), Streptopelia (5) 801 20

Coraciiformes Coracias (1), Dacelo (1), Alcedo (29) 31 0

Cuculiformes Centropus (1) 1 0
Falconiformes Falco (9) 9 1

Bonasa (1), Catreus (2), Colinus (1),
Coturnix (13), Crossoptilon (1), Gallus (291),

Galliformes Chrysolophus (1), Lophophorus (1), Lophura (1), 411 29
Meleagris (39), Numida (2), Pauxi (2), Pavo (19)
Phasianus (18), Tetrao (18), Tragopan (1)
Anthropoides (1), Fulica (1), Balearica (4),
Grus (1), Porphyrio (62), Porzana (1)
Actitis (6), Burhinus (1), Calidris (42)
Charadriiformes Gallinago (4), Charadrius (4), 127 0
Chroicocephalus (64), Tringa (6)

Gruiformes 70 0
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Tabulka 4. Pocet vysetfenych a na kryptosporidie pozitivnich ptakl v ramci vSech

provedenych studii, které¢ jsou podkladem pro tuto praci (pokracovani).

Rad

Rod

Musophagiformes

Passeriformes

Pelecaniformes
Phoenicopteriformes

Piciformes

Psittaciformes

Sphenisciformes
Strigiformes

Struthioniformes

Tauraco (1)
Acridotheres (1),

Acrocephalus (294), Aegithalos (1), Agelaius (70),
Amadina (9), Andropadus (2), Campanula (2),
Caprimulgus (33), Carduelis (70), Cettia (11),
Coccothraustes (1), Corvus (9), Cossypha (2),

Creatophora (1), Crithagra (2), Cyanecula (19),
Cyanistes (28), Cyanomitra (2), Erithacus (28),
Erythrura (15), Euplectes (1), Fringilla (7),
Garrulus (2), Hippolais (3), Hirundo (158),
Chloris (1), Lagonosticta (1), Lamprotornis (3),
Laniarius (1), Lanius (2), Locustella (8),
Lonchura (5), Motacilla (7), Muscicapa (2),
Oenanthe (1), Onychognathus (1), Paroaria (3),
Parus (143), Passer (14), Phoenicurus (1)
Phylloscopus (23), Plocepasser (5), Ploceus (14)
Prinia (2), Prunella (11), Pycnonotus (6),
Pyrrhula (1), Riparia (3), Saxicola (3),
Serinus (63), Sigelus (2), Sitta (11),
Spinus (2), Sturnus (7), Sylvia (96), Sylvietta (1),
Taeniopygia (13), Tragopan (3), Turdus (12),
Uraeginthus (2), Urolestes (1), Zosterops (5)
Bubulcus (1), Ixobrychus (1), Pelecanus (1),

Plegadis (1), Scopus (1)

Phoenicopterus (2)

Dryocopus (1), Indicator (1), Lybius (1),
Pogoniulus (1), Trachyphonus (1)
Cyanoramphus (28), Psittacula (8), Psittacus (18),
Agapornis (52), Alisterus (8), Amazona (5),
Aprosmictus (2), ara (7), aratinga (1), arini (3),
Barnardius (2), Cacatua (5), Deroptyus (2),
Eclectus (9), Lathamus (1), Melopsittacus (101),
Neophema (2), Neopsephotus (1), Nestor (31),
Nymphicus (130), Platycercus (16), Poicephalus

(44),

Polytelis (4), Psephotus (7), Pyrrhura (2)

Spheniscus (1)

Aegolius (1), Asio (3), Athene (1),
Bubo (5), Glaucidium (2), Ninox (6), Otus (15),

Surnia (1), Tyto (4)
Struthio (271)

Celkem

Pocet Pocet
vySetirenych pozitivnich
1 0
1250 44
5 0
2 0
5 0
489 27

1 0
38 0
271 16
4740 255

Procento infikovanych ptaka se napfi¢ riznymi studiemi a v€kovymi kategoriemi

pohybuje od 0 do 100 % (Curtiss et al. 2015, lijima et al. 2018, Wang et al. 2021).

Velky rozptyl jak v publikovanych, tak nasich vysledcich mtize byt ovlivnén fadou

faktor. Castou pii¢inou muze byt zptisob vypoétu prevalence z riizné velkych

skupin vySetfovanych jedincli. Pomérné Casto jsou publikovany vysledky, které jsou
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ziskany pouze z malého vzorku jedincl, nékdy pouze z jednoho jedince (Nakagun et
al. 2017, Oliveira et al. 2017b, Seixas et al. 2019). Také vypocet prevalence z jiz
predem vybrané skupiny, napfiklad ptaka trpicich klinickym onemocnénim,
vyraznym zpusobem zkresluje vysledky (Curtiss et al. 2015, Makino et al. 2018).
Této chybé jsme se v nasi praci snazili vyhnout, i kdyz z nékterych zastupcti se ndim
nepodafilo ziskat reprezentativni pocet vzorku.

Druhym, velmi dalezitym faktorem je hostitelska specifita jednotlivych druhii a
genotypil kryptosporidii. V rdmci nami provedenych studii jsme nejcastéji detekovali
C. baileyi (65/4740; 1,4 %), C. proventriculi (35/4740; 0,7 %) a Cryptosporidium sp.
goose genotyp Id (33/4740; 0,7 %). Naopak nejméné¢ cCasto byl detekovan
Cryptosporidium sp. avian genotyp | (2/4740; 0,04 %). Ptehled vSech nalezenych
druhid a genotypt je piehledné popsan v Tabulce 5. Zatimco druh C. baileyi, ktery
byl v ramci nasich studii detekovan u 15 druhd ptakt patiicich do 13 rodt v ramci 9
Celedi ze 7 tada (hrabavych, mékkozobych, papouski, pévcl, pstrosi, vrubozobych a
sokolil) a celosvétoveé dale také u dravcei a sov (Ng et al. 2006, Nakamura et al. 2009,
Qi et al. 2011, Seva Ada et al. 2011, Baroudi et al. 2013, Li et al. 2015a, Maca et
Pavlasek 2016, Wang et al. 2021), Cryptosporidium sp. avian genotyp | se zda byt
hostitelsky adaptovan pouze na kanara divokého (Serinus canaria), coz se shoduje
jak s nasimi vysledky prace, tak se studiemi ve svété (Ng et al. 2006, Camargo et al.
2018). Obdobn¢ tomu je u Cryptosporidium avian genotypu VI, ktery byl nalezen
vramci této prace pouze u vlhoveu cCervenokiidlych (Agelaius phoeniceus)
(Chelladurai et al. 2016). U kachny divoké (Anas platyrhynchos) jsme popsali izolat,
ktery nebyl doposud popsan a v brzké dobé bude opublikovan jako novy ptaci

genotyp.
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Tabulka 5. Piehled nalezenych druhti a genotypt kryptosporidii u vysetfenych

ptaku.
Hostitel (védecké jméno)  Zemé Druh/genotyp (pocet zachyti) Publikace
amada Gouldové . o
(Erythrura gouldiae) POL C.qgalli(2) Piiloha V
amadina paskovana . Dosud
(Amadina fasciata) ZAF - C.qalli (1) nepublikovano
andulka vinkovana . ) . »
(Melopsittacus undulatus) CZE C.avium (1); C. baileyi (2) Ptiloha V
¢izek lesni - Dosud
(Spinus spinus) CZE  C. baileyi (1) nepublikovano
¢izek mexicky CZE C. baileyi (1) Priloha V
(Spinus psaltria) POL C.galli(2) Priloha V
drozd zp&vny . Dosud
(Turdus philomelos) CZE  C.galli (1) nepublikovano
C. meleagridis (6); C. muris (2); Dosud
R CZE C. ornithophilus (2); C. parvum (4); .,
holub domaci iy - nepublikovano
L C. baileyi (2); C. galli (1)
(Columba livia) Dosud
SVK C. andersoni (2); C. meleagridis (1) nepublikovéno
2 C. parvum (1); C. baileyi (2);
husa bila . CZE goose genotyp Id (19); Dosud =~
(Anser anser f. domestica) nepublikovano
duck genotyp (6)
DZA C. meleagridis (1) Priloha IIT
husa velka (Anser anser) C. parvum (1); goose genotyp Id (14), Dosud
CZE o
goose genotyp (5) nepublikovano
DZA C. baileyi (1)
kachna divoka C. proventriculi (14); C. avium (6); Piilohy 11 IV
(Anas platyrhynchos) CZE C. baileyi (13); duck genotyp (14); AV y i
novy izolat (16)
kachna domaci
(Anas  platyrhynchos CZE C. baileyi (5) 2Ies
d ' nepublikovano
domestica)
kakariki rudocely
(Cyanoramphus CZE C.avium (2) Ptilohy Il a V
novaezelandiae)
kandr  divoky — (Serinus o0 ouian genotyp 1 (2) Piiloha V
canaria)
korela chocholata CZE C. baileyi (2); C. proventriculi (13) Ptiloha V
(Nymphicus hollandicus) SVK C. proventriculi (2) Ptiloha V
krita domaci
2 Eeere . DZA C. meleagridis (2) Ptiloha IIT
gallopavo f. domestic
a)
1ur domaci DZA C. baileyi (12); C. meleagridis (11) F[;régéa 1
(Gallus gallus f. domesticus) CZE  C.suis (1) nepublikovéno
mlynaftik dlouhoocasy . Dosud
(Aegithalos caudatus) Cze  C.belan () nepublikovano
papousek konzsky P o
(Poicephalus gulielmi) CZE C. proventriculi (2) Priloha V
Papousik ruzohrdly CZE C. proventriculi (2) Priloha V
(Agapornis roseicollis) SVK C. proventriculi (1) Ptiloha V
pév korunkaty Dosud
(Pavo cristatus) POL C. baileyi (3) nepublikovéno
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Tabulka 5. Pehled nalezenych druhti a genotypt kryptosporidii u vysetienych ptaka

(pokracovani).

Hostitel (védecké jméno) Zemé Druh/genotyp (pocet zachyti) Publikace
pénkava obecna . Dosud
(Fringilla coelebs) tZ8 Gl nepublikovano
pitros dvouprsty DZA C. baileyi (4) Piiloha IIT
(Struthio camelus) CZE C ornlzgg)phllus (7); C. ubiquitum XIla Piiloha VI
sokol st¢hovavy S Dosud

(Falco peregrinus) ) nepublikovano
sykora kotiadra S . . Dosud

(Parus major) CZE  C.baileyi (11); C. galli (5) nepublikovano
sykora modiinka A Dosud
(Cyanistes caeruleus) CZE ol ) nepublikovano
vlhovec ¢ervenokiidly . ) . o

(Agelaius phoeniceus) USA avian genotyp VI (11); C. galli (1) Piiloha I
el S POL  C.galli (1) Pfiloha V

(Taeniopygia guttata) 5
ARE: Spojené¢ arabské emiraty; CZE: Ceska republika; DZA: Alzirsko; POL: Polsko; SVK:
Slovensko; USA: Spojené staty americké

4.2 Biologicka a molekularni charakterizace novych druha a

genotypu kryptosporidii

4.2.1 Morfologie a morfometrie oocyst pta¢ich kryptosporidii

Ackoli morfologie a morfometrie oocyst je jednou ze zakladnich podminek pro popis
nového druhu, nejsou tyto udaje spolehlivym diagnostickym znakem a pro
identifikaci druhu a genotypu kryptosporidii a vzdy je nezbytna molekularni
charakterizace. Mikroskopicky je od sebe mozné odlisit druhy parazitujici v zaludku,
Které maji obecné vétsi, ovalné oocysty, od druhii s vyvojem ve stieve, které maji
mensi okrouhlé oocysty. Také v ramci jednotlivych fylogenetickych linii existuji
vyznamné rozdily. Oocysty C. galli (zalude¢ni druh) jsou mnohem vétsi nez oocysty
sttevniho druhu C. ornithophilus (Tabulka 6), ale v ramci stfevnich kryptosporidii
nelze od sebe odlisit oocysty C. ornithophilus, C. avium a C. baileyi (Holubova et al.
2020). Cryptosporidium meleagridis ma morfometricky identické oocysty s druhem
C. parvum, za ktery bylo ¢asto v minulosti zaménovano a ktery byl v né€kolika
ptipadech u ptaki detekovan (Graczyk et al. 1998, Champliaud et al. 1998, Sréter et
Varga 2000, Zhou et al. 2004, Zylan et al. 2008, Mcevoy et Giddings 2009,
Nakamura et al. 2009, Gomes et al. 2012, Helmy et al. 2017, Oliveira et al. 2017b).
Piestoze je velikost oocyst C. meleagridis vyrazné¢ mens$i nez u ostatnich ptacich

kryptosporidii parazitujicich ve stieve, skute€né vyuZiti rozdil mezi druhy pfi jejich
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diferenciaci je velmi omezené. Obdobné¢ je tomu i u v rdmci linie Zalude¢nich
kryptosporidii. Oocysty C. galli mohou byt zaménény s oocystami Cryptosporidium
avian genotyp 1V a Cryptosporidium Eurasian woodcock genotyp. PtestoZze vSechny
zminéné kryptosporidie maji oocysty vétsi nez C. proventriculi, rozdil ve velikosti

neni prakticky vyuZzitelny pro rozliSeni pomoci rutinni svételné mikroskopie.

Tabulka 6. Prehled ptacich druhi kryptosporidii, u kterych je znama velikost

oocyst.
Velikost oocyst (um) . .
Druh ~ T Hostitel Citace
Délka Sirka
C. avium* 63(53-69) x 49 (43-55) Kakariki rudotely Hohzg%;%;t al.
o . Current et al.
C. baileyi 6,3(6,0-7,2) x 5,2(4,8-54) kur domaci (1986)
C. galli 8,25(8,0-8,5) x 6,3(6,2—6,4) kur domaci Pavlasek (1999)
C. meleagridis 52(4,5-6,0) x 4,6(4,2-5,3) kriita domaci Slavin (1955)

C. ornithophilus* 6,1(52-68) x 52 (4,7-55) pitros dvouprsty Holubova et al.

(2020)
R . Holubova et al.
C. proventriculi 7,35(6,7-8,4) x 5,7(51-6,3) korela chocholata (2019)
Cryptosporidium 895 6.3 kruhooc¢ko Ryan et al.
avian genotyp 1V ' % ' japonské (2003a)
Cryptosporidium
. . Ryan et al.
Eurasian woodcock 8,5 x 6,4 sluka lesni (2003a)

genotyp

* druhy popsané v ramci disertacni prace

Cryptosporidium avium

Oocysty C. avium pochazejici z prirozen¢ infikovanych papouskt (kakariki
rudoCely) byly morfometricky shodné s oocystami, které byly ziskany =z
experimentaln¢ infikovanych slepic a které métily 5,30-6,90 um (pramér = 6,26 pum)
x 4,30-5,50 um (pramér = 4,86 um) a indexu tvaru 1,29 (1,14-1,47). Oocysty C.
avium nelze morfometricky odlisit od oocyst dalSich ptacich druhti a genotypu
kryptosporidii jako naptiklad C. baileyi a C. ornithophilus (Meireles et al. 2006, Ng
et al. 2006, Qi et al. 2011, Holubova et al. 2016). Podrobny popis a fotodokumentace

oocyst C. avium je v priloze II.
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Cryptosporidium proventriculi

Oocysty C. proventriculi jsou z hostitele vyluCovany vysporulované a obsahuji 4
sporozoity a rezidualni télisko. Velikost oocyst ziskanych z pfirozen¢ infikovanych
korel [6,70-8,40 um (primér + SD = 7,35 + 0,41 um) x 5,10-6,30 um (pramér = SD
=5,70 + 0,32 um) s pomérem mezi délkou a Sitkou 1,08—1,41 (primér + SD = 1,23 £
0,11)] se nelisila od oocyst ziskanych z experimentalné infikovanych korel, u kterych
méfily oocysty 6,60-8,40 um (primér £ SD = 7,37 £ 0,44 um) x 5,00-6,40 pum
(pramér = SD = 5,80 + 0,35 um) s pomérem mezi délkou a Sitkou 1,06-1,43 (pramér
+ SD = 1,25 £ 0,10). Oocysty C. proventriculi jsou vétsi nez oocysty C. avium a C.
baileyi (P < 0,001) a nepatrné mensi nez oocysty C. galli. Podrobny popis a
fotodokumentace oocyst C. proventriculi je v pFiloze V.

Cryptosporidium ornithophilus

Oocysty z ptirozené infikovanych pstrost méfily 5,24-6,77 um (pramér + SD = 6,13
+ 0,35 um) x 4,68-5,5 pm (pramér + SD = 5,15 + 0,24 um) s pomérem délky k Sifce
1,06-1,36 (pramér £ SD = 1,19 £ 0,08) a shodovaly se velikosti S oocystami
ziskanymi z experimentalné infikovanych kufat, housat a korel. Velikost oocyst C.
ornithophilus ziskanych v ramci disertaéni prace (6,1x5,1 pum) byla srovnatelna
s vysledky uvefejnénymi ve studiich Santos et al. (2004) a Meireles et al. (2006), kde
oocysty meéfily 6,0x4,8 pum. Podrobny popis a fotodokumentace oocyst C.

ornithophilus je v p¥iloze VI.

4.2.2 Hostitelska a tkanova specifita ptacich kryptosporidii
Studie o prabéhu kryptosporidiovych infekci a hostitelské a tkanové specifité jsou
Casto chybgjici ¢asti biologické charakteristiky kryptosporidii, a to nejenom u druhd
infikujicich ptaky (Vetterling et al. 1971, Iseki 1979, Pavlasek et al. 1995, Fayer et
al. 2001, Ryan et al. 2003b, Fayer et al. 2005, Sitja-Bobadilla et al. 2006, Fayer et al.
2008, Jirku et al. 2008, Power et Ryan 2008, Ryan et al. 2008, Fayer et Santin 2009,
Fayer et al. 2010, Robinson et al. 2010, Traversa 2010, Elwin et al. 2012, Kvac et al.
2013a, Kvac et al. 2014a, Li et al. 2015b, Ryan et Hijjawi 2015, Holubova et al.
2016, Chelladurai et al. 2016, Jezkova et al. 2016, Zahedi et al. 2017, Condlova et al.
2018, Kvac et al. 2018, Holubova et al. 2019, Horc¢ickova et al. 2019, Jezkova et al.
2021b, Zahedi et al. 2021).

Morfologie a morfometrie dalSich stadii zivotniho cyklu a variabilita v ramci

zivotniho cyklu (napf. dalsi vyvojova stadia — merogonie), stejné jako urceni
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predilekéniho mista infekce muze poskytnout cenné informace pro odliSeni
jednotlivych druhti (Holubova et al. 2020, Jezkova et al. 2021a). Tento pfistup vSak
vyzaduje velké usili zahrnujici podrobné zkoumani kazdého hostitele z hlediska
infikovanych tkani a naslednou ¢asové a finanéné naro¢nou analyzu pomoci riznych
typtt barveni, histologické zpracovani tkéni a elektronovou mikroskopii. Zminény
pfistup je pro béznou diagnostiku neprakticky a dalo by se fict i nepouzitelny, ale pro
popis novych druht je tento postup nezbytny (Kvaé et al. 2014a, Jezkova et al.
2021Db).

Vysledky fady studii provedenych nejen na ptacich ukazaly, ze jednotlivé druhy, a
samoziejm¢ 1 genotypy kryptosporidii jsou charakterizovany uzkou tkanovou
specifitou. Vyvoj piislusného druhu kryptosporidie je vétSinou vazan na jedno
konkrétni predilekéni misto infekce (Lindsay et al. 2000, Ryan et al. 2008, Kva¢ et
al. 2014a, Kvac et al. 2018, Holubova et al. 2020). Znalost mista infekce spolu
s morfologickou charakterizaci oocyst muze byt velmi uzite¢nd pii determinaci
druhu/genotypu. Nicméné lze najit fadu piipadi, kdy se morfologie oocyst a
lokalizace infekce mezi jednotlivymi druhy ptekryva. Ptikladem mize byt C.
ornithosphilus, které se vyskytuje ve slepém stievé stejné jako C. avium (Holubova
et al. 2016, Holubova et al. 2020). V tenkém stfevé nékterych hlodavcu, konkrétné v
jejunu a ileu, byly lokalizovany druhy C. ditrichi a C. alticolis (Condlova et al. 2018,
Hor¢ickova et al. 2019). V tenkém stievé prasat lze nalézt C. scrofarum a C. parvum
(Kvac et al. 2013a, Li et al. 2013). V tlustém stievé potkant se vyskytuje nejen C.
occultus, ale vyjime¢né také C. meleagridis (Kimura et al. 2007, Kvag¢ et al. 2013a,
Kvac et al. 2018).

Na zdklad¢ naSich experimentd jsme mohli urcit tkanovou specifitu u nami
popsanych druhd. Cryptosporidium ornithophilus infikuje slepé a tlusté stfevo, a
Fabriciovu burzu, C. avium bylo nalezeno vtenkém a slepém stievé, ale také
ledvinach a mocovodech a C. proventriculi bylo nalezeno v proventrikulu a
ventrikulu.

Dalsi, nemén¢ vyznamnou biologickou vlastnosti jednotlivych druhli a genotypt
kryptosporidii je jejich hostitelska specifita (Sréter et al. 2000a, Li et al. 2016,
Holubova et al. 2018, Widmer et al. 2020). Na zaklad¢ experimentalnich infekci,
které jsou podrobné rozepsané Vv publikacich v pFiloze Il. a IV. bylo prokazéano, ze
C. avium ziskané z kakarikiho rudocelého pattficiho do fadu papouskovitych, je
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infekéni pro kur domaci (Gallus gallus f. domestica) z fadu hrabavych, kachnu
domaci (Anas platyrhynchos f. domestica) patfici do tadu vrubozobych, ale
prekvapivé neinfekéni pro bazanta obecného (Phasianus colchicus). Vnimavost kura
domaciho k infekci C. avium byla popsana jiz v roce 2014 u brojlerovych kutat v
Cing (Wang et al. 2014). Oproti C. meleagridis, u kterého byla popsana infektivita
pro savce véetné mysi, potkant, kralikd, skotu a ¢loveéka (Pedraza-Diaz et al. 2001,
Cama et al. 2003, Darabus et Olariu 2003, Xiao et al. 2004a, Elwin et al. 2012),
nebyla infekce C. avium popsana u jinych nez ptacich hostiteld. V piipadé C.
proventriculi jsme na zaklad¢ experimentl zjistili, ze tento druh je infekéni pro
korelu chocholatou z fadu papouskd, nikoliv v8ak andulku vinkovanou, ktera také
patii mezi papousky. Dale C. proventriculi, které bylo detekovano u fady zastupct
fadu papousku, pévct, $plhavet, a vrubozobych (Nakamura et Meireles 2015, Cano
et al. 2016, Ferrari et al. 2018, Silva Novaes et al. 2018) neni infek¢ni pro kutata a
SCID mysi (pFiloha V). Diky provedenym experimentim jsme dale zjistili, ze C.
ornithophilus neni infekéni pro savce (laboratorni mySi s riznym stupném
imunodeficience), ale naopak je infekéni pro husy a korely. Na rozdil od studii
Meireles et al. (2006), Santos et al. (2005), se nam podafilo experimentalné prenést
infekci C. ornithophilus na kutata. Vysledky nasi prace a dalSich studii ukazaly, ze
C. ornithophilus infikuje celou fadu riznych ptacich hostiteld riznych fadu ptaka
(Meireles et al. 2006, Ng et al. 2006, Nakamura et al. 2009, Seva Ada et al. 2011,
Nguyen et al. 2013). Tato Sirsi hostitelska specifita je obdobna jako byla pozorovana
u fylogeneticky pfibuzného druhu C. avium, ale podstatné mensi, nez je u C. baileyi,
druhu, ktery je infekéni pro vétsinu ptaku (Current et al. 1986, Bermudez et al. 1988,
Jellison et al. 2004, Kimura et al. 2004, Molina-Lopez et al. 2010, Curtiss et al. 2015,
Holubova et al. 2016) (p¥iloha VI).

Sledovani hostitelské a stim spojené tkanové specifity je zatizeno nékolika
potencialnimi problémy. Na zaklad€é doporuceni uvedenych v literatute, ale zeyména
na zékladé vlastnich zkuSenosti je tfeba pfihliZzet na stafi, podminkam skladovani a
metodam zpracovani oocyst, které mohou ovliviiovat jejich infekce schopnost a na
imunitni stav a v€k hostitele, které mohou vyznamné ovlivnit vysledek experimentu
(Fayer 2007, Kvac et al. 2013a, Holubova et al. 2016, Kvac et al. 2016, Holubova et
al. 2018). Idealni je pouzivat Cerstvé, nanejvys dva mésice staré oocysty, které jsou
skladovany pii teploté 4-8 °C (Kvac et al. 2018, Horcickova et al. 2019, Jezkova et
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al. 2021a). Imunosuprimovani a imunodeficitni jedinci, jsou vice vnimavi k infekci
kryptosporidii, ale prepatentni perioda mize byt vyrazné prodlouzena (Kvac et al.
2011). Tento fenomén je tieba brat v avahu, aby nedos$lo k pied¢asnému ukonceni
experimentu (Kva¢ et al. 2008). Také jedinci, ktefi se jiz v minulosti setkali
s kryptosporidiovou infekci mohou byt k nasledné infekci rezistentni nebo méné
periody (Jalovecka et al. 2010). Toto je tfeba brat do uvahy, zejména v piipadech,
kdy jsou pro experimentalni infekce pouzivana zvitata z konvencnich chovi nebo

odchycena ve volné ptirodé.

4.2.3 Variabilita vékové specifity ptacich kryptosporidii

Existuje jen mdlo studii, které se zabyvaly pifimo v€kovou specifitou kryptosporidii
ptakd, a proto jsme se na toto téma zaméfili. Mnoho hostiteltl vykazuje v pribéhu
ontogeneze zmény v citlivosti vi¢i infekénim agens. U rodu Cryptosporidium byly
popsany tfi typy vztahti mezi hostitelem a parazitem v zavislosti na véku (Kvac et al.
2014c).

1. Vnimavost parazita neni zavisla na véku hostitele. Pfikladem jsou:

e Cryptosporidium andersoni — jsou vnimavé vSechny vékové kategorie skotu
(Kvag et al. 2014c¢).

e Cryptosporidium baileyi — byla usp&né infikovana kufata v rizném véku
(Sréter et al. 1995, Sréter et Varga 2000).

2. K infekci jsou vnimavi pouze mladi jedinci.

e Laboratorni mysi BALB/c a telata se nakazi C. parvum pouze V juvenilnim
véku (Santin et al. 2004, Fayer et al. 2006, Fayer et al. 2007), dospéli jedinci
téchto hostitell jsou k infekci vnimavi vyjimecné.

e Cryptosporidium galli je infek¢éni pro 9denni, ale ne pro 40denni kufata
(Pavlasek 2001).

3. Kinfekci dojde azZ od urcitého véku hostitele.

e Cryptosporidium scrofarum je infek¢ni pro prasata starsi 5 tydnt (Kvac et al.
2014c).
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Pribéh infekce, véetné prepatentni a patentni periody, byl do souc¢asné doby znam
pouze u tii platnych ptacich druht (Slavin 1955, Current et al. 1986, Ryan et al.
2003b). Vysledky naSich studii vyraznym zpusobem rozsifily znalosti o vékové
specifité a pribchu infekce u nckolika dalSich druhi a genotyp kryptosporidii
parazitujicich u ptaku.

Cryptosporidium avium patii mezi druhy kryptosporidii, u kterych je prokazan
pienos parazita na hostitele u vSech veékovych kategorii vybranych skupin ptaki
(pFilohy II a IV). Prepatentni perioda C. avium u kachen domacich (4-6 dni) je
podobna prepatentni periodé C. baileyi a C. meleagridis (4—8 dni; Lindsay et al.
1988, Hornok et al. 1998, Tumova et al. 2002). Sréter et al. (1995) a Sréter et Varga
(2000) popsali vliv véku kutat na pribeh infekce C. baileyi. Vysledky jejich studii
ukazaly, Ze prepatentni perioda C. baileyi je zna¢né krat$i u 9dennich nez u 1dennich
kutat. Soucasné pozorovali delsi patentni periodu u mladsSich kufat. Protoze druh C.
avium je fylogeneticky blizce ptibuzny pravé C. baileyi, mohli bychom ocekavat
obdobny pribéh infekce. Tato hypotéza nebyla vnasi studii potvrzena.
Experimentalné jsme neprokdzali vliv véku na délku prepatentni a patentni periody u
infekci zpusobenych druhem C. avium. PrestoZe ptaci béhem experimentu vylucovali
jen malé mnozstvi oocyst, délka infekce trvala po celou dobu experimentu nezavisle
na v&ku zvifat. Lze ptedpokladat, Ze nami vyvolané infekce by pokrafovaly v
chronické formé né€kolik mésichi. Toto tvrzeni opirame o fakt, Ze kakariki rudocely, z
kterého byl ziskan izolat pro nasi studii vylucoval oocysty C. avium vice nez 5
meésict (Holubova et al. 2016). Taktéz byla zjisténa infekce vyvolana C. avium u
7letého kakadu inka (Lophochroa leadbeateri) (Curtiss et al. 2015), coz podporuje
tvrzeni, Ze i star$i jedinec se miZze timto parazitem nakazit.

U Cryptosporidium ornithophilus jsme na zakladé nami provedenych experimentti
zjistili krat$i prepatentni periodu u mladSich jedinci (juvenilni jedinci méli
prepatentni periodu od 4 do 8 dne po infekci (DPI)) nez u dospélych (specifickou
DNA zacali vyluCovat az 8 DPI), ktefi mohou byt k infekci méné citlivi z diivodi jiz
prodélané kryptosporidiové infekce. Cryptosporidium ornithophilus se vyskytuje
pfevazné u mladSich jedincl, coz potvrzuje nalez tohoto druhu ptfevazné u kuiat
(Wang et al. 2011, Nguyen et al. 2013) a mizeme piedpokladat, Ze nepfitomnost

oocyst C. ornithophilus u starSich pstrosi by mohla byt vysvétlena rezistenci
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souvisejici s vékem. Obdobny fenomén byl popséan u riiznych hostiteli infikovanych
C. baileyi, C. muris nebo C. andersoni (Lindsay et Blagburn 1990, Kvac et al. 2009).

Délka prepatentni periody C. proventriculi (6 DPI) byla podobna druhum C.
meleagridis a C. baileyi, které infikuji stievo (4-8 dnd; (Lindsay et al. 1988, Rhee et
al. 1991, Hornok et al. 1999, Tumova et al. 2002), a zaroven krats$i nez 25 dnu,
kterou popsal (Pavlasek 2001) u kufat infikovanych C. galli. Na zakladé
mikroskopického, histologického a molekularniho vySetfeni gastrointestinalniho
traktu bylo zjisténo, ze SCID mysi, andulky vinkované a kufata nejsou vnimava

k infekci C. proventriculi (pFiloha V).

4.2.4 Patogenita ptacich kryptosporidii

Patogenita kryptosporidii infikujicich ptaky, ale také savce, je velmi variabilni. Na
zaklad¢ provedenych experimentl jsme zjistili patogenitu u ndmi popsanych druht.
Zaludeéni kryptosporidie u savci nezpisobuji do takové miry poskozeni zaludku &
uhyn hostitele jako napiiklad ptaci kryptosporidie C. galli, pro kterou je typicky
vyskyt klinického onemocnéni s vysokym procentem tmrtnosti (Blagburn et al.
1987, Blagburn et al. 1990, Pavlasek 1999, Morgan et al. 2001, Pavlasek 2001).
Mezi znamé klinické ptiznaky C. galli patéi prijem, apatie, ztrata hmotnosti
(Blagburn et al. 1990, Lindsay et al. 1991, Pavlasek 1999, Morgan et al. 2001,
Pavlasek 2001, Antunes et al. 2008).

V ramci této prace jsme studovali Zaludeéni druh C. proventriculi, ktery je
jedinym popisem zalude¢ni kryptosporidie, kterd byla detekovana jak ve zlaznatém,
tak 1 nezlaznatém Zaludku. Béhem naSich experimentli jsme nezaznamenali Zadné
klinické ptiznaky u infikovanych ptaka (p¥iloha V). Makino et al. (2010) popsal
chronické zvraceni spojené s ubytkem hmotnosti u hrdli¢ek, které byly pfirozené
infikované C. proventriculi. Histopatologické vysetieni uhynulych hrdli¢ek ukazalo
zvétseni proventrikulu a hyperplazii duktalniho epitelu proventrikularnich zlaz.
Rozdily v nasi studii s jinymi studiemi si mizeme vysvétlit tim, ze zatimco nasSe
pokusy trvaly pouze 30 dni, pfirozené infikovani ptaci mohli byt infikovani i né€kolik
mésict. Podobné byly histopatologické zmény a klinické ptiznaky pozorovany u
savcu chronicky infikovanych Zzalude¢nimi druhy C. proliferans, C. andresoni nebo
C. muris (Anderson 1987, Pospischil et al. 1987, Ozkul et Aydin 1994, Esteban et
Anderson 1995, Kvac et al. 2016).
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U zvifat infikovanych C. ornithophilus jsme nezaznamenali zadné klinické
ptiznaky kryptosporididozy (p¥iloha VI), coz je vsouladu s dalsimi studiemi
(Meireles et al. 2006, Ng et al. 2006). V nékterych studiich je spojovana infekce
kryptosporidiemi pstrosich kutat s vyhiezy kloaky, enteritidy a pankreatitidy (Penrith
et al. 1994, Ponce Gordo et al. 2002, Santos et al. 2005). Nicméné v téchto studiich
nebyla provedena genotypizace a nelze tedy s jistotou tvrdit, Ze se jednalo o infekci
zpusobenou C. ornithophilus.

Vétsina ptaku infikovanych C. avium, ktefi byli vySeteni v ramci této prace, ale i
ve svété, véetné experimentalné infikovanych slepic a andulek, nevykazovala zadné
klinické ptiznaky kryptosporidiozy (ptiloha II; Ng et al. 2006). Curtiss et al. (2015)
popsali kryptosporidiézu zpusobenou C. avium u 7letého kakadu inka (Lophochroa

leadbeateri), ktery vykazoval ptiznaky letargie, anorexii a kloakalni prolaps.

4.2.5 Molekularni diagnostika kryptosporidii

Diagnostika kryptosporidii zalozend na molekularni detekci je ve srovnani
s mikroskopickym vySetfenim nejsenzitivnéjsi (Xiao 2010, Kvaé et al. 2014c).
Udavana citlivost se nej¢astéji pohybuje od 1 az 10 oocyst v analyzovném vzorku
(Smith et al. 2006, Thompson et Ash 2016). Hlavni vyhodou molekularnich metod je
moznost spolehlivé odlisit jednotlivé druhy, genotypy a subtypy kryptosporidii. Dalsi
vyhodou je moznost izolovat DNA z jakéhokoliv materialu (Enemark et al. 2002,
Xiao et al. 2004a, Xiao et al. 2004b, Smith et al. 2006, Plutzer et Karanis 2007). Ale
i molekularni metody maji sva uskali. Vétsina vSech dnes zndmych druhti a genotypti
je charakterizovana na zakladé odlisnosti v sekvenci SSU. Nicméné pouziti pouze
sekvenci SSU k odvozeni evolu¢nich vztahl kryptosporidii miiZze vést k chybnym
zavérum (Li et al. 2014, Stenger et al. 2015, Jezkova et al. 2021a). Proto je nutné pii
fylogenetickych analyzach pouzivat i dalsi lokusy, jako jsou geny kodujici HSP70,
gp60, aktin, COWP nebo TRAP-C1 (Morgan-Ryan et al. 2001, Tang et al. 2016).
Zjisténi vnitrodruhové variability nebo smiSené infekce vyzaduje i) opakované
sekvenovani produktii PCR, ii) klonovani produktii PCR s naslednym sekvenovanim
nebo iii) sekvenovani nové generace (Grinberg et al. 2013, Paparini et al. 2015,
Stenger et al. 2015). Bézné je pouzivano Sangerovo sekvenovani, ale omezenim
tohoto pfistupu je, Ze smiSené infekce nejsou obvykle detekovany kvili nizké
intenzité infekce jednoho nebo vice druhii a genotypi kryptosporidii oproti vysoké

intenzit¢ infekce dominantniho druhu/genotypu ve vzorku (Grinberg et al. 2013).
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Z vyse uvedenych divodi byly vSechny ndmi provedené studie zalozené na
multilokusové genotypizaci. Vzdy byla provedena genotypizace na SSU lokusu
v kombinaci s geny kédujicimi aktin a HSP70, ptipadné gp60, COWP nebo TRAP-
Cl. Vpfipadé, Ze nebylo mozné amplifikovat vybrany lokus pomoci bézné
pouzivanych sad primert, byly navrzeny vlastni primery (Chelladurai et al. 2016).
Pro popis nového druhu kryptosporidie byly vzdy sekvenovany minimalné tfi geny.
Podrobny popis pouzivanych metodik je Vv pfilozenych publikacich (pFilohy I, V a
V).

4.3 Model kuiecich embryi pro pomnozeni oocyst Cryptosporidium

parvum a Cryptosporidium baileyi (piiloha VII)
V soucasné dob¢ neexistuje postup, jak dokoncit vyvojovy cyklus kryptosporidii v in
vitro podminkach a vSechny védecké tymy ve svété jsou odkazany na ziskavani
paraziti z piirozené nebo experimentalné infikovanych zvifat (Arrowood 2002).
Z4dna ,,Gsp&$na“ in vitro kultivace kryptosporidii nebyla totiz doposud Gsp&iné
zopakovana a implementovana do bézné laboratorni praxe. V soucasné dob¢ lze k
védeckym ucelim vyuzit pouze tfi druhy kryptosporidii, C. parvum, C. hominis a C.
muris, které jsou komeréné dostupné (Wanyiri et Ward 2006, Vinayak et al. 2015).
Vzhledem k tomu, Ze vétSina kryptosporidii je Gizce hostitelsky specificka, je in vivo
udrzovani jednotlivych druhii a genotypi kryptosporidii technicky, ekonomicky a
biologicky velmi naro¢né (Kvac et al. 2013b, Li et al. 2015b). Pokud bychom chtéli
pracovat pouze s druhy a genotypy kryptosporidii, které jsou infekéni pro ¢lovéka
(Ortega et Kva¢ 2013), znamenalo by to ziskavat oocysty z celé fady riznych
hostiteld, jako jsou skot, ovce, koné&, prasata, krélici, mysi, mysSice, hrabosi, potkani,
veverky, jezci nebo driubez (Kvac et al. 2013a, Elkarim Laatamna et al. 2017, Kva¢
et al. 2018, Jezkova et al. 2021b), coz je finan¢né a technicky velmi naro¢né. Navic u
téchto hostitell jsou infekce Casto asymptomatické s velmi nizkou produkei oocyst
(Kvag et al. 2013a, Kvac et al. 2013b, Némejc et al. 2013, Holubova et al. 2016,
Hor¢ickova et al. 2019).

V roce 2014 byl zvefejnén ¢lanek o uspé$ném pomnozeni C. baileyi (druh
hostitelsky specificky pro ptaky) v embryich kura domaciho (Huang et al. 2014).
Nezodpovézenou a neotestovanou otazkou zistavalo, zda jsou ptaci, respektive jejich

embrya vnimava k infekci hostitelsky nespecifickymi druhy a genotypy
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kryptosporidii. V fad¢ epidemiologickych studii byly u ptakti v malém procentu
ptipadt detekovany sav¢i druhy a genotypy kryptosporidii (Santin et al. 2004, Ng et
al. 2006, Zylan et al. 2008, Helmy et al. 2017, Ferrari et al. 2018). Vysledky Huang
et al. (2014) nas inspirovali k vyzkumu zaméfenému na kultivaci kryptosporidii
pomoci kufecich embryi. Nasim cilem bylo zjistit, do jak¢é miry muze infekce ve
staddiu embrya zvySit mnozeni oocyst kryptosporidii u kufat. Imunita ptakl je v
podstaté analogicka se systémem savcu (Kaiser 2010, Chen et al. 2013). Embryo
muze byt ve vajicku chranéno pouze pasivni imunitou, kterd souvisi s matefskymi
protilatkami, které jsou pfenaSeny na potomstvo vajecnym zloutkem z imunnich
matek (Toman 2009). B-bunky se vyvijeji mezi 7.—14. dnem inkubace a od 15. dne
kolonizuji sekundarni lymfatické organy. T-buniky, vyvijejici se v brzliku a které jsou
zasadni pro Gspésné zvladnuti kryptosporidiové infekce, opoustéji brzlik 2-3 dny
pted vylihnutim (Toman 2009, Jilek 2014). Pravé tento fakt spolu s moznosti
ziskavat nasadova vejce od zdravych nosnic déla z vajec, respektive embryi v nich,
potencialné idealni inkubator pro kultivaci kryptosporidii.

Pro vyzkum jsme pouzili dva druhy kryptosporidii, a to C. baileyi a C. parvum,
které¢ byly inokulovany do alantoisu devaty den inkubace kufecich embryi a

peroralné do jednodennich kufat. Vysledky experimentu ukazaly, Ze:

. Velikost infekéni davky nemd vliv na pribéh infekce ani u embryi, ani u
jednodennich kufat.

. Kurata infikovand jako jednodenni vylufovala vyznamné méné oocyst nez
kutata infikovana jako embrya.

. U vsech kufrat, ktera byla infikovana jako embrya druhem C. baileyi byla
specifickd DNA této kryptosporidie detekovana po vylihnuti ve vSech
vySetfovanych organech vyjma mozku. Béhem Sesti dnli po vylihnuti doslo k
vymizeni infekce z ledvin, jater, pfedZaludku a Zaludku. Ostatni organy zlstaly
pozitivni az do konce experimentu.

. U kuftat infikovanych C. baileyi ve véku jednoho dne po vylihnuti byla infekce
detekovéna pouze v pridusnici, jicnu, dvanactniku a jejunoileu.

. U kufat infikovanych druhem C. parvum ve véku jednoho dne po vylihnuti se
infekce rozvinula pouze v tenkém stieve.

. U kufat infikovanych stejnym druhem kryptosporidie ve fazi embrya doSlo k

rozvoji infekce 1 v pradusnici, slepém a tlustém stfeve a kloace.
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. Kurata infikovana C. baileyi jako embrya uhynula do 16 dnl po vylihnuti.

Vsechna ostatni kurata se z infekce samovylécila.

Byla zpracovana a opakované ovéiena metodika pro uspéSnou infekci embryi
oocystami kryptosporidii.

1. Pro infekci je nutné pouzit Cisté oocysty — purifikované na cesium chloridovém
gradientu nebo vyuzit obdobnou metodou.

2. Pted infekci je nutné oocysty dezinfikovat — 5% chlornan sodny po dobu 15 minut
pii teploté 4 °C.

3. Ideélni den pro inokulaci embrya je 9. den vyvoje.

4. Je nezbytné dezinfikovat skofapku vejce a vrtak, kterym je do skotfapky vyvrtan
otvor uréeny k inokulaci.

5. Prosvicenim skotapky vejce najit vzduchovou bublinu, vyvrtat diru o velikosti 2
mm a vstiiknout pfipravenou infekéni davku (50 ul) do alantoisu.

6. Vyvrtany otvor ptekryt rozehfatym, sterilnim parafinem.

7. Vejce vlozit zpét do lihn¢ k dolihnuti kufete.
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5. ZAVERY

Detekce kryptosporidii vyskytujicich se u ptiaki pomoci molekularnich metod.

Byly detekovany vSechny znamé ptaci druhy kryptosporidii, kdy nejcastéji
detekovanym druhem bylo C. baileyi a C. proventriculi. Z vice jak 20 znamych
ptacich genotypi bylo detekovdno 6 genotypi, z nichz nejvice zastoupenym
genotypem byl Cryptosporidium sp. goose genotyp Id a naopak nejméné casto
byl detekovan Cryptosporidium sp. avian genotyp I.

Kromé¢ hostitelsky specifickych kryptosporidii byly u ptaka nalezeny i druhy,
které jsou typické pro savce (C. andersoni, C. canis, C. hominis, C. muris a C.

parvum).

Biologicka a molekularni charakterizace novych druhii a genotypi

kryptosporidii

Byly popsany tii nové ptaci druhy kryptosporidii: Cryptosporidium avium sp. n.,
Cryptosporidium proventriculi sp. n. a Cryptosporidium ornithophilus sp. n., a
dva nové genotypy, z nichz Cryptosporidium avian genotyp VI byl v ramci této
praci jiz publikovan a genotyp nalezeny u kachny divoké bude predmétem
dalsiho badani.

V ramci popisu druhu byla popsdna morfologie a morfometrie oocyst, hostitelska
a tkanova specifita a patogenita.

Kryptosporidiové infekce ptaki nejsou vétSinou provazeny klinickymi ptiznaky

onemocnéni.

Kultivace kryptosporidii pomoci kui‘ecich embryi

Kufeci embrya jsou vnimava k infekci stievnimi kryptosporidiemi, C. baileyi
specifickém pro ptaky a C. parvum, které je jen omezen¢ infekcéni pro ptaky v
postnatalni fazi vyvoje. Byla zavedena metoda kultivace C. parvum a C. baileyi v
kutecich embryich s mnohonasobné vyssi vytéznosti oocyst nez u jinych, dosud

pouzivanych metod.
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Abstract Proventriculus and intestinal samples from 70
North American red-winged blackbirds (4gelaius phoeniceus;
order Passeriformes) were examined for the presence of
Cryptosporidium by PCR amplification and sequence analysis
of the 18S ribosomal RNA (18S rRNA), actin, and 70-kDa
heat shock protein (HSP70) genes. Twelve birds (17.1 %)
were positive for the Cryptosporidium 18S rRNA gene: six
birds were positive at the proventriculus site only and six birds
were positive at the proventriculus and intestinal sites.
Sequence analysis of the 18S rRNA, actin and HSP70 genes
showed the presence of the gastric species Cryptosporidium
galli in a single proventriculus sample and a closely related
genotype, which we have named Cryptosporidium avian ge-
notype VI, in all other positive samples. These findings con-
tribute to our understanding of Cryptosporidium diversifica-
tion in passerines, the largest avian order.
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Introduction

The apicomplexan parasite Cryptosporidium infects the gas-
trointestinal epithelium of all major vertebrate groups (Kvac
et al. 2014) and causes the disease cryptosporidiosis, which
can be chronic and life threatening (Checkley et al. 2015).
Approximately 30 species and 70 genotypes of
Cryptosporidium form two major clades in nucleotide se-
quence phylogenies: a smaller, basal clade characterized by
specificity for the gastric epithelium and a larger clade com-
prising members that infect the intestinal epithelium (Xiao
et al. 2004).

Cryptosporidium has been identified in 17 of the 26 avian
orders, including the largest order, Passeriformes, which con-
tains almost 60 % of the extant avian diversity in 5700 species
(Kvag et al. 2014). Passerines are host to three avian-adapted
Cryptosporidium species, Cryptosporidium galli,
Cryptosporidium meleagridis, and Cryptosporidium baileyi
and three avian-adapted Cryptosporidium genotypes, avian
genotypes I, III, and IV (Current et al. 1986; Gomes et al.
2012; Nakamura et al. 2014; Nakamura et al. 2009; Ng et al.
2006; Qi et al. 2011; Ryan 2010; Ryan et al. 2003b; Seva Ada
et al. 2011; Slavin 1955).

Most studies on Cryptosporidium in passerines have fo-
cused on captive birds, and comparatively little is known
about Cryptosporidium infecting free-living, wild birds.
There has been just one report to date of Cryptosporidium in
free-living North American passerines: an uncharacterized
Cryptosporidium species was identified in fledgling cliff swal-
lows (Petrochelidon pyrrhonota) with clinical signs of con-
Jjunctivitis, rhinitis, and sinusitis (Ley et al. 2012).

Red-winged blackbirds (Agelaius pheonicius) are mem-
bers of the New World passerine family Icteridae, which
has 95 species in 23 genera, including oropendolas
(Psarocolius spp.), caciques (Cacicus spp.), orioles (Icterus
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Table 1  Samples positive for Cryptosporidium DNA by PCR analysis of the 18S rRNA, actin, and HSP70 genes

Animal number Sex Sample number Genes Species/genotype

18S IRNA Actin HSP70

1 Female PV-3486 + - + Avian genotype VI
IN-3487 - - -

2 Female PV-3492 + + + Avian genotype VI
IN-3493 -

3 Male PV-3543 + - - Avian genotype VI
IN-3544 - - -

4 Female PV-3545 + - - Avian genotype VI
IN-3546 + - - Avian genotype VI

5 Male PV-3551 + - - Avian genotype VI
IN-3552 -

6 Male PV-3553 + - + Avian genotype VI
IN-3554 + - + Avian genotype VI

7 Female PV-3575 + - - Avian genotype VI
IN-3576 - - -

8 Male PV-3605 + + - C. galli
IN-3606 - - -

9 Male PV-3607 + - + Avian genotype VI
IN-3608 + - + Avian genotype VI

10 Male PV-3635 + - + Avian genotype VI
IN-3636 + - + Avian genotype VI

11 Female PV-18212 + + + Avian genotype VI
IN-18213 + - - Avian genotype VI

12 Male PV-18220 + + Avian genotype VI
IN-18221 + + + Avian genotype VI

PV proventiculus, N intestine
Positive by PCR analysis
®Negative by PCR analysis

spp.), meadowlarks (Sturnella spp.), grackles (Quiscalus
spp., Hypopyrrhus spp., Lampropsar spp., and
Macroagelius spp.), and cowbirds (Molothrus spp.)
(Lowther 1975). They are abundant in North America with
a range that extends as far north as Alaska and as far south
as Cuba (Yasukawa and Searcy 1995). Higher latitude pop-
ulations migrate to lower latitudes during winter, where they
nest in marshes, wetlands, and hayfields (Ball et al. 1988).
To date, the only Icteridae family members identified as
hosts of Cryptosporidium have been chopi blackbirds
(Gnorimopsar chopi) from Brazil, which hosted C. galli
(Nakamura et al. 2014), and a red rumped cacique
(Cacicus haemorrhous) and crested oropendola
(Psarocolius decumanus) from the Czech Republic, which
hosted C. baileyi (Ryan et al. 2003a).

In the present study, Cryptosporidium DNA from proven-
triculus and intestinal contents of red-winged blackbirds
caught in the USA was characterized by sequence analysis

@ Springer

of the 18S ribosomal RNA (18S rRNA), actin, and heat shock
protein 70 (HSP70) genes. These analyses show the presence
of C. galli and the closely related, novel Cryptosporidium
avian genotype VI in North American red-winged blackbirds.

Materials and methods
Sample collection and DNA isolation

Seventy red-winged blackbirds, comprising 41 after hatch
year males, 26 after hatch year females, and three juveniles
of undetermined sex, were captured using live capture (e.g.,
mist nets, walk-in traps) or lethal methods from areas of
Kansas, North Dakota, and Minnesota, USA. Live captured
birds were immediately euthanized by over-anesthetizing with
halothane. Bird carcasses were dissected and a sample was
taken from the proventriculus and intestinal contents. DNA
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was isolated from 200 mg of each sample by alkaline diges-
tion and phenol-chloroform extraction and purified using the
QIAamp DNA Stool Mini Kit (QIAGEN, Valencia, CA) as
described previously (Feltus et al. 2006). The capture, han-
dling, and euthanizing of birds in this study were conducted in
accordance with Institutional Animal Care and Use
Committee of North Dakota State University Protocol
#A13000.

PCR amplification

Nested PCR protocols were used to amplify fragments of the
18S rRNA, actin, and HSP70 genes. A fragment of the
Cryptosporidium 18S rRNA gene was amplified as described

Fig. 1 Maximum likelihood tree
of 18S rRNA gene sequences.
The evolutionary history was
inferred by using the maximum
likelihood method based on the
general time reversible model
(Tavaré 1986). The tree with the
highest log likelihood is shown.
The percentage of trees in which
the associated taxa clustered
together is shown above the
branches. Initial tree(s) for the
heuristic search were obtained
automatically by applying
neighbor-join and BioNJ
algorithms to a matrix of pairwise
distances estimated using the
maximum composite likelihood
(MCL) approach and then
selecting the topology with su-
perior log likelihood value. A
discrete gamma distribution was
used to model evolutionary rate
differences among sites. The rate
variation model allowed some
sites to be evolutionarily
invariable. The tree is drawn to
scale, with branch lengths
measured in the number of
substitutions per site. The tree was
rooted with 18S rRNA from
Monocystis agilis [accession no.
AF457127]. The prefix PV
indicates a sequence obtained
from a proventriculus sample.
The prefix IN indicates a
sequence obtained from an
intestinal sample. The animal
number from Table 1 is presented
in parenthesis after the sample
number(s)

M. agilis [AF457127]

by Xiao et al. (2001), with the exception that 0.5% PCR buffer
was used (Promega, Madison, WI). A fragment of the actin
gene was amplified as previously described by Sulaiman et al.
(2002). The protocol to amplify a fragment of the HSP70 gene
was developed as part of this study. Nested PCR primers were
designed with specificity for HSP70 sequences that are con-
served in C. galli [accession no. AY168849],
Cryptosporidium sp. CzechB1 Eurasian woodcock [accession
no. AY273773], Cryptosporidium muris [accession no.
AF221542], Cryptosporidium andersoni [accession no.
AY954894], Cryptosporidium serpentis [accession no.
AF221541], and Cryptosporidium scrofarum [accession no.
JX424842]. In the primary reaction, a fragment of ~750 bp
was amplified using 0.1 pM each of the primers HSPAVAF1

641 C. suis [AB449871]
C. meleagridis [AF112574]
C. tyzzeri [DQ898158]
C. parvum [AF161857]
C. hominis [DQ286403]
C. cuniculus [FJ262726]

C. fayeri [AF112570]
C. wrain [AF115378]
C. viatorum [JNB46705]
C. felis [AF159113]
C. canis [AB210854]
C. macropodum [AF513227]
83 C. ubiquitum [EF362479]
shrew genotype [EF841010]
86— goose genotype |l [EF641009]
goose genotype | [AY504513]
black duck genotype [AF316630]
C. scrofarum [GQ227704]
C. ryanae [EU410344]

C. xiaci [EF362478]
96' C. bovis [AB441689)]
tortoise genotype 1l [EF547155]
avian genotype | [GQ227478]
Cryplosporidium sp. [AF316631]
89l 97! C. baileyi [AF093495)

avian genotype V [HM116381]
avian genotype Il [JX548292]

C. molnari [HM243548]
_ 1 C. serpentis [AF1513786]
93 | 70~ Eurasian Woadcock genotype [AY273769)
avian genotype lIl [GU074384)
C. muris [EU245045]
C. andersoni [EU245042]
C. fragile [EU162751]
avian genotype |V [DQB50344]
62y finch genotype Il [AF316628]
finch genotype | [AF316625]
finch genotype 1l [AF316629]
C. galli [EU543270]
Cryptosporidium sp. [AF316623]
C. galli [EU543268]
Cryptosporidium sp. [AF316627] C. galli
W22 [AYT37590]
PV-3605 [KT352999] (8)
ol C. galli [HM116388)
C. galli [HM116387)
Cryptosporidium sp. [AF316626]
(1)
PV-3492 (2)
PV-3543 (3)
PV-3545, IN-3546 (4)

PV-3551 (5)
PV-3553, IN-3554 (6)
PV-3575 (7)
PV-3607, IN-3608,  (9)

avian genotype VI
[KT353000]

(10)
(1)
(12)

PPV-3635, IN-3636
PV-18212, IN-18213
[PV-18220, IN-18221
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(5'-GCT CGT GGT CCT AAA GAT AA) and HSPAVAR1
(5'-ACG GGT TGA ACC ACC TAC TAAT), 0.2 mM
dNTPs, 1.5 mM MgCl,, 2.5U Taq DNA polymerase, 1x
PCR buffer, and 0.5-2 pL template DNA in a 100-pL reac-
tion. A secondary fragment of ~515 bp was amplified using
0.1 uM each of the primers HSPAVAF2 (5'-ACA GTT CCT
GCC TAT TTC) and HSPAVAR?2 (5'-GCT AAT GTA CCA
CGG AAATAATC), 0.2 mM dNTPs, 1.5 mM MgCl,, 2.5U
Taq DNA polymerase, 1x PCR buffer, and 2 pL of primary
PCR product in a 100-pL secondary reaction. The primary
PCR conditions were 35 cycles of 94 °C for 45 s, 52 °C for
45s,and 72 °C for 1 min. The first cycle was preceded by an
initial denaturation at 94 °C for 5 min, and the last cycle was
followed by a final extension at 72 °C for 10 min. The sec-
ondary reaction used the same conditions as the primary, with
the exception that the annealing temperature was 50 °C.
DNA from Cryptosporidium hominis was used as a posi-
tive control for the 18S rRNA and actin PCR reactions. Water

Logl = -4916.39
e

0.05
76

was included instead of DNA template as a negative control in
all reactions. Secondary PCR products were separated on an
agarose gel and visualized under UV illumination using
ethidium bromide staining.

Sequencing and phylogenetic analysis

PCR products were purified (Wizard SV, Promega, Madison,
WI) and sequenced in both directions with secondary primers
using a BigDye Terminator v3.1 cycle sequencing kit in an
ABI Prism 3130 genetic analyzer (Applied Biosystems,
Carlsbad, CA). Sequences were assembled using SeqMan
(DNAStar, Madison, WI) and aligned using the MAFFT ver-
sion 7 online server with automatic selection of alignment
strategy (http://mafft.cbrc.jp/alignment/server/) (Katoh and
Standley 2013). Alignments were manually edited and phylo-
genetic analyses were performed using MEGA 6.0 (Tamura
et al. 2013). The evolutionary history of aligned sequences

99; C. parvum [AF382343]

m%ﬁ C. hominis [EF591783]

C. wrairi [AF382348]
C. meleagridis [AF382351]

C. ubiguitumn [GQ337961]

C. suis [EF012372]

C. varanii [AF382353)

C. canis [AY120926]

C. felis [AF382347]

M. agills [AY381264]| 99— C. muris [AF382350]
ﬁ[_'-_ C. andersoni [DQY89574]
C. serpentis [AF382353]

PV-3492 (2)
§|PV-18212 (11)
PV-18220 (12)
IN-18221 (12)
97| €. galli [EU543285]
C. galli [EU543267]
87| C. galli [AY163901]
PV-3605 (8)

C. galli [EU5432686]

LoglL = -1391.92
—
0.05
96

P. faleiparum [M19753]

C. suis [DQBY8164]

C. galli
[KT352997] El(Pv-3553

C. baileyi [EU741842]

\_|:C. ryanae [FJ463206]
EE C. bovis [AY741307)

avian genotype VI
[KT352998]

PV.3486
PV:3492

IN-3554

PV-3607, IN-3608
PV-3635, IN-3636
PV-18212
PV-18220, IN-18221

gg| [ C- galli [AY168849]
finch genotype RFAF1 [AF316633]
finch genotype GF2 [AF316632]
C. serpentis [AF221541]
C. andersoni [FJ483201]
98% C. muris [XM 002140816]

avian genotype VI
[KT353001]

C. galli

L— ¢ baileyi [AF221539)

C. canis [AY120920]

C. viatorum [JX978274]

C. meleagridis [AF221537)]
C. hominis [XM 661662]
C. wrairi [AF221536]

C. parvum [XM 625373]

Fig. 2 Maximum likelihood tree of actin (a) and HSP70 (b) gene
sequences. The evolutionary history was inferred by using the
maximum likelihood method based on the general time reversible
model (Tavaré 1986) for the actin tree or the Tamura 3-parameter model
(Tamura 1992) for the HSP70 tree. The tree with the highest log
likelihood is shown. The percentage of trees in which the associated
taxa clustered together is shown above the branches. Initial tree(s) for
the heuristic search were obtained automatically by applying neighbor-
join and BioNJ algorithms to a matrix of pairwise distances estimated
using the maximum composite likelihood (MCL) approach and then
selecting the topology with superior log likelihood value. A discrete

@ Springer

gamma distribution was used to model evolutionary rate differences
among sites in actin sequences. The rate variation model allowed some
sites in actin and HSP70 sequences to be evolutionarily invariable. The
tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The actin tree was rooted with an actin sequence
from Monocystis agilis [accession no. AY391264]. The HSP70 tree was
rooted with a HSP70 sequence from Plasmodium falciparum [accession
no. M19753]. The prefix PV indicates a sequence obtained from a
proventriculus sample. The prefix IN indicates a sequence obtained
from an intestinal sample. The animal number from Table 1 is
presented in parenthesis after the sample number(s)
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was inferred using the maximum likelihood (ML) method
(Saitou and Nei 1987), with the substitution model that best
fit the alignment selected using the Bayesian information cri-
terion. The general time reversible model (Tavaré 1986) with a
gamma rate distribution and invariant sites was selected for
18S rRNA and actin alignments. The Tamura 3-parameter
model (Tamura 1992) with invariant sites was selected for
the HSP70 alignment.

Sequences from this study have been deposited in
GenBank under the accession numbers KT352997—
KT353001.

Results
Prevalence of Cryptosporidium in red-winged blackbirds

Twelve out of 70 birds (17.1 %), seven males and five fe-
males, were positive for the Cryptosporidium 18S rRNA gene
(Table 1). Six birds were positive only at the proventriculus
site and six birds were positive at both the proventriculus and
intestinal sites.

Phylogenetic analysis of Cryptosporidium isolates
from red-winged blackbirds

A ML tree constructed from 18S rRNA gene sequences in this
study and representative sequences in GenBank showed the
presence of two closely related genotypes in the gastric
Cryptosporidium clade (Fig. 1). PV-3605 clustered with
C. galli, sharing 99.9 % sequence identity with a C. galli
isolate from storm water in New York, USA [accession no.
AY737590]. Sequences from the remaining 17 samples shared
100 % identity with each other, 98.5 % identity with PV-3605,
and between 97.7 and 98.3 % identity with C. galli sequences
published in GenBank. We have named this novel genotype
Cryptosporidium avian genotype VI.

A fragment of the actin gene was amplified and sequenced
from five of the 18 samples that were positive for the 18S
rRNA gene (Fig. 2a). PV-3605 shared 100 % sequence iden-
tity with C. galli from a western capercaillie [accession no.
AY163901], chestnut-bellied seed finch [accession no.
EU543267], Atlantic canary [accession no. EU543266], and
cockatiel [accession no. EU543265]. Actin sequences from
Cryptosporidium avian genotype VI (PV-3492, PV-18212,
PV-18220, and IN-18221) shared 100 % identity with each
other and 99.3 % identity with PV-3605 and published actin
sequences from C. galli.

A fragment of the HSP70 gene was amplified and se-
quenced from 11 of the 18 samples that were positive for the
18S rRNA gene (Fig. 2b). A HSP70 sequence could not be
obtained from the C. galli isolate PV-3605. Sequences of
HSP70 from Cryptosporidium avian genotype VI shared

100 % identity with each other and 98.6 % identity with a
published C. galli HSP70 sequence [accession no.
AY168849].

Discussion

We report on the genotyping of Cryptosporidium isolates from
red-winged blackbirds in the USA. Data show that free-living
North American red-winged blackbirds host the gastric spe-
cies C. galli, and a closely related genotype within the gastric
clade, which we have named Cryptosporidium avian genotype
VL

Consistent with their phylogenetic positions, C. galli and
avian genotype VI were found in the proventriculus of all
positive red-winged blackbirds. The finding that half of the
positive birds also had a positive intestinal sample is not sur-
prising, as oocysts of gastric species pass through the intestine
and are shed in the feces. Although we did not perform histo-
pathology to confirm the gastric location, previous work has
shown that C. galli exclusively infects the proventricular ep-
ithelium (Blagburn et al. 1990; Morgan et al. 2001), similar to
the Eurasian woodcock genotype (Ryan et al. 2003a) and avi-
an genotype III (Makino et al. 2010). Each of these species/
genotypes has been shown to cause clinical disease and mor-
tality in birds (Blagburn et al. 1990; Makino et al. 2010;
Morgan et al. 2001; Ryan et al. 2003a). Further studies are
required to determine if Cryptosporidium avian genotype VI
is pathogenic for red-winged blackbirds.

The 18S rRNA gene in C. galli exhibits significant se-
quence heterogeneity (Morgan et al. 2001). In one study, three
different 18S rRNA sequences from a single bird diverged by
0.6+0.3 % (Morgan et al. 2001). These sequences were ini-
tially named finch genotypes I, II, and III, but were subse-
quently classified as heterogeneous sequences of C. galli
(Ryan et al. 2003b). Among the possible explanations for
intraspecific 18S rRNA sequence heterogeneity, the occur-
rence of paralogous gene copies (Le Blancq et al. 1997;
Stenger et al. 2015) is most problematic for the inference of
evolutionary relationships because paralogs are not related by
descent (Koonin 2005). The mean evolutionary divergence of
18S rRNA sequences from avian genotype VI and C. galli
(2.0+0.5 %) was greater than that of heterogeneous sequences
from C. galli (0.7£0.2 %,; calculated using Mega 6.0 from
sequences reported in Fig. 1), supporting our decision to cat-
egorize avian genotype VI separately from C. galli. The find-
ing that of actin and HSP70 sequences also diverged further
supported this decision.

The present study has contributed to the understanding of
Cryptosporidium diversity in passerine hosts. Further sam-
pling of passerines in their natural habitat will help to deter-
mine how factors such as host speciation and geographic
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isolation have influenced Cryptosporidium diversification in
birds.
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Abstract The morphological, biological, and molecular char-
acteristics of Cryptosporidium avian genotype V are de-
scribed, and the species name Cryptosporidium avium is pro-
posed to reflect its specificity for birds under natural and ex-
perimental conditions. Oocysts of C. avium measured 5.30—
6.90 um (mean=6.26 um) x 4.30-5.50 um (mean=4.86 pum)
with a length to width ratio of 1.29 (1.14-1.47). Oocysts of
C. avium obtained from four naturally infected red-crowned
parakeets (Cyanoramphus novaezealandiae) were infectious
for 6-month-old budgerigars (Melopsittacus undulatus) and
hens (Gallus gallus f. domestica). The prepatent periods in
both susceptible bird species was 11 days postinfection
(DPI). The infection intensity of C. avium in budgerigars
and hens was low, with a maximum intensity of 5000 oocysts
per gram of feces. Oocysts of C. avium were microscopically
detected at only 12—16 DPI in hens and 12 DPI in budgerigars,
while PCR analyses revealed the presence of specific DNA in
fecal samples from 11 to 30 DPI (the conclusion of the exper-
iment). Cryptosporidium avium was not infectious for 8-
week-old SCID and BALB/c mice (Mus musculus).
Naturally or experimentally infected birds showed no clinical
signs of cryptosporidiosis, and no pathology was detected.
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Budgjovice, Czech Republic

Department of Veterinary Science and Microbiology, University of
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Developmental stages of C. avium were detected in the ileum
and cecum using scanning electron microscopy. Phylogenetic
analyses based on small subunit rRNA, actin, and heat shock
protein 70 gene sequences revealed that C. avium is genetical-
ly distinct from previously described Cryptosporidium
species.

Keywords Cryptosporidium avium - Morphology -
Molecular analyses - Transmission studies - Cryptosporidium
avian genotype V

Introduction

Cryptosporidium parasites belong to the phylum Apicomplexa
and infect the gastrointestinal tract of a broad range of vertebrate
species (Fayer 2010), causing the diarrheal disease cryptosporid-
iosis. Currently, around 30 species of Cryptosporidium infecting
fish, amphibians, reptiles, birds, and mammals are considered to
be valid (Kvac et al. 2014a; Liu et al. 2013; Qi et al. 2011). Of
these, only three have specificity for birds: Cryptosporidium
meleagridis, Cryptosporidium baileyi, and Cryptosporidium
galli (Current et al. 1986; Ryan et al. 2003b; Slavin 1955). In
addition, 11 Cryptosporidium genotypes have been described in
more than 30 bird species worldwide, including avian I-V, goose
genotypes I-TV, duck genotype, and Euroasian Woodcock geno-
type (Ryan 2010). Of these, only C. meleagridis is known to also
infect humans (Alves et al. 2003; Cama et al. 2003; McLauchlin
et al. 2000; Xiao and Ryan 2004). Although mammal-specific
Cryptosporidium species and genotypes are rarely detected in
birds, Cryptosporidium hominis, C. hominis-like,
Cryptosporidium parvum, and muskrat genotype I have been
reported in fecal samples from Canada geese (Branta
canadensis) (Graczyk et al. 1998; Jellison et al. 2004, 2009;
Zhou et al. 2004).
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Natural cryptosporidiosis of birds caused by C. meleagridis
and C. galli affects the gastrointestinal tract and manifests in
different degrees of enteritis (Gharagozlou et al. 2006; Ryan
et al. 2003b), whereas C. baileyi infects many sites, including
conjunctiva, nasopharynx, trachea, bronchi, air sac, gut, bursa
of Fabricius, kidneys, and urinary tract, and manifests in three
clinical forms: respiratory disease, enteritis, and renal disease
(Lindsay and Blagburn 1990). Usually, only one form of the
disease is present in an outbreak (Lindsay and Blagburn
1990). Also, Cryptosporidium avian genotype 1 was report-
ed as a possible cause of chronic vomiting in peach-faced
lovebirds (Agapornis roseicollis) (Makino et al. 2010).
Pathogenicity has not been described for other bird-derived
Cryptosporidium genotypes (Ng et al. 20006).

The redescription of Cryptosporidium genotypes as new
species requires morphometric studies of oocysts, genetic
characterizations, and demonstration of host specificity (natu-
ral and, where possible, experimental) (Xiao et al. 2004).
These data have thus far been lacking for Cryptosporidium
genotypes from birds (Ng et al. 2006). The present study
aimed to address this deficiency for Cryptosporidium avian
genotype V, a genotype first reported in cockatiels
(Nymphicus hollandicus) in Japan (Abe and Makino 2010)
and subsequently in many other bird hosts (Table 1). Based
on the collective data from this and other studies, we conclude
that Cryptosporidium avian V is genetically and biologically
distinct from recognized Cryptosporidium species, and we
propose that it be named Cryptosporidium avium.

Materials and methods
Source of oocysts for studies

Oocysts of C. avium were originally isolated from fecal sam-
ples of four naturally infected adult red-crowned parakeets

(Cyanoramphus novaezealandiae), which were caged by a
private owner in Ceské Budg&jovice (Czech Republic).
Cryptosporidium avium oocysts from these red-crowned
parakeets were pooled and used to infect a single 6-month-
old hen (hen 1; Gallus gallus f. domestica). Oocysts from hen
1 were used to infect other animals (see “Transmission
studies” section).

Parasitological examination and oocyst preparation

Animal feces were screened for Cryptosporidium oocysts
using fecal smears stained with aniline-carbol-methyl violet
(ACMV) (Milacek and Vitovec 1985). Fecal specimens were
collected daily and stored in a 2.5 % potassium dichromate
solution at 4-8 °C.

Cryptosporidium oocysts originated from red-crowned
parakeets and from hen 1 were purified using cesium chloride
gradient centrifugation for morphometry analyses and trans-
mission studies (Kilani and Sekla 1987). The viability of oo-
cysts was examined using propidium iodide (PI) staining by a
modified assay of Sauch et al. (1991). Briefly, examined oo-
cysts were washed in distilled water (DW; 10,000 oocysts in
100 pl) and mixed with 1 ul of PI (1 % solution, Sigma). After
30 min of incubation at room temperature in the dark, the
oocysts were washed twice with DW. Oocyst viability was
examined using fluorescence microscopy (filter 420 nm,
Olympus IX70). Oocysts with red fluorescence were consid-
ered to be dead, and those without fluorescence were consid-
ered viable.

Oocyst morphology

Cryptosporidium avium oocysts for morphology and mor-
phometry analyses were examined using differential interfer-
ence contrast (DIC) microscopy, brightfield microscopy fol-
lowing ACMV staining, and fluorescence microscopy

Table1  Occurrence of Cryptosporidium avium n. sp. (previously known as avian genotype V) demonstrated on the basis of partial sequences of SSU,
actin, and HSP70 in various bird hosts in the world
Host (scientific name) Location Genes (GenBank accession number) References
Cockatiel (Nymphicus holandicus) Japan SSU (AB471646); actin (AB471660); Abe and Makino (2010)
HSP70 (AB471665)

China SSU (HM116381) Qietal. (2011)

China SSU (JQ246415); actin (JQ320301) unpublished

China SSU (KM267556)" Zhang et al. (2015)
Chicken (Gallus gallus) China SSU (JX548299) Wang et al. (2014)
Blue-fronted Amazon (Admazona aestiva) Brazil SSU (KJ487974) Nakamura et al. (2014)
Major Mitchell’s Cockatoo (Lophochroa leadbeateri) USA SSU (KP342400) Curtiss et al. (2015)
Budgerigar (Melopsittacus undulates) China SSU (KM267556)° Zhang et al. (2015)

?Identical GenBank accession number for sequence acquired from two different hosts cockatiel and budgerigar

SSU small ribosomal subunit rRNA, HSP70 70-kDa heat shock protein
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following labeling with genus-specific FITC-conjugated anti-
bodies (Cryptosporidium IF Test, Crypto Cel, Medac)
(Olympus IX70 microscope, filter 520 nm). Morphology
and morphometry were determined using digital analysis of
images (M.I.C. Quick Photo Pro v.3.0 software; Optical
Service, Czech Republic) collected using a Camedia C-5060
Wide Zoom 5.1 megapixel digital camera (Optical Service). A
20-pl aliquot containing ~10,000 purified oocysts was exam-
ined for each measurement. Length and width of oocysts
(n=100) were measured under DIC at x1000 magnification,
and these were used to calculate the length-to-width ratio of
each oocyst. As a control, the morphometry of C. baileyi
(n=100) from a naturally infected adult common peafowl
(Pavo cristatus) were measured by the same person using
the same microscope. Photomicrographs of C. avium (avian
genotype V) oocysts observed by DIC, ACMYV, and IFA were
deposited as a phototype at the Institute of Parasitology,
Biology Centre of the Czech Academy of Sciences,
Czech Republic.

DNA extraction and molecular analyses

Total DNA was extracted from 200 mg of feces, 10,000 puri-
fied oocysts, or 200 mg of tissue by bead disruption for 60 s at
5.5 m/s using 0.5-mm glass beads in a FastPrep”-24
Instrument (MP Biomedicals, CA, USA). DNA was isolated
and purified using a commercially available kit in accordance
with the manufacturer’s instructions (QIAamp@ DNA Stool
Mini Kit or DNeasy” Blood & Tissue Kit, Qiagen, Hilden,
Germany). Purified DNA was stored at =20 °C prior to being
used for PCR. A nested PCR approach was used to amplify a
region of the small subunit (SSU) (~830 bp; Jiang et al. 2005;
Xiao et al. 1999), actin (~1066 bp; Sulaiman et al. 2002) and
HSP70 genes (~1950 bp; Sulaiman et al. 2000). Both primary
and secondary PCR reactions were carried out in a volume of
50 pl; the primary reaction contained 2 pl of genomic DNA
(or water as a negative control) and the secondary reaction
contained 2 pl of the primary reaction as template. DNA of
C. parvum and C. baileyi was used as positive control.
Secondary PCR products were detected by agarose gel (2 %)
electrophoresis, visualized by ethidium bromide staining, and
extracted using QIAquick{U Gel Extraction Kit (Qiagen).
Purified secondary products were sequenced in both direc-
tions with an ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) using the secondary
PCR primers and the BigDyel Terminator v3.1 cycle se-
quencing kit (Applied Biosystems, Foster City, CA, USA) in
10-pl reactions.

Phylogenetic analyses

The nucleotide sequences of each gene obtained in this study
were edited using the ChromasPro 1.7.5 software

(Technelysium Pty Ltd.) and aligned with each other and with
reference sequences from GenBank using MAFFT version 7
online server with automatic selection of alignment mode
(http://mafft.cbrc.jp/alignment/software/). Phylogenetic
analyses were performed, and best DNA/protein phylogeny
models were selected using the MEGAG6 software (Guindon
and Gascuel 2003; Tamura et al. 2011). Phylogenetic trees
were inferred by the maximum likelihood (ML) method, with
the substitution model that best fits the alignment selected
using the Bayesian information criterion. The Tamura 3-
parameter model (Tamura 1992) was selected for SSU and
HSP70 alignments, and the general time reversible model
(Tavaré 1986) was selected for actin alignment. Bootstrap
support for branching was based on 1000 replications.
Phylograms were drawn using the MEGAG6 and were manu-
ally adjusted using CorelDraw X7. Sequences of SSU, actin,
and HSP70 derived in this study have been deposited in
GenBank under accession numbers KU058875-KU058886.

Transmission studies
Animals

Three 8-week-old severe combined immunodeficiency
(SCID) mice (strain C.B-17), three 8-week-old BALB/c mice
(Charles River, Germany), three 6-month-old hens (hen 2—4;
Gallus gallus f. domestica), and three 6-month-old budgeri-
gars (bud 1-3; Melopsittacus undulatus) were used for exper-
imental infection studies. In addition, three animals from each
host species/strain were used as negative control.

Experimental design

To prevent environmental contamination with oocysts, labo-
ratory rodents were housed in plastic cages and supplied with
a sterilized diet (TOP-VELAZ, Prague, Czech Republic) and
sterilized water ad libitum. Hens and budgerigars were kept in
species-appropriate birdcages with sterilized wood-chip bed-
ding and without bedding, respectively, and were supplied
with sterilized food and water ad libitum. Each animal was
inoculated orally by stomach tube with 100,000 purified via-
ble oocysts suspended in 200 pl of distilled water. Animals
serving as negative controls were inoculated orally by stom-
ach tube with 200 pl of distilled water. Fecal samples from all
animals were screened daily for the presence of
Cryptosporidium oocyst using ACMV staining, and the pres-
ence of Cryptosporidium-specific DNA was confirmed using
nested PCR targeting the SSU gene. All experiments were
terminated 30 days postinfection (DPI). Infection intensity
was reported as the number of oocysts per gram (OPG) of
feces as previously described by Kvac et al. (2007). In addi-
tion, fecal consistency and color and general health status
were examined daily. One C. avium-positive animal from each
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host group was euthanized 20 DPI. Tissue specimens were
processed for PCR detection, histology, and electron
MiCroscopy.

Histopathological examinations

The complete examination of all gastrointestinal organs was
conducted at necropsy. Tissue specimens from the stomach,
small intestine, and large intestine (the entire tract was divided
into 1-cm sections) were sampled and processed for histology
according to Kvac and Vitovec (2003) and for PCR analyses
(see “Oocyst morphology” section). Histology sections were
stained with hematoxylin and eosin (HE), Wolbach’s modified
Giemsa stain, and genus-specific FITC-conjugated monoclo-
nal antibodies targeting Cryptosporidium oocyst wall antigens
(Cryptosporidium IF Test, Crypto Cel, Medac).

Scanning electron microscopy

Samples of intestinal tissue originating from a host confirmed
to be infected with C. avium were fixed in freshly prepared
3 % glutaraldehyde (v/v) in cacodylate buffer (0.1 M, pH 7.4)
at 4 °C and further processed for SEM as described in
Valigurova et al. (2008). All samples were examined by
JEOL JSM-7401F.

Animal care

Animal caretakers wore new disposable coveralls, shoe
covers, and gloves every time they entered the experimental
room. All wood-chip bedding, feces, and disposable protec-
tive clothing were sealed in plastic bags, removed from the
experimental room, and incinerated. All housing, feeding, and
experimental procedures were conducted under protocols ap-
proved by the Institute of Parasitology, Biology Centre, and
Central Commission for Animal Welfare, Czech Republic
(protocol nos. 071/2010 and 114/2013).

Results

In the present study, C. avium was detected in naturally infect-
ed red-crowned parakeets (C. novaezealandiae) (n=4), which
continuously shed oocysts for more than 5 months.

Oocyst morphology

Oocysts of C. avium originated from naturally infected red-
crowned parakeets were morphometrically identical to those re-
covered from experimentally infected hen no. 1, measuring
5.30-6.90 uym (mean=6.26 um)x4.30-5.50 pm
(mean=4.86 um) with a length-to-width ratio of 1.29 (1.14—
1.47) (n=100; Fig. la), and they were smaller than oocysts of
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C. baileyi, measuring 5.90-7.60 pm (mean=6.90 pum) x4.30—
6.60 pm (mean=>5.50 um) with a length-to-width ratio of 1.25
(1.06-1.43) (n=100; Fig. 1). Oocysts in fecal smears showed
typical Cryptosporidium ACMYV staining characteristics
(Fig. 1b). Fixed C. avium oocysts labeled with FITC-
conjugated anti-Cryptosporidium oocyst wall antibody and ex-
amined by fluorescence microscopy had typical apple green,
halo-like fluorescence (Fig. 1c).

Molecular characterization

At the SSU locus, all isolates of C. avium (from naturally
infected red-crowned parakeets and experimentally infected
hens and budgerigars) shared 100 % identity with each other
and with Cryptosporidium avian genotype V obtained from
cockatiels in Japan (AB471646, AB471647) and China
(HM116381). At the actin locus, C. avium isolates from all
experimentally susceptible hosts shared 100 % identity with
each other and with the GenBank sequences of
Cryptosporidium avian genotype V obtained from cockatiels
in Japan (AB471660, AB471661) and China (JQ320301). At
HSP70 locus, all sequences of C. avium isolates were identical
to sequences obtained from a cockatiel (AB471665) and from
a rosy-faced lovebird (4. roseicollis; AB538401) in Japan.
Maximum likelihood trees inferred from sequences of individ-
ual genes (data no shown) and concatenated SSU, actin, and
HSP70 sequences (Fig. 2) showed that C. avium is most close-
ly related to Cryptosporidium avian genotype II and also clus-
ters with Cryptosporidium avian genotype I and C. baileyi.

Experimental transmission studies

Oocyst used for experimental infections had >90 % viability,
determined by PI staining. Experimentally inoculated SCID
and BALB/c mice did not produce detectable C. avium oo-
cysts by microscopy or specific DNA by PCR in fecal samples
within 30 DPL No clinical signs of cryptosporidiosis were
detected in any laboratory rodent. Histological and molecular
examination of gastrointestinal tract tissue from these rodents
did not reveal the presence of Cryptosporidium developmen-
tal stages or Cryptosporidium-specific DNA.
Cryptosporidium avium was fully infectious for all hens
and budgerigars. Oocysts were microscopically detected by
12 DPI in both hens and budgerigars. Oocysts of C. avium
were microscopically detected 12—16 DPI in hens and 12 DPI
in budgerigars. The infection intensity of C. avium in hens and
budgerigars was generally low—hens shed oocysts in range
2000 to 5000 OPG, while budgerigars did not shed more than
2000 OPG. Specific DNA of C. avium was detected in feces
of both hens and budgerigars from 11 DPI and then intermit-
tently until the end of the experiment. Infected birds showed
no symptoms of the disease, and hens and budgerigars
necropsied at 20 or 30 DPI showed no macroscopic signs of
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Fig. 1 Cryptosporidium avium and Cryptosporidium baileyi oocysts visualized in various preparations: a differential interference contrast microscopy,
b aniline—carbol-methyl violet staining, and ¢ labeled with anti-Cryptosporidium FITC-conjugated antibody. Bar=10 pm

cryptosporidiosis. No developmental stages of C. avium were
histologically observed in either hens or budgerigars.
However, scanning electron microscopy revealed the presence
of developmental stages of C. avium attached to the microvilli
in the ileum and cecum of hens (Fig. 3) and budgerigars. No
pathology-associated changes were observed.

Taxonomic summary

Cryptosporidium avium

Diagnosis: Oocysts are shed fully sporulated. Sporulated
oocysts (n=100) measure 5.30-6.90 pm
(mean=6.26 pm)x4.30-5.50 um (mean=4.86 pwm) with a
length-to-width ratio of 1.29 (1.14-1.47). Endogenous stages
are unknown.

Type host: red-crowned parakeet (C. novaezealandiae)

Other natural hosts: rosy-faced lovebird (4. roseicollis),
chicken (Gallus gallus), blue-fronted Amazon (Amazona
aestiva), major Mitchell’s cockatoo (Lophochroa
leadbeateri), cockatiel (N. hollandicus), budgerigar
(M. undulatus) (Table 1)

Experimental hosts: hen (Gallus gallus domesticus), bud-
gerigar (M. undulatus)

Prepatent period: 11 DPI

Patent period: at least 30 DPI

Type locality: Ceské Budgjovice, Czech Republic

Other localities: Brazil, China, Japan, USA

Site of infection: ileum, cecum (this study), kidney, ureter,
and cloaca (Curtiss et al. 2015)

Material deposited: A phototype, description of oocysts,
and DNA are deposited at the Institute of Parasitology,
Biology Centre of the Academy of Sciences of the
Czech Republic.

DNA sequences: Partial sequences of SSU, actin, and
HSP70 genes were submitted to GenBank under the accession
numbers KU058875-KU058886.

Etymology: The species name avium is derived from the
Latin noun “avis” (meaning a bird) according to ICZN Article
11.9.1-3 as a plural in the genitive case, as it appears to be
adapted to birds.

Morphological, genetic, and biological data support the
establishment of Cryptosporidium avian genotype V as a
new species. According to ICZN and criteria for naming spe-
cies, we propose the name Cryptosporidium avium.

Discussion

Avian-adapted Cryptosporidium species and genotypes ap-
pear to infect a broad range of bird species (Ryan 2010).
This is supported by our finding that C. avium could be trans-
mitted from parrots, which are in the order Psittaciformes, to
hens, which are in the order Galliformes. It is therefore unsur-
prising that the host range of C. avium overlaps that of other
avian-adapted Cryptosporidium, including the closely related
avian genotype II (Abe and Makino 2010). In contrast to
C. meleagridis, which has been reported in calves, pigs, rab-
bits, rats, mice, and humans (Akiyoshi et al. 2003; Cama et al.
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C. fayeri [AF112570, AF382345, AF22153]

C. viatorum [JN846705, JN846707, JN846706]

C. macropodum [AF513227, EU124664, AY237632]

70 C. ubiquitum [EU827424, GQ337961, DQ898163]
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C. varanii [EU553556, AF382349, FJ429603]
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Fig. 2 Phylogenetic relationships between Cryptosporidium avium and
selected Cryptosporidium spp. as inferred by a maximum likelihood
(ML) analysis of concatenated sequences constructed from partial DNA
sequences of SSU, actin, and HSP70 loci (1234 base positions in the final

2003; Darabus and Olariu 2003; Elwin et al. 2012; Huang
et al. 2003; O’Donoghue 1995; Xiao and Ryan 2004), there

Fig. 3 Scanning electron photomicrograph. Epithelium of ileum of a
hen, sacrificed 20 DPI, showing attached Cryptosporidium avium.
Detail of the attached C. avium developmental stage is provided in the
upper right corner. Bar=10 pm
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C. baileyi [AF093495, EU741853, AF221539]

97 E avian genotype Il [DQ002931, DQ650347, DQ002929]
10

C. galli[HM116388, AY163901, AY 168849]

euroasian woodcock genotype [AY273769, DQ2650345, AY273773]

C. serpentis [Af151376, AF382353, AF221541]
?Lr C. muris [AB089284, AF382350, AF221543]
98 = C. andersoni [EU245042, AF382352, FJ463201]

dataset; model Tamura 3-parameter G +1). The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates). Numbers at the nodes represent bootstrap values for the
nodes gaining more than 50 % support. Scale bar included in tree

is no evidence that C. avium infects non-avian hosts (present
study; Kvac et al. 2014b).

Most birds infected with C. avium, including experimen-
tally infected hens and budgerigars, showed no clinical signs
of cryptosporidiosis (present study; Ng et al. 2006); however,
a 7-year-old Major Mitchell’s cockatoo (L. leadbeateri)
showed signs of lethargy, anorexia, and cloacal prolapse
(Curtiss et al. 2015). Cryptosporidium avium was detected in
the kidneys, ureter, and cloaca of the Major Mitchell’s cocka-
too, and developmental stages were found in the ileum and
cecum in the present study. This broad tissue tropism is similar
to the genetically related species and genotype, C. baileyi and
avian genotype II (Nakamura and Meireles 2015).

Until now, the course of Cryptosporidium infection in birds
has been described only for C. meleagridis, C. baileyi, and
C. galli (Current et al. 1986; Ryan et al. 2003b; Slavin 1955).
We have shown that the prepatent period of C. avium
(12 days) is significantly longer than that of C. meleagridis
and C. baileyi (4-8 days; Hornok et al. 1998; Lindsay et al.
1988; Rhee et al. 1991; Tamova et al. 2002) and shorter than
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that of C. galli (25 days, Pavlasek 2001). Differences in the
prepatent period of Cryptosporidium species are not unusual,
even for phylogenetically closely related species infecting the
same host. For example, Cryptosporidium bovis and
Cryptosporidium ryanae have a similar host range (cattle)
and share 98 % sequence identity at the SSU locus, but
C. ryanae has a shorter prepatent period (11 days) than
C. bovis (16 days) (Fayer et al. 2005, 2008).

Although infected birds shed low numbers of
C. avium oocysts, shedding continued for the duration
of experimental infections (30 DPI), and naturally in-
fected red-crowned parakeets continued to shed oocysts
for at least 5 months. A several month-long natural
infection was previously observed in various passerines
naturally infected with the gastric species C. galli. The
reported duration of C. baileyi and C. meleagridis in-
fections ranges from 4 to 151 and 4 to 21 days, respec-
tively, depending on species and age of the host
(Bermudez et al. 1988; Sreter et al. 1995; Tumova
et al. 2002; Woodmansee et al. 1988).

Cryptosporidium avium oocysts from this study (5.30—
6.90 x4.30-5.50 pm) are morphometrically indistinguishable
from those of Cryptosporidium avian genotype V (5.0—
6.6x4.1-5.2 pm, Qi et al. 2011), similar to those of
Cryptosporidium avian genotype II (6.0-6.5x4.8-6.6 um,
Meireles et al. 2006; Ng et al. 2006; Qi et al. 2011) and
C. baileyi (6.3 X 4.6 um, Current et al. 1986), larger than those
of C. meleagridis (5.0x4.3 um, Slavin 1955), and smaller
than those of C. galli (8.0-8.5%6.2-6.4 pm, Ryan et al.
2003b), Cryptosporidium avian III (7.5% 6.3 pm, Meireles
et al. 2006; Ng et al. 2006), and Euroasian woodcock geno-
type (8.5 % 6.4 um, Ryan et al. 2003a).

Phylogenetic analyses based on SSU, actin, and
HSP70 gene sequences showed that C. avium is genet-
ically distinct from known species and is most closely
related to C. bailey and Cryptosporidium avian geno-
types I and II.

At the SSU locus, C. avium exhibits 1.70 and 0.28 %
genetic distance from avian genotypes I and II, respec-
tively, and 2.27 % genetic distance from C. baileyi. At
the actin locus, the genetic distance from avian geno-
types I and II is 10.8 and 1.86 %, respectively, and the
genetic distance from C. baileyi is 11.04 %. At the
HSP70 locus, C. avium exhibits 4.49 and 12.92 % ge-
netic distance from avian genotype Il and C. baileyi,
respectively. These differences are comparable to genetic
distances of currently accepted species. For example, at
the SSU, actin, and HSP70 loci, the respective genetic
distances between C. parvum and C. erinacei is 0.42,
0.41, and 0.72 %; C. hominis and C. cuniculus is 1.11,
0.37, and 1.65 %; and C. muris and C. andersoni is
0.70, 3.54, and 2.21 % at SSU, actin, and HSP70 loci,
respectively.
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Abstract: A total of 345 faecal samples were collected from domestic, captive and wild birds in rural areas, urban areas and a Zoo in
Algeria. Samples were screened for the presence of parasites belonging to the genus Cryptosporidium Tyzzer, 1910 by microscopy
and PCR analysis of the small-subunit rRNA (SSU), actin and 60-kDa glycoprotein (gp60) genes. Cryptosporidium spp. were detect-
ed in 31 samples. Sequence analysis of SSU and actin genes revealed the presence of C. baileyi Current, Upton et Haynes, 1986 in
domestic chicken broilers (n = 12), captive ostriches (n = 4) and a wild mallard (n = 1), and C. meleagridis Slavin, 1955 in a graylag
goose (n = 1), chickens (n = 11) and turkeys (n = 2). Twenty-three chicken and two turkey broilers from five farms were positive for
cryptosporidia, with an overall prevalence of 2% and 6%, respectively. Both C. meleagridis and C. baileyi were detected in farmed
chicken broilers, with a prevalence ranging from 9% to 69%. Farmed turkeys broilers were positive only for C. meleagridis, with a 13%
prevalence at the animal level. Subtyping of C. meleagridis isolates at the gp60 locus showed the presence of subtype IIIgA22G3R1 in
graylag goose and chicken broilers and IIIgA23G2R1 in chicken and turkey broilers. Infection with cryptosporidia was not associated
with any clinical diseases. The results of the present study, which provides the first data on the prevalence of Cryptosporidium spp. in

wild birds in Africa, demonstrate the presence of human pathogenic C. meleagridis in both domestic and wild birds in Algeria.

Keywords: avian cryptosporidia, PCR, epidemiology, Northern Africa

Birds are important to public and animal health because
they carry various pathogens, including the zoonotic para-
sites of the genus Cryptosporidium Tyzzer, 1910 (see Reed
etal. 2003, Graczyk et al. 2008). The genus Cryptosporidi-
um comprises species of apicomplexan parasites that infect
epithelial cells in the microvillus border of the gastroin-
testinal tract of all vertebrate classes (O’Donoghue 1995).
Species of genus Cryptosporidium additionally infect the
bursa of Fabricius, respiratory system and other organs in
birds (Nakamura and Meireles 2015).

So far, only four bird specific species of Cryptosporid-
ium have been described: Cryptosporidium meleagridis
Slavin, 1955; Cryptosporidium baileyi Current, Upton
et Haynes, 1986; Cryptosporidium galli Pavlasek, 1999;
and Cryptosporidium avium Holubova, Sak, Horcickova,
Hlaskova, Kvétonova, Menchaca, McEvoy et Kvac, 2016
(Slavin 1955, Current et al. 1986, Ryan et al. 2003a, Hol-
ubova et al. 2016). These species infect a broad spectrum
of birds, although they differ in their host range and site
of infection; C. meleagridis also causes disease in humans
(McLauchlin et al. 2000, Cama et al. 2003). Besides these
four species, 13 Cryptosporidium genotypes have been
described in birds worldwide, including avian genotypes
I-VI, black duck genotype, Eurasian woodcock genotype

and goose genotypes -V (Nakamura and Meireles 2015,
Chelladurai et al. 2016).

Additionally, the major human pathogenic species
C. hominis Morgan-Ryan, Fall, Ward, Hijjawi, Sulaiman,
Fayer, Thompson, Olson, Lal et Xiao, 2002 and C. parvum
Tyzzer, 1912 and the artiodactyl and rodent species C. an-
dersoni Lindsay, Upton, Owens, Morgan, Mead et Blag-
burn, 2000 and C. muris Tyzzer, 1907 have been detected
in birds (Graczyk et al. 1998, Zhou et al. 2004, Ng et al.
2006, Qi et al. 2014).

Although cryptosporidiosis is one of the most prevalent
parasitic infections in domestic, captive and wild birds
worldwide, research on cryptosporidia in birds has lagged
well behind that in mammals (Kvac et al. 2014). A major
gap in our understanding of the diversity of cryptosporidia
in birds is lack of prevalence and, in particular, genotyping
data from the African continent (Bezuidenhout et al. 1993,
Penrith et al. 1994, Soltane et al. 2007, Berrilli et al. 2012,
Baroudi et al. 2013). In the present study, we determined
the occurrence of Cryptosporidium spp. in domesticated
and wild birds in Algeria using molecular tools, including
subtype identification of C. meleagridis. Additionally, the
role of wild birds as natural source of cryptosporidia for
farmed birds was evaluated.
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MATERIALS AND METHODS

Samples

Actotal of 345 faecal samples from juvenile and adult domestic
and wild birds were collected at poultry farms, rural and urban ar-
eas, and a zoo at the Bourdj Bou Arreridj Setif and Algiers prov-
ince of Algeria (Table 1). At poultry farms, chicken and turkey
broilers were kept on soil and laying hens were kept in hatcheries/
cages. Birds from the zoo were housed in an aviary with a con-
crete floor or, in the case of ostriches, were kept on soil. Captive
birds from urban areas were kept in bird cages. Faecal samples
of wild and captive birds and poultry were obtained directly
from the ground immediately after defecation. Cloacal contents
of farmed birds were collected after necropsy. Each sample was
placed into an individual sterile plastic container without fixa-
tive, transported to the laboratory in a cool box and stored at 4 °C
until processing. All samples were screened for the presence of
oocysts of cryptosporidia using the aniline-carbol-methyl violet
staining method (Milacek and Vitovec 1985). Faecal consistency
was noted at the time of sampling. The infection intensity was de-
termined from the microscopic examination as number of oocysts
per gram (OPG) according to Kvac et al. (2007).

Molecular study

DNA was extracted from 200 mg of facces by bead disrup-
tion for 60 s at 5.5 m/s using 0.5 mm glass beads in a Fast Prep®
24 Instrument (MP Biomedicals, Santa Ana, CA, USA) followed
by isolation/purification using a commercially available kit in
accordance with the manufacturer’s instructions (PSP Spin stool
DNA Kit, STRATEC Molecular GmbH, Birkenfeld, Germany).
Purified DNA was stored at -20°C prior to being used for PCR
analysis. A nested PCR approach was used to amplify a region of
the small subunit of rRNA gene (SSU; ~ 830 bp; Xiao et al. 1999,
Jiang et al. 2005) and actin (~ 1,066 bp; Sulaiman et al. 2002) in
all samples. The 60 kDa glycoprotein (gp60; ~ 830 bp; Alves et
al. 2003, Li et al. 2014, Guo et al. 2015) was amplified in positive
samples on the basis of results of SSU and actin genotyping. Neg-
ative and positive controls (C. parvum) were included in all PCR
sets. Purified secondary products (QIAquick® Gel Extraction Kit,
Qiagen, Hilden, Germany) were sequenced in both directions
with an ABI 3130 genetic analyser (Applied Biosystems, Foster
City, CA, USA) using the secondary PCR primers.

The nucleotide sequences of each gene obtained in this study
were edited using ChromasPro 1.7.5 software (Technelysium
Pty Ltd., South Brisbane, Australia) and aligned with each other
and with reference sequences from GenBank using MAFFT ver-
sion 7 online server with automatic selection of alignment mode
(http://mafft.cbrc.jp/alignment/software/). Phylogenetic analyses
were performed and best DNA phylogeny models were selected
using the MEGAG6 software (Tamura et al. 2013). Phylogenetic
trees with bootstrap support were inferred by maximum likeli-
hood (ML) and maximum parsimony methods. The nucleotide
sequences obtained in this study have been deposited in GenBank
under accession numbers K'Y352474-KY352489.

Statistical analyses

A two-sample z-test for proportions (independent groups) was
used to assess relationships between parasite detection (Crypto-

Folia Parasitologica 2017, 64: 018

Laatamna et al.: Cryptosporidium in birds

sporidium spp.) and presence or absence of signs of diarrhoea. All
computations were performed with R 2.15.1.

RESULTS

Microscopical examination revealed the presence of 0o-
cysts of cryptosporidia in 22 of 345 faecal samples, with
an infection intensity ranging from 1,000—4,000 OPG. Tar-
geting the SSU and actin genes, Cryptosporidium-specific
DNA was detected in all microscopy-positive samples and
in nine samples that were microscopy-negative (Table 1).
The infection rate of cryptosporidia varied among regions
and farms. The prevalence at commercial chicken and tur-
key farms reached up to 9-69% and 13%, respectively (Ta-
ble 1). Twelve examined animals suffered from diarrhoea
at the time of sampling. However, only one of them was
Cryptosporidium-positive (Table 1); thus, the presence of
diarrhoea was not associated with Cryptosporidium infec-
tion (p value = 0.1871).

ML analysis of SSU and actin sequences revealed two
distinct clusters among isolates of cryptosporidia from
birds in the present study. Fourteen isolates clustered
with C. meleagridis, sharing 100% sequence identity with
C. meleagridis isolates with accession nos. AF112574 and
AF382351. The remaining 17 isolates belonged to C. bai-
leyi, sharing 100% sequence identity with accession nos.
AF093495 and EU741853. Analysis of the gp60 gene of
C. meleagridis isolates showed the presence of subtypes
11IgA22G3R1, in a wild goose (n = 1) and chicken broilers
(n = 10), and 11IgA23G2R1 in turkey (n = 2) and chicken
broilers (n = 1; Table 1). The gp60 gene of C. baileyi was
not amplified by any of the used sets of primers. Crypto-
sporidium meleagridis and C. baileyi were found only on
commercial farms and in wild birds. Cryptosporidia were
not detected in traditionally bred poultry in rural areas.

DISCUSSION

In Algeria, only Baroudi et al. (2013) described the oc-
currence of Cryptosporidium meleagridis and C. baileyi in
farmed poultry, whereas the occurrence of cryptosporidia
in wild birds has not yet been studied. Therefore, the pres-
ent study provides the first data on the prevalence of Cryp-
tosporidium spp. in wild birds in Africa. Cryptosporidium
baileyi is considered the most common avian species of
Cryptosporidium worldwide and it has the broadest host
range (Nakamura and Meireles 2015). In the present study,
C. baileyi was detected in mallard, ostriches and chicken
broilers. Whereas C. baileyi has been reported frequent-
ly in ducks and chickens worldwide (Morgan et al. 2001,
Ryan et al. 2003b, Chvala et al. 2006, Huber et al. 2007),
the only previous reports in ostriches have been from Chi-
na and the Czech Republic (Ryan et al. 2003b, Wang et
al. 2011). The overall prevalence of C. baileyi in ostriches
in the present study reached 31%, which is comparable to
the data by Wang et al. (2011) who reported prevalence of
1-29%, and lower than the 60% prevalence in farmed os-
triches and rheas originating from Belgium, France, Neth-
erlands, Portugal and Spain (Gordo et al. 2002). In con-
trast to the report of Wang et al. (2011), who did not detect
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Table 1. A survey of Cryptosporidium meleagridis Slavin, 1955 and C. baileyi Current, Upton et Haynes, 1986 in faecal samples of
domestic, captive and wild birds based on microscopic and molecular examination.

Age Screened Molecular characterisation
Area Host & samples/MIC/ - Diarrhoea
PCR positive SSU actin 2p60
4/0/0 - - - -
Anser anser (Linnacus) (greylag go0sc) A Z(l);(l) C. meleagridis C. meleagridis 1IgA22G3R1 -
3/0/0 - - - -
l\)};/rl(li(; Rural 2 i;(l);(l) C. baileyi C. baileyi ND 1
Anas platyrhynchos Linnaeus (mallard) A 14/0/0 . . . .
A 8/0/0 - - - -
Ciconia ciconia (Linnaeus) (white stork) A 25/0/0 - - - -
Dromaius novaehollandiae (Latham) (emu) A ;;g;g B B . )
Balearica regulorum (Bennett) (grey crowned- A 4/0/0 B B R }
crane)
Numida meleagris (Linnaeus) (helmeted A 2/0/0 B B R }
guineafowl)
. 6/0/0 - - - -
Anas platyrhynchos Linnaeus (mallard) A 2/0/0 . . . .
. 5/0/0 - - - -
Zoo Eclectus roratus (Miiller) (eclectus parrot) A 1/0/0 . . . .
3/0/0 - - - -
Pavo sp. (peacock A
Captive P (peacock) 6/0/0 . . . :
birds Columba livia f. domestica Gmelin (domestic A 2/0/0 ~ ~ ~ R
pigeon)
Phasianus colchicus Linnaeus A 2/0/0 - - - -
(ring-necked pheasant) 3/0/0 - - - -
Struthio camelus Linnaeus (ostrich) A 13/4/4 C. baileyi C. baileyi ND )
2/0/0 - - - -
Melopsittacus undulatus (shaw)
(Budgerigar) I 2/0/0 ° ° - )
ban Serinus canaria (Linn ) (canary) J 6/0/0 - - - -
Urban Serinus canaria acus) (canary 5/0/0 } } . )
Carduelis carduelis (Linnaeus) (European ¥ 10/0/0 B B R }
goldfinch)
2-3 weeks 6/0/0 - - - -
34 weeks 11/0/0 - - - 3
3-5weeks  16/11/11 C. baileyi C. baileyi ND -
4 weeks 7/0/0 - - - 7
chicken broiler 5 weeks 8/1/1 C. baileyi C. baileyi ND -
5-6 weeks 11/1/1 C. meleagridis C. meleagridis 111gA23G2R1 -
. 5-6 weeks 8/0/0 - - - -
commercial
breed 5-7 weeks 9/0/0 - - - -
Gallus gallus Sweeks  16/2/10  C. meleagridis C. meleagridis 11igA22G3R1 -
f. domestica
(Linnaeus) 2 weeks 16/0/0 - - - -
(hen) laying hen 13/0/0 - - - -
Domestic p ) e A 12/0/0 - - - -
birds
. 8/0/0 - - - -
broiler hen A 7000 } } . .
3/0/0 - - - -
traditional 2/0/0 - - - -
breed hen A 5/0/0 - - - -
2/0/0 - - - 1
Meleagris . (al 4-7 weeks 19/0/0 - - - -
gallopavo f.  commercia turkey broil
domestica  breed urkey brotier 1416 1512 C. meleagridis C. meleagridis MgA23G2R1 -
Linnaeus weexs
(turkey) traditional breed A 4/0/0 - - - -
Total 345/22/31 12

J—juvenile; A — adult; MIC — microscopy; PCR — Polymerase Chain Reaction; ND — not detected.
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88/78r C. parvum [AF093493, AF382338]

99/98
98/99)

0.05
LoglL -7044.94

72/66
91/8

95/98|

100/99

69/63

C. avium [KU058878, KU058882]

77169 C. erinacei [KF612324, KF612326]

C. hominis [AF093492, AF382337]

C. cuniculus [FJ262724, GU327783]

C. tyzzeri [JQ073483, JQ073410]

90/88L ¢ wrairi [AF248762, AF382348]

C. meleagridis [AF112574, AF382351]

C. meleagridis [KY352484, KY352474] ex Gallus gallus
C. meleagridis [KY352485, KY352475] ex Meleagris gallopavo
C. meleagridis [KY352486, KY352476] ex Anser anser
C. fayeri [AF112570, AF382345]

C. viatorum [UN846705, IN846707]

C. macropodum [AF513227, EU124664]

C. ubiquitum [EU827424, GQ337961]

C. suis [AF108861, AF382344]

C. canis [AF112576, AF382340]

C. felis [AF159113, AF382347]

C. varanii [EU553556, AF382349]

C. ryanae [EU410344, EU410345]
C. scrofarum [JX424840, JX424841]
99/100 C. xiaoi [FJ896053, GU553017]
100/99%- C. bovis [AY741305, AY741307]

98/91— C. muris [AB089284, AF382350]
76/69|_| » C. andersoni [EU245042, AF382352]
C. serpentis [AF151376, AF352353]
C. galli [HM116388, AY163901]
Euroasian woodcock genotype [AY273769, DQ650345]
100/97— avian genotype Il [DQ002931, DQ650347]

C. baileyi [AF093495, EU741853]

C. baileyi [KY352487, KY352477] ex Gallus gallus

100/98| C. baileyi [KY352488, KY352478] ex Struthio camelus

C. baileyi [KY352489, KY352489] ex Anas platyrhynchos

Fig. 1. Concatenated maximum likelihood tree (model Tamura 3-parameter G + I) based on partial small subunit ribosomal RNA and
actin gene sequences of species and genotypes of Cryptosporidium Tyzzer, 1910, including those detected in the present study. Newly
obtained sequences are bolded. Numbers at the nodes represent the bootstrap values (maximum likelihood/maximum parsimony; 1,000
replicates) gaining more than 50% support. Branch length scale bar indicates number of substitution per site.

Cryptosporidium in ostriches older than 12 months of age,
we reported a high prevalence in adult ostriches. Although
there have been many reports concerning Cryptosporidi-
um infections in ostriches, the knowledge of species iden-
tity and their host and age specificity is far from clear. In
contrast, the biological properties of C. baileyi in chicken
is well known (Robertson et al. 2014). In Algeria, we de-
tected a high prevalence of this species on a commercial
farm, where 69% of screened birds were positive, and the
overall prevalence of C. baileyi in this study varied from 9
to 69%. Our findings are consistent with the reported prev-
alence of C. baileyi in flocks of chicken broilers in the USA
(10-60%) (Goodwin et al. 1996), Morocco (14-100%)
(Kichou et al. 1996) and China (7%) (Wang et al. 2014).
Cryptosporidium meleagridis has been found at a high
prevalence (29%) in turkeys aged over 4 weeks in Algeria
(Baroudi et al. 2013). In contrast, we detected the same
species in only 13% of 14-16 weeks old turkey broilers
kept on the commercial farms, which is similar to the data
reported by McEvoy and Giddings (2009), who found
3-11% of 4-9 week-old poults infected with C. meleagrid-
is. Similarly to turkey flocks, infection of chickens with
C. meleagridis varied. In the present study, C. meleagrid-
is was detected in 9-63% of chicken broilers. Wang et al.
(2014) reported a much lower prevalence (less than 2%)
of C. meleagridis in chickens. In contrast, other authors
reported C. meleagridis in 35-44% of turkeys (Pavlasek
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1994, Gharagozlou et al. 2006, Baroudi et al. 2013). These
results show high variability among breeds worldwide, but
different methodological approaches of surveys, differenc-
es in hygiene and host age likely play important role. In
contrast to previous studies that frequently reported clin-
ical cryptosporidiosis in turkeys and chickens (Goodwin
1988, Goodwin et al. 1988, Baroudi et al. 2013, Nakamu-
ra and Meireles 2015), infection with C. meleagridis was
not associated with diarrhoea and mortality in the present
study.

The importance of cryptosporidiosis in commercial
poultry production has not yet been determined because
few studies have examined the relationship between nat-
ural infection by Cryptosporidium spp. and production
losses (Nakamura and Meireles 2015). The common oc-
currence of C. meleagridis, mainly in domestic birds, may
have an impact on public health. Cryptosporidium melea-
gridis is the third most common human-pathogenic species
in both developing and developed countries (Cama et al.
2008). All isolates of C. meleagridis detected in the present
study belonged to family Illg, which has been previously
detected in birds and humans (Abal-Fabeiro et al. 2013,
Baroudi et al. 2013, Stensvold et al. 2014). Two subtypes of
C. meleagridis, l1lgA23G2R1 and 11IgA22G3R1, have not
been reported previously from domestic chickens, turkeys
and wild goose. The presence of subtype I1IgA22G3R1 in
wild and farmed birds in this study suggests circulation
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C. meleagridis IligA22G3R1 [KY352480] ex Anser anser
98/77) ¢. meleagridis lgA22G3R1 [KY352482] ex Gallus gallus
54/57| C. meleagridis lligA23G2R1 [KY352481] ex Meleagris gallopavo
C. meleagridis llgA23G2R1 [KY352483] ex Gallus gallus
71/72] C. meleagridis lllg [KJ210621]
82/72] C. meleagridis llg [JX878611]
C. meleagridis I1lg [JX878610]
C. meleagridis llg [JX878613]
C. meleagridis lllg [JX878612]
C. meleagridis lla [AF401499]
C. meleagridis llle [JF691563]
59/78 C. meleagridis lllb [KJ210610]

0.1 C. meleagridis 1lld [DQ067570]

LogL -12126.54 100/1 005 C. meleagridis lllc [KF733815]
’ 87/58 ferret genotype Vllla [GQ121029]

100/100 mink genotype Xa [HM234174]

C. cuniculus Vb [FJ262734]
C. erinacei Xlla [KF612329]

C. hominis |f [AF440638]

C. parvum llc [AF164491]

C. parvum Ilh [AY873781]

C. parvum lld [AY738194]

C. hominis la [AF164502]

C. hominis Ig [EF208067]

C. cuniculus Va [FJ262730]

C. parvum |ll [AM937006]

horse genotype Vla [FJ435960]

100/100% horse genotype VIb [FJ435961]

C. parvum lla [AY262034]

C. parvum llg [AY873780]

100/100; C. hominis 1d [DQ665692]

C. parvum lli [AY873782]

C. tyzzeri IXa [HM234177]

C. tyzzeri IXb [HM234176]

C. hominis Ib [AY262031]

C. hominis le [AY738184]

C. fayeri IVa [FJ490060]

Fig. 2. Maximum likelihood tree (model General Time Reversible G + I) based on partial sequences of gp60 gene of species and gen-
otypes of Cryptosporidium Tyzzer, 1910, including Cryptosporidium meleagridis Slavin, 1955 detected in the present study. Newly
obtained sequences are bolded. Numbers at the nodes represent the bootstrap values (maximum likelihood/maximum parsimony; 1,000
replicates) gaining more than 50% support. Branch length scale bar indicates number of substitution per site.
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of parasites between wild and domestic animals. Due to
the lack of gp60 subtyping on human cryptosporidiosis in
North Africa, it is not known if the C. meleagridis subtypes
reported in the present study are associated with human
disease, although infections by this species has been pre-
viously reported in Tunisia (Essid et al. 2008, Rahmouni
etal. 2014).
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Host- and age-specificity of Cryptosporidium avium were studied in 1-, 21- and 365-day-old chickens (Gallus
gallus), domestic ducks (Anas platyrhynchos) and ring-necked pheasants (Phasianus colchicus) under experimental
conditions. Cryptosporidium avium was not infectious for ring-necked pheasants, but it was infectious for ducks
and chickens at all age categories. The course of infection in ducks did not differ among age categories, but 365-
day-old chickens had less severe infections than 1- and 21-day-old chickens. The patent period in chickens and

ducks was > 30 DPI, but ducks started to shed oocysts of C. avium earlier (5-6 DPI) and at a lower intensity
(accumulated value of infection intensity of 58,000-65,000 OPG) than chickens (9-11 DPI and accumulated
value of infection intensity of 100,000-105,000 OPG). Experimentally infected birds showed no clinical signs of

cryptosporidiosis.

1. Introduction

The genus Cryptosporidium comprises protist parasites that infect
epithelial cells of the gastrointestinal tract of all vertebrates (Ryan and
Xiao, 2014). Additionally, some species and genotypes of the genera
Cryptosporidium infect the bursa of Fabricius and other organs in birds
(Nakamura and Meireles, 2015). The genetic diversity of Cryptospor-
idium spp. has been well studied, and several genotypes have been
described in birds, most of which have a limited host range (Kvac et al.,
2014a). For example, duck genotype and goose genotypes I-IV have
been found exclusively in the order Anseriformes (Cano et al., 2016;
Morgan et al., 2001; Zhou et al., 2004), while avian genotype II has
been found exclusively in Psittaciformes (Ng et al., 2006).

Biological characteristics have been less well studied in bird-
adapted Cryptosporidium spp. than in species infecting mammals.
Cryptosporidium baileyi, C. meleagridis and C. galli have been reported in
birds belonging to several different avian orders (Kvac et al., 2014a;
Robertson et al., 2014). Experimental infectivity studies have shown
that the susceptibility of birds to C. baileyi and C. galli can vary with age
(Pavlasek, 2001; Sreter and Varga, 2000; Sreter et al., 1995).

Cryptosporidium avium is a recently described species that has been

reported to naturally infect budgerigars (Melopsittacus undulates),
cockatiels (Nymphicus hollandicus), Fischer's lovebirds (Agapornis fi-
scheri), major Mitchell's cockatoos (Lophochroa leadbeateri), red-
crowned parakeets (Cyanoramphus novaezelandiae), rosy-faced lovebirds
(Agapornis roseicollis) and turquoise-fronted amazons (Amazona aestiva)
from the order Psittaciformes (Abe and Makino, 2010; Curtiss et al.,
2015; Li et al., 2016; Nakamura and Meireles, 2015; Qi et al., 2011;
Zhang et al., 2015). Wang et al. (2014) also described C. avium in
chickens (Gallus gallus) in the order Galliformes. All cases of natural
infections in birds have been from adults, but Holubova et al. (2016)
demonstrated that C. avium can infect 6-month-old chickens under ex-
perimental conditions. Additionally, C. avium was associated with co-
litis and cystitis in green iguanas (Iguana iguana) in the order Squamata
(Kik et al., 2011).

We recently detected natural C. avium infections in ducks from the
order Anseriformes (unpublished), suggesting that this species can in-
fect multiple avian orders, similar to C. baileyi and C. galli. Therefore,
the present study aimed at determining the susceptibility of birds of
different ages from the orders Galliformes and Anseriformes to ex-
perimental infection by C. avium.
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Table 1

Course of infection in caused by Cryptosporidium avium in domestic chickens (Gallus gallus), domestic ducks (Anas platyrhynchos) and ring-necked pheasants (Phasianus
colchicus) and evaluated on the basis of the length of the prepatent and patent period, average number of excreted oocyst during patent period per animal (AUC),
maximum infection intensity concentration (Cmax) and maximum infection intensity time (tmax).

Host (scientific name)

Age category

Prepatent period (day)

Patent Period (day)

Course of infection

AUC (OPG) Cmax (OPG) Tmax (day)

Chickens (Gallus gallus) 1-day 10-12 > 30 100,000 38,000 19

21-days 9-10 > 30 105,000 22,000 19

365-days 11-12 > 30 - - -
domestic ducks (Anas platyrhynchos) 1-day 5-6 > 30 60,000 22,000 10

21-days 5-6 > 30 65,000 18,000 10

365-days 5-6 > 30 58,000 18,000 11
ring-necked pheasants (Phasianus colchicus) 1-day Insusceptible hosts

21-days

365-days

2. Material and methods

Oocysts of C. avium were obtained from the intestinal contents of
five naturally infected and hunted adult wild ducks (Anas platyrhynchos)
in Plzen, the Czech Republic. The identity of C. avium has been con-
firmed by PCR/sequencing of the Cryptosporidium small-subunit rRNA
gene (SSU; below). All intestinal contents (15-30 g from each animal)
were pooled and the oocysts were purified using a cesium chloride
gradient (Arrowood and Donaldson, 1996) and stored in PBS at 4 °C.
Oocysts in the inoculum were genotyped using the molecular methods
described below, enumerated using a haemocytometer, and examined
for viability using an assay previously described by Sauch et al. (1991).
Groups of naive 1-, 21- and 365-day-old chickens (Gallus gallus), do-
mestic ducks (Anas platyrhynchos) and ring-necked pheasants (Phasianus
colchicus), each comprising three animals, were used in the study. All
animals were hatched and kept under laboratory conditions to prevent
infection by Cryptosporidium prior to inoculation. The study was con-
ducted in accordance with Act No. 246/1992 Coll. of the Czech Re-
public. The research protocols (Protocols No. 071/2010 and 114/2013)
were approved by the Committee for Animal Welfare of the Biology
Centre, Czech Academy of Science and the Veterinary administration
authorities. Animals of each host and age category were housed sepa-
rately in cages with raised bottom grids, to avoid re-infection, and were
fed with sterile commercial poultry feed and sterile water ad libitum.
Prior to experiments, faecal samples from all animals were screened for
the presence of Cryptosporidium spp. using the parasitological and mo-
lecular methods described below. Each animal was inoculated orally
with 10,000 purified, viable oocysts suspended in 200 pl of distilled
water. Faeces from all animals were sampled daily from 3 to 30 days
post infection (DPI), when the experiment was terminated. Infection
intensity was reported as the number of oocysts per gram (OPG) of
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faeces, as previously described Kvac et al. (2007) following staining of
faecal smears using the method described by Milacek and Vitovec
(1985). DNA was extracted from faecal samples using the Exgene Stool
SV mini kit (GeneAll, Seoul, Korea) following homogenization by glass
beads, and partial sequences of SSU (Jiang et al., 2005), actin
(Sulaiman et al., 2002) and 70-kDa heat shock protein (HSP70;
Sulaiman et al., 2000) genes were amplified using a nested PCR ap-
proach. At least three amplicons were sequenced directly in both di-
rections using an ABI3130 sequencer analyser (Applied Biosystems,
Forster City, CA, USA). Obtained nucleotide sequences were compared
with each other and with reference sequences using BioEdit 7.0.5.3
(Hall, 1999). All statistical analyses were carried out using the pro-
gramming environment R 2.15.0. The accumulated value of infection
intensity was calculated as area under the curve (AUC), tmax (time at
maximal intensity) and Cmax (maximal intensity) through the classical
trapezoidal rule. Differences in the course of infection among groups of
experimentally infected animals were tested using the t-test. Because of
planned multiple comparisons between particular groups, evaluation of
significance was carried out after Bonfferroni adjustment. Differences
were considered significant when P < 0.05.

3. Results and discussion

Here, using microscopic and PCR analysis of faecal samples for
oocysts and DNA, respectively, we show that C. avium is not infectious
for ring-necked pheasants, a Galliformes species that is susceptible to
infection by C. baileyi, C. galli and C. meleagridis (Ashraf et al., 2015;
Méca and Pavlasek, 2016; Pavlasek and Kozakiewicz, 1989; Randall,
1986; Whittington and Wilson, 1985), but it is infectious for three age
categories of chickens and ducks.

The onset of shedding (oocysts or DNA) did not differ (P > 0.05)
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among age categories of either susceptible host (Fig. 1), but there were
some differences in the course of infection. The prepatent period in
chickens (9-11 DPI) was longer than that in ducks (5-6 DPI; P < 0.05)
and similar to that previously reported in budgerigars (Melopsittacus
undulatus) (Holubova et al., 2016). The patent period in all age cate-
gories of chickens and ducks was at least 30 DPI, the point at which the
experiment was terminated. One- and 21-day old chickens shed similar
numbers of oocysts (P > 0.05), which were detectable by microscopy
throughout the patent period (Table 1). Chickens infected at 365-days-
old failed to shed detectable oocysts at any time during the infection,
although DNA was detected intermittently in faecal samples. Sreter
et al. (1995) found that older chickens shed fewer oocysts of C. baileyi,
the avian-adapted species that is most closely related to C. avium, than
younger chickens. Also, Pavldsek (2001) showed that C. galli oocysts
were infectious for 9-day-old but not 40-day-old chickens under ex-
perimental conditions.

In contrast to chickens, ducks of different ages (1, 21- and 365-days-
old) shed similar number of C. avium oocysts throughout the patent
period (P > 0.05), although the shedding intensity in ducks was about
half that 1- and 21-day-old chickens (Fig. 1, Table 1). The effect of age
on host susceptibility to Cryptosporidium infection is poorly understood,
and it varies by host and parasite species. Similarly to ducks infected
with C. avium, the susceptibility of mice to C. tyzzeri does not vary by
age (Ren et al., 2012). In contrast, mice (BALB/c, Mus musculus) and
gerbils (Meriones unguiculatus) have decreasing susceptibility to C.
parvum with increasing age (Baishanbo et al., 2005; Kvac et al., 2009;
Tarazona et al., 1998). One factor that could contribute to decreasing
susceptibility to Cryptosporidium with increasing age is the maturation
of the immune response (Colditz et al., 1996); however, immune de-
velopment is not the only contributing factor. Naive piglets with an
immature immune system are resistant to C. scrofarum infection and
become susceptible to the infection with increasing age (Kvac et al.,
2014b), indicating that some other factors could affect age dependent
susceptibility.

All isolates from experimentally infected ducks and chickens had
SSU, actin and HSP70 sequences that were identical to those from the C.
avium isolate used in the inoculum (GenBank accession numbers
KU0588878, KU058882 and KU058886 for SSU, actin and HSP70 nu-
cleotide sequences, respectively). Consistent with most reports de-
scribing natural and experimental infections with C. avium (Holubova
et al., 2016; Ng et al., 2006), none of the infected birds showed clinical
signs of cryptosporidiosis. This is in contrast to the report of lethargy,
anorexia, and cloacal prolapse in a 7-year-old Major Mitchell's cockatoo
(Lophochroa leadbeateri) infected with C. avium.

The finding that ducks were susceptible to experimental infection by
C. avium was expected following our detection of natural C. avium in-
fections in 11/350 (3.1%) ducks from the Czech Republic (un-
published). The occurrence of natural infections and the course of the
experimental infection, which includes a short prepatent period (5-6
DPI), long patent period (> 30 DPI), and shedding of detectable oocysts
by birds in all age categories, suggests that ducks are a significant host
for C. avium. Despite our considerable knowledge of the genetic di-
versity of Cryptosporidium, we still do not fully understand the drivers of
host specificity. These findings emphasize that biological properties of
Cryptosporidium species cannot be accurately predicted based on phy-
logenetic relatedness, and therefore experimental infectivity studies are
critically important.
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Abstract

Cryptosporidiosis is a common parasitic infection in birds that is caused by more than 25 Cryptosporidium species and
genotypes. Many of the genotypes that cause avian cryptosporidiosis are poorly characterized. The genetic and biological char-
acteristics of avian genotype III are described here and these data support the establishment of a new species, Cryptosporidium
proventriculi. Faecal samples from the orders Passeriformes and Psittaciformes were screened for the presence of Cryptosporid-
ium by microscopy and sequencing, and infections were detected in 10 of 98 Passeriformes and in 27 of 402 Psittaciformes.
Cryptosporidium baileyi was detected in both orders. Cryptosporidium galli and avian genotype I were found in Passeriformes,
and C. avium and C. proventriculi were found in Psittaciformes. Cryptosporidium proventriculi was infectious for cockatiels
under experimental conditions, with a prepatent period of six days post-infection (DPI), but not for budgerigars, chickens or
SCID mice. Experimentally infected cockatiels shed oocysts more than 30 DPI, with an infection intensity ranging from 4,000
to 60,000 oocysts per gram (OPG). Naturally infected cockatiels shed oocysts with an infection intensity ranging from 2,000
to 30,000 OPG. Cryptosporidium proventriculi infects the proventriculus and ventriculus, and oocysts measure 7.4 x 5.8 pum.
None of the birds infected C. proventriculi developed clinical signs.

© 2019 Elsevier GmbH. All rights reserved.

Keywords: Cryptosporidium avian genotype III; Experimental infections; Oocyst size; PCR; Prevalence; Taxonomy

Introduction

Cryptosporidium parasites belong to the phylum Apicom-

*Corresponding author at: Institute of Parasitology, Biology Centre of the plexa and infect the gastrointestinal tract of a broad range of
Academy of Sciences of the Czech Republic, v.v.i Ceské Budgjovice, Czech vertebrate species (Smith et al. 2007; Sreter and Varga 2000).
Republic. Currently, 41 species of Cryptosporidium are recognized in
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fish, amphibians, reptiles, birds, and mammals (Kvac et al.
2014; Liuetal.2013; Qietal. 2011). In contrast, more than 70
genotypes have been described that await the morphological
and biological characterization necessary to describe them
as separate species (Chalmers et al. 2018; Ryan et al. 2014;
Xiao et al. 1999; Xiao and Ryan 2004).

To date, four avian Cryptosporidium spp. have been
described in birds: Cryptosporidium meleagridis (Slavin
1955), Cryptosporidium baileyi (Current et al. 1986), Cryp-
tosporidium galli (Ryan et al. 2003b) and Cryptosporidium
avium (Holubova et al. 2016). In addition, 21 Cryptosporid-
ium genotypes have been identified in more than 30 avian
species worldwide (Ryan 2010), and these appear to be
avian specific. They include avian genotypes I-IV and VI-IX
(Helmy et al. 2017), goose genotypes I-IV (Zhou et al. 2004)
and Id (Cano et al. 2016), duck genotypes I and II (Jellison
et al. 2004; Morgan et al. 2001; Zhou et al. 2004) and duck
genotype b (Cano et al. 2016), Eurasian Woodcock genotype
(Ryan et al. 2003a), Finch genotypes I-III (Morgan et al.
2000) and YS-2017 genotype from owls (Makino et al. 2018).
Mammal-specific Cryptosporidium spp., including C. ander-
soni, C. hominis, C. muris, C. parvum, C. canis, have been
reported rarely in birds (Ferrari et al. 2018; Helmy et al. 2017;
Nakamura et al. 2009; Ng et al. 2006; Oliveira et al. 2017;
Qi et al. 2014; Santin et al. 2004).

Cryptosporidium meleagridis, C. baileyi and C. galli infect
the intestine, lungs, and proventriculus, respectively, and have
been found in several avian orders, suggesting low host speci-
ficity in avian hosts (Baroudi et al. 2013; Jellison et al. 2004;
Lietal. 2015; Ng et al. 2006; Wang et al. 2014). In contrast,
C. avium, which is closely related to C. baileyi and infects the
same site, appears to be restricted to hosts in the order Psittaci-
formes (Holubova et al. 2016; Slavin 1955). Most avian
Cryptosporidium genotypes have been detected in a small
number of avian hosts, but the data are insufficient to support
the conclusion that they have a narrow host range, similar to
C. avium (Nakamura and Meireles 2015). The present study
aimed to address this deficiency for Cryptosporidium avian
genotype III, which infects the proventriculus and ventriculus
of birds belonging to five orders of class Aves (Table 1). We
use experimental infections to confirm that avian genotype
III has a different host range than C. galli, and we also show
that it differs from C. galli in other biological characteris-
tics, oocyst morphology, and nucleotide sequence at multiple
loci. Based on these and other reported data, we propose
that Cryptosporidium avian I1I be recognized as a new Cryp-
tosporidium species, Cryptosporidium proventriculi sp. n.

Material and Methods
Specimens studied

Faecal samples from pet birds owned by private breeders
in the Czech Republic (n=10), Slovakia (n=2) and Poland
(n=3) were sampled. Each sample was collected from the

floor of the bird cage immediately after defecation and placed
into a separate plastic tube without fixative. The faecal con-
sistency (loose if it took the form of the container and solid
if it maintained its original shape) was noted at the time of
sampling. Each animal was sampled only once. All animals
were screened without previous knowledge of parasitologi-
cal status. A total of 402 and 98 samples were obtained from
birds in the order Psittaciformes and Passeriformes, respec-
tively (Table 2). All samples were stored at 4 °C until used
for further analysis.

Origin of specimens for transmission studies

Isolates of Cryptosporidium proventriculi sp. n. (pre-
viously known as Cryptosporidium avian genotype III)
were obtained from four naturally infected adult cockatiels
(Nymphicus hollandicus) (Czech Republic). Cryptosporid-
ium proventriculi sp. n. oocysts from positive birds were
pooled and used to infect an adult cockatiel, which was neg-
ative for Cryptosporidium DNA by PCR and was sourced
from a breeder that had no Cryptosporidium-positive birds.
Oocysts from the infected cockatiel were purified using
caesium chloride gradient centrifugation (Arrowood and
Donaldson 1996) and used for oocyst morphometry and
infectivity studies (see Transmission studies).

Parasitological examination and oocyst
preparation

All animal faeces were screened for Cryptosporidium
oocysts using faecal smears stained with aniline-carbol-
methyl violet (ACMV) (Milacek and Vitovec 1985). Faecal
specimens were collected daily and stored in a 2.5% potas-
sium dichromate solution at 4-8 °C.

Cryptosporidium oocysts from cockatiels were purified
using caesium chloride gradient centrifugation prior to mor-
phometric analyses and transmission studies (Kilani and
Sekla 1987). The viability of oocysts was examined using
propidium iodide (PI) staining by a modified assay of Sauch
et al. (1991). Briefly, examined oocysts were washed in dis-
tilled water (DW; 10,000 oocysts in 10 wl) and mixed with
0.1 pl of PI (1% solution, SIGMA). After 30 min of incuba-
tion at room temperature in the dark, the oocysts were washed
twice with DW. Oocyst viability was examined using fluo-
rescence microscopy (filter 420 nm, Olympus IX70). Oocysts
with red fluorescence were considered to be dead, and those
without fluorescence were considered viable.

Oocyst morphometry

The morphology and morphometry of Cryptosporidium
proventriculi sp. n. oocysts were examined using differ-
ential interference contrast (DIC) microscopy, brightfield
microscopy following ACMV and modified Ziehl-Neelsen
(ZN; Henriksen and Pohlenz 1981) staining and fluorescence
microscopy following labelling with genus-specific FITC-
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Table 1. Occurrence of Cryptosporidium proventriculi sp. n. (formerly known as Cryptosporidium avian genotype III) in birds from orders
Psittaciformes', Passeriformes?, Piciformes?, Charadriiformes* and Anseriformes® demonstrated on the basis of molecular tools amplifying
partial sequences of Cryptosporidium small-subunit tRNA (SSU), actin and Cryptosporidium oocyst wall protein (COWP) genes.

Host Country Loci for genotyping No. of screened/ References
(scientific name) [GenBank Acc. No.] positive
Blue-fronted parrot' Brazil SSu® NS/1 Nakamura et al. (2014)
(Amazona aestiva)
Barred parakeet! Brazil SSU [MF462155] 34/1 Ferrari et al. (2018)
(Bolborhynchus lineola)
Cockatiel! Australia SSU [DQ650343] NS/3 Ng et al. (2006)
(Nymphicus hollandicus)
Brazil SSU [identical with GQ227480] 8/1 Nakamura et al. (2014)
SSU [GQ227481] 64/1 Nakamura et al. (2009)
SSU [GU074385-87] NS/3 Gomes et al. (2012)
SSU [identical with GQ227480] 70/9 Ferrari et al. (2018)
China SSU [HM116385] 39/2 Qietal. (2011)
India SSU [KX668210] NA unpublished
Japan SSU [identical with AB694729] 10/1 Iijima et al. (2018)
SSU [AB471645] 4/1 Abe and Makino (2010)
COWP [AB471653]
Actin [AB471659]
Forpus sp.! Brazil SSU [MF462156] 78/12 Ferrari et al. (2018)
Galah' Australia Actin [DQ650349] NS/1 Ng et al. (2006)
(Eolophus roseicapilla)
Ssub 13/2 Nakamura et al. (2014)
Lovebird! Brazil SSU [identical with GQ227480] 14/3 Ferrari et al. (2018)
(Agapornis sp.)
USA SSU [KJ661334] 18/2 Ravich et al. (2014)
Lilian’s lovebird' Japan SSU [identical with AB694729] 5/1 Tijima et al. (2018)
(Agaponis lilianae)
Neophema sp. ! Brazil SSuP 91/1 Ferrari et al. (2018)
Pacific parrotlet' Japan SSU [identical with AB694729] 3/1 Iijima et al. (2018)
(Forpus coelestis)
Peach-faced lovebird! Brazil SSU [GQ227480] 14/1 Nakamura et al. (2009)
(Agapornis roseicollis)
Japan SSU [AB471641] 37/13 Makino et al. (2010)
Actin [AB471655]
SSU [identical with AB694729] 29/5 Iijima et al. (2018)
Red-rumped parrot! Brazil SSU* 21/1 Ferrari et al. (2018)
(Psephotus haematonotus)
Sun parakket' Australia SSU [DQ650342] NS/1 Ng et al. (2006)
(Aratinga solstitialis)
Double-collared seedeater” Brazil SSuP 10/1 Nakamura et al. (2014)
(Sporophila caerulescens)
Green winged saltator? Brazil SSU* 152/1 Nakamura et al. (2014)
(Saltator similis)
Island canary? Brazil SSuP 498/12 Camargo et al. (2018)
(Serinus canaria)
Java sparrow? Brazil SSU [GU074384] NS/1 Gomes et al. (2012)
(Padda oryzivora)
Red-billed blue magpie® China SSU [HM116386] 1/1 Qietal. (2011)
(Urocissa erythrorhyncha)
Rufous-collared sparrow? Brazil SSU* NS/1 Nakamura et al. (2014)
(Zonotrichia capensis)
Sporophila sp.? Brazil SSuU* NS/1 Nakamura et al. (2014)



N. Holubovi et al. / European Journal of Protistology 69 (2019) 70-87 73

Table 1 (Continued)

Host Country Loci for genotyping No. of screened/ References
(scientific name) [GenBank Acc. No.] positive

Saffron toucanet® Brazil SSU [KU885389] 2/1 Novaes et al. (2018)
(Pteroglossus bailloni)

Red-billed toucan? Brazil SSU [KU885388] 4/2 Novaes et al. (2018)
(Ramphastos tucanus)

Toco toucan? Brazil SSU [KU885387] 28/5 Novaes et al. (2018)
(Ramphastos toco)

Seagul* Thailand SSU [identical with AB694729] 70/2 Koompapong et al. (2014)
(Chroicocephalus
brunnicephalus and
ridibundus)

Waterbird®?* Spain SSU [KT880495-97] 265/4 Cano et al. (2016)

NS not specified.
4bird species was not determined.

Pbased on the duplex real-time PCR targeting the SSU gene in Cryptosporidium avian genotype IIL.

conjugated antibodies (IFA; Cryptosporidium IF Test, Crypto
cel, Cellabs Pty Ltd., Brookvale, Australia).

Morphology and morphometry were determined using
digital analysis of images (Olympus cellSens Entry 2.1,
Olympus Corporation, Shinjuku, Tokyo, Japan) collected
using an Olympus Digital Colour camera DP73 microscope.
Length and width of oocysts (n=100) from experimen-
tally infected cocktails were measured under DIC at
1000 x magnification and these measurements were used to
calculate the length-to-width ratio. As a control, the mor-
phometry of C. baileyi (n=100) and C. avium (n=50) from
experimentally infected chickens (Gallus gallus f. domestica)
and budgerigars (Melopsittacus undulatus), respectively,
were measured by the same person using the same micro-
scope. Photomicrographs of C. proventriculi sp. n. oocysts
observed by DIC, ACMYV, ZN and IFA were deposited as a
photo type at the Institute of Parasitology, Biology Centre of
the Czech Academy of Sciences, Czech Republic.

Molecular characterization

DNA was extracted from 200 mg of faeces, 10,000 puri-
fied oocysts, or 200 mg of tissue by bead disruption for
60s at 5.5m/s using 0.5 mm glass beads in a FastPrep®24
Instrument (MP Biomedicals, CA, USA) followed by iso-
lation/purification using a commercially available kit in
accordance with the manufacturer’s instructions (Exgene™
Stool DNA mini, GeneAll Biotechnology Co. Ltd, Seoul,
Korea). Purified DNA was stored at —20 °C prior to being
used for PCR. A nested PCR approach was used to amplify a
partial region of the small ribosomal subunit rRNA (~830 bp;
SSU; Xiao et al. 1999), actin (~1950bp; Sulaiman et al.
2000), and 70 kilodalton heat shock protein genes (~515 bp;
HSP70; Chelladurai et al. 2016). For the SSU fragment, pri-
mary amplification was employed with the primers 5'TTC
TAG AGC TAA TAC ATG CG3’ and 5'CCC ATT TCC TTC

GAA ACA GGA3' followed by secondary amplification with
the primers 5GGA AGG GTT GTA TTT ATT AGA TAA
AG3' and 5’AAG GAG TAA GGA ACA ACC TCC A3'. For
the actin fragment, primary amplification was employed with
the primers 5’ ATC RGW GAA GAA GWA RYW CAA GC3’
and 5’AGA ARC AYT TTC TGT GKA CAA T3’ followed by
secondary amplification with the primers 5’CAA GCW TTR
GTT GTT GAY AA3" and 5TTT CTG TGK ACA ATW
SWT GG3'. For the HSP70 fragment, primary amplification
was employed the primers 5’GCT CGT GGT CCT AAA GAT
AA3’) and 5’ACG GGT TGA ACC ACC TAC TAA T3’ fol-
lowed by secondary amplification with the primers 5’ACA
GTT CCT GCC TAT TTC3') and 5GCT AAT GTA CCA
CGG AAA TAA TC3'.

The primary PCR mixtures contained 2 pl of template
DNA, 2.5 U of Tag DNA Polymerase (Dream Taq Green DNA
Polymerase, Thermofisher Scientific, Waltham, MA, USA),
0.5 x PCR buffer (SSU) or 1 x PCR buffer (actin and HSP70;
Thermofisher Scientific), 6 mM MgCI2 (SSU) or 3mM
MgCl12 (actin and HSP70), 200 uM each deoxynucleoside
triphosphate, 100 mM each primer and 2 wL non-acetylated
bovine serum albumin (BSA; 10mg ml—1; New England
Biolabs, Beverly, MA, USA) in 50 .l reaction volume. The
secondary PCR mixtures were similar to those described
above for the primary PCR, with the exception that 2 ul of the
primary PCR product was used as the template, the MgCI2
concentration was 3 mM and no BSA was used. DNA of C.
parvum and molecular grade water were used as positive and
negative controls, respectively.

Secondary PCR products were detected by agarose gel
electrophoresis, visualized by ethidium bromide staining
and extracted using Gen Elute Gel Extraction Kit (Sigma,
St. Louis, MO, USA). Purified secondary products were
sequenced in both directions with an ABI 3130 genetic
analyser (Applied Biosystems, Foster City, CA) using the
secondary PCR primers and the BigDyel Terminator V3.1
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Table 2. Cryptosporidium species and genotypes from this study, detected by amplification of small subunit ribosomal rRNA (SSU), actin
and 70 kDa Heat Shock Protein (HSP70) gene fragments in birds from the orders Psittaciformes and Passeriformes from the Czech Republic
(CZK), Poland (POL) and Slovakia (SVK). Infection intensity of Cryptosporidium spp. is expressed as the number of oocysts per gram of
faeces (OPG).

Order Host Number of D of positive Country/ Microscopical Genotyping at the gene loci
(scientific name) screened/ animal No. breed positivity
positive (OPG)
SSU, ACTIN HSP70
Psittaciformes ~ African grey 1/0 NA CZE/1 NA NA NA
parrot
(Psittacus
erithacus)
2/0 NA CZE/2 NA NA NA
2/0 NA CZE/6 NA NA NA
3/0 NA CZE/7 NA NA NA
4/0 NA CZE/8 NA NA NA
4/0 NA CZE/9 NA NA NA
4/0 NA SVK/1 NA NA NA
4/0 NA SVK/2 NA NA NA
Blue-and- 2/0 NA CZE/2 NA NA NA

yellow macaw
(Ara ararauna)

4/0 NA CZE/8 NA NA NA
Blue-fronted 2/0 NA CZE/1 NA NA NA
parrot
(Amazona
aestiva)

4/0 NA CZE/2 NA NA NA

4/0 NA CZE/3 NA NA NA

1/0 NA CZE/6 NA NA NA

4/0 NA CZE/7 NA NA NA

5/0 NA CZE/8 NA NA NA

2/0 NA CZE/9 NA NA NA

3/0 NA SVK/1 NA NA NA

2/0 NA SVK/2 NA NA NA
Budgerigar 8/1 28471 CZE/3 No C. avium C. avium
(Melopsittacus
undulatus)

9/1 26150 CZE/1 No C. baileyi C. baileyi

7/1 35382 CZE/5 No C. baileyi C. baileyi

7/0 NA CZE2 NA NA NA

5/0 NA CZE/4 NA NA NA

6/0 NA CZE/6 NA NA NA

4/0 NA CZE/7 NA NA NA

8/0 NA CZE/8 NA NA NA

7/0 NA CZE/9 NA NA NA

10/0 NA SVK/1 NA NA NA

7/0 NA SVK/2 NA NA NA
Cockatiels 18/3 34758 CZE/1 Yes (2,000) C. proventriculi ~ C. proventriculi
(Nymphicus
hollandicus)

23772 No C. proventriculi ~ C. proventriculi
25137 Yes (2,000) C. baileyi C. baileyi

6/1 35508 CZE/2 No C. proventriculi ~ C. proventriculi
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Table 2 (Continued)

Order Host Number of  ID of positive Country/ Microscopical Genotyping at the gene loci
(scientific name) screened/ animal No. breed positivity
positive (OPG)

SSU, ACTIN HSP70

1072 34306 CZE/5 No C. proventriculi ~ C. proventriculi
34320 Yes (30,000) C. proventriculi ~ C. proventriculi
6/2 34759 CZE/6 Yes (2,000) C. proventriculi ~ C. proventriculi
35506 Yes (16,000) C. proventriculi ~ C. proventriculi
14/3 14384 CZE/7 Yes (2,000) C. proventriculi ~ C. proventriculi
14385 Yes (6,000) C. proventriculi  C. proventriculi
17618 No C. baileyi C. baileyi
25/4 34751 CZE/8 Yes (8,000) C. proventriculi ~ C. proventriculi
34331 CZE/8 Yes (6,000) C. proventriculi  C. proventriculi
34749 CZE/8 No C. proventriculi ~ C. proventriculi
34750 CZE/8 Yes (4,000) C. proventriculi ~ C. proventriculi
20/2 34305 SK72 Yes (24,000) C. proventriculi  C. proventriculi
36598 SK/2 Yes (8,000) C. proventriculi  C. proventriculi
8/0 NA CZE/3 NA NA NA
5/0 NA CZE/4 NA NA NA
7/0 NA CZE/9 NA NA NA
5/0 NA SK//11 NA NA NA
Red-crowned  4/1 19287 CZE/3 No C. avium C. avium
parakeet
(Cyanoramphus
novaezealan-
diae)
2/0 NA CZE/8 NA NA NA
2/0 NA CZE/9 NA NA NA
Red-fronted 27/3 22127 CZE/8 No C. proventriculi ~ C. proventriculi
parrot
(Poicephalus
gulielmi)
33626 CZE/8 No C. proventriculi  C. proventriculi
25108 CZE/8 No C. proventriculi ~ C. proventriculi
Red-rumped 5/0 NA CZE/3 NA NA NA
parrots
(Psephotus
haematonotus)
6/0 NA CZE/9 NA NA NA
Rose-breasted  5/0 NA CZE/8 NA NA NA
cockatoo
(Eolophus
roseicapilla)
2/0 NA SK/2 NA NA NA
Rose-ringed 4/0 NA CZE/8 NA NA NA
parakeet
(Psittacula
krameri)

2/0 NA CZE/9 NA NA NA
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Table 2 (Continued)

Order Host Number of  ID of positive Country/ Microscopical Genotyping at the gene loci
(scientific name) screened/ animal No. breed positivity
positive (OPG)

SSU, ACTIN HSP70

Rosy-faced 6/1 26156 CZE/1 No C. proventriculi ~ C. proventriculi
lovebird
(Agapornis
roseicollis)
4/1 37339 CZE/7 Yes (4,000) C. proventriculi  C. proventriculi
6/1 37244 SK/2 No C. proventriculi  C. proventriculi
3/0 NA CZE/3 NA NA NA
1/0 NA CZE/4 NA NA NA
2/0 NA CZE/6 NA NA NA
3/0 NA CZE/8 NA NA NA
6/0 NA SK/1 NA NA NA
Senegal parrots 4/0 NA CZE/1 NA NA NA
(Poicephalus
senegalus)
3/0 NA CZE/2 NA NA NA
2/0 NA CZE4 NA NA NA
2/0 NA CZE/6 NA NA NA
2/0 NA CZE/7 NA NA NA
5/0 NA CZE/8 NA NA NA
4/0 NA CZE/9 NA NA NA
5/0 NA SK1 NA NA NA
3/0 NA SK72 NA NA NA
White 5/0 NA CZE/4 NA NA NA
cockatoos
(Cacatua alba)
4/0 NA CZE/8 NA NA NA
3/0 NA CZE/9 NA NA NA
3/0 NA SK/2 NA NA NA
Yellow-collared 3/0 NA CZE/7 NA NA NA
lovebird
(Agapornis
personatus)
5/0 NA CZE/8 NA NA NA
Passeriformes Gouldian finch  10/1 22153 POL/1 No C. galli NA
(Erythura
gouldiae)
8/1 37242 POL/2 No C. baileyi C. baileyi
5/0 NA CZE/1 NA NA NA
6/0 NA CZE/5 NA NA NA
7/0 NA CZE/10 NA NA NA
Island canary  25/3 30887 CZE/10 No avian genotype I avian genotype I
(Serinus
canaria)
31040 No avian genotype I avian genotype I

31056 No avian genotype I avian genotype I



N. Holubovi et al. / European Journal of Protistology 69 (2019) 70-87

Table 2 (Continued)

71

Order Host Number of  ID of positive Country/ Microscopical Genotyping at the gene loci

(scientific name) screened/ animal No. breed positivity

positive (OPG)

SSU, ACTIN HSP70

Lesser 10/1 19900 POL/1 No C. galli NA
goldfinch
(Carduelis
psaltria)

5/1 24068 CZE/10 Yes (6,000) C. baileyi C. baileyi

3/1 NA CZE/1 NA NA NA

5/0 NA CZES8 NA NA NA

3/0 NA CZE/9 NA NA NA
Zebra finch 3/1 19418 CZE/10 Yes (10,000) C. baileyi C. baileyi
(Taeniopygia
guttata)

472 24067 POL/3 No C. galli NA

4/0 37242 POL/3 No C. galli NA

cycle sequencing kit (Applied Biosystems, Foster City, CA,
USA) in 10 pl reactions.

Phylogenetic analyses

The nucleotide sequences of each gene obtained in
this study were edited using the ChromasPro 2.4.1soft-
ware (Technelysium, Pty, Ltd., South Brisbane, Aus-
tralia) and aligned with each other and with reference
sequences from GenBank using MAFFT version 7
online server with automatic selection of alignment
mode (http://mafft.cbrc.jp/alignment/software/). Phyloge-
netic analyses were performed and best DNA/Protein
phylogeny models were selected using the MEGA7 software
(Guindon and Gascuel 2003; Tamura et al. 2011). Phyloge-
netic trees were inferred by the maximum likelihood (ML)
method, with the substitution model that best fit the align-
ment selected using the Bayesian information criterion. The
Tamura 3-parameter model (Tamura 1992) was selected for
SSU and HSP70 alignments, and the general time reversible
model (Tavaré 1986) was selected for actin alignment. Boot-
strap support for branching was based on 1000 replications.
Phylograms were drawn using the MEGA7 and were manu-
ally adjusted using CorelDrawX7. Sequences of SSU, actin
and HSP70 derived in this study have been deposited in Gen-
Bank under accession numbers MK311133-MK311180.

Transmission studies

Animals

Groups of adult cockatiels, adult budgerigars (Melop-
sittacus undulates), one-days-old and 21-day-old chickens
(Gallus gallus f. domestica), and eight-week-old SCID mice
(Mus mucus; strain C.B-17), each consisting of five animals,

were used for experimental infection studies. In addition,
three animals from each host species were used as nega-
tive control. Three weeks prior to experimental infections,
animals were screened every other day for the presence of
specific DNA and oocysts of Cryptosporidium spp., except
chickens, which were hatched under monitored conditions in
the laboratory. Cockatiels and budgerigars originated from
breeders with Cryptosporidium-free birds (Czech Republic)
and SCID mice from Charles River (Germany).

Animal care

To prevent environmental contamination with oocysts, lab-
oratory rodents were housed in plastic cages (TOP-VELAZ,
Prague, Czech Republic). Chickens were housed in the plastic
boxes that were appropriately sized for their age. An external
source of heat was used in the first five days. Budgerigars
and cockatiels were kept in bird cages, appropriate to animal
species. All animals were supplied with a sterilized diet and
sterilized water ad libitum.

Animal caretakers wore new disposable coveralls, shoe
covers, and gloves every time they entered the experimental
room. All wood-chip bedding, faeces, and disposable protec-
tive clothing were sealed in plastic bags, removed from the
experimental room and incinerated. All housing, feeding and
experimental procedures were conducted under protocols

approved by the Institute of Parasitology, Biology Centre
and Central Commission for Animal Welfare, Czech Repub-
lic (Protocols No. 115/2013 and 35/2018).

Experimental design

Each animal was inoculated orally by stomach tube with
10,000 purified viable oocysts suspended in 200 pl of dis-
tilled water. Animals serving as negative controls were
inoculated orally by stomach tube with 200 ul of distilled
water. Faecal samples from all animals were screened daily
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Fig. 1. Maximum likelihood tree based on partial small subunit ribosomal RNA gene sequences of Cryptosporidium, including sequences
obtained in this study (bolded). The alignment contained 458 base positions in the final dataset. Numbers at the nodes represent the bootstrap
values with more than 50% bootstrap support from 1000 pseudoreplicates. The branch length scale bar, indicating the number of substitutions
per site, is given in the tree. Sequences from this study are identified by isolate number (e.g. 22127).

for the presence of Cryptosporidium oocyst using ACMV
staining and the presence of Cryptosporidium specific DNA
was confirmed using nested PCR targeting the SSU gene. All
experiments were terminated 30 days post infection (DPI).
Infection intensity was reported as the number of oocysts per
gram (OPG) of faeces, as previously described by Kvac et al.
(2007). In addition, faecal consistency and colour and general
health status were examined daily.

Histopathological and scanning electron
microscopy examinations

An animal from each host group that was positive for Cryp-
tosporidium proventriculi sp. n. was euthanized at 20 DPI
(this time was selected based on preliminary results; data
not shown). The oesophagus, ventriculus, proventriculus and
entire small and large intestine was divided into 1 cm sections
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Fig. 2. Maximum likelihood tree based on partial sequences of gene coding actin of Cryptosporidium, including sequences obtained in this
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values with more than 50% bootstrap support from 1000 pseudoreplicates. The branch length scale bar, indicating the number of substitutions
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and samples were processed for histology, scanning electron
microscopy (SEM) and DNA sequencing. Specimens for his-
tology were fixed in 4% buffered formalin and processed by
the standard paraffin method. Sections (5 wm) for histology
were stained with haematoxylin and eosin, Wolbach’s modi-
fied Giemsa stain and periodic acid—Schiff stains. Specimens
for SEM were fixed overnight at 4 °C in 2.5% glutaraldehyde

in 0.1 M phosphate buffer, washed three times for 15 min
in the same buffer, post-fixed in 2% osmium tetroxide in
0.1 M phosphate buffer for 2 h at room temperature and finally
washed three times for 15 min in the same buffer. After dehy-
dration in a graded acetone series, specimens were dried using
the critical point technique, coated with gold and examined
using a JEOL JSM-7401F-FE SEM.
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nodes represent the bootstrap values with more than 50% bootstrap support from 1000 pseudoreplicates. The branch length scale bar, indicating
the number of substitutions per site, is given in the tree. Sequences from this study are identified by isolate number (e.g. 22127).

Statistical analysis

The hypothesis tested in the analysis of oocyst morphom-
etry was that two-dimensional mean vectors of measurement
are the same in the two populations being compared.
Hotelling’s T2 test was used to test the null hypothe-
sis. Analyses were performed using the program R 3.5.0.
(https://www.r-project.org/).

Results

Out of 500 faecal samples from Psittaciformes and Passer-
iformes birds, 37 (7.4%) were positive for the presence
of specific DNA of Cryptosporidium spp. and 15 (3.0%)
were microscopically positive for the presence of oocysts of

Cryptosporidium sp. (Table 2). All microscopically positive
samples were also positive using PCR.

Out of 37 birds positive for Cryptosporidium, 37, 37
and 33 were genotyped by sequence analysis of SSU, actin
and HSP70 genes, respectively (Table 2). The remaining
four positive samples failed to amplify at the HSP70 locus.
Sequence analysis revealed the presence of five different
Cryptosporidium spp., clustering with C. avium, C. baileyi, C.
galli, Cryptosporidium avian genotype I and Cryptosporid-
ium avian genotype III in ML trees inferred from sequences
of SSU, actin and HSP70 (Figs. 1-3). Cryptosporidium avian
genotype Il is described here as a new species, Cryptosporid-
ium proventriculi sp. n., and this name will be used in the
following text.

Cryptosporidium avian genotype I (n=3) and C. galli
(n=4) were found only in Passeriformes birds, and infected
birds did not shed microscopically detectable oocysts
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(Table 2). Cryptosporidium baileyi (n=7) was detected in
species from the orders Psittaciformes and Passeriformes,
with infection intensities less than 10,000 OPG. Cryp-
tosporidium avium was detected in two species from the
order Psittaciformes. Cryptosporidium proventriculi sp. n.,
which was also exclusive to Psittaciformes, was detected in
21 birds from three species (Table 2), and was the most abun-
dant species detected in this study. Out of 21 birds positive
for C. proventriculi sp. n., 12 (57%) shed microscopically
detectable oocysts, with an infection intensity ranging from
2,000 to 30,000 OPG. Naturally infected cockatiels (ID Nos.
34305, 34320, 34751 and 35506), which were the source
of oocysts used in experimental infections, shed oocysts for
more than five months (data not shown). None of the moni-
tored birds had diarrhoea at the time of the screening.

Cryptosporidium proventriculi sp. n.

Fifteen cockatiels (12.1%), three red-fronted parrots
(11.0%) and three rosy-faced lovebirds (9.7%) were positive
for the presence of C. proventriculi sp. n. DNA, of which 12
cocktails and one rosy-faced lovebird shed oocysts detectable
by microscopy, with infection intensity ranging from 2,000 to
30,000 OPG (Table 2). Oocyst used for experimental infec-
tions had >90% viability, determined by PI staining. SCID
mice, budgerigars and chickens were not susceptible to infec-
tion with C. proventriculi sp. n. oocysts, as determined by
PCR and microscopic examination of faecal samples and his-
tological and molecular examination of gastrointestinal tract
tissue.

Oocysts of C. proventriculi sp. n. were infectious for all
cockatiels, with oocysts and specific DNA first detected at
six DPI (Fig. 4). Following first detection, specific DNA of
C. proventriculi sp. n. was detected in the faeces of all ani-
mals for the duration of the experiment. In contrast, oocysts
were detected by microscopy almost every day (Fig. 4). The
infection intensity of C. proventriculi sp. n. in cockatiels
ranged from 4,000 to 60,000 OPG. Infected birds showed
no symptoms of disease and a cockatiel necropsied at 20
DPI had no macroscopic signs of cryptosporidiosis. Devel-
opmental stages of C. proventriculi sp. n. were not detected
by histology, but scanning electron microscopy showed the
presence of developmental stages attached to the microvilli
in the proventriculus and ventriculus (Fig. 5). Pathological
changes were not observed.

Atthe SSU locus, all isolates of C. proventriculi sp.n., from
naturally and experimentally infected birds, shared 100%
identity with each other and with Cryptosporidium avian
genotype III from different Psittaciformes hosts worldwide
(e.g. HM116385, KX668210 or HM116386; see Table 1
for more details). At the actin locus, all C. proventriculi
sp. n. isolates shared 100% identity with each other and
with GenBank sequences of Cryptosporidium avian geno-
type III obtained from peach-faced lovebirds and cockatiels
(e.g. AB471655-AB471658, AB471659 or DQ650350). Par-
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Fig. 4. Course of infection of Cryptosporidium proventriculi sp.
n. in experimentally infected cockatiels (Nymphicus hollandicus).
A) Infection intensity as number of oocysts per gram of the fae-
ces (OPG) and B) daily shedding of C. proventriculi based on
coprological and molecular examination of faces; any square indi-
cates detection of specific DNA, black square indicates microscopic
detection of oocysts and grey rectangle indicates sacrifice and dis-
section.

tial sequences of the HSP70 locus shared 100% identity with
each other and shared 98.7% identity with Cryptosporidium
Eurasian woodcock genotype (AY273773), which was the
most similar sequence reported in GenBank.

Taxonomic summary

Description: Oocysts are shed fully sporulated with four
sporozoites and an oocyst residuum.

Oocysts of C. proventriculi n. sp. originated from
naturally infected cockatiels measured 6.70-8.40 pm
(mean+S.D.=7.35+0.41 pm) x 5.10-6.3 pm
(mean+S.D.=5.70+0.32wm) with a length/width
ratio of 1.08-1.41 (mean+S.D.=1.23+£0.11) and were
morphometrically identical to those recovered from exper-
imentally infected cockatiels measured 6.60-8.40 um
(mean = S.D.=7.37 +0.44 pum) x 5.00-6.40 pm
(mean+S.D.=5.80+0.35um) with a length/width
ratio of 1.06-1.43 (mean+S.D.=1.25+0.10) (Fig. 6).
Morphology and morphometry of other developmental
stages are unknown.

Type host: cockatiel (Nymphicus hollandicus)

Other natural hosts: barred parakeet (Bolborhynchus
lineola), blue-fronted parrot (Amazona aestiva), Forpus
sp., galah (Eolophus roseicapilla), green-winged saltator
(Serinus canaria), lovebird (Agapornis sp.), java sparrow
(Padda oryzivora), peach-faced lovebird (Agapornis rose-
icollis), red-billed blue magpie (Urocissa erythrorhyncha),
red-billed toucan (Ramphastos tucanus), red-fronted par-
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Fig. 5. Scanning electron photomicrograph of the A) proventriculus and B) ventriculus of a cockatiel (Nymphicus hollandicus). Attached
developmental stage of Cryptosporidium proventriculi sp. n. (arrowhead). Bar =10 pm.

rot (Poicephalus gulielmi), rosy-faced lovebird (Agapornis
roseicollis), rufous-collared sparrow (Zonotrichia capensis),
saffron toucanet (Pteroglossus bailloni), seagul (Chroico-
cephalus brunnicephalus and ridibundus), Sporophila sp.,
sun parakeet (Aratinga solstitialis) and toco toucan (Ram-
phastos toco) (see Tables 1 and 2).

Type locality: Ceské Bud&jovice (Czech Republic)

Other localities: Czech Republic (Ceské Bud&jovice
48°58'29” N, 14°28'29” E; Lanzhot 48°43/28.03" N,
16°58'0.97” E; Osek u Plzné 49°26/36.33” N, 14°18/0.43"
E; Strakonice 49°15’41.39” N, 13°54’8.63” E and Tvrdonice
48°45'37.81” N, 16°59'40.03” E), Slovakia (KoSice 48°420”
N,21°15'0” E and Zilina 49°13/22” N, 18°44'24" E), Poland
(Wroclaw 51°7'0” N, 17°2'0" E).

Site of infection: proventriculus and ventriculus (Fig. 5)

Distribution: Australia, Brazil, China, India, Japan,
Poland, Slovakia, Spain, Thailand and USA

Prepatent period: 6 DPI (cockatiel)

Patent period: at least 30 DPI in experimentally infected
cockatiels and more than 5 months in naturally infected cock-
atiels.

Type material/hapanotype: Tissue samples in 10%
formaldehyde and histological sections of infected ventricu-
lus (nos. 176/2017 and 177/2017) and provetriculus (nos.
199/2017); genomic DNA isolated from faecal samples of
naturally (isolation no. 34320) and experimentally (isolation
no. 34300) infected cockatiel; genomic DNA isolated from
proventriculus and ventricular and of experimentally infected
cockatiel (isolation nos. 34300); digital photomicrographs
nos. DIC 1-13/34300, MV 1-11/34300, IF 1-9/34300, HI
176-177, 199/2017 and SEM 199/2017) and faecal smear
slides with oocysts stained by ACMV staining from exper-
imentally infected cockatiel (nos. 10/34300, 11/34300 and
12/34300). Specimens deposited at the Institute of Parasitol-
ogy, Biology Centre of the Czech Academy of Sciences,
Czech Republic.

Reference sequences: Partial sequences of SSU, actin
and HSP70 genes were deposited at GenBank under Acc.

Nos. MK311133, MK311150 and MK311167, respec-
tively.

Etymology: The species name is derived from the Latin
noun ‘proventriculus’, because the described Cryptosporid-
ium species predominantly inhabits this part of digestive tract
of its hosts.

Differential diagnosis: Oocysts in faecal smears showed
typical Cryptosporidium ACMV (Fig. 6) and Ziehl-Neelsen
(Fig. 6) staining characteristics. Fixed C. proventriculi sp.
n. oocysts are detectable with a FITC conjugated anti-
Cryptosporidium oocyst wall antibody developed primarily
for C. parvum (Fig. 6). Oocysts of C. proventriculi are
larger than those of C. avium and C. baileyi (P=0.001) and
marginally smaller than C. galli. Cryptosporidium proven-
triculi sp. n. can be differentiated genetically from other
Cryptosporidium spp. based on sequences of SSU, actin and
HSP70 genes.

Discussion

Birds are naturally infected with several Cryptosporidium
spp. While C. meleagridis, C. galli and C. baileyi infect a
large number of birds across several avian orders, C. avium
and most of the avian genotypes exhibit a narrow host speci-
ficity (Holubova et al. 2016). Although C. proventriculi sp.
n. has been reported from birds in the orders Psittaciformes,
Passeriformes, Piciformes and Anseriformes, it has been
reported predominantly in Psittaciformes birds (Cano et al.
2016; Ferrari et al. 2018; Koompapong et al. 2014; Li et al.
2015; Ravich et al. 2014). Consistent with those reports, we
found C. proventriculi sp. n. exclusively in Psittaciformes
birds, and we identified the red-fronted parrot and rosy-faced
lovebird as novel hosts in that order.

Cryptosporidiosis in birds manifests in various clinical
forms depending on the species of Cryptosporidium and the
site of infection (Nakamura and Meireles 2015). Despite the
relatively large number of studies and descriptions of sev-
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Fig. 6. Cryptosporidium proventriculi sp. n. oocysts visualized in various preparations: A) differential interference contrast microscopy,
B) labelling with anti-Cryptosporidium FITC-conjugated antibody, C) aniline-carbol-methyl violet staining and D) Ziehl-Neelsen staining.
Bar=10 pm.
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eral Cryptosporidium genotypes, knowledge of the course
of infection and disease presentation of Cryptosporidium in
birds remains quite poor. Cryptosporidium galli is the only
well-studied gastric Cryptosporidium species in birds. Unlike
gastric Cryptosporidium species infecting mammals, which
generally do not cause morbidity and mortality, C. galli is
associated with clinical disease and high mortality in birds
(Blagburn et al. 1987; Blagburn et al. 1990; Morgan et al.
2001; Pavlasek 1999, 2001). However, similar to Ng et al.
(2006), we found that C. proventriculi does not cause clinical
disease or mortality in naturally or experimentally infected
birds. Ravich et al. (2014) reported proventricular and ven-
tricular cryptosporidiosis in 31 birds at necropsy and found
evidence that Cryptosporidium was the likely cause of death
in 10 of those birds. The authors identified C. proventriculi
from samples of two birds, which were the only samples
subjected to genotyping, but it is not clear whether those
birds were among the 10 that likely died from cryptosporid-
iosis. While C. proventriculi could be the cause of death
in those birds, infection by other Cryptosporidium species
cannot be ruled out. Makino et al. (2010) described clinical
gastrointestinal signs such as chronic vomiting, melena and
weight loss in 20 out of 37 peach-faced lovebirds naturally
infected with C. proventriculi. Radiographic examination
showed enlargement of the isthmi and thickened proven-
tricular walls in 16 of the 20 symptomatic birds. Necropsy
and histopathologic examination of three dead birds showed
enlargement of the proventriculus and isthmi with mucosal
hypertrophy observed on the sagittal plane. The progressive
weight loss with severely atrophied thoracic muscles was
characteristic for all three affected birds. Histopathologically,
extensive hyperplasia of the ductal epithelium of the proven-
tricular glands was observed. Similarly, Blagburn et al. (1990)
and Morgan et al. (2001) reported histopathological changes
similar to those caused by C. galli infection in the Australian
diamond firetail finch and other finches infected with Cryp-
tosporidium sp. and C. proventriculi, respectively. In contrast,
we found no histopathological changes in birds infected with
C. proventriculi. These differences can be explained by the
length of the ongoing infection. While our experiments lasted
only 30 days, naturally infected birds could be infected for
many months. Similarly, histopathological changes and clin-
ical signs were observed in mammals chronically infected
with the gastric species C. proliferans, C. andresoni or C.
muris (Anderson 1987; Esteban and Anderson 1995; Kvac
et al. 2016; Ozkul and Aydin 1994; Pospischil et al. 1987).

Course of infection, including prepatent and patent period,
of avian-derived Cryptosporidium is currently known only in
the four valid avian species (Current et al. 1986; Holubova
et al. 2016; Ryan et al. 2003b; Slavin 1955). The prepatent
period of C. proventriculi sp. n. (6 DPI) was similar to C.
meleagridis and C. baileyi, which infect the intestine (4—8
days; Hornok et al. 1999; Lindsay et al. 1988; Rhee et al.
1991; Tamova et al. 2002), and much shorter than the 25 days
reported for C. galli infection in the proventriculus of chick-
ens (Pavlasek 2001).

Oocysts of C. proventriculi sp. n. are morphometri-
cally identical to those reported as Cryptosporidium avian
genotype III (Ng et al. 2006). Although they are smaller
than those of C. galli (Ryan et al. 2003b) and Eurasian
woodcock genotype (Ryan et al. 2003a), the difference
is marginal and not practically useful for differentiation
(Hor¢ickova et al. 2018).

Cryptosporidium proventriculi sp. n. is genetically dis-
tinct from other known species of Cryptosporidium, sharing
98.4 and 94.5% sequence identity, respectively, with Cryp-
tosporidium Eurasian woodcock genotype and C. galli at the
SSU locus and sharing 98.9 and 96.9% identity, respectively,
at the actin locus. In comparison, C. muris and C. andersoni
share 96-99% identity and C. hominis and C. parvum share
98-99% identity at these loci.

In conclusion, morphological, genetic, and biological data
support the establishment of Cryptosporidium avian geno-
type IIT as a new species. According to ICZN and criteria
for naming species, we propose the name Cryptosporidium
proventriculi.
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Abstract

Background: Avian cryptosporidiosis is a common parasitic disease that is caused by five species, which are well
characterised at the molecular and biological level, and more than 18 genotypes for which we have limited informa-
tion. In this study, we determined the occurrence and molecular characteristics of Cryptosporidium spp. in farmed
ostriches in the Czech Republic.

Methods: The occurrence and genetic identity of Cryptosporidium spp. were analysed by microscopy and PCR/
sequencing of the small subunit rRNA, actin, HSP70 and gp60 genes. Cryptosporidium avian genotype Il was examined
from naturally and experimentally infected hosts and measured using differential interference contrast. The localisa-
tion of the life-cycle stages was studied by electron microscopy and histologically. Infectivity of Cryptosporidium avian
genotype Il for cockatiels (Nymphicus hollandicus (Kerr)), chickens (Gallus gallus f. domestica (L.)), geese (Anser anser f.
domestica (L.)), SCID and BALB/c mice (Mus musculus L) was verified.

Results: A total of 204 individual faecal samples were examined for Cryptosporidium spp. using differential staining
and PCR/sequencing. Phylogenetic analysis of small subunit rRNA, actin, HSP70 and gp60 gene sequences showed
the presence of Cryptosporidium avian genotype Il (n=7) and C. ubiquitum Fayer, Santin & Macarisin, 2010 IXa (n=5).
Only ostriches infected with Cryptosporidium avian genotype Il shed oocysts that were detectable by microscopy.
Oocysts were purified from a pooled sample of four birds, characterised morphometrically and used in experimental
infections to determine biological characteristics. Oocysts of Cryptosporidium avian genotype Il measure on average
6.13 x 5.15 um, and are indistinguishable by size from C. baileyi Current, Upton & Haynes, 1986 and C. avium Holubov3,
Sak, Horcickova, Hlaskova, Kvétoriovd, Menchaca, McEvoy & Kvag, 2016. Cryptosporidium avian genotype Il was experi-
mentally infectious for geese, chickens and cockatiels, with a prepatent period of four, seven and eight days post-
infection, respectively. The infection intensity ranged from 1000 to 16,000 oocysts per gram. None of the naturally or
experimentally infected birds developed clinical signs in the present study.

Conclusions: The molecular and biological characteristics of Cryptosporidium avian genotype II, described here, sup-
port the establishment of a new species, Cryptosporidium ornithophilus n. sp.

Keywords: Cryptosporidium avian genotype I, Cryptosporidium ornithophilus n. sp., C. ubiquitum, Occurrence, Oocyst
size, PCR, Experimental infections

*Correspondence: kvac@paru.cas.cz

" Institute of Parasitology, Biology Centre of the Czech Academy
of Sciences, v.v.i, Ceské Budéjovice, Czech Republic

Full list of author information is available at the end of the article

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http//creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.



Holubova et al. Parasites Vectors (2020) 13:340

Background

The genus Cryptosporidium Tyzzer, 1910 comprises pro-
tist parasites that infect epithelial cells in the microvil-
lus border, primarily of the gastrointestinal tract, of all
classes of vertebrates [1]. Until recently, only three bird-
derived Cryptosporidium species, C. baileyi Current,
Upton & Haynes, 1986, C. galli Pavlasek, 1999 and C.
meleagridis Slavin, 1955, were described in birds [2—4].
Even with the recent descriptions of C. avium Holubov4,
Sak, Horcic¢kovd, Hlaskova, Kvétonova, Menchaca, McE-
voy & Kva¢, 2016 [5] and C. proventriculi Holubova,
Zikmundovd, Limpouchovd, Sak, Konec¢ny, Hlaskova,
Rajsky, Kopacz, McEvoy & Kvig¢, 2019 [6], the number of
described species in birds remains low relative to that in
mammals. Eighteen Cryptosporidium genotypes (Crypto-
sporidium sp. YS-2017 genotype, avian genotype I, avian
genotype IV, avian genotypes VI-IX, black duck geno-
type, Euro-Asian woodcock genotype, duck genotype,
goose genotypes I-IV and goose genotype Id and finch
genotypes I-III) have been identified [7-15], primarily
based on small subunit rRNA sequence data, across 17
avian orders worldwide [8, 9, 13, 16, 17]. Although avian
Cryptosporidium spp. have been studied more frequently
in recent years, research has been biased towards Crypto-
sporidium in poultry and pet birds, with comparatively
little attention paid to Cryptosporidium in other bird
groups [16, 18].

Unlike C. baileyi, which infects a broad range of birds
from different orders, many recently described Crypto-
sporidium species and genotypes appear to have a rela-
tively narrow host range. For example, Cryptosporidium
avian genotype VI appears to be restricted to North
American red-winged blackbirds [8], and Cryptosporid-
ium goose and duck genotypes have been found only in
anseriform birds [11, 15]. Similarly, C. avium and Crypto-
sporidium avian genotype I are almost exclusively found
in psittacines and passerines, respectively [5-7, 19].
Cryptosporidium avian genotype II has been found pre-
dominantly in ostriches but also in other species within
the order Struthioniformes as well as orders Galliformes
and Psittaciformes (Table 1).

Cryptosporidium in ostriches was first reported in
1993 [20] and there have been several reports since then,
although most have not described the molecular char-
acteristics of isolates [20-31]. Where molecular studies
have been performed, with the exception of the rodent-
specific C. muris Tyzzer, 1907, which was detected in
22 birds [32], C. baileyi [4, 32—35] and Cryptosporidium
avian genotype II [19, 36] have been the only Crypto-
sporidium spp. reported in ostriches. While the biology
of C. baileyi is well studied, there is limited information
about Cryptosporidium avian genotype II.
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In the present study, we report on the occurrence of
Cryptosporidium spp. in farmed ostriches. For the most
prevalent genotype in ostriches, Cryptosporidium avian
genotype II, we further describe oocyst morphometry,
experimental host specificity, developmental stage locali-
zation and molecular characteristics. Based on the col-
lective data from this and previous studies, we conclude
that Cryptosporidium avian genotype II is genetically and
biologically distinct from the species of Cryptosporidium
considered valid, and propose the name Cryptosporidium
ornithophilus n. sp. for this genotype.

Methods

Specimens studied

Faecal samples were collected from ostriches on four
farms in the Czech Republic. Faecal samples from juve-
nile (aged 9-12 months) and adult (older than three
years) ostriches were individually collected into sterile
plastic vials and stored at 4-8 °C until subsequent pro-
cessing. Faecal smears were prepared from each sam-
ple, stained with aniline-carbol-methyl violet (ACMV),
and examined for the presence of Cryptosporidium spp.
oocysts [37]. Faecal samples were also screened for the
presence of Cryptosporidium-specific DNA by PCR/
sequencing (described below). Oocysts of C. ornithophi-
lus n. sp. were purified from pooled faecal samples from
a naturally infected juvenile common ostrich (no. 43588,
Struthio camelus L.) kept on the farm number 4 using
caesium chloride gradient centrifugation [38]. Purified
oocysts were used for morphometry and preparation of
the inoculum. The propidium iodide (PI) staining was
used for test of oocysts viability [39]. Cryptosporidium
ornithophilus n. sp. oocysts from a common ostrich were
pooled and used to infect a single one-day-old chickens
(chicken 0; Gallus gallus f. domestica). Oocysts recov-
ered from the faeces of chicken 0 were used to infect
other experimental animals. The purity of C. ormuitho-
philus n. sp. isolate before performing the experimental
infection and taking the measurements, and during the
experiments was verified by the following procedure. The
sequence of the original isolate (ostrich) was compared
to the sequence obtained from chicken 0 and from tissue
specimens and faecal samples of experimentally inocu-
lated animals (below). The oocyst size of the original
isolate was compared with isolates obtained from suscep-
tible hosts.

Oocyst morphometry

Oocysts of C. ornithophilus n. sp. from naturally and
experimentally infected hosts (50 oocysts from each
isolate) were examined and length and width measure-
ments were taken using differential interference con-
trast (DIC) at 1000x magnification. All measurements
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Table 1 The occurrence of Cryptosporidium avian genotype Il in birds from the orders Galliformes, Psittaciformes and Struthioniformes
demonstrated on the basis of molecular tools amplifying partial sequences of Cryptosporidium small subunit ribosomal RNA (SSU),

actin and 70 kDa heat-shock protein (HSP70) genes

Host Country Locus (GenBank ID) No. positive/no. Reference
screened
Chicken (Gallus gallus)® China SSU (JX548291-92) 6/385 [57]
Ostrich (Struthio camelus)® Vietnam SSU (AB696811) 1107464 [36]
Brazil SSU (DQ002931) il [59]
Actin (DQ002930) il
HSP70 (DQ002929) il
Brazil SSU (DQ650341)¢ 6/41 [19]

Actin (DQ650348)" 6/41

Cockatiel (N\ymphicus hollandicus)® Australia SSU (DQ002931)¢ 3/ns 71
Actin (DQ002930)° 2/ns

Eclectus (Eclectus roratus)® Australia SSU (DQ650340) 2/ns 71
Actin (DQ650347) 1/ns

Galah (Eolophus roseicapilla) Australia SSU (DQ650341) 1/ns [71
Actin (DQ650348) 1/ns

Major Mitchell cockatoo (Cacatua leadbeateri)® Australia SSU (DQ002931)¢ 3/ns 71
Actin (DQ002930)° 1/ns

Alexandrine (Psittacula eupatria)® Australia SSU (DQ002931)¢ 1/ns 71

Princess parrot (Polytelis alexandrae)® Australia SSU (DQ002931)¢ 1/ns [71

Sun conure (Aratinga solstitialis)® Australia SSU (DQ002931)¢ 1/ns [71

White-eyed parakeet (Aratinga /eucophtha/ma)b Brazil SSU (DQ650341)% 1/ns [56]

? Galliformes
b Psittaciformes
< Struthioniformes

9 The sequence obtained in the present study has not been stored in the GenBank database and was identical to sequence published previously

Abbreviation: ns, not specified

are in micrometres and are given as the range followed
by the mean=+standard deviation (SD) in parentheses.
These measurements were used to calculate the length-
to-width ratio. Sample containing purified C. parvum
Tyzzer, 1912 oocysts from a naturally infected Holstein
calf was used as a size control (#=50). Size of oocysts
was measured using the same microscope and by the
same person. Each slide was screened a meandering path
to prevent repeated measurement of an oocyst. Addition-
ally, different staining methods were used for visualisa-
tion of oocysts. Faecal smears with C. ornithophilus n. sp.
and C. parvum (data not shown) oocysts were stained by
ACMYV, modified Ziehl-Neelsen [ZN; 40], phenol stain-
ing [AP; 41] and labelled with genus-specific FITC-con-
jugated antibodies (IFA; Cryptosporidium IF Test, Crypto
cel, Cellabs Pty Ltd., Brookvale, Australia). Morphometry
was determined using digital analysis of images (Olym-
pus cellSens Entry 2.1 software and Olympus Digital
Colour camera DP73, Olympus Corporation, Shinjuku,
Tokyo, Japan). Photomicrographs of C. ornithophilus n.
sp. oocysts observed by DIC, ACMV, ZN, AP and IFA
were stored at the Institute of Parasitology, Biology Cen-
tre of the Czech Academy of Sciences, Czech Republic.

Molecular analyses

Total genomic DNA was extracted from 20,000 purified
oocysts, 200 mg of faeces, or 200 mg of tissue by bead
disruption for 60 s at 5.5 m/s using 0.5 mm glass beads
in a FastPrep®24 Instrument (MP Biomedicals, CA,
USA) followed by isolation/purification using Exgene™
Stool DNA mini (GeneAll Biotechnology Co. Ltd, Seoul,
Korea) or DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany) in accordance with the manufacturer’s instruc-
tions. Purified DNA was stored at —20 °C. A nested PCR
approach was used to amplify a partial region of the
small subunit (SSU) rRNA [42, 43], actin [44], 70 kilodal-
ton heat-shock protein (HSP70) [45] and gp60 [46-48]
genes. The PCR conditions were slightly modified, for
more details see [6]. Molecular grade water and DNA of
C. parvum were used as negative and positive controls,
respectively. Secondary PCR products were detected in
1.5% agarose gel stained with ethidium bromide. PCR
products were cut out from gel, purified using Gen Elute
Gel Extraction Kit (Sigma, St. Louis, MO, USA) and
sequenced in both directions with an ABI 3130 genetic
analyser (Applied Biosystems, Foster City, CA) using
the secondary PCR primers in commercial laboratory
(SEQme, Dobtis, Czech Republic).
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Phylogenetic analyses

The nucleotide sequences obtained in this study were
edited using the ChromasPro 2.4.1 software (Technely-
sium, Pty, Ltd., South Brisbane, Australia) and aligned
with reference sequences downloaded from GenBank
using MAFFT version 7 online server (http://mafft.cbrc.
jp/alignment/software/). The most appropriate evolu-
tionary models for phylogeny analyses and values of
all parameters for each model were selected using the
MEGAX software [49, 50]. The evolutionary history was
inferred by using the Maximum Likelihood (ML) method
based on the Tamura 3-parameter model [51] selected
for SSU and HSP70 alignments and the general time
reversible model [52] was selected for actin alignment.
The trees with the highest log likelihood were shown.
Bootstrap support for branching was based on 1000 rep-
lications. Phylogenetic trees obtained from the MEGAX
(https://www.megasoftware.net/) were edited in Corel-
DrawX7 (https://www.coreldraw.com). Sequences of SSU
(MN969954-MN969968), actin (MN973944-MN973958),
HSP70 (MN973934-MN973943) and gp60 (MN973959-
MN973963) generated in this study were deposited in the
GenBank database.

Animals for transmission studies

Five adult cockatiels (Nymphicus hollandicus (Kerr)),
five one-day-old chickens, five one-day-old geese (Anser
anser f. domestica L.), five seven-day- and eight-week-
old SCID mice (Mus musculus; strain C.B-17) and five
seven-day and eight-week-old BALB/c mice were used
for transmission studies. Three adult cockatiels, chick-
ens, geese and seven-day and eight-week-old SCID and
BALB/c mice used as a negative control. As a control, the
infectivity of C. parvum from a naturally infected Hol-
stein calf for three adult cockatiels, chickens, geese and
seven-day and eight-week-old SCID and BALB/c mice
was verified. All animals, except chickens, geese and
seven-day-old mice, which were hatched under labora-
tory conditions, were screened every other day for the
presence of oocysts of Cryptosporidium spp. and specific
DNA two weeks prior to transmission studies. Cockatiels
originated from breeders located in the Czech Republic
and laboratory mice were obtained from Charles River
(Germany).

Animal care

Rodents were individually housed in ventilated cages
(Tecniplast, Buguggiate, Italy). Chickens and geese were
housed in boxes and cockatiels were kept in separate avi-
aries. The size of boxes and aviaries were according to
regulated by Czech legislation (Act No 246/1992 Coll., on
protection of animals against cruelty). An external source
of heat was used in the first five days for chickens and
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geese. Sterilized diet and water were available for all ani-
mals ad libitum. Animal caretakers wore sterile shoe cov-
ers and disposable coveralls and disposable gloves always
they entered the experimental room. Wood-chip bedding
and disposable protective clothing were removed from
the experimental room and incinerated.

Experimental design

A total 20,000 purified oocysts of C. ornithophilus n. sp.,
suspended in 10 pl of distilled water, were dropped into
the mouth/beak of each animal. Animals serving as nega-
tive controls were inoculated orally with 10 pl of distilled
water. Faecal samples from all animals were screened
daily for the presence of Cryptosporidium oocysts using
ACMV staining and the presence of Cryptosporid-
ium-specific DNA was confirmed using nested PCR/
sequencing targeting the SSU gene. All experiments were
terminated 30 days post-infection (dpi). Infection inten-
sity was reported as the number of oocysts per gram
(opg) of faeces, as previously described by Kv4c¢ et al. [53].
In addition, faecal consistency and colour and general
health status were examined daily. The sequence identity
of the Cryptosporidium DNA recovered from infected
hosts to inoculum and original isolate at SSU, actin and
HSP70 was verified in each experimentally infected
animal.

Histopathological and scanning electron microscopy (SEM)
examinations

Two animals from each group (at 10 and 20 dpi) were
examined at necropsy. Tissue samples from oesophagus;
stomach in rodents and proventriculus and ventriculus
in birds; duodenum; jejunum (proximal, central and dis-
tal); ileum; caecum and colon were collected for histology
and SEM followed by processing according [6]. Slides for
histology were examined at 100-400x magnification and
documented using Olympus cell Sens Entry 2.1 (Olym-
pus Corporation, Shinjuku, Tokyo, Japan) equipped with
a digital camera (Olympus DP73). Samples for SEM were
examined using a JEOL JSM-7401F-FE SEM and docu-
mented using ETD Detector A PRED (Thermo Fisher
Scientific, Waltham, MA, USA). Additionally, DNA from
tissue samples was isolated and the sequence identity to
inoculum and original isolate at SSU, actin and HSP70
was verified.

Staining of mucosal smears

Wright staining procedures were used to visualize
Cryptosporidium spp. developmental stages in the gas-
trointestinal tract of chickens [54]. Tissue samples of
the large intestine (selected on the basis of histological
examination) were washed with cold PBS with subse-
quent exposure to serum from Cryptosporidium-negative
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chickens for five min. The mucous membrane was gen-
tly scrapped with a scalpel and smeared on a glass slide.
‘Wet mucosal smears were fixed with osmium vapour for
15 min followed by Wright staining for 6 min. Slides were
viewed at 1000x magnification and documented using
Olympus cell Sens Entry 2.1 (Olympus Corporation,
Shinjuku, Tokyo, Japan) equipped with a digital camera
(Olympus DP73).

Statistical analysis

Differences in Cryptosporidium spp. oocysts size were
tested using Hotelling’s multivariate version of the 2
sample t-test, package ICSNP: Tools for Multivariate
Nonparametrics in R 4.0.0. [55]. The hypothesis tested
was that two-dimensional mean vectors of measurement
are the same in the two populations being compared.

Results

A total of 164 juvenile and 40 adult ostriches were
screened for the presence of Cryptosporidium infec-
tion. Cryptosporidium spp. was detected on three out of
four ostrich farms. Out of 204 faecal samples, five (2.5%)
were microscopically positive for the presence of Crypto-
sporidium oocysts and 12 (5.9%) contained specific DNA
of Cryptosporidium spp. (Table 2). All microscopically
positive samples were also positive for Cryptosporidium
DNA. Only juvenile ostriches (n=12) were infected with
Cryptosporidium spp. Screened animals had good health
and faecal consistency appropriate to the age of birds and
feeding.
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All birds positive for Cryptosporidium-specific DNA
were successfully genotyped by sequence analysis of SSU
and actin genes (Table 2). ML trees constructed from SSU
and actin sequences in this study showed the presence of
C. ubiquitum Fayer, Santin & Macarisin, 2010 (n=5) and
C. ornithophilus n. sp. (n=7; Table 2, Figs. 1, 2). HSP70
gene sequences were successfully amplified only from
samples positive for C. ornithophilus n. sp. (Fig. 3). The
C. ubiquitum gp60 gene was amplified and sequenced
from five positive DNA samples from farm no. 1 (Table 2,
Fig. 4). Sequences were identical to each other and clus-
tered with subtype family XIla (Fig. 4). Out of seven
ostriches positive for C. ornithophilus n. sp., five shed
microscopically detectable oocysts (6000-18,000 opg,
Table 2). Birds positive for C. ubiquitumm DNA did not
shed oocysts detectable by microscopy.

Cryptosporidium ornithophilus n. sp. oocysts did not
infect 7-day-old and 8-week-old BALB/c or SCID mice,
whereas 7-day-old BALB/c and both age categories of
SCID mice were infected with C. parvum (control group,
data not shown). All chickens, geese and cockatiels inoc-
ulated with oocysts of C. ornithophilus n. sp. developed
infections. Oocysts or specific DNA were first detected
at 4 dpi, 7 dpi and 8 dpi in geese, chickens and cockatiels,
respectively (Fig. 5). The infection intensity ranged from
2000 to 16,000 opg in chickens and cockatiels and from
1000 to 8000 opg in geese (Fig. 5).

Molecular, histological and SEM analyses and exami-
nation of stained mucosal smears of gastrointestinal
tract tissue in birds with C. ornithophilus n. sp. showed

Table 2 Cryptosporidium species and genotypes from this study, detected by amplification of small subunit ribosomal rRNA (SSU),
actin, 70 kDa heat-shock protein (HSP70) and 60 kDa glycoprotein (gp60) gene fragments in juvenile common ostriches (Struthio

camelus) on commercial farms in the Czech Republic

Farm No. No. of positive/no. 1D of positive  Microscopical Genotyping at the gene loci
of screened animal positivity (opg)
SsuU Actin HSP70 gp60

1 5/40 43201 No C. ubiquitum C. ubiquitum - Xlla
43205 No C. ubiquitum C. ubiquitum - Xlla
43210 No C. ubiquitum C. ubiquitum - Xlla
43223 No C. ubiquitum C. ubiquitum - Xlla
43228 No C. ubiquitum C. ubiquitum - Xlla

2 0/64 - - - - - -

3 3/50 44782 Yes (8000) C. ornitophilus n. sp. C. ornitophilus n. sp. C. ornitophilus n. sp. -
44790 No C. ornitophilus n. sp. C. ornitophilus n. sp. C. ornitophilus n. sp. -
44796 Yes (12,000) C. ornitophilus n. sp. C. ornitophilus n. sp. C. ornitophilus n. sp. -

4 4/50 43545 Yes (12,000) C.ornitophilus n. sp. C. ornitophilus n. sp. C. ornitophilus n. sp. -
43551 No C. ornitophilus n. sp. C. ornitophilus n. sp. C. ornitophilus n. sp. -
43587 Yes (6000) C. ornitophilus n. sp. C. ornitophilus n. sp. C. ornitophilus n. sp. -
43588 Yes (18,000)* C. ornitophilus n. sp. C. ornitophilus n. sp. C. ornitophilus n. sp. -

2 Animal serving as a source of oocysts for transmission studies

Note: Infection intensity of Cryptosporidium spp. is expressed as the number of oocysts per gram of faeces (opg)
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Fig. 1 Maximum likelihood tree (—In=3130.05) based on partial sequences of the gene encoding the small subunit rRNA (SSU), including
sequences obtained in this study from naturally (red circle and bolded) and experimentally (green square and bolded) infected hosts. Tamura's
3-parameter model was applied, using a discrete Gamma distribution and invariant sites. The robustness of the phylogeny was tested with 1000
bootstrap pseudoreplicates and numbers at the nodes represent the bootstrap values > 50%. The scale-bar indicates the number of substitutions
per site. Sequences obtained in this study are identified by isolate number (e.g. 43201)
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Fig. 2 Maximum likelihood tree (—In=3641.49) based on partial sequences of the actin gene, including sequences obtained in this study from
naturally (red circle and bolded) and experimentally (green square and bolded) infected hosts. The General Time Reversible model was applied,
using a discrete Gamma distribution and invariant sites. The robustness of the phylogeny was tested with 1000 bootstrap pseudoreplicates and
numbers at the nodes represent the bootstrap values >50%. The scale-bar indicates the number of substitutions per site. Sequences obtained in
this study are identified by isolate number (e.g. 43201)
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Fig. 3 Maximum likelihood tree (— In=2009.56) based on partial sequences of the 70 kDa heat-shock protein gene, including sequences obtained
in this study from naturally (red circle and bolded) and experimentally (green square and bolded) infected hosts. Tamura’s 3-parameter model was
applied, using a discrete Gamma distribution and invariant sites. The robustness of the phylogeny was tested with 1000 bootstrap pseudoreplicates
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Cryptosporidium
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the presence of developmental stages only in the caecum
and colon of chickens and geese sacrificed 10 and 20 dpi
(Figs. 6, 7). Few developmental stages were detected on
each villus (Figs. 6, 7). Developmental stages were not
detected in cockatiels, but specific DNA was detected
exclusively in the caudal part of the ileum.

The morphometry of the developmental stages of C.
ornithophilus n. sp. was examined in preparations with
Wright's stain (Table 3). Most of the detected devel-
opmental stages were enveloped by a parasitophorous
sac, which appeared as an unstained halo (Fig. 8). A
large number of oocysts was detected, and most were
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unstained with sporozoites not visible (Fig. 8). We were
not able to differentiate between thin- and thick-walled
oocysts. Free sporozoites were not detected, but a pho-
tomicrograph of sporozoites following oocyst excysta-
tion is included in Fig. 8. Mononuclear trophozoites were
the most frequently observed developmental stage which
also showed a high variability in size (Fig. 8; Table 3).
Type I meronts, containing 8 merozoites, were observed
frequently (Fig. 8), while Type II meronts, with 4 mero-
zoites, were found rarely (Fig. 8). Free merozoites were
found rarely (Fig. 8). Microgamonts were found rarely
(Fig. 8), but macrogamonts, typified by a number of
amylopectin granules in their cytoplasm and a foam-like
appearance, were frequently observed (Fig. 8). Zygotes
were lightly stained compared to the unstained oocysts
(Fig. 8).

SSU, actin and HSP70 sequences obtained from the
original isolate of C. ornithophilus n. sp. (ostrich) were
identical to isolates recovered from faeces of chicken
0 and all other birds infected during the whole experi-
ment. Additionally, sequences obtained from the tissue
specimens of caecum and colon of chickens and geese
and in the ileum of cockatiels were also identical to the
inoculum. The gene encoding gp60 was not successfully
amplified in any animal experimentally infected with C.
ornithophilus n. sp., indicating the absence of C. ubiqui-
tum or other species and genotypes of Cryptosporidium
spp. (e.g. C. parvum) that could be part of the inoculum.

The above data tend to justify the distinct status of
Cryptosporidium ornitophilus n. sp., which is described
below.

Family Cryptosporidiidae Léger, 1911
Genus Cryptosporidium Tyzzer, 1907

Cryptosporidium ornitophilus n. sp.

Syn. Cryptosporidium sp. ex Struthio camelus 2005 of
Meireles et al. [59]; Cryptosporidium avian genotype II of
Ng et al. [7], Nguyen et al. [36] and Seva et al. [56]

Type-host: Struthio camelus Linnaeus (Struthioniformes:
Struthionidae), common ostrich.

Other natural hosts: Alexandrine (Psittacula eupatria
(L.)) (as Cryptosporidium avian genotype II [7]), chicken
(Gallus gallus f. domestica) (as Cryptosporidium avian
genotype II [57]), cockatiel (Nymphicus hollandicus) (as
Cryptosporidium avian genotype II [7]), eclectus (Eclec-
tus roratus (Miiller)) (as Cryptosporidium avian genotype
11 [7]), galah (Eolophus roseicapilla (Vieillot)) (as Crypto-
sporidium avian genotype II [7]), Major Mitchell cocka-
too (Cacatua leadbeateri (Vigors)) (as Cryptosporidium
avian genotype II [7]), princess parrots (Polytelis alexan-
drae (Gould)) (as Cryptosporidium avian genotype II [7]),
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sun conure (Aratinga solstitialis (L.)) (as Cryptosporid-
ium avian genotype II [7]), white-eyed parakeet (Aratinga
leucophthalma (Statius Miiller)) (as Cryptosporidium
avian genotype II [56]).

Experimentally susceptible host: Gallus gallus f. domes-
tica L. (Galliformes: Phasianidae), chicken; Anser anser
f. domestica L. (Anseriformes: Anatidae), goose; Nym-
phicus hollandicus (Kerr) (Psittaciformes: Cacatuidae),
cockatiel.

Type-locality: Ostrich farm at Zidovice (50.4451578N,
14.2297606E), Czech Republic.

Other locality: Ostrich farm at Fulnek (49.7123761N,
17.9031931E) Czech Republic.

Type-material: Tissue samples in 10% formaldehyde
and histological sections of infected cecum (no. 2/2019)
and colon (no. 3/2019); genomic DNA isolated from
faecal samples of naturally (isolation no. 43545) and
experimentally (isolation no. 44331) infected chicken;
genomic DNA isolated from cecum and colon of experi-
mentally infected chicken (isolation no. 44331); hapan-
totypes: digital photomicrographs nos. DIC 1-13/43545,
ACMV 1-11/43545, IF 1-9/43545, AP 1-12/43545, ZN
IF 1-8/43545, PAS 2-3/2019 and SEM 744.75-744.79
and 745.68-745.74) and faecal smear slides with oocysts
stained by ACMYV staining from experimentally infected
chicken (nos. 10/44331, 11/44331 and 12/44331). Speci-
mens deposited at the Institute of Parasitology, Biol-
ogy Centre of the Czech Academy of Sciences, Czech
Republic.

Site of infection: Caecum, colon and bursa Farbricii (pre-
sent study and [31]).

Distribution: As Cryptosporidium sp. ex Struthio came-
lus 2005: Brazil [36] and as Cryptosporidium avian geno-
type II: Australia [7], Brazil [56], China [57] and Vietnam
[36].

Prepatent period: Gallus gallus f. domestica: 7 dpi; Nym-
Pphicus hollandicus: 8 dpi; Anser anser f. domestica: 4 dpi.
Patent period: At least 30 dpi in all experimentally
infected birds (Gallus gallus f. domestica, Nymphicus hol-
landicus and Anser anser f. domestica)

Representative =~ DNA  sequences:  Representative
nucleotide sequences of the SSU (MN969957), HSP70
(MN973934) and actin (MN973947) genes were submit-
ted to the GenBank database.

ZooBank registration: To comply with the regula-
tions set out in Article 8.5 of the amended 2012 version
of the International Code of Zoological Nomenclature
(ICZN) [58], details of the new species have been sub-
mitted to ZooBank. The Life Science Identifier (LSID)
of the article is urn:sid:zoobank.org:pub:593209C2-
7F5B-47F9-93F3-02C81E8A747C. The LSID for the new
name Cryptosporidium ornitophilus is urn:lsid:zoobank.
org:act:FE74CF3C-6734-424B-889E-C47108DEBA6O.
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Xila C. ubiquitum [JX412920]
Xlla C. ubiquitum [KY596689]
Xlla C. ubiquitum [KM199742]

Xila C. ubiquitum [KY596685]
Xlla C. ubiquitum [JX412919]

Xlla C. ubiquitum [JX412915]

Xlla C. ubiquitum [JX412918]
Xlla C. ubiquitum [JX412917]
XlIb C. ubiquitum [JX412926]
Xlld C. ubiquitum [JX412923]
65 Xllc C. ubiquitum [JX412925]

Xllg C. ubiquitum [KX029226]
XVllla apodemus genotype Il [MH912970]
XVlla apodemus genotype | [MH912979]

XIV chipmunk genotype | [KP099082]

Fig. 4 Maximum likelihood tree (—In=4017.25) based on partial
sequences of the 60 kDa glycoprotein gene of Cryptosporidium
ubiquitum, Cryptosporidium apodemus genotype | and Il and
Cryptosporidium chipmunk genotype |, including sequences obtained
in this study from naturally infected hosts (red circles and bolded).
Tamura’s 3-parameter model was applied, using invariant sites.
The robustness of the phylogeny was tested with 1000 bootstrap
pseudoreplicates and numbers at the nodes represent the bootstrap
values >50%. The scale-bar indicates the number of substitutions
per site. Sequences obtained in this study are identified by isolate
number (e.g. 43201)

Etymology: The species name is derived from the lack of
host specificity among birds and its non-infectiousness to
other vertebrates.

Description

Oocysts obtained from fresh feces specimens ex Struthio
camelus ovoidal (Fig. 9), measuring 5.2-6.8 x 4.7-5.5 um
(6.1£0.4x5.24+02 pm) with a length/width ratio of
1.1-1.4 (1.19+£0.08). Oocyst wall single-layered, smooth,
colorless. Micropyle and polar granule absent. Oocyst
residuum present, composed of numerous small granules
and one spherical globule. Four sporozoites measuring
5.5-6.6 x0.5-0.6 pm (6.1£0.3x0.64+0.1 pm) present
within each oocyst. For the measurements of other devel-
opmental stages see Table 3.

Remarks

Oocysts in faecal smears showed typical Cryptosporid-
ium ACMYV, Ziehl-Neelsen, AP staining characteristics
(Fig. 9). Fixed C. ornithophilus n. sp. oocysts were detect-
able with a FITC conjugated anti-Cryptosporidium oocyst
wall antibody developed primarily for C. parvum (Fig. 9).
There were no statistically significant size differences

Table 3 Size of developmental
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stages of Cryptosporidium

ornitophilus n. sp. obtained from the colon of an experimentally
infected chicken (Gallus gallus f. domestica) with 200,000 oocysts
and sacrificed 20 days post-infection

Developmental stage

Length (um)
Range (Mean £SD)

Width (um)
Range (Mean £SD)

Oocyst 5.24-6.74 (6.13+0.34) —548(521+0.23)
Sporozoite 547-6.57 (6.07+£032)  0.54-0.63 (0.59+0.02)
Trophozoite 2.56-6.40 (4.36+1.16) 16-5.50 (3.90+1.05)
Early Type | meront 4.95-6.54 (596+057)  4.00-5.79 (5.12£0. 64)
Late Type | meront 6.66-8.94 (7.50£0.84)  572-7.11 (640£0.44)
Type Il meront 6.60-6.78 (667 4+0.10)  6.37-6.54 (648+0.10)
Merozoite 461-541(5054+0.11)  0.62-0.95 (0.77+0.33)
Macrogamont 529-887 (6.70+£0.97) 4.32-8.13(6.10+1.09)
Microgamont 6.14-6.92 (6.54£0.23)  6.02-6.73 (6.39+£0.23)
Zygote 5.56-6.83 (6.14 £ 0.45) 19-5.79 (5.20+0.62)

between oocysts from naturally infected ostriches and
oocysts obtained from experimentally infected chick-
ens (T2=2.249703, df,=2, df,=97, P=0.1109), geese
(12=0.96185, df,=2, df,=97, P=0.3858) and cocka-
tiels (72=2.221246, df,=2, df,=97, P=0.1139; Table 4).
Oocysts of C. ornithophilus n. sp. are larger than those of
C. avium (T?=32.522, df, =2, df,=140, P<0.0001) and
C. parvum (T*=147.32, df, =2, df,=78, P<0.0001) and
smaller than C. proventriculi Holubovd, Zikmundova,
Limpouchova, Sak, Koneé¢ny, Hlaskovd, Rajsky, Kopacz,
McEvoy & Kvaé, 2019 (T2=161,04 df,=2, df,=90
P<0.0001) and C. galli (T*=35,522, df,=2, df,=78,
P<0.0001). Cryptosporidium ornithophilus n. sp. can be
differentiated genetically from other Cryptosporidium
spp. based on sequences of SSU, actin and HSP70 genes
and on the basis of localization of life-cycle developmen-
tal stages in the host. While other bird-specific Crypto-
sporidium spp. primarily infect the proventriculus/
ventriculus (C. proventiculi and C. galli) or small intes-
tine (C. avium, C. meleagridis and C. baileyi) within
gastrointestinal tract, C. ornithophilus n. sp. infects the
caecum and colon.

Discussion

Birds are naturally parasitized with several Cryptosporid-
ium species and genotypes [16, 18]. Here, we reported the
occurrence of Cryptosporidium spp. in ostriches farmed
commercially and described Cryptosporidium avian gen-
otype II as a new species. Previous studies have shown
that ostriches are frequently infected with C. baileyi [32—
34] and C. ornithophilus n. sp. [19, 36, 59]; however, we
detected C. ornithophilus n. sp. and C. ubiquitum. The
absence of C. baileyi could be explained by the age of
the birds screened in the present study. Previous studies
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Fig. 5 Course of infection of Cryptosporidium ornitophilus n. sp. in experimentally infected chickens (Gallus gallus f. domestica), geese (Anas
platyrhynchos f. domestica) and cockatiels (Nymphicus hollandicus). a Infection intensity as number of oocysts per gram of faeces (opg). b Daily
shedding of C. ornitophilus n. sp. based on coprological and molecular examination of faeces. Open squares indicate detection of specific DNA; filled
squares indicate detection of oocysts by microscopy; grey rectangles indicate sacrifice and dissection of animal

reported C. baileyi in ostriches younger than 3 months
with older birds being infected rarely or not at all [32,
34]. In this study, the occurrence of C. ornithophilus n.
sp. in birds aged 9-14 months was 4.3% (7/164), which
is similar to that reported in Vietnamese ostriches older
than 12 months (5.8%; [36]). The absence of C. oruitho-
philus n. sp. in birds older than three years in this study

could be due to age-related resistance or immunity, as
described for C. baileyi, C. avium, C. parvum, C. muris
and C. andersoni Lindsay, Upton, Owens, Morgan, Mead
& Blagburn, 2000 in various hosts [60—62], but this needs
to be examined experimentally.

Cryptosporidium ubiquitum is not typically found
in birds so our finding of five ostriches on a single farm
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by arrows. Periodic Acid-Schiff (PAS) staining. Scale-bars: 50 um

Fig. 6 Histology sections of the caecum (a and b) and colon (c and d) of a chicken (Gallus gallus f. domestica) experimentally infected with 20,000
oocysts of Cryptosporidium ornitophilus n. sp., sacrificed 10 days post-infection. Attached developmental stages of C. ornitophilus n. sp. are indicated

positive for this species was unexpected. Li et al. [63]
also detected C. ubiquitum in birds (common hill mynas,
Gracula religiosa L.) at commercial markets in China. It
is possible that the detected DNA was due to mechani-
cal passage, not an active infection. The cohabitation
of livestock, companion and wild animals can result in
Cryptosporidium oocyst passage through non-susceptible
animals without establishing infection [64-66]. We can-
not exclude that some wild animals may be the source of
C. ubiquitum. Our failure to detect oocysts also suggests
that any infection was likely to be of low intensity.

Five avian Cryptosporidium spp. (C. avium, C. bai-
leyi, C. galli, C. meleagridis and C. proventriculi) have
been recognized to date, and these differ in host range,
oocyst morphometry, predilection sites and course
of infection. The mean size of C. ornithophilus n. sp.
oocysts from this study (6.1 x 5.1 um) was similar to
those reported as Cryptosporidium avian genotype II
(6.0 x 4.8 pm) by Santos et al. [31] and Meireles et al.
[59], and the oocysts are morphometrically indistin-
guishable from those of C. baileyi (6.3 x 4.6 um) [2]
and C. avium (6.3 x 4.9 pm) [5]. Oocysts of C. ornitho-
philus n. sp. are smaller than those of C. proventriculi
(8.4x6.7 pm) [6] and C. galli (8.3 x 6.3 um) [4] and

larger than those of C. meleagridis (5.0 x 4.3 pm) [3].
Cryptosporidium ornithophilus n. sp. infects the cae-
cum, colon and bursa Fabricii. Cryptosporidium baileyi
also infects the caecum, colon and bursa Fabricii (in
addition to other sites in the intestine and lungs) and C.
avium also infects the caecum (in addition to the ileum)
and their oocysts are similar in size to C. ornithophilus
n. sp. [2, 5, 31], which would make it difficult to dis-
tinguish infections without the use of molecular tools.
In addition to C. ornithophilus n. sp., C. baileyi and C.
avium, C. meleagridis may also develop in the colon
[67, 68], but these species could be distinguished based
on oocyst size. In contrast to C. baileyi and C. avium,
C. ornithophilus n. sp. did not develop at extraintestinal
sites [5, 61, 69, 70].

Similar to Ng et al. [7] and Meireles et al. [59], we found
no obvious clinical symptoms or mortality in birds natu-
rally or experimentally infected with C. ornithophilus n.
sp. There have been reports of clinical cryptosporidiosis,
including prolapse of the phallus and cloaca, enteritis and
pancreatitis, in ostrich chickens, but the isolates were not
genotyped [21-23, 29-31] and other species, such as C.
baileyi, may have been the cause of disease.
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Fig. 7 Scanning electron micrographs of developmental stages of Cryptosporidium ornitophilus n. sp. (arrows) on the epithelia surface of the
caecum (a and b) and colon (c and d) of a chicken (Gallus gallus f. domestica) experimentally infected with 20,000 oocysts and sacrificed 10 days

Although C. ormithophilus n. sp. has been reported
most frequently in ostriches, reports of natural and
experimental infections in alexandrine, chickens, cocka-
tiels, eclectus, galah, geese, Major Mitchell cockatoo,
princess parrots, sun conure and white-eyed parakeet
suggests a broad host range [7, 19, 56, 71]. The prepatent
period of C. ornithophilus n. sp. (4—8 dpi) is similar to C.
meleagridis, C. baileyi and C. proventriculi [6, 72-75].

Phylogenetic analyses based on SSU, actin and HSP70
gene sequences showed that C. ornithophilus n. sp. is
genetically distinct from known species and is most
closely related to C. baileyi and C. avium. At the SSU
locus, C. ornithophilus n. sp. shares 92.8% and 93.5% sim-
ilarity with C. baileyi and C. avium, respectively. This is
comparable to the similarity between C. andersoni and
C. ryanae (91.1%) or C. muris and C. suis (93.3%). At the
actin locus, similarities with C. baileyi and C. avium are
88.7% and 98.1%, respectively. In comparison, C. bovis
and C. ryanae share 88.1% similarity and C. parvum and
C. erinacei share 98.3% similarity at the actin locus. At
the HSP70 locus, C. ornithophilus n. sp. shares 91.3% and
95.6% similarity with C. baileyi and C. avium, respec-
tively. In comparison, C. parvum and C. erinacei share
99.2% similarity at the HSP70 locus.

Fig. 8 Developmental stages of Cryptosporidium ornitophilus n.
sp. obtained from the colon of chickens (Gallus gallus f. domestica)
experimentally infected with 20,000 oocysts and sacrificed 10 days
post-infection. a Oocyst. b Sporozoite. ¢ Mononuclear trophozoite.
d Type | meront. e Type Il meront. f Merozoites. g Microgamont. h
Macrogamont. i Zygote. Scale-bar: 10 um
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Fig. 9 Oocysts of Cryptosporidium ornitophilus n. sp. visualized in
various preparations. a Differential interference contrast microscopy.
b Aniline-carbol-methyl violet staining. ¢ Ziehl-Nielsen staining. d
Auramine-phenol staining. e Labelled with anti-Cryptosporidium
FITC-conjugated antibody. Scale-bars: 5 um
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Cryptosporidium ornithophilus n. sp. represents the
44th valid species within the genus Cryptosporidium
(C. alticolis Horci¢kova, Condlovd, Holubovs, Sak,
Kvétonova, Hlaskova, Konecny, Sedlacek, Clark, Gid-
dings, McEvoy & Kva¢, 2019, C. andersoni, C. apo-
demi Condlové, Horcickovd, Sak, Kvétoriova, Hlaskova,
Konec¢ny, Stanko, McEvoy & Kvac, 2018, C. avium, C.
bailey, C. bovis Fayer, Santin & Xiao, 2005, C. canis
Fayer, Trout, Xiao, Morgan, Lai & Dubey, 2001, C. cich-
lidis Paperna & Vilenkin, 1996, C. cuniculus Robin-
son, Wright, Elwin, Hadfield, Katzer & Bartley 2010, C.
ditrichi Condlovd, Horcickovd, Sak, Kvétonovd, Hlask-
ova, Konec¢ny, Stanko, McEvoy & Kvac¢, 2018, C. ducis-
marci Traversa, 2010, C. erinacei Kva¢, Hofmannov4,
Hlaskova, Kvétonova, Vitovec, McEvoy & Sak, 2014,
C. fayeri Ryan, Power & Xiao, 2008, C. felis Iseki, 1979,
C. fragile Jirka, Valigurova, Koudela, Kfizek, Modry &
Slapeta, 2008, C. galli, C. homai Zahedi, Durmic, Gofton,
Kueh, Austen, Lawson, Callahan, Jardine & Ryan, 2017,
C. hominis Morgan-Ryan, Fall, Ward, Hijjawi, Sulaiman,
Fayer, Thompson, Olson, Lal & Xiao, 2002, C. huwi Ryan,
Paparini, Tong, Yang, Gibson-Kueh, O’Hara, Lymbery
& Xiao, 2015, C. macropodum Power & Ryan, 2008, C.
meleagridis, C. microti Hor¢i¢kovd, Condlova, Holubova,
Sak, Kvétonovd, Hlaskovd, Kone¢ny, Sedlacek, Clark,
Giddings, McEvoy & Kva¢, 2019, C. molnari Alvarez-
Pellitero & Sitja-Bobadilla, 2002, C. muris Tyzzer, 1910,
C. nasoris Hoover, Hoerr & Carlton, 1981, C. occultus
Kvé¢, Vinatd, Jezkovd, Horcickovd, Kone¢ny, Hlaskova,
McEvoy & Sak, 2018, C. parvum Tyzzer, 1912, C. pro-
liferans Kva¢, Havrdovd, Hlaskovd, Dankova, Kandéra,
Jezkovd, Vitovec, Sak, Ortega, Xiao, Modry, Chella-
durai, Prantlova & McEvoy, 2016, C. proventriculi, C
reichenbachklinkei Paperna & Vilenkin, 1996, C. rubeyi
Li, Pereira, Larsen, Xiao, Phillips, Striby, McCowan &
Atwill 2015, C. ryanae Fayer, Santin & Trout, 2008, C.

Table 4 Size of Cryptosporidium ornitophilus n. sp. obtained from naturally infected common ostriches (Struthio camelus) and
experimentally infected chickens (Gallus gallus f. domestica), geese (Anas platyrhynchos f. domestica) and cockatiels (Nymphicus

hollandicus)

Host Length (um) Width (um) Length/width ratio
Range (Mean £SD) Range (Mean £SD) Range (Mean £SD)

Ostrich? 5.24-6.77 (6.13£0.35) 4.68- 547( 154+0.24) 1.06-1.36 (1.19£0.08)

Chicken® 5.24-6.74(6.13+£0.34) -548(5214+0.23) 1.08-1.32 (1.20£0.09)

Goose” 5.28-6.67 (6.22+0.31) 4.69- 552( 1940.24) 1-1.29(1.18+0.10)

Cockatiel® 1-6.58 (6.17+£0.29) 4.92-548 (5.19+0.24) 1.09-1.28 (1.21£0.12)

@ Natural infection
b Experimental infection

Note: Length and width of 50 oocysts from each isolate were measured under DIC at 1000x magnification, and these were used to calculate the length-to-width ratio

of each oocyst



Holubova et al. Parasites Vectors (2020) 13:340

scophthalmi Alvarez-Pellitero, Quiroga, Sitja-Bobadilla,
Redondo, Palenzuela, Pardds, Vizquez & Nieto, 2004,
C. scrofarum Kva¢, Kesttanovd, Pinkova, Kvétonova,
Kalinova, Wagnerova, Kotkova, Vitovec, Ditrich, McE-
voy, Stenger & Sak, 2013, C. serpentis Levine, 1980, C.
suis Ryan, Monis, Enemark, Sulaiman, Samarasinghe,
Read, Buddle, Robertson, Zhou, Thompson & Xiao,
2004, C. testudinis Jezkova, Horci¢kova, Hlaskova, Sak,
Kvétonova, Novak, Hofmannova, McEvoy & Kvagc, 2016,
C. tyzzeri Ren, Zhao, Zhang, Ning, Jian, Wang, Lv, Wang,
Arrowood & Xiao, 2012, C. ubiquitum, C. varanii Pav-
lasek, Laviskova, Hordk, Kral & Kral, 1995, C. viatorum
Elwin, Hadfield, Robinson, Crouch & Chalmers, 2012, C.
wrairi Vetterling, Jervis, Merrill & Sprinz, 1971 and C.
xiaoi Fayer & Santin, 2009).

Conclusions

Morphological, genetic and biological data support the
establishment of Cryptosporidium avian genotype II as a
new species, Cryptosporidium ornithophilus n. sp.
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Abstract

Cryptosporidium is a genus of apicomplexan parasites that inhabit the respiratory and gastrointestinal tracts of vertebrates.
Research of these parasites is limited by a lack of model hosts. This study aimed to determine the extent to which infection at
the embryo stage can enhance the propagation of Cryptosporidium oocysts in chickens. Nine-day-old chicken embryos and one-
day-old chickens were experimentally infected with different doses of Cryptosporidium baileyi and Cryptosporidium parvum
oocysts. Post hatching, all chickens had demonstrable infections, and the infection dose had no effect on the course of infection.
Chickens infected as embryos shed oocysts immediately after hatching and shed significantly more oocysts over the course of
the infection than chickens infected as one-day-olds. In chickens infected as embryos, C. baileyi was found in all organs except
the brain whereas, C. parvum was only found in the gastrointestinal tract and trachea. In chickens infected as one-day-olds, C.
baileyi was only found in the gastrointestinal tract and trachea. Chickens infected as embryos with C. baileyi died within 16
days of hatching. All other chickens cleared the infection. Infection of chickens as embryos could be used as an effective and
simple model for the propagation of C. baileyi and C. parvum.

© 2020 Elsevier GmbH. All rights reserved.

Keywords: Inoculation; In ovo; Chicken embryo; Egg; Model host; Shedding

Introduction

The genus Cryptosporidium comprises protozoan parasites
that infect epithelial cells in the microvillus border of the
gastrointestinal tract of all classes of vertebrates (Ryan and
Xiao 2014). These parasites cause a self-limiting disease,
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frequently characterized by diarrhoea, which can become
chronic and life-threatening in those who are immuno-
compromised. Cryptosporidium is a major cause of severe
diarrhoea in infants and toddlers in developing countries
(Striepen 2013).

To date, 43 species and more than 50 genotypes of Cryp-
tosporidium have been described, of which 21 have been
reported to infect humans (Condlové et al. 2018; Ortega and
Kvae 2013; Ryan and Xiao 2014). Many of these human
pathogenic species and genotypes remain poorly character-
ized because only a few isolates are available for study. In
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contrast to other human-pathogenic protozoans, such as Toxo-
plasma (Muller and Hemphill 2013), there is a lack of in vitro
methods to propagate Cryptosporidium oocysts (Arrowood
2002; Miller et al. 2019; Morada et al. 2016). In vivo, C.
parvum can be propagated in several animal models (e.g.
mice, piglets, calves, and gerbils) (Kvac et al. 2009; Petry
et al. 1995; Vitovec and Koudela 1992), but many other
human pathogenic species and genotypes have narrow host
specificity and yield low numbers of oocysts in their typical
hosts (Condlovzi et al. 2018; Kostopoulou et al. 2015; Kvac
et al. 2013; Kv4c et al. 2018; Stenger et al. 2015). There is a
need for more effective methods to propagate oocysts from a
broad range of Cryptosporidium species and genotypes.

A few studies have reported the development of Cryp-
tosporidium spp. in chicken embryos during prenatal host
development. Current and Long (1983) showed that endo-
derm cells of the chorioallantoic membrane of chicken
embryos supported development of Cryptosporidium from
humans and calves, and that recovered oocysts were infec-
tious to suckling mice. Subsequently, Lindsay et al. (1989),
Wunderlin et al. (1997) and Huang et al. (2014) described
the complete development of C. baileyi in chicken embryos
when sporozoites or oocysts were inoculated into the allantoic
cavity or allantoic fluid.

Cryptosporidium baileyi is the most common avian Cryp-
tosporidium species (Goodwin et al. 1996) and is probably
not infectious for mammals. In contrast, C. parvum infects
various species of birds from the orders Accipitriformes,
Anseriformes, Charadriiformes, Galliformes, Passeriformes,
and Psittaciformes (Gomes et al. 2012; Graczyk et al.
1998; McEvoy and Giddings 2009; Nakamura et al. 2009;
Reboredo-Fernandez et al. 2015; Zhou et al. 2004; Zylan
et al. 2008) in addition to infecting mammals.

We hypothesized that chickens infected with Cryp-
tosporidium spp. as embryos, before immune system
maturation, would produce more oocysts than chickens
infected post hatching. We tested our hypothesis using C. bai-
leyi, a species that naturally infects chickens, and C. parvum,
a species that is not typically infectious for chickens under
experimental conditions.

Materials and Methods
Origin of animals

One-day-old ducks (Anas platyrhynchos f. domestica) and
fertilized chicken eggs (Gallus gallus f. domestica) were
purchased from Perena spol. s r.0., Chlumec and Cidlinou
and International Poultry Testing, Ustra§ice, Czech Republic,
respectively. Eggs were incubated in commercially available
hatcheries (Brinsea Ovation 28 EX Egg Incubator, Brinsea,
Weston Super Mare, UK) at the Institute of Parasitology,
Biology Centre CAS, Czech Republic. Briefly, eggs were
incubated at 37.5°C and 45% humidity for 19 days and
at 37.0°C and 65% humidity for 2 days before expected

hatching. Embryos were screened for mortality on the ninth
day using candling (embryo development can be seen when
a bright light is shone through the eggs in a dark room),
and eggs with non-developing embryos were excluded from
the experiment. Immunodeficient SCID mice (Mus muscu-
lus) (strain C.B-17) were bred in-house at the Institute of
Parasitology, Biology Centre CAS, Czech Republic.

Parasites

Oocysts of C. baileyi and C. parvum were obtained from
naturally infected domestic ducks (Veseli nad LuZnici, Czech
Republic) and a calf (Bos taurus, Hartmanice, Czech Repub-
lic), respectively, and propagated in one-day-old ducks and
eight-week-old SCID mice, respectively, at the Institute of
Parasitology, Biology Centre CAS, Czech Republic. Briefly,
one-day-old ducks and eight-week-old SCID mice were
orally inoculated with C. baileyi and C. parvum oocysts in
200 wl distilled water, respectively, and faecal samples from
the ducks and SCID mice containing oocysts of C. baileyi
and C. parvum were purified using caesium chloride gradi-
ent centrifugation (Arrowood and Donaldson 1996). Purified
oocysts were used to infect chicken embryos, one-day-old
chickens, one-day-old ducks, and SCID mice.

The identity of C. baileyi and C. parvum isolates was ver-
ified by PCR amplification and sequencing of a fragment of
the small subunit rRNA gene (18S rRNA). The C. parvumiso-
late was additionally subtyped with the 60 kDa glycoprotein
gene (gp60).

Infection dose

Purified oocysts of C. baileyi and C. parvum were treated
with sodium hypochlorite. Briefly, oocysts were centrifuged
in a 1.5 ml tube at 12,000 x g for 3 min, the supernatant was
discarded and oocysts were treated with 200 wl of sodium
hypochlorite (4.7%, 4°C, 10 min). The sodium hypochlo-
rite was removed by washing: the 1.5ml tube was filled
with deionized water and the oocysts were washed three
times by centrifugation at 12,000 x g for 3 min; each time
the supernatant was discarded (Petry et al. 1995). After the
final washing step, the oocysts were resuspended in deionized
water and used for inoculation.

Experimental design

Chicken embryos were candled on the ninth day of
development: unembryonated eggs were discarded, and
the allantoic cavity was identified and marked. The tar-
get inoculation site on the egg shell was sanitized with
70% ethanol, punctured with a sterile, 2mm diameter drill
bit, and the infection dose was injected into the allan-
toic cavity. The inoculation site was sealed with sterile,
liquid Histoplast-S (SERVA Electrophoresis GmbH, Heidel-
berg, Germany) immediately after inoculation. Groups of
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embryonated chicken eggs (n=45) and one-day-old chick-
ens (n=45) were inoculated with 104, 10°, or 10° oocysts of
C. baileyi or C. parvum in 50 .l deionized water. Ten embry-
onated chicken eggs and ten one-day-old chickens were used
as negative controls. The infectivity of C. baileyi and C.
parvum was verified in three ducks and three mice, respec-
tively (positive controls). One-day-old chickens, one-day-old
ducks, and eight-week-old SCID mice were inoculated orally
using intragastric gavage. Eggs and chickens inoculated with
a different parasite species or infection dose were housed in
separate cages/hatcheries.

On each day post hatching (DPH)/infection (DPI), ani-
mals were examined for health status and screened for the
presence of specific DNA and oocysts of Cryptosporid-
ium in faeces using aniline-methyl-violet staining (ACMV),
according to Milacek and Vitovec (1985). Preparations were
viewed under 1000x magnification (Olympus BX51 micro-
scope) and documented using Olympus cell Sens Entry 2.1
(Olympus Corporation, Shinjuku, Tokyo, Japan) and a digital
camera (Olympus DP73).

Two chickens from each group were euthanized imme-
diately after hatching and, subsequently, every third day of
the experiment. Samples of organs (eye; heart; brain; kidney;
liver; lung; trachea; oesophagus; ventriculus; proventriculus;
proximal, medial, and distal duodenum; proximal, medial,
and distal jejunoileum; caecum; colon; and cloaca) and fae-
ces from the cloaca were collected using aseptic techniques.
All organs were screened for the presence of specific DNA
by PCR amplification of the 18S rRNA gene, and the devel-
opmental stage of the parasite was determined by staining
of mucosal scrapings, histology sections, and scanning elec-
tron microscopy (below). Experiments were terminated at
30 DPH/DPIL. If the animal developed severe disease, it was
humanely sacrificed before the 30 days.

Ten chickens from each group were examined individu-
ally for Cryptosporidium oocysts in faeces each day for 30
DPH/DPI. The prepatent period, the timing of maximum
infection intensity (7max), the concentration at maximum
infection intensity (Cmax), and the patent period were mon-
itored. Infection intensity was reported as oocyst per gram
(OPG), as previously described in Kvac et al. (2007). Briefly,
each animal was examined for Cryptosporidium oocysts
using the ACMV staining method: each glass slide was
weighed immediately before and after smearing (0.001 g
accuracy) and stained. The entire smear was examined by
light microscopy at 1000x magnification. The total number
of oocysts on the slide and the weight of the faecal smear
were used to calculate OPG. To estimate the daily yield of
oocysts, the number of oocysts per gram was multiplied by
the total weight of faeces, in grams, produced per chicken
per day. Oocysts recovered from faeces of infected chickens
were purified by caesium chloride gradient and examined for
infectivity.

Each experiment was repeated three times and the resulting
values represent the mean of all observations.

Molecular characterization

DNA was extracted from 200 mg of faeces or tissue by
bead disruption for 60 s at 5.5m/s using 0.5 mm and 2 mm
glass beads in a FastPrep®24 Instrument (MP Biomedicals,
CA, USA), followed by isolation/purification using a com-
mercially available kit in accordance with the manufacturer’s
instructions (EXgeneTM Stool DNA mini, GeneAll Biotech-
nology Co. Ltd, Seoul, Korea and DNeasy Blood & Tissue
Kit QIAGEN, Hilden, Germany). Purified DNA was stored
at —20 °C prior to being used for PCR.

A nested PCR approach was used to amplify a partial
region of the 18S rRNA (~830 bp; Xiao et al. 1999) and gp60
genes (~820bp; Alves et al. 2003; Peng et al. 2001). For
the 18S rRNA gene, primary amplification was performed

with the primers 5'TTCTAGAGCTAATACATGCG3
and 5'CCCATTTCCTTCAAACAGGA3Z', fol-
lowed by secondary amplification with the primers
5’ GGAAGGGTTGTATTTATTAGATAAAG3’ and
5'AAGGAGTAAGGAACAACCTCCA3'. For the
ep60 gene, primary amplification was performed
with  the  primers 5 ATAGTCTTCGCTGTATTC3
and 5’ GGAAGGAACGATGTATCTZ, fol-
lowed by secondary  amplification  with  the
primers 5'TCCGCTGTATTCTCAGCC3’ and

5'GCAGAGGAACCAGCATC3'. The primary PCR
mixtures (30 pl reaction volume) contained: 2 pl of template
DNA, 2.5U of Tag DNA Polymerase (Dream Taq Green
DNA Polymerase, Thermofisher Scientific, Waltham, MA,
USA), 0.5x PCR buffer (18S rDNA) or 1x PCR buffer
(gp60; Thermofisher Scientific), 6 mM MgCl, (18S rDNA)
or 3mM MgCly (gp60), 0.1 mM each deoxynucleoside
triphosphate, 100 mM each primer, and 2 pLL non-acetylated
bovine serum albumin (BSA; 10mg ml~!; New England
Biolabs, Beverly, MA, USA). The secondary PCR mixtures
were similar to those described above for the primary PCR,
except that 2pl of the primary PCR product was used
as the template, the MgCl, concentration was 3 mM, and
no BSA was used. The PCR programme consisted of the
initial denaturation at 95°C for 5min, then 35 cycles of
denaturation at 95°C for 30s, annealing temperature for
45s, and extension at 72°C for 30s; the final extension
lasted 10min at 72°C. The annealing temperature for
amplification of the 18S rRNA gene was 50 °C for primary
and 55°C for secondary reaction and for the gp60 gene
was 50 °C for both primary and secondary reactions. DNA
of Cryptosporidium hominis subtype Ib and molecular
grade water were used as positive and negative controls,
respectively. Secondary PCR products were detected by
agarose gel electrophoresis, visualized by ethidium bromide
staining, and extracted using GenElute Gel Extraction Kit
(Sigma, St. Louis, MO, USA). Purified secondary products
were sequenced in both directions using the secondary
PCR primers at a commercial company (Eurofins Genomics
Germany GmbH, Ebersberg, Germany). The sequences
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obtained in the study were compared with those in GenBank
(https://www.ncbi.nlm.nih.gov/genbank/).

Histology, staining of mucosal smears, and
scanning electron microscopy

The tissue specimens for histology were fixed in 10%
buffered formalin and processed by the usual paraffin method.
Histology sections (4 um) were stained with haematoxylin
and eosin (HE) and Periodic Acid-Schiff (PAS) stains.
Giemsa and Wright staining procedures (Tyzzer 1910) were
used to visualize Cryptosporidium spp. developmental stages
scraped from mucosal surfaces. As the first step, the blood
serum of chickens was obtained from non-infected controls.
Tissue samples were washed with cold PBS with subsequent
exposure to chicken serum for 5 min. Mucosal smears were
fixed with osmium vapour for 15 min followed by Giemsa
staining for 6 min. Slides for histology and mucosal smears
were viewed at 200400 x and 1000 x magnification, respec-
tively, and documented using Olympus cell Sens Entry 2.1
(Olympus Corporation, Shinjuku, Tokyo, Japan) and a digital
camera (Olympus DP73). Specimens for scanning electron

microscopy were fixed overnight at 4 °C in 2.5% glutaralde-
hydein 0.1 M phosphate buffer, washed three times for 15 min
in the same buffer, post-fixed in 2% osmium tetroxide in
0.1 M phosphate buffer for 2 h at room temperature and finally
washed three times for 15 min in the same buffer. After dehy-
dration in a graded acetone series, specimens were dried using
the critical point technique, coated with gold, and examined
using a JEOL JSM-7401F-FE SEM.

Animal care

Chickens, ducks, and mice were kept separately in plastic
cages with raised bottom grids to avoid re-infection, and sup-
plemented with a poultry or rodent diet and sterilized water ad
libitum. Additionally, the cages for chickens and ducks were
heated with infra-red heat lamps for the first 7 days. Ani-
mal caretakers wore new disposable coveralls, shoe covers,
and gloves every time they entered the experiment room. All
wood-chip bedding, faeces and disposable protective clothing
were sealed in plastic bags, removed from the experimental
room, and incinerated. All of the experimental procedures
were conducted in accordance with the laws of the Czech
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Fig. 1. Infection intensity and number of oocysts per gram of faeces (OPG) in experimentally infected chickens. (A) Cryptosporidium baileyi
and (B) Cryptosporidium parvum in chickens infected with 10* (black triangle), 10° (white circle), or 10° (black circle) oocysts as (1) nine-
day-old embryos or (2) one-day-old hatched chickens, based on molecular examination of faeces from 1 to 30 days post hatching or infection,

respectively.
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Fig. 2. Dissemination of Cryptosporidium baileyi and Cryptosporidium parvum infection to organs and tissues in chickens infected as embryos
(black) and chickens infected as one-day-olds (light grey) with 10* oocysts, based on molecular examination from 1 to 30 days post hatching
or infection, respectively. White squares indicate specific DNA was not detected. The dark grey background indicates the time when chickens

infected with C. baileyi as embryos died or were humanely sacrificed.

Republic on the use of experimental animals, and the safety
and use of pathogenic agents. The study was approved by the
Institute of Parasitology, Biology Centre CAS, and Institu-
tional and National Committees (protocol no. 60/2019).

Statistical analysis

The accumulated value of infection intensity was calcu-
lated as the area under the curve (AUC) through the classical
trapezoidal rule, and Tmax, Cmax, and prepatent and patent
period were determined. Subsequently, one-way ANOVA
or a non-parametric approach through distance components
(DISCO; Rizzo and Szekely 2010) in the case of nonnor-
mality and a Dunn’s post hoc test (multiple comparisons)
were used. Evaluation of significance was carried out after
Benjamini-Hochberg’s p-value adjustment to control the
false discovery rate. For two-sample comparisons, we used
the Mann—Whitney U test. All computations were performed
using the programming environment R 3.6.1 (R Core Team
2019).

Results

The C. baileyi and C. parvum isolates used in the
study shared 100% sequence identity at the 18S rRNA
locus with a C. baileyi isolate from a chicken [Gen-

Bank Acc. No. AF093495] and a C. parvum isolate from
a calf [AF093493], respectively. Cryptosporidium parvum
gp60 gene sequences were subtype IITaA16G1R1, which has
been reported from cattle, sheep, and humans [KJ158747,
JX258866 and AM937009]. One-day-old ducks infected with
C. baileyi and eight-week-old SCID mice infected with C.
parvum (positive controls) began shedding oocysts after 4-5
and 10-12 DPI, respectively. 18S rRNA gene sequences of
C. baileyi and C. parvum from faeces post inoculation and
from the inoculum were identical.

Any difference in the course of infection among groups
inoculated with the same Cryptosporidium sp. and same
infection dose — expressed by prepatent and patent period,
AUC, Tmax, Cmax, number of infected animals per group
or amount of spreading of infection to body organs — was
detected in three independent repeated experiments. All
embryos and one-day-old chickens inoculated with C. baileyi
or C. parvum produced microscopically and/or molecularly
detectable infection.

Course of infection in chickens inoculated at the
embryo stage

All chicken embryos inoculated with C. baileyi or C.
parvum were hatched alive and the weight of inoculated
birds did not differ significantly from uninoculated controls
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Fig. 3. Tissue smear preparations from the trachea using the Wright staining method (Tyzzer, 1910) showing the number of observed
Cryptosporidium developmental stages. Each image shows a single field at 1000 x magnification. (A) A chicken infected with Cryptosporidium
baileyi as an embryo; (B) a chicken infected with Cryptosporidium baileyi at one day old; (C) a chicken infected with Cryptosporidium parvum
as an embryo. All animals were infected with 10* oocysts and sacrificed six days post hatching (infected as embryos) or infection (infected

as one-day-olds). Scale bar included in each picture.

(F=0.4806, p-value = 0.6236; data not shown). One chicken
that hatched from an embryo inoculated with 10° C. baileyi
oocysts was humanely sacrificed five DPH due to low weight
and poor health. Microscopic and molecular analyses showed
the presence of oocysts and specific DNA in faecal samples of
all inoculated birds within 5 h of hatching, with no difference
in infection intensity among groups receiving different infec-
tion doses (Fgisco=1.051, p-value=0.382; Fig. 1). While

chickens inoculated with C. baileyi shed detectable oocysts
every day during the experiment, chickens shed C. parvum
oocysts intermittently (Fig. 1). However, C. parvum-specific
DNA was detected almost daily up to 27 DPH (Fig. 1).
All chickens inoculated with C. parvum cleared the infec-
tion within 13-25 days and survived until the end of the
experiment (Table 1). The health status of C. parvum inoc-
ulated chickens did not differ from non-inoculated controls.
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Fig. 4. Histology sections of the trachea stained with Periodic Acid—-Schiff showing the presence of Cryptosporidium developmental stages
on the epithelium (arrows). Each image shows a single field at 200x magnification. (A) A chicken infected with Cryptosporidium baileyi as
an embryo; (B) a chicken infected with Cryptosporidium baileyi at one day old; (C) a chicken infected with Cryptosporidium parvum as an
embryo; (D) a chicken infected with Cryptosporidium parvum at one day old. All animals were infected with 10* oocysts and sacrificed six
days post hatching (infected as embryos) or infection (infected as one-day-olds). Scale bar included in each picture.

In contrast, all chickens infected with C. baileyi died or were
humanely sacrificed due to poor health within 5-16 DPH. All
chickens infected with C. baileyi as embryos were anorexic,
showed a loss of appetite and decreased activity, and had
insufficient feathering. Additionally, 48 h before death, there
was an accumulation of faeces on the outside of the cloaca
that made it difficult for the birds to defecate.

In chickens infected with C. baileyi, the highest oocyst
production, measured as AUC, was observed in birds
inoculated with 10° oocysts, but the AUC did not dif-
fer significantly among groups receiving different infection
doses (Fgisco =0.448, p-value=0.896). Similarly, infection
dose had no effect on the AUC in chickens infected
with C. parvum (F=2.3422, p-value=0.1153; Table 1).
The highest concentration at maximum infection inten-
sity (Cmax) Was observed in chickens inoculated with 100
oocysts, but differences among groups were not statistically
significant (Fgisco = 1.622, p-value=0.1049 for C. baileyi;
Fisco=1.819, p-value =0.1009 for C. parvum). The timing
of maximum infection intensity (7max) did not correlate with
infection dose (Fgisco = 1.051, p-value =0.382 for C. baileyi;
Fisco =0.975; p-value = 0.40859 for C. parvum; Table 1).

There was no difference in the survival of chickens
inoculated with different infection doses of C. baileyi
(F=0.052, p-value=0.9948) or C. parvum (Fgisco=0.564,
p-value =0.7043).

Course of infection in chickens inoculated at
one-day old

Microscopic and molecular analyses showed the pres-
ence of oocysts and/or specific DNA in faecal samples from
all inoculated animals after the prepatent period (Table 1
and Fig. 1). Inoculated one-day-old chickens started to shed
oocysts of C. baileyi at 4 to 6 DPL. Chickens inoculated with
10 oocysts of C. baileyi began shedding oocysts significantly
earlier than those inoculated with lower doses (Fgisco = 3.296,
p-value =0.013986; Table 1.). Chickens inoculated with C.
parvum did not shed microscopically detectable oocysts,
but C. parvum-specific DNA was detected in faeces, and it
was detected significantly earlier in chickens inoculated with
10° oocysts than in chickens inoculated with lower doses
(Fgisco =3.956, p-value=0.008991; Table 1 and Fig. 1). In
contrast to chickens inoculated with C. baileyi as embryos,
which all died, all the chickens inoculated as one-day-olds
survived. The highest oocyst production (AUC) and the
earliest achievement of maximum production (Tmax) Was
observed in chickens inoculated with 10® oocysts of C. baileyi
(F=3.7899, p-value =0.03542 for AUC; and Fgisco =3.721,
p-value =0.006993 for Tpyax; Table 1).

While the patent period did not differ among birds
inoculated with different infection doses of C. baileyi
(Fgisco = 0.265, p-value = 0.51249), birds inoculated with 10*
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Fig. 5. Scanning electron photomicrographs of a trachea showing the presence of Cryptosporidium developmental stages on the epithelium
(arrows). Each image shows a single field at 10,000 x magnification. (A) A chicken infected with Cryptosporidium baileyi as an embryo;
(B) a chicken infected with Cryptosporidium baileyi at one day old; (C) a chicken infected with Cryptosporidium parvum as an embryo; (D)
a chicken infected with Cryptosporidium parvum at one day old. All animals were infected with 10* oocysts and sacrificed six days post
hatching (infected as embryos) or infection (infected as one-day-olds). Scale bar included in each picture.

oocysts of C. parvum, the lowest infection dose tested, cleared
the infection earlier than birds inoculated with higher infec-
tion doses (Fgisco =3.270, p-value =0.024975).

Spreading of Cryptosporidium spp. infection to
body organs

In all chickens that were inoculated with C. baileyi as
embryos, specific Cryptosporidium DNA was detected in
all organs except the brain immediately after hatching. The
infection was cleared from the liver, kidney, proventricu-
lus, and ventriculus by day six post hatching. All other
organs remained positive until the animals died or were sac-
rificed. The number of organs infected did not differ among
birds inoculated as embryos with different infection doses.
In contrast, only the trachea, oesophagus, duodenum, and
jejunoileum were positive in chickens inoculated with C.
baileyi as one-day-olds (Fig. 2). Chickens inoculated with
C. parvum as one-day-olds only developed infections in
the small intestine, regardless of infection dose. In contrast,
chickens infected with C. parvum as embryos additionally
developed infection in the trachea, cecum, colon, and cloaca
(Fig. 2). Specific DNA of C. baileyi was detected in the
proventriculus, ventriculus, liver, kidney, lung, heart, and eye
in chickens inoculated as embryos, but developmental stages
were not detected in any of these organs. In birds inoculated

with C. baileyi as embryos or as one-day-olds, developmen-
tal stages were detected in mucosal smears from the trachea,
oesophagus, and gut (Figs. 3-5). While C. parvum develop-
mental stages were occasionally observed in mucosal smears
of the trachea and gut of chickens infected as embryos,
they were not detected in birds infected as one-day-olds
(Figs. 3-5).

Qocyst production efficiency

Generally, chickens inoculated with C. baileyi (p-
value = 1.122 x 10'2) and C. parvum (p-value =0.02785) at
one day old shed significantly fewer oocysts than chickens
inoculated as embryos (Table 1; Figs. 6 and 7). Chickens
inoculated as embryos with 10* oocysts of C. baileyi pro-
duced approximately 2.8 x 10° oocysts during the first 17
DPH, which is ~85 times greater than the oocyst production
by chickens infected as one-day-olds (3.0 x 107 oocysts dur-
ing the first 21 DPI; Fig. 7). The ratio between the inoculum
dose and oocyst yield from chickens inoculated as embryos
and chickens inoculated as one-day-olds was 1:280,000 and
1:3200, respectively. The greatest daily output of C. baileyi
oocysts in chickens inoculated as embryos was observed at
eight DPH (Fig. 7). While chickens infected as one-day-olds
with C. parvum did not produce detectable oocysts, chickens
inoculated as embryos with 10* oocysts of C. parvum pro-
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Fig. 6. Faecal smears stained with aniline-carbol-methyl-violet showing the intensity of oocyst shedding. Each image shows a single field
at 1000x magnification. (A) A chicken infected with Cryptosporidium baileyi as an embryo; (B) a chicken infected with Cryptosporidium
baileyi at one day old; (C) a chicken infected with Cryptosporidium parvum as an embryo; (D) a chicken infected with Cryptosporidium
parvum at one day old (no oocysts were found). All animals were infected with 10* oocysts and sacrificed six days post hatching (infected as
embryos) or infection (infected as one-day-olds). Scale bar included in each picture.

duced approximately 4.0 x 107 oocysts during the first 15
DPH. The ratio between the inoculum dose and oocyst yield
was 1:35. The greatest daily output of C. parvum oocysts in
chickens inoculated as embryos was observed at five DPH
(Fig. 7).

Discussion

A major barrier to experimental studies of many Cryp-
tosporidium species and genotypes is the lack of methods to
propagate oocysts. In previous work (Current and Long 1983;
Lindsay etal. 1989), C. baileyi from a bird and Cryptosporid-
ium spp., probably C. parvum, isolated from a human and a
calf were found to develop in the chorioallantoic membrane of
chicken embryos following experimental inoculation. Post-
hatching development was not examined. The presence of
C. parvum-specific DNA has been reported in various bird
species (Ferrari et al. 2018; Gomes et al. 2012; Helmy et al.
2017; Ng et al. 2006; Oliveira et al. 2017; Santin et al. 2004),
but it is unclear whether birds are naturally infected or are
mechanical vectors (Plutzer and Tomor 2009; Quah et al.
2011). Graczyk et al. (1998) detected C. parvum shedding at
least nine DPI in five experimentally infected Canada geese
(Branta canademis), but concluded that the shedding may
have been due to inoculum passage. The recovery of infec-

tious, mature C. parvum oocysts from an asymptomatic rhea
(Rhea americana) could be considered an ongoing infec-
tion (Krindges et al. 2013). The present study has shown
that chickens infected with C. parvum as embryos produce
35 times more oocysts than are present in the inoculum,
demonstrating that C. parvum is being propagated. In con-
trast, chickens infected at one day old did not produce oocysts
detectable by microscopy. In comparison with a calf, which
can potentially produce 10'0 C. parvum oocysts (Nydam et al.
2001), a chicken infected at the embryo stage produces only
3x10° oocysts; however, the level of care and cost involved
in the chicken model is far lower than that required for a calf.

The production of C. baileyi oocysts by chickens infected
as one-day-olds was expected and is in accordance with pre-
vious reports (Abbassi et al. 1999; Lindsay and Blagburn
1990). Similarly, the observed gradual loss of C. baileyi infec-
tion in chickens infected at one day old has been previously
reported (Sreter and Varga 2000; Sreter et al. 1995). Here,
we have additionally shown that the chickens infected as
embryos develop intense infections, with a massive oocyst
output that amplifies the inoculum 280,000 times. The total
oocyst output from chickens infected as embryos was about
8000 times greater than from chickens infected as one-day-
olds. While we do not know how much oocyst amplification
occurred in the egg, pre-hatching, Wunderlin et al. (1997)
found that eggs produced only about half the number of C.
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Fig. 7. The approximate total production of Cryptosporidium oocysts per bird, calculated from the daily AUC and total daily faecal production
in chickens infected with (A) Cryptosporidium baileyi as embryos, (B) Cryptosporidium parvum as embryos, and (C) Cryptosporidium baileyi

as one-day-olds. All animals were infected with a 10* oocysts.

baileyi oocysts as chickens that were infected at two days
old. Therefore, the massive amplification of oocysts requires
inoculation at the embryo stage and recovery of oocysts from
hatched chickens.

Our finding that the course of infection was not affected
by infection dose is consistent with previous reports (Kvac
et al. 2016; Yousof et al. 2017; Zambriski et al. 2013) and
suggests that this method of propagation can be successful
even when few oocysts are available for inoculation. This is
important because many natural hosts of Cryptosporidium
shed low numbers of oocysts.

In agreement with previous studies, C. parvum and C. bai-
leyi infection in one-day-old chickens was not associated
with clinical signs of disease (Ferrari et al. 2018; Gomes
et al. 2012; Graczyk et al. 1998; Hatkin et al. 1990; Helmy
et al. 2017; Ng et al. 2006; Oliveira et al. 2017; Santin et al.
2004). In contrast, 100% mortality occurred within 15 days
of hatching in chickens infected with C. baileyi as embryos.

As observed in mammals and other avians, where C.
parvum develops primarily in the small intestine, devel-
opmental stages were detected only in the duodenum and
jejunoileum of chickens infected as one-day-olds (Li et al.
2013; Tzipori et al. 1983; Vitovec and Koudela 1992; Zylan
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et al. 2008). However, chickens infected as embryos addi-
tionally had developmental stages in the caecum, colon,
and trachea. Previous reports of C. parvum infection in
the large intestine have been in hosts with an immunod-
eficiency (Certad et al. 2007) or carcinoma (Osman et al.
2017). The development of C. parvum in the trachea is con-
sistent with studies by Azmanis et al. (2018) and Palkovi¢ and
Marousek (1988), who described the presence of this species
in the trachea of naturally and experimentally infected birds,
respectively.

Cryptosporidium baileyi has broad tissue specificity in
naturally and experimentally infected birds, with reports of
developmental stages in the conjunctiva, nasopharynx, tra-
chea, bronchi, air sacs, small intestine, large intestine, ceca,
cloaca, bursa of Fabricius, kidneys, and urinary tract (Abbassi
et al. 1999; Hatkin et al. 1990; Lindsay and Blagburn 1990;
Ryan and Xiao 2008). However, similar to our study, develop-
mental stages are mostly limited to the gut, bursa of Fabricius,
and cloaca following oral infections (Blagburn et al. 1991;
Goodwin and Brown 1989; Chvala et al. 2006; Lindsay et al.
1987; Surl et al. 2003).

The susceptibility of chickens infected as embryos to more
intense, multi-organ infections is probably due to the imma-
turity of their immune systems. Lindsay et al. (1988), Taylor
et al. (1994), and Sreter et al. (1995) found that innate
resistance to C. baileyi is age related: older birds with better-
functioning immune systems are able to clear the infection
earlier and shed lower numbers of oocysts. The course of C.
baileyi infection in chickens infected as embryos has paral-
lels with congenital toxoplasmosis, where infection spreads
throughout the body, subclinical disease occurs in the most
affected individuals and, if untreated, infection is associated
with severe and even fatal disease (McAuley 2014).

Conclusions

This study has shown that chickens hatched from infected
embryos produce 280,000 times more C. baileyi and 35 times
more C. parvum oocysts than the infection dose, suggest-
ing that this could be an alternative, cost-effective model for
the propagation and study of Cryptosporidium spp. To deter-
mine the broad applicability of this chicken embryo model
for oocyst propagation, future studies should examine the
infectivity of other Cryptosporidium spp.
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