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ANOTACE

~s 7

Kryptosporidie, parazitickd protista patfici do kmene Apicomplexa, jsou velmi
Uspésni paraziti, o éemz svédci jejich Siroké spektrum hostiteld, celosvétové rozsireni
a odolnost vici dezinfekénim prostfedkdm a lékim. Rozmanitost kryptosporidii je
molekularné studovana jiz vice nez tfi desetileti. Zatimco kryptosporidie lidi a
hospodarskych zvifat jsou wvelmi dobfe prostudovany, vyzkum na jinych
obratlovcich, véetné hlodavcll, zaostava. Nase znalosti o biologickych vlastnostech
jednotlivych druh( a genotypl jsou vétSinou nedostate¢né nebo Uplné chybéjici. Tato
prace je zaméfena na studium prevalence, rozmanitosti a biologickych vlastnosti
parazitd rodu Cryptosporidium parazitujicich u hlodavcli podceledi Arvicolinae.
Vysledky této prace povedou k lepSimu porozumeéni diverzity kryptosporidii a jejich

hostitelské a tkanove specifity.

ANNOTATION

Cryptosporidium, a parasitic protist in the phylum Apicomplexa, is hugely
successful, as evidenced by its broad host range, global distribution, and resistance to
disinfectants and drug treatments. Genetic diversity in the genus Cryptosporidium
has been studied for more than three decades, with most research focused on isolates
from humans and domestic animals, while research on other vertebrate hosts,
including rodents, has lagged. Moreover, our knowledge about the biological
characteristics of individual species and genotypes are mostly insufficient or missing.
This thesis addresses the prevalence, diversity and biological characteristics of
Cryptosporidium in Arvicolinae rodents. Addressing the gap in our knowledge will

lead to better understanding of Cryptosporidium diversity and host/tissue specificity.



SOUHRN

Tato disertaCni préace se zabyva prevalenci a diverzitou kryptosporidii infikujicich
hlodavce podCeledi Arvicolinae. V letech 2014-2017 byly mikroskopickymi a
molekularnimi metodami vySetfeny vzorky trusu od hrabosd polnich (Microtus
arvalis) a nornikl rudych (Myodes glareolus) z Ceské republiky a Slovenska na
pfitomnost kryptosporidii. Genotypizace byla provedena pomoci nested PCR
amplifikujici gen kddujici malou ribozomalni podjednotku rRNA, aktin, COWP a
HSP70. Specificka DNA kryptosporidii byla detekovana u 74 hrabost a 10 nornikd.
Fylogeneticka analyza prokazala pfitomnost dvou novych druhl (C. alticolis a C.
microti) a Sesti novych genotypl (Cryptosporidium vole genotyp I1, Cryptosporidium
vole genotyp 111, Cryptosporidium vole genotyp 1V, Cryptosporidium vole genotyp
V, Cryptosporidium vole genotyp VI a Cryptosporidium vole genotyp VII) u hrabos(
a Gtyri genotypy kryptosporidii u nornik(. Intenzita infekce se neliSila mezi samci a
samicemi ani mezi juvenilnimi a dospélymi jedinci. Zadné z p¥irozené infikovanych
zvirat nevykazovalo pfiznaky kryptosporididzy. U izolatli C. alticolis a C. microti
byla ovéfena hostitelska specifita pomoci experimentalnich infekci. Cryptosporidium
alticolis a C. microti byly infekéni pro hraboSe polni a hrabo3e pensylvanské
(Microtus pennsylvanicus), ale nebyly infekéni pro mySice lesni (Apodemus
flavicolis), SCID, BALB/c a C57BL/6J mysSi (Mus musculus), potkany (Rattus
norvegicus) nebo kurata (Gallus gallus f. domestica). Cryptosporidium alticolis
infikuje tenkeé stfevo a ma vétsi oocysty (5,4 x 4,9 um) nez C. microti (4,3 x 4,1 ym),
které infikuje tlusté stfevo. U Zadného z experimentalné infikovanych hlodavcl se
neprojevily klinické pfiznaky infekce. HraboSi polni jsou vnimavi k infekci C.
parvum, mikroskopicky v8ak nebyly detekovany Zadné oocysty a molekularnimi
metodami byla zjisténa patentni doba 7 dni. Cryptosporidium apodemi a C. ditrichi,
druhy specifické pro hlodavce rodu Apodemus, nejsou infekéni pro hraboSe.
Vysledky téchto studii ukazuji hostitelskou specifitu kryptosporidii infikujici
hlodavce; severoamericti a evropsti hlodavci podceledi Arvicolinae jsou hostiteli
rlznorodych kryptosporidii, které, jak se zda, koevoluji se svymi hostiteli. Genetické
a biologické Udaje podporuji popis C. alicolis a C. microti jako samostatnych druhd
rodu Cryptosporidium.



SUMMARY

This thesis deals with the prevalence and diversity of Cryptosporidium
parasitizing Arvicolinae rodents. Faecal samples from common (Microtus arvalis)
and bank voles (Myodes glareolus), collected in the Czech Republic and Slovakia in
2014-2017, were screened for Cryptosporidium by microscopy and PCR/sequencing.
Isolates were characterized by sequence and phylogenetic analyses of the small
subunit ribosomal RNA, actin, Cryptosporidium Oocyst Wall Protein, and 70 kDa
Head Shock Protein genes. Specific DNA of Cryptosporidium was detected in 74
common voles and 10 bank voles. Phylogenetic analysis revealed the presence of two
new species (C. alticolis and C. microti) and six novel genotypes (Cryptosporidium
vole genotype 11, Cryptosporidium vole genotype |11, Cryptosporidium vole genotype
IV, Cryptosporidium vole genotype V, Cryptosporidium vole genotype VI and
Cryptosporidium vole genotype VII) in common voles and four unnamed
Cryptosporidium genotypes in bank voles. Rates of infection did not differ between
males and females or between juveniles and adults. None of the animals that were
naturally infected with Cryptosporidium had clinical cryptosporidiosis. Host
specificity of C. alticolis a C. microti was examined experimentally. Oocysts of
C. alticolis and C. microti were infectious for common (Microtus arvalis) and
meadow voles (M. pennsylvanicus), but not for yellow necked mice (Apodemus
flavicolis), SCID mice, BALB/c mice and C57BL/6J mice (Mus musculus), brown
rats (Rattus norvegicus), or chickens (Gallus gallus f. domestica). Cryptosporidium
alticolis infects the anterior small intestine and has larger oocysts (5.4 x 4.9 ym) than
C. microti (4.3 x 4.1 ym), a species that infects the large intestine. None of
experimentally infected rodents developed clinical signs of infection. Common voles
are susceptible to C. parvum infection, but did not shed microscopically detectable
oocysts, and the patent period was only 7 days. Cryptosporidium apodemi and
C. ditrichi, species specific for rodent from genus Apodemus, are not infectious for
common voles. Results of our studies show the host specificity of Cryptosporidium
parasitizing voles; North American and European Arvicolinae host diverse
Cryptosporidium spp., which in many cases appear to have coevolved with their
hosts. Genetic and biological data support the establishment of C. alticolis and

C. microti as separate species of the genus Cryptosporidium.
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1. UVOD

Hlodavci obyvaji témér cely svét, kromé Antarktidy a nékterych izolovanych
ostrovil (Wilson et Reeder 2005). Jsou to mali az stfedné velci savci s kratkym
reprodukénim cyklem a velkymi vrhy, ktefi jsou morfologicky a biologicky
prizplisobeni k rdznym Zivotnim styliim a Zivotnimu prostfedi. Pravé tato vysoka
adaptibilita ¢ini z hlodavcl jednoho z nejvhodnéjSich savcd pro Zivot na rdznych
stanovistich (Krystufek et Vohralik 2005, Stefoff 2008). | pfes prospésné aktivity
hlodavct, jako je provzdus$iovani pldy, mineralni kolobéh Zivin, zvyseni absorpce
vody, mohou zplsobovat vyznamné ekonomické ztraty a zvySovat riziko pfenosu
infekCnich agens na ¢lovéka a jim chované zvirata (Khaghani 2007).

Rychly rozvoj priimyslu a zemédglstvi, stejné jako zména klimatu po celém svété,
vedly ke zvySeni vyskytu chorob pfenasenych hlodavci. Patogenni agens prenasené
hlodavci se daji rozdélit do dvou hlavnich kategorii: a) pfimo, b) nepfimo pfenosné
choroby. U prvni kategorie dochazi k prenosu kousnutim ¢i vdechovanim zarodki
infekéniho agens z exkrementd, nepfimd cesta onemocnéni byva zplsobena
nasledkem konzumace potravin a vody kontaminované trusem ¢i moc¢i hlodavci
(Buckle et Smith 2015). Hlodavci mohou byt hostiteli fady plivodcd zoonotickych
bakteridlnich (leptospiréza, mor), parazitrnich (leishmaniéza, toxoplasméza) a
virovych (hantavirové infekce, klistova encefalitida) onemocnéni. Jsou také hostitelé
celé Fady druhl a genotypl parazitd patficich do rodu Cryptosporidium
(Apicomplexa).

Kryptosporidie jsou celosvétove rozsifeni paraziti, infikujici pfevazné epitelialni
buiiky gastrointestinalniho traktu hostitell, ktefi patfi do vsech tfid obratlovc(,
vCetné Cloveéka (Fayer et al. 2000, Dubey et al. 2002, Ziegler et al. 2007b, Ryan et
Xiao 2014). Onemocnéni vyvolané témito protisty se nazyva kryptosporididza a jeho
pribéh je zavisly na fadé faktor(l: na véku a imunitnim stavu hostitele, ale i na
koinfekci s jinymi patogeny (paraziti, bakterie nebo viry) nebo na mnozstvi
prodélanych kryptosporidiovych infekci (Pereira et al. 2002, Trotz-Williams et al.
2005, Geurden et al. 2006, Hong et al. 2007, Checkley et al. 2015, Baneth et al.
2016). Prlbéh infekce mlze byt velmi variabilni od asymptomatického aZz po

zavazné gastrointestinalni onemocnéni, ohroZujici Zivot infikovaného jedince (Monis

15



et Thompson 2003, Hunter et al. 2007, Xiao 2010, Ryan et Power 2012, KVAC et al.
2014b, Ryan et al. 2014).

VétsSina druhl a genotypll kryptosporidii se vyznaCuje Uzkou hostitelskou
specifitou, napfiklad C. canis, C. erinacei, C. felis, C. microti, C. rubeyi,
C. scrofarum, C. suis a C. testudinis (Iseki 1979, Fayer et al. 2001, Ryan et al. 2004,
Némejc et al. 2013, Ng-Hublin et al. 2013, KVAC et al. 20144, Li et al. 2015, JeZkova
et al. 2016, Horcickova et al. 2018). U nékolika malo druhl, C. baileyi, C.
meleagridis, C. muris, C. parvum a C. ubiquitum, byla popsana Siroka hostitelska
hostitelskou specifitou infikujici pravdépodobné vSechny savce i ptaky (Dubey et al.
2002, Ryan et al. 2003a, Ryan et al. 2003b, Ma et al. 2014, Nakamura et Meireles
2015).

V poslednich 20 letech bylo v ramci fady molekularné-epidemiologickych studii
prokazano, Ze diverzita kryptosporidii, zvIasté pak u volné Zijicich zvirat, je daleko
VEtsi nez se predpokladalo. Zejména hlodavci, ktefi predstavuji asi 40 % diverzity
vSech savcl, jsou parazitovani velkym mnoZstvim kryptosporidii. V soucasné dobé
je znamo 9 druhll a kolem 50 genotypll parazit(l patficich do rodu Cryptosporidium,
ktefi infikuji hlodavce, z nichZz néktefi maji zoonoticky potencial (Feng et al. 2007,
Foo et al. 2007, Ziegler et al. 2007a, KVAac et al. 2008a, 2013, Feng 2010, Ng-Hublin
et al. 2013, Stenger et al. 2015a,b, 2018).

Prestoze je kryptosporidiim hlodavcli vénovana relativné velkd pozornost, o
diverzité, prevalenci a prdbéhu kryptosporidiovych infekci u zastupcl podceledi
hraboSovitych (Arvicolinae) neexistuje mnoho UGdajli. Kryptosporidiemi u
hrabo3ovitych se zabyva 20 relevantnich publikaci. Rada z nich se opira ,,pouze* o
vysledky mikroskopickych metod a o rozdéleni nalezenych kryptosporidii dle
morfometrie oocyst na velké ovalné oocysty - C. muris a malé sférické oocysty -
C. parvum (Sinski et al. 1993, Laakkonen et al. 1994, Chalmers et al. 1997, Bull et
al. 1998, Sinski et al. 1998, Torres et al. 2000, Bajer et al. 2002, Bednarska et al.
2007, Ziegler et al. 2007a). V nedavnych molekularné-genetickych studiich vSak
bylo prokazéno, Ze hraboSoviti mohou byt hostiteli celé Fady druhli a genotypd
kryptosporidii, o jejichZ biologii dosud vime jen méalo (Perz et Le Blancq 2001, Xiao
et al. 2002, Bajer et al. 2003, Zhou et al. 2004, Ziegler et al. 2007b, DaniSova et al.
2017, Stenger et al. 2017).
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2. CIL PRACE

Tato prace si klade za cil roz$ifit dosavadni poznatky o kryptosporidiich u
hrabo3ovitych. Jeji vyznam spoCivd v komplexnim feSeni problematiky tykajici se
biologie, diverzity a fylogeneze kryptosporidii u hraboSovitych pomoci
mikroskopickych, molekulérnich, histologickych a experimentalnich metod.

Dilci cile

e Zdokumentovat vyskyt a prevalenci kryptosporidii pFirozené infikujicich
hrabo3ovité (Arvicolinae).

e Popsat biologii jednotlivych druhli a genotypl kryptosporidii specifickych
pro zastupce podceledi Arvicolinae.

e Vyhodnotit diverzitu a prevalenci kryptosporidii v zavislosti na druhu,
pohlavi a véku hostitele.

e Popsat lokalizaci infekce v gastrointestinalnim traktu u pfirozené a
experimentéalné infikovanych hostitel a charakterizovat pribéh infekce.

o Oveérit hostitelskou specifitu jednotlivych genotypdi.

e Vyhodnotit mozny zoonoticky potencial nalezenych druht a genotypi.

e Na zakladé ziskanych vysledkl popsat nalezené genotypy jako samostatné
druhy.
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3. OBECNY LITERARNI PREHLED

3.1. Kryptosporidie a kryptosporidiéza
3.1.1. Historie

Pred vice neZ sto lety Ernest Edward Tyzzer detekoval asexualni a sexualni stadia
parazita s nejasnym taxonomickym postavenim bézné infikujiciho zalude¢ni Zlazy
laboratornich mysi. Popsal, Ze kazdé vyvojové stadium ma organelu podobnou
epimeritu gregarin, kterou je pfipojeno k hostitelské burice a nazval tohoto parazita
Cryptosporidium muris (Tyzzer 1907). V roce 1910, publikoval Tyzzer podrobné;si
popis Zivotniho cyklu vcetné kreseb a fotografii parazita a navrhl néazev
Cryptosporidium pro novy rod s typovym druhem C. muris (Tyzzer 1910). Podobné
organismy také pozoroval na epitelu tenkého stfeva u kralik( a mysi. Roku 1912
Tyzzer experimentdlné infikoval laboratorni mySi druhem kryptosporidii
parazitujicich v tenkém stfevé mysi a nazval ho Cryptosporidium parvum (Tyzzer
1912).

V roce 1929 Tyzzer popsal vyvojova stadia podobna C. parvum ve slepém stfevé
kufat (Tyzzer 1929). Tento druh pojmenovany na jeho poCest C. tyzzeri vSak nebyl
z dlivod( taxonomickych nedostatkd uznan za platny. V roce 1955 byl popsan
v poradi tfeti druh kryptosporidii, Cryptosporidium meleagridis, parazitujici u krit a
spojovany s prijmovym onemocnénim a smrti infikovanych jedincl (Slavin 1955).
AZ do pocatku 70. let 20. stoleti, kdy byly popsany prvni pfipady kryptosporidiovych
infekci u lidi a hospodarskych zvifat (Panciera et al. 1971, Meisel et al. 1976, Nime
et al. 1976, Lasser et al. 1979), nebyly kryptosporidie v popfedi zajmu jak
humannich, tak veterinarnich lékarl (Fayer 2007).

V pribéhu 70. — 90. let se predpokladalo, Ze diverzita druhd vramci rodu
Cryptosporidium je velmi mala. Plvodcem Zaludeéni kryptosporidiézy byl druh
s velkymi ovalnymi oocystami - C. muris a stfevni kryptosporidiézy byl druh C.
parvum s malymi sférickymi oocystami (Tzipori et al. 1980). V této dobé byla
vétsSina nalez( oznacovana jako C. parvum-like nebo C. muris-like.

Na pocatku 80. let byly kryptosporidie popsany jako jedna z hlavnich pficin
chronickych prijmé u pacientd s AIDS (Current et al. 1983, Soave et al. 1984,
D'antonio et al. 1985, Sallon et al. 1988). V roce 1993, v souvislosti s masivni
epidemii v Milwaukee, USA, kdy bylo infikovano vice nez 400 000 osob, doslo
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k vyraznému posunu ve vnimani kryptosporidii jako vyznamnych lidskych patogend
(Mackenzie et al. 1994). K zésadnimu posunu v poznani diverzity kryptosporidii
doSlo od druhé poloviny 90. let s rozvojem molekularnich metod (Xiao et al. 1999,
Xiao et al. 2004, Fayer et Santin 2009).

3.1.2. Taxonomie

Rod Cryptosporidium fadime do kmene Apicomplexa, ktery zahrnuje paraziticka
eukaryota, majici pfitomny apikalni komplex u nékterych stadii jejich vyvojového
cyklu. Vramci kmene Apicomplexa byly kryptosporidie, sohledem na jejich
vyvojovy cyklus, tradi€né Fazeny mezi kokcidie do fadu Eucoccidiorida (Levine
1984). Nicméné jiz Tyzzer v roce 1910 poznamenal, Ze se kryptosporidie od kokcidii
vyrazné lisi, prestoze je sdm ke kokcidiim pfifadil (Tyzzer 1910). | pfes podobnost
s kokcidiemi se kryptosporidie od této skupiny parazitl lisi vFadé znakl: (i)
lokalizace vyvojovych stadii je omezena na apikalni povrch hostitelské bunky, (ii)
parazit je k bunce prichycen specializovanou organelou tzv. feeder organelou, (iii)
produkuji dva morfologicko-funkéni typy oocyst, tenkosténné oocysty excystuji
v téle hostitele, které zodpovidaji za autoinfekci a silnosténné, které slouzi k infekci
dal$ich hostitelll, (iv) oocysty postradaji sporocystu, mikropyle a polarni granula, (v)
jsou nevnimavé ke vSem antikokcidikim (vi) pFitomnost tzv. gamont-like
extracelularnich vyvojovych stadii, ktera jsou podobna stadiim popsanym u gregarin
(Tzipori et Widmer 2000, Hijjawi et al. 2002, Petry 2004, Rosales et al. 2005,
Cabada et White 2010). Drive byly kryptosporidie také zaménovany s jinymi druhy
kokcidii, zejména se zastupci rodu Sarcocystis (Fayer et al. 1997).

S ohledem na podobnost s kokcidiemi a gregarinami se dlouhou dobu
spekulovalo, Ze kryptosporidie predstavuji ,,chybéjici spojeni“ mezi témito
skupinami parazitd (Ryan et al. 2016). Na zakladé genomickych a biochemickych
analyz bylo prokazéno, Ze kryptosporidie jsou evolu¢né odlisné od kokcidii a jsou
vice pFibuzné gregarinam (Carreno et al. 1999, Zhu et al. 2000, Leander et al. 2003,
Abrahamsen et al. 2004, Widmer et Sullivan 2012, Clode et al. 2015). Vysledky
téchto studii byly podkladem pro formalni presunuti kryptosporidii z podtfidy
Coccidia, tfidy Coccidiomorphea do nové podtfidy Cryptogregarida, v ramci tfidy
Gregarinomorphea (Cavalier-Smith 2014).
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3.1.3. Vyvojovy cyklus

Zéastupci rodu Cryptosporidium maji sloZity, monoxenni Zivotni cyklus, ktery je
primarné dokonCen v gastrointestinalnim traktu jednoho hostitele (Tzipori 1983,
Current et Garcia 1991, Bouzid et al. 2013), v pFipadé ptacich kryptosporidii i
v plicich (Lindsay et Blagburn 1990). Zivotni cyklus kryptosporidii zahrnuje &tyfi
faze: (i) excystace, (ii) merogonie, (iii) gametogonie a (iv) sporogonie (Thompson et
al. 2005) (Obrazek 1).

(i) Vysporulované (infek&ni) oocysty se po pozfeni vnimavym hostitelem
dostavaji do gastrointestinalniho traktu, kde dochézi k procesu excystace a uvolnéni
¢étyr infekénich pohyblivych sporozoitd (Reduker et Speer 1985). Excystace je
spusténa riznymi faktory, véetné redukénich podminek, mnozstvim oxidu uhli¢itého,
pankreatickych enzym, Zlu¢ovych soli a teplotou (Fayer et Leek 1984, Reduker et
Speer 1985, Blagburn et al. 1987, Robertson et al. 1993, O'donoghue 1995).
Sporozoiti se pohybuji klouzavym pohybem (Okhuysen et Chappell 2002) a aktivné
napadaji epitelialni hostitelské buiky (Wetzel et al. 2005). Sporozoiti a vSechny
nasledné endogenni sexuélni a asexualni faze se vyvijeji uvnitf parazitoforni

vakuoly, kterd je intracelularni, ale extracytoplasmaticka.

(if) Po pfichyceni na bufiku se sporozoiti diferencuji do sférickeho trofozoitu a
zaCina prvni faze nepohlavniho mnoZeni (merogonie), charakterizovana rozdélenim
jadra trofozoita, za vzniku metontu I. typu, obsahujiciho Sest az osm merozoitd |.
typu (O'donoghue 1995). Merozoiti I. typu po uvolnéni aktivné infikuji dalSi bunky,
pfiCemz se vyvijeji bud opakované v meront I. typu nebo meront Il. typu. Jadro
merontu Il. typu se rozdéli na Ctyfi jadra a vznikaji Ctyfi merozoiti I1. typu.

(iii) Pfi pohlavni fazi (gametogonii) dochazi ke vzniku mikrogamontli a
makrogamont( z merozoitl 1. typu (Goebel et Braendler 1982, Smith et Rose 1998).
Jaderné déleni v mikrogamontu dava vzniknout 14-16 mikrogametam (ekvivalent
samCi pohlavni bunky), zatimco jednojaderné makrogamonty se vyvijeji
v makrogamety (ekvivalent sami¢i pohlavni buriky) (O'donoghue 1995, Tzipori et
Griffiths 1998).

(iv) Oplodnénim makrogamety mikrogametou vznik4 zygota. Nasledné se vytvari
tfivrstva sténa oocysty (tlustosténné) a 2N oplodnéné jadro zygoty. To se meioticky
déli (sporogonie) a vznikaji ¢tyfi haploidni sporozoiti. PIné sporulované oocysty se

uvolfuji do lumen stfeva a vychazi z téla ven stolici i trusem, kde jsou okamzité
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infekCni pro jiné vnimavé hostitele. Oocysty, které sporuluji v respiraCnim traktu,
byly nalezeny v nosnich sekretech a sputu (Mor et al. 2010). Tlustosténné oocysty
maji sténu, ktera je tvorena tfemi vrstvami (vnéjsi, stfedni, vnitfni). Tyto oocysty
jsou vylucované z téla hostitele, maji vysokou odolnost vici vnéjsimu prostredi a
jsou ihned schopné infekce (Smith et Rose 1998). Nékteré oocysty tzv. tenkosténné
maji jen dvouvrstvou sténu (chybi stfedni vrstva). BEéhem procesu sporulace oocysty
dochazi k degradaci kiehké vnéjsi vrstvy. Tyto oocysty mohou excystovat v téle
hostitele a mohou zpdsobit autoinfekci uvolnénim sporozoitl (Current et Reese 1986,

Uni et al. 1987).

Obrézek 1. Schéma znazoriujici Zivotni cyklus kryptosporidii (Barta et Thompson
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druh/genotyp kryptosporidie a daného hostitele. U fady popsanych druhd (napr.
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C. ducismarci, C. fragile, C. homai, C. nasorum nebo C. rubeyi) a vétsiny genotypd
neni znama délka prepatentni periody pro vnimave hostitele.

Obecné lze kryptosporidie rozdélit dle doby potfebné pro ukonceni vyvojoveho
cyklu na druhy a genotypy, jejichz prepatentni perioda se pohybuje od 4 do 10 dnd
(vétSina stfevnich druh(l) a kryptosporidie jejichz vyvoj trva vice nez 10 dnd
(zaludecni druhy) (Kvac et al. 2008b, Kvac et al. 2016). Délka prepatentni periody
vétsiny stfevnich druhl kryptosporidii se pohybuje okolo 1 tydne, napfiklad. C. felis
u kocek 5-6 dni (Iseki 1979), C. parvum u telat v rozmezi 2-7 dni (Tzipori 1983),
C. scrofarum 4-6 dni u prasat (KVvAc et al. 2013a), C. suis u prasat 2-9 dni (Enemark
et al. 2003) nebo C. xiaoi u ovci 7-8 dni (Fayer et Santin 2009). Nicméné pribéh
infekce je vysledkem interakce mezi parazitem a hostitelem. Vyrazné rozdily
v prepatentni periodé u nejvice prozkoumaného druhu - C. parvum ukazuji, Ze
vyznamnou roli hraje nejen imunitni stav jedince, ale i druh a vék hostitele. Zatimco
u juvenilnich (7 dni starych) mysi kmene BALB/c je vyvojovy cyklus dokoncen za
3-4 dny, dospélé BALB/c mysi nejsou k infekci vnimavé (Mclaughlin et al. 2000).
Naopak u vSech vékovych kategorii imunodeficitnich SCID mysi dojde k ukonceni
vyvojového cyklu za 7-10 dnl (Hikosaka et Nakai 2005, Benamrouz et al. 2012).
Jesté vyraznéjsi rozdily v délce prepatentni periody byly popsany u Zaludecnich
kryptosporidii. Zatimco oba Zalude¢ni druhy C. muris a C. proliferans dokon¢i
vyvojovy cyklus v dospélé BALB/c mysi za 7-10 dnd, prepatentni perioda
C. proliferans u mastomysi je 18-21 dnll a druhu C. muris pouze 7 dnd (Rhee et al.
1995, Rhee et al. 1999, KVAC et al. 2016).

3.1.4. Prenos infekce

Primarné jsou kryptosporidie pfenaseny fekalné-oralni cestou bud: a) pfimym
kontaktem s infikovanym Clovékem ¢i zvifetem, b) nepfimo kontaminovanou
potravovou €i vodou (Xiao 2010). Zemédélské plodiny, ZivocCisné produkty a
povrchové vody kontaminované vykaly infikovanych jedincll (osob a zvifat) jsou
hlavnimi zdroji Sifeni kryptosporidiovych infekci v populacich vnimavych hostiteld
(Nyachuba 2010, Budu-Amoako et al. 2011, Sponseller et al. 2014), pfiCemz prenos
kontaminovanou vodou je povazovan za hlavni zplsob prenosu kryptosporidif
(Baldursson et Karanis 2011).
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Nasledujici vlastnosti kryptosporidii vyraznym zplsobem umoZzriuji snadné Sifeni
téchto parazitd. (i) Oocysty kryptosporidii jsou infekéni ihned po vylouceni z téla
stolici €i trusem (Smith et Rose 1998). (ii) Hostitelé mohou vyluCovat infek&ni
oocysty do prostiedi i nékolik mésici po odeznéni klinickych priznak( (Jokipii et
Jokipii 1986, Chappell et al. 1996). (iii) K vyvolani infekce je tfeba mala infekZni
davka (10 Ci méné oocyst) (Blagburn et Current 1983, Chappell et al. 1996,
Okhuysen et al. 1999, Guerrant et al. 2008, Ghazy et al. 2016). (iv) Oocysty
stfevnich druhl kryptosporidii si zachovavaji infekénost po dobu vice nez 6 mésicl
(Fayer et al. 1998a, Fayer et al. 1998b) a oocysty Zaludecnich druhli 5-6 mésicu
(KVA&C et al. 2007) ve vhodnych klimatickych podminkéch. (v) Az na vyjimky
(C. andersoni nebo C. proliferans) maji kryptosporidie kratkou patentni periodu
(4-10 dnli) (Iseki 1979, Tzipori 1983, Enemark et al. 2003, Kvac et al. 2013a, Kvaé
et al. 2014a, Kvac et al. 2016). (vi) Oocysty kryptosporidii jsou extrémné odolné
vici Gcinkdm dezinfekEnich preparatd na bazi chloru, které se bézné pouzivaji pro
dezinfekci vody (Dolejs 2004, Fayer 2004, Domenéch-Sanches et al. 2008,
Baldursson et Karanis 2011, Burnet et al. 2014).

3.1.5. Klinické priznaky

Kryptosporidiéza je jedno z nejCastéjSich lidskych stfevnich onemocnéni ve
vyspélych a rozvojovych zemich. Navzdory dikaz(m, Ze kryptosporidie jsou jednim
ze CGtyf patogend zodpovédnych za vétSinu zavaznych prdjmd u batolat a déti
(Kotloff et al. 2013), vyzkumy IéCby zaostdvaji za ostatnimi tfemi nejcastéjSimi
pdvodci prdjmovych onemocnéni — rotaviry, Shigella a enterotoxigenni Escherichia
coli (Striepen 2013).

Zavaznost infekce je ovlivnéna vékem, vyZivou, druhem ¢&i genotypem
Kryptosporidie a zejména imunitnim stavem hostitele, ktery ma zasadni vliv na
pribéh onemocnéni (Bjorneby et al. 1991a, Bjorneby et al. 1991b, Gentile et al.
1991, Cama et al. 2008).

U imunokompetentnich jedincd midze mit kryptosporidiovd infekce
asymptomaticky az zavazny pribéh (O'donoghue 1995, Chen et al. 2002, Blackburn
et al. 2004, Raskova et al. 2013). Mezi hlavni pFiznaky patfi vodnaty prdjem,
doprovazeny brisnimi kfeCemi, Unavou, nevolnosti a anorexii (Current et Garcia
1991, Chalmers et Davies 2010, Bouzid et al. 2013). MiZe se objevit také horecka a
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zvraceni. Prdjem pretrvava zpravidla po dobu 5-10 dni po nichZ nasleduje proces
samovylécéeni, nicméné mlZze dochazet k relapsiim. U imunosuprimovanych jedinct
se Casto vyskytuji velmi intenzivni prijmy, které mohou byt v disledku vyrazné
dehydratace organismu fatalni (Current et Garcia 1991, Manabe et al. 1998). Mezi
komplikace dokumentované u téZce deficitnich pacientl patfi zanéty ZluGovych cest
Ci slinivky brisni (Hunter et Nichols 2002, Denkinger et al. 2008). Respiracni
kryptosporidioza byla popsana nejcastéji u déti (Mor et al. 2010). Tato infekce je
charakteristicka pritomnosti infiltratd na plicich a dychacimi obtizemi, ale byva ¢asto
i asymptomaticka.

Klinické projevy kryptosporidiové infekce vSak nejsou typicke pro viechny druhy
a genotypy kryptosporidii (Turkcapar et al. 2002, Houpt et al. 2005, Vitovec et al.
2006, Kvac et al. 2014b, Ryan et Xiao 2014, Segura et al. 2015). Stfevni
kryptosporidioza je popisovana nejen u lidi infikovanych nejcastéji C. hominis a
C. parvum (Moon et Bemrick 1981, Argenzio et al. 1990, Ebeid et al. 2003, Némejc
et al. 2013, Kvac et al. 2014a), ale i fadou dals$ich druh a genotypl kryptosporidii
(napf. C. canis, C. felis, C. meleagridis nebo C. tyzzeri) (Xiao et Ryan 2004, Fayer
2010). U hospodarskych zvirat (skot, kong, prasata) a jejich juvenilnich vékovych
skupin jsou klinické pfiznaky Casto spojovany s infekci C. parvum, u ovci s infekci
C. xiaoi (Diaz et al. 2015, Diaz et al. 2018, Majeed et al. 2018). Naopak VvétSina
kryptosporidii parazitujicich u volné Zijicich zvifat nejsou spojovana s Zadnymi
pfiznaky onemocnéni (Laakkonen et al. 1994, Chalmers et al. 1997, Song et al.
2015). Obdobné u C. scrofarum parazitujicich u prasat nebo C. bovis a C. ryanae
parazitujicich u skotu nejsou popisovany Zadné klinické pfiznaky infekce (Fayer et
al. 2005, Fayer et al. 2008, KV&C et al. 2013a).

3.1.6. Diagnostika kryptosporidii

V klinickych laboratofich je zapotfebi rychlych, citlivych a specifickych
diagnostickych metod, které by mély vést k rychlému navrhu vhodné terapie lidi i
zvifat (Smith et al. 2006, Fletcher et al. 2012). Laboratorni metody, které jsou
zalozené na mikroskopickych vySetfenich vzork( trusu k detekci oocyst
kryptosporidii jsou nedostatecné v rozpoznani parazitd od jinych slozek trusu
podobného tvaru a velikosti, napfiklad kvasinky a Fasy. Navic pFi vyuziti rlznych
koncentratnich metod musi byt intenzita infekce relativné vysokd a citlivost
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mezi rliznymi metodami se vyrazné lisi (Kvac et al. 2003, Mekaru et al. 2007). Proto
byla vyvinuta fada barvicich technik (nap¥. cold Kinyoun, acid-fast staining, barveni
dle Ziehl-Neelsen, barveni aniline-carbol-methyl violeti) pro detekci oocyst v roztéru
vzorku trusu (Milacek et Vitovec 1985, O'donoghue 1995, Elliot et al. 1999, Jex et
al. 2008, Chalmers et Katzer 2013). Morfologické a morfometrické rozdily mezi
jednotlivymi druhy a genotypy nejsou natolik vyrazné, aby mohly byt pouZity pro
spolehlivé odliseni jednotlivych zastupct rodu Cryptosporidium (O'donoghue 1995,
Fall et al. 2003, Checkley et al. 2015). Dalsi metody pouZivané v klinickych
diagnostickych laboratofich zahrnuji pfimou nebo nepfimou imunofluorescenéni
mikroskopii (napf. fluorescencni barveni auraminem nebo fluorescentni barveni
komercné dostupnymi sekundarné znacenymi protilatkami proti sténé oocysty
kryptosporidii) (Xiao et Herd 1993, Bialek et al. 2002, Mekaru et al. 2007).
Diagnostika kryptosporidii se dale provadi na zakladé pritomnosti specifickeho
antigenu kryptosporidii pomoci enzymatickych imunitnich testd (ELISA) nebo
imunochromatografickych testd (Morgan et al. 1998, Kaushik et al. 2008, Calderaro
et al. 2011, Chalmers et al. 2011, Polage et al. 2011). Tyto metody dosahuji vysoké
Urovné senzitivity a specificity a jsou snadno proveditelné (Kaushik et al. 2008,
Chalmers et al. 2011, Christy et al. 2012). V8echny vySe uvedené metody spojuje
rychlost, relativné nizka cena a nendrocnost na technické vybaveni laboratore. Na
druhou stranu primarnim nedostatkem téchto postupl je nemoZnost genotypizace,
tedy urCeni druhu nebo genotypu kryptosporidii (Jiang et Xiao 2003, Jothikumar et
al. 2008, Ryan et Xiao 2014).

Pouze molekularnimi metody, které jsou vysoce senzitivni a specifické - detekce
velmi malého mnoZstvi kryptosporidii ve vzorku, umoziuji genotypizaci (Smith et
al. 2006, Thompson et Ash 2016). NejCastéji pouzivanym genem pro charakterizaci
druhi a genotypd kryptosporidii je mala ribozomalni podjednotka rRNA (SSU) a gen
kodujici 60 kDA glykoprotein (gp60) (Alves et al. 2003, Xiao 2010). Pro
genotypizaci kryptosporidii jsou dale pouzivany, i kdyZ v daleko mensi mite, i dalsi
geny kodujici 70 kDa heat shock protein (HSP70), Cryptosporidium oocyst wall
protein (COWP) nebo aktin (Morgan-Ryan et al. 2001, Thompson et Ash 2016).

Citlivost jednotlivych metod se vyrazné liSi, zatimco pro barvici, flotacni a
imunofluorescencni metody je detekéni limit mezi 1 000-2 000 oocyst na gram trusu
(OPG), imunoenzymatické metody jsou schopné detekovat mnoZstvi okolo 200-500
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OPG a u molekularnich metod se detekéni limit pohybuje v rozmezi 10-20 OPG
(Weber et al. 1991, Tomanova 2017).

3.1.7. Lécbha a prevence

Navzdory skuteCnosti, Ze kryptosporidiové infekce jsou jednou z nejcastéjSich
pricin prdjmového onemocnéni, je lécba pomoci antiparazitik nedostatecna.
V pribéhu poslednich 20 let byly testovany stovky rdznych IéCiv s rlznymi
acinnymi latkami (Cabada et White 2010, Sparks et al. 2015). Napfiklad mnohé
ucinné latky, které se pouzivaji proti ostatnim zastupcim kmene Apicomplexa,

nejsou u kryptosporidii vyuzitelné (Abrahamsen et al. 2004).

Jedinym lékem, ktery je schvaleny pro lécbu kryptosporidiozy, je Nitazoxanid
(Shirley et al. 2012, Checkley et al. 2015). AvSak u HIV pozitivnich pacientd, stejné
tak jako u podvyZivenych déti neni tento lék ani pfi pouZiti vysokych davek a
dlouhodobé 1éché Gcinny (Amadi et al. 2009). Lécba HIV pozitivnich jedincl zavisi
na obnové imunitniho systému pomoci kombinované antiretrovirové terapie (Cabada
et White 2010). Bylo zjisténo, Ze napfiklad inhibitor reduktidzy 3-hydroxy-3-
methylglutaryl-koenzym A (HMG-CoA) inhibuje vyvoj parazitd a invazi
hostitelskych bunék kryptosporidiemi in vitro (Hommer et al. 2003, Bessoff et al.
2013, Debnath et al. 2013). Nicméné v pocatku lécby dochazi u této skupiny osob ke
zvySené mortalité (Dillingham et al. 2009).

Hlavni prekdzkou pro vyvoj lékli je absence technik pro in vitro kultivaci
Kryptosporidii a tim i omezené moznosti geneticky manipulovat s geny parazita
(Checkley et al. 2015, Miyamoto et Eckmann 2015, Ryan et Hijjawi 2015). Pokroky
ve vyvoji novych Iékl jsou také vyrazné omezeny dostupnosti soucasnych
experimentalnich zvifecich modelli (Kothavade 2011). Navic zvifeci modely nejsou
optimalni pro nékteré lidské infekce, proto jsou jako alternativa pouzivany lidské
bunécné linie (Feng et al. 2006, Yang et al. 2010).

Dalsi prekazkou ve vyzkumu a lécbé kryptosporidii je nedostate¢né pochopeni
gastrointestinalni a imunitni reakce na parazita. Tento pohled by mohl umozZnit
pokroky v preventivnim vyzkumu, usnadnit optimalizaci soucasnych léCebnych
metod a stanovit specifické cile pro preventivni opatfeni. Vzhledem k omezenym
léGebnym postuplim je prevence povazovana za jedno z nejdllezitéjsich opatreni

proti kryptosporidiéze. Za prevenci lze povazovat zakladni hygienické navyky,
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zejména Casté myti rukou, adekvatni oSetfovani pitné vody a dlikladné omyti ovoce a
zeleniny pred konzumaci (Ramirez et al. 2004, Chalmers et Davies 2010, Sparks et
al. 2015).

3.2. Hlodavci

Hlodavci jsou druhové nejpocetnéjsim radem savcd, ktefi maji 28 celedi. Jednou
z nich je Celed Cricetidae, kterd svoji rozmanitosti s 681 druhy ve 130 rodech a 6
podCeledich: hraboSoviti (Arvicolinae), krfecci pravi (Cricetinae), chlup&ci
(Lophiomyinae), kieCkoviti (Neotominae), kie€ci ameriCti (Sigmodontinae) a krecci
velkooci (Tylomyinae) tvofi jednu z nejvétSich Geledi savcll (Musser et Carleton
2005).

3.2.1. Hlodavci jako rezervoar plvodct onemocnéni

Hlodavci s 2277 uzndvanymi druhy predstavuji asi 42 % celosvétové biologické
rozmanitosti savcll (Wilson et Reeder 2005). Ackoliv lidé do velké miry
kategorizovali hlodavce jako $klidce v méstském a zemédélském prostiedi, vétSina
druhl hlodavci Zije ve volné pFirodé v malé interakci s lidmi. MenSina hlodavcl se
vSak prizplsobila Zivotu v Gzkém spojeni s lidmi a s tim je spojené riziko pfenosu
vaznych onemocnéni (Gratz 1994, Webster et Macdonald 1995). V pfirodé hraji
divoci hlodavci dilezitou roli jako rezervoar mnoha patogent, vcetné nékterych,
které mohou byt pfendSeny na hospodéarska zvirata a lidi (Pawelczyk et al. 2004,
Buckle et Smith 2015). Vzhledem ke specifickému chovéani a biologii mohou hrat
hlodavci roli mezihostitell, definitivnich a paratenickych hostitel’ (Hildebrand et al.
2009). Hlodavci jsou schopni vyuZivat Sirokou $kalu biotopll a prostfedi na celém
svété. Tak se stavaji idealnimi hostiteli a vektory pro rdizné patogeny vcetné parazit(
a plvodct zoonotickych onemocnéni (Erhardova 1955, Zasukhin et al. 1958, Doby
et al. 1965, Perryman 1990, Duszynski et Upton 2001, Svobodova et al. 2004,
Appelbee et al. 2005, Duszynski et al. 2007). Mnozi hlodavci, véetné hraboSovitych

jsou hostitelé kryptosporidii.
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3.2.2. Charakteristika podceledi Arvicolinae (hrabo3oviti)

Podceled hrabosoviti je tvorena skupinou malych hlodavcl zahrnujici lumiky,
ondatry, pestrusky, hraboSe, hryzce a slepusky. Jde o relativné novou evoluéni
skupinu s pravdépodobnou diverzifikaci pfed 2 az 3 miliony lety v krdtkém Casovém
ramci, ktera se vyvinula do jedné z nejvétsich skupin savcl (Wilson et Reeder 2005,
Martinkova et Moravec 2012). Tato skupina hlodavcd ma pomérné jednotny vzhled,
ale lisi se mistem vyskytu (biotopem). V této podceledi je popsano 151 druhl v 28
rodech (Nowak 1999, Musser et Carleton 2005).

Zastupci této podceledi jsou rozsifeni v celé Holarktické oblasti (Conroy et Cook
2000) a obyvaji celou Severni Ameriku od Guatemaly na sever, Eurasii, Japonsko,
Tchaj-wan, jihozapadni Cinu, severni Indii a Blizky vychod (Carleton et Musser
1984). Tito hlodavci sidli na Siroké Skale stanovist’ v mirnych, borealnich, arktickych
a horskych biomech. Mezi tyto pfirodni stanovisté patfi suché a vlhké listnaté a
jehlicnaté lesy, skalnaté horské svahy, alpské louky, prérie, stepi, zemédélska pole,
polopousté, tundry, jezera, baziny a raSelinisté (Fayer et al. 1998b, Musser et
Carleton 2005).

Jednim z rodl patficich do podceledi hraboSoviti je rod Microtus (hrabo$). Dle
nejnovéjsich Gdajll bylo v rdmci tohoto rodu rozpoznano 65 druhli ve 14 podrodech,
¢imz se tento rod fadi mezi skupinu hlodavcd s nejvétsim poctem druhd (Musser et
Carleton 2005, Golenishchev et Malikov 2006, Lemskaya et al. 2010) a predstavuje
tim téméF polovinu existujicich druhl podceledi hraboSoviti (Shenbrot et Krasnov
2005). Presny pocet druhll rodu Microtus vSak zlstava nedefinovany, nebot’
taxonomické postaveni nékterych poddruhl, druhl a dokonce i skupin druhl je
neustéle revidovan (Golenishchev et Sablina 1991, Krystufek et al. 1996, Gromov et
Polyakov 1997, Musser et Carleton 2005, Golenishchev et Malikov 2006, Lemskaya
et al. 2010).

Hrabo$i rodu Microtus jsou ekologicky rlznorodi, vétSina druhd preferuje
oteviené zatravnéné plochy, jako jsou louky a pastviny, ale nékteré druhy vyuZivaji
také lesy a vysoCiny (Getz 1985, Hoffmann et Koeppl 1985, Mitchell-Jones et al.
1999, Nowak 1999). Mnoho druhll vykazuje pozoruhodnou distribuci v rozsahlych
oblastech, zatimco jiné zaujimaji velmi omezené oblasti (Musser et Carleton 1993,
Shenbrot et Krasnov 2005, Mitsainas et al. 2010). Tento rod je vynikajicim
prikladem rychlého a rozsahlého vétveni v evoluci savcl, jehoZz vysledkem jsou
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existujici druhy rozmisténé v palearktickych a nearktickych oblastech (Reig 1989,
Musser et Carleton 1993, Chaline et al. 1999, Nowak 1999, Jaarola et al. 2004).

V Evropé se hrabosi rodu Microtus zacali Sifit na prelomu pliocénu a pleistocénu
(De Garidel-Thoron 2007, Havlova 2012). Paleontologické Udaje dokazuji, Ze
nejnovéjSim spolecnym prfedkem rodu Microtus je Allophaiomys pliocaenicus
(Brunet-Lecomte et Chaline 1992, Nadachowski et Zagorodnyuk 1996, Chaline et al.
1999), ktery ziejmé pochdazi z rodu Mimomys (Chaline et Graf 1988, Nadachowski et
Zagorodnyuk 1996, Conroy et Cook 1999, Jaarola et al. 2004). Druh A. pliocaenicus
se postupné rozSifoval nezavisle v severni Eurasii, v centralni Asii a v Himalajich a v
Severni Americe (Brunet-Lecomte et Chaline 1991, Chaline et al. 1999). Do nedavné
doby byl vyskyt Allophaiomys datovan pfiblizné do doby pfed 2 miliony lety
(Chaline et Graf 1988), ale nové nalezy tohoto druhu datuji plivod rodové linie do
doby pred 2,3-2,4 miliony let (Zheng et Zhang 2000).

Dal$im z rod( patficich do podceledi hraboSoviti je rod Myodes, ktery spolu
s dalSimi rody lesnich a alpskych hlodavcl (Alticola, Caryomys, Eothenomys,
Hyperacrius) obyva celou Holarktickou oblast patfi do tribu Myodini (Kohli et al.
2014). Ackoliv je tribus Myodini monofyleticky, fada vztahl mez jednotlivymi
zéstupci zAstava nevyresena a to jak uvnitf tribu, tak v rdmci rodd (Buzan et al. 2008,
Robovsky et al. 2008). Diverzita uvnitf Myodini je spojovana s glacialnimi cykly
(Cook et al. 2004) a geomorfnimi udalostmi jako je vzestup tibetské ploSiny
v pribéhu uplynulych 3,5 milionu let (Luo et al. 2004, Liu et al. 2012).

Myodes je jediny holarkticky rod, ktery se vyskytuje po celé severni ¢asti Eurasie
a Severni Ameriky (Carleton et Musser 2005). Rod Myodes zaznamenal b&hem
Ctvrtohor slozZity vyvoj (Ledevin et al. 2010), prodélal opakovane faze izolace a
expanze, coz vyustilo ve sloZitou vnitrodruhovou genetickou diverzitu (Deffontaine
et al. 2005, Kaotlik et al. 2006, Deffontaine et al. 2009). Opakované izolace v
ledovcovych refugiich vedly k odliSeni nékolika linii za méné nez 300 000 let.
Zastupci rodu Myodes jsou jedni z mala v ramci podCeledi Arvicolinae, ktefi si
zachovali koreny zubl na rozdil od mnoha &etnych linii hrabo$l, kterym neustale

rostou molary bez kofenll (Tesakov 1995).

Mezi populacemi nornika rudého (Myodes glareolus) byla dokazana alopatricka
diferenciace populaci ve Spanélsku a Franci, zapficinéna geografickou bariérou,
Pyrenejemi (Deffontaine et al. 2005, Krdlova 2016). Nornik rudy obyva Sirokou
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Skalu stanovist, véetné lesl, kfovin, Zivych plotd, bieh( a bazin (Bellamy et al. 2000,
Macdonald 2001). Upfednostiuje listnaté, jehlicnaté a taigové lesy (Ostfeld 1985,
Koskela et al. 1997, Prevot-Julliard et al. 1999, Yoccoz et al. 2001).
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4. SHRNUTI VYSLEDKU A DISKUZE

Vsechny dosazené vysledky (obrazky, grafy, tabulky), pouzity material a
metody je mozno nalézt v pFiloZzenych publikacich.

Z vice nez stovky studii, které jsou vénovany kryptosporidiim hlodavcl vyplyva,
Ze jsou hostitelé 12 druhll a vice jak 40 genotypd kryptosporidii (Fayer et al. 2005,
Ryan et Hijjawi 2015, Kvéa¢ et al. 2016, Condlova et al. 2018). Rada z nich
pfedstavuje potencidlni riziko infekce pro Clovéka (napf. C. muris, C. parvum,
C. ubiquitum, C. andersoni, chipmunk genotyp | nebo skunk genotyp) (Katsumata et
al. 2000, Guyot et al. 2001, Feltus et al. 2006, Elwin et al. 2012, Raskova et al. 2013,
Guo et al. 2015).

Hlodavci jsou hostitelé jak kryptosporidii se Sirokou hostitelskou specifitou (napf.
C. muris, C. parvum nebo C. ubiquitum), tak druhl ¢i genotypd, které jsou lzce
hostitelsky specifické (napf. C. wrairi, deer mouse genotyp I-1V, rat genotyp I-1V).
Recentni a ndmi provedené studie ukazuji, Ze kryptosporidie parazitujici u hladovcl
jsou hostitelsky adaptovany a speciovany na jednotlivé hostitele a Ze pFenos
kryptosporidii mezi taxonomicky pfibuznymi, ale i vzdalenymi skupinami je
omezeny (Morgan et al. 1999, KvAc et al. 2013b, Zahedi et al. 2017).

Napfiklad mysi (Mus) jsou hostitelé dvou specifickych kryptosporidii, C. tyzzeri
(dfive mouse genotyp 1) a mouse genotyp Il (Ren et al. 2012), kfeCkove (Cricetinae)
CtyF genotypd - deer mouse genotyp I, 11, 11l a IV (Xiao et al. 2002, Feng et al. 2007,
Stenger et al. 2015b), ondatry (Ondatra zibethicus) dvou genotypl -
Cryptosporidium muskrat genotyp | a Il (Perz et Le Blancq 2001, Xiao et al. 2002,
Zhou et al. 2004, Feng et al. 2007), veverky (Sciuridae) jednoho druhu - C. rubeyi a
nékolika genotypll - skunk genotyp, ferret genotyp a chipmunk genotyp | (Ziegler et
al. 2007a, Lv et al. 2009, Li et al. 2015, Prediger et al. 2017) nebo morcata (Cavia)
dvou druhl - C. homai a C. wrairi (Vetterling et al. 1971, Zahedi et al. 2017).
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4.1. Diverzita kryptosporidii parazitujicich u hraboSovitych

Do soucasné doby bylo publikovéano 20 praci provedenych v Ceské republice,
Finsku, Japonsku, Polsku, Slovensku, Spanélsku, USA a Velké Britanii, které se
zabyvaji prevalenci a diverzitou kryptosporidii u hlodavcl patficich do podceledi
hrabo3oviti.

Procento zvifat pozitivnich na kryptosporidie se v jednotlivych studiich velmi lisi.
Ve studiich, kde byla pouZita pouze mikroskopickd technika, se prevalence
pohybovala od 1 do 73 % (Sinski et al. 1993, Laakkonen et al. 1994, Chalmers et al.
1997, Sinski et al. 1998, Torres et al. 2000, Bajer et al. 2002, Bednarska et al. 2007).
Podobny rozptyl (3-80 %) byl zaznamenan i ve studiich, kde byly pouZzity
molekularni metody. V souladu s predeSlymi studiemi jsme prokazali, Ze
molekularni metody pro detekci kryptosporidii v trusu volné Zijicich zvirat jsou
senzitivngjsi nez mikroskopicka vysetfeni (Condlova et al. 2018). Déle jsme ukazali,
Ze rozdily ve vysledcich ziskanych molekularnimi a mikroskopickymi metodami
mohou byt vyrazné ovlivnény druhem/genotypem kryptosporidie. Zatimco 25 %
hrabo$( infikovanych druhem C. microti vylucuje mikroskopicky detekovatelné
mnoZstvi oocyst, v pripadé infekce zplisobené C. alticolis je to jen 12 %. Obdobné
rozdily byly popsany napfiklad u mysic, prasat nebo skotu. Zatimco u mysic
pfirozené infikovanych druhem C. ditrichi bylo 65 % zvifat mikroskopicky
pozitivnich, Zadné zvife infikované C. apodemi nevyluCovalo detekovatelné
mnoZstvi oocyst pomoci mikroskopickych technik (Condlové et al. 2018). Selata
infikovana C. scrofarum a C. suis vylucuji vice oocysty C. scrofarum (Jenikova et al.
2011, Kvac et al. 2012). Obdobné skot infikovany C. parvum, C. andersoni, C. bovis
a C. ryanae vyluCuje vice oocysty, to stejné bylo zaznamenano u C. parvum, jedna-li
se o tele nebo C. andersoni, jedna-li s o mlady a dospély skot (Kvac et Vitovec 2003,
Santin et al. 2004, Fayer et al. 2005, KV&C et al. 2006).

Ze studii, které byly zaloZzeny pouze na detekci oocyst pomoci svételné
mikroskopie vyplyva, Ze hrabo3oviti jsou parazitovani kryptosporidiemi C. parvum a
C. muris (Sinski et al. 1993, Laakkonen et al. 1994, Chalmers et al. 1997, Sinski et
al. 1998, Torres et al. 2000, Bajer et al. 2002, Bednarska et al. 2007). Vysledky této i
pfedchozich praci ukazuji, Ze sekvence SSU genu kryptosporidii detekovanych z
hrabo3ovitych jsou velmi heterogenni (Stenger et al. 2017). V souvislosti s témito
vysledky a dfivéjSimi nalezy bylo konstatovano, Ze pouZziti pouze sekvenci genu
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kédujiciho malou ribosomalni podjednotku rRNA k vyvozovani evoluénich vztah
mezi jednotlivymi druhy a genotypy mlZe vést k chybnym zavér(im (EI-Sherry et al.
2013, Stenger et al. 20154, Stenger et al. 2015b).

Dfive publikované vysledky a ndmi provedend multilokusovd analyza (SSU,
aktin, HSP70 a COWP) ukazala, Ze hraboSoviti jsou parazitovani fadou druhl a
genotypll kryptosporidii, které wvytvareji ctyfi fylogeneticky pfibuzné skupiny,
pficemz  vétSina  detekovanych  kryptosporidii  klastrovala do  blizkosti
Cryptosporidium muskrat genotypu | a 1l (Xiao et al. 2002, Zhou et al. 2004, Feng et
al. 2007, Ziegler et al. 2007b, DaniSova et al. 2017, Stenger et al. 2017). Zjisténa
diverzita kryptosporidii mlze byt ¢astecné vysledkem Gzkého spojeni s odlisnymi
hostitelskymi druhy. Tento model evoluce byl jiz dfive popsan u C. tyzzeri (Kvac et
al. 2013b).

HraboSoviti byli popsani jako hostitelé C. parvum, C. scrofarum, C. tyzzeri,
Cryptosporidium vole genotyp, Cryptosporidium muskrat genotyp | a Il (Bajer et al.
2003, Zhou et al. 2004, Feng et al. 2007, Ziegler et al. 2007b, Perec-Matysiak et al.
2015, Danisova et al. 2017). Nicméné prevalence C. parvum, C. scrofarum a
C. tyzzeri je velmi nizka, coz mlze byt v pfipadé C. scrofarum a C. tyzzeri
vysvétleno hostitelskou specifitou téchto druhll kryptosporidii a v pripadé C. parvum
omezenou infektivitou pro dospélé hlodavce (Ren et al. 2012, Kvac et al. 2013b,
Raskova et al. 2013). Nalezy hostitelsky nespecifickych druhli a genotypl
kryptosporidii u rznych hostiteld nejsou ojedinélé. Ve vétsiné pripadd se jedna o
mechanickou pasaz oocyst zaZzivacim traktem hostitele, které se do hostitele dostaly
bud’ s kontaminovanou vodou a potravou nebo v pfipadé predatord prostrednictvim
pfirozené infikované kofisti. Napfiklad bylo prokazéno, Ze prasata nejsou vnimava
k infekci C. muris a C. tyzzeri, prestoZe jsou tyto druhy kryptosporidii, hostitelsky
specifické pro hlodavce, Casto detekovany v trusu a kejdé prasat (Kvac et al. 2012,
Némejc et al. 2013). TaktéZz hadi nebo dravi ptaci krmeni hlodavci vyluCovali
oocysty C. muris a po zméné potravy (hlodavci bez kryptosporidiové infekce) doslo
k zastaveni vylu€ovani (Graczyk et Cranfield 1998, Ng et al. 2006).

V pfipadé infekce C. parvum lze tedy konstatovat, Ze hraboSoviti nejsou
primarnimi hostiteli druhu C. parvum tak, jak bylo dlouhou dobu pfedpokladano,
nicméné jsou k infekci timto druhem vnimavi. V ramci této prace jsme prokazali

probihajici infekci C. parvum u jednoho ze tfi experimentalné infikovanych
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dospélych hrabos( polnich (nepublikovano). Pribéh infekce (pritomnost oocyst v
trusu pouze 3. a 7. DPI) a intenzita infekce (>2000 OPG) naznacuji jen omezenou
vnimavost téchto hostitelll k C. parvum.

V rozporu se studiemi zaloZenymi na mikroskopickém vySetfeni nebyla potvrzena
pfitomnost C. muris v Zadné praci, kde byly vzorky genotypizovany (Perz et Le
Blancq 2001, Xiao et al. 2002, Bajer et al. 2003, Zhou et al. 2004, Feng et al. 2007,
Ziegler et al. 2007b, Perec-Matysiak et al. 2015, DaniSova et al. 2017, Stenger et al.
2017). Tyto vysledky, které experimentalné prokézali, Ze nornik rudy (Myodes
glareolus) a hrabosi polni (Microtus arvalis) nejsou vnimavi k infekci Zadnym
znamym druhem Zalude¢nich kryptosporidii parazitujicich u savcd (C. andersoni,
C. muris a C. proliferans), jsou v souladu se zjisténim s Modry et al. (2012). Jediny
zastupce hraboSovitych vnimavy k C. muris a C. proliferans byl hrabo$ sysli
(Lasiopodomys brandtii). Tyto rozdily by bylo mozné vysvétlit rozdilnou vnimavosti
rlznych druhd hraboSovitych k infekci Zalude¢nimi kryptosporidiemi (Modry et al.
2012). Zatimco nornici rudi a hraboSi polni nejsou k infekci C. muris vnimavi a
omezeny vyskyt oocyst (dvé zvirfata od kazdého druhu) lze vysvétlit ndhodnou
infekci Ci pasadzi, u poddruhu nornika rudého (Myodes glareolus skomerensis), u
kterého byla detekovéana téméF 50% prevalence ZaludeCnimi kryptosporidiemi (Bull
et al. 1998), je mozné, Ze tento poddruh nornikl rudych s endemickym vyskytem je

vnhimavy k infekci C. muris.

Sekvence izolatl kryptosporidii ziskanych v nasich studiich, klastruji nejéastéji ke
Cryptosporidium muskrat genotyp | a Il a byly do sou€asné doby zfidka detekovany
u jinych hostiteld nez u hrabo$G (Robinson et al. 2011, Ruecker et al. 2012). Podobné
je to i se sekvencemi Klastrujicimi ke genotypu W12 a ke Cryptosporidium vole
genotyp I. Genotyp W12 byl do soucasné doby nalezen pouze ve vodach v New
Yorku (Xiao et al. 2000) a nebyl dosud detekovan v Zadném hostitel,
Cryptosporidium vole genotyp byl nalezen u hraboSe pensylvanského a nornika
rudohfbetého (Feng et al. 2007, Ziegler et al. 2007a). Cryptosporidium deer mouse
genotyp I-1V, W29 genotyp a C. ubiquitum byly v naSich studiich nalezeny vyhradné
u keckovitych. Cryptosporidium deer mouse genotyp I-1V nebyl dosud detekovan u
jiného hostitele nez u kieckd rodu Peromyscus (Xiao et al. 2002, Feng et al. 2007,
Stenger et al. 2015b). PfestoZze ma druh C. ubiquitum Sirokou hostitelskou specifitu a
byl nalezen napfiklad u ¢incily dlouhoocasé (Chinchilla lanigera), lemur(i kata
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(Lemur catta), mySice japonské (Apodemus speciosus) nebo veverky popelavé
(Sciurus carolinensis) (Da Silva et al. 2010, Murakoshi et al. 2013, Qi et al. 2015,
Stenger et al. 2015a), nebyl detekovan u Zadného ze zastupcli hraboSovitych (Perec-
Matysiak et al. 2015, Stenger et al. 2017, Horcickova et al. 2018).

Hrabosi a kFeckoviti jsou z pohledu biotopl, které obyvaji, prostorové oddéleni,
coz omezuje jejich mezidruhové interakce (Bowker et Pearson 1975) a nesdileji
shodné druhy a genotypy kryptosporidii. K obdobnym zavérdim dosla i Condlova et
al. (2018), kterd prokézala, Ze mysSice sdilejici stejné lokality s hraboSi jsou
parazitovani odliSnymi druhy a genotypy kryptosporidii. U hraboSovitych (Microtus
spp. a Myodes spp.) byly naopak nalezeny shodné nebo pfibuzné druhy a genotypy
kryptosporidii bez ohledu na jejich geografické umisténi (Zhou et al. 2004, DaniSova
et al. 2017, Stenger et al. 2017).

HraboSoviti jsou Casto infikovani kryptosporidiemi, ale Zadny z dosud u nich
popsanych druh(l a genotypl, vyjma C. parvum a C. scrofarum, nebyl spojen
s lidskou infekci (Xiao et al. 2002, Zhou et al. 2004, Ziegler et al. 2007b). Lze tedy
konstatovat, Ze hraboSoviti nepredstavuji riziko pro lidské zdravi.

4.2. Biologicke vlastnosti kryptosporidii parazitujicich u
hrabosSovitych a popis novych druhl

V soucasné dobé je uznano téméF 40 druhl rodu Cryptosporidium a bylo popsano
vice nez 200 rdiznych genotypl kryptosporidii (na zakladé odlisnosti SSU sekvenci).
Vzhledem ke znacné vnitrodruhové variabilité SSU lokusu a faktu, Ze u vétSiny
popsanych genotypll nejsou znamy Zadné jiné Udaje, nelze spolehlivé Fici, zda se
jedna o samostatné druhy.

Znalosti o biologickych vlastnostech zahrnujicich hostitelskou specifitu, priibéh
infekce (prepatentni a patentni perioda, patogenita, intenzita infekce), lokalizaci
v hostiteli nebo morfometrii oocyst se ukazuji jako velmi vyznamné nejen z pohledu
odliseni jednotlivych druhl od sebe, ale zejména v porozuméni interakce mezi

parazitem a hostitelem napomahajici v boji proti témto parazit(im.
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4.2.1. Morfometrie oocyst

V rdmci rodu Cryptosporidium lIze fylogeneticky odlisit dvé monofyleticke
skupiny kryptosporidii, které se zaroven od sebe lisi lokalizaci v hostiteli a velikosti
a tvarem oocyst (Upton et Current 1985, Vitovec et al. 2006). Oocysty stfevnich
druhl jsou sférického tvaru s velikosti od 4 do 6,5 um (Tyzzer 1912, Fayer et al.
2008), oocysty Zaludecnich druhd jsou ovalné o velikosti od 6,5 do 9 pm (Ryan et
Xiao 2014). Velikost oocyst jednotlivych druhl jak stfevnich, tak Zaludecnich druhd
se prekryva a neni proto mozné ve vétSiné pripadld od sebe odlisit jednotlivé
druhy/genotypy v ramci jednoho hostitele (Fayer 2010).

Oocysty Cryptosporidium alticolis (nami popsany druh), které jsou z hostitele
vyluGovany pIné vysporulované o velikosti 4,9-5,7 ym (x £ SD = 5,4 + 0,2 ym) x
4,6-5,2 um (x £ SD = 4,9 £ 0,2 ym), pomér mezi délkou a Sifkou 1,00-1,20 (x + SD
= 1,10 £ 0,05) jsou statisticky vyznamné vétsi (P = 0,0001) neZ oocysty
Cryptosporidium microti (nami popsany druh), které méfi 3,9-4,7 um (x = SD = 4,3
+ 0,1 ym) x 3,8-4,4 uym (x £ SD = 4,1 £ 0,1 ym) pomér mezi délkou a §ifkou 1,00—
1,06 (x £ SD = 1,03 £ 0,02) a jsou také vylucovany plIné vysporulovangé.

Prestoze jsou morfometrické rozdily mezi oocystami obou druhi vyrazné, stejné
jako napriklad mezi C. scrofarum a C. suis u prasat (Ryan et al. 2004, Vitovec et al.
2006, Kvag et al. 2013a) nebo C. apodemi a C. ditrichi u mysic (Condlova et al.
2018), nelze doporucit vyuziti tohoto znaku k diferencialni diagnostice.

Ostatni charakteristiky zahrnujici tloustku stény oocysty, pfitomnost rezidudlniho
téliska, poCet sporozoitl, vnitfni struktura nebo detekce pomoci specifickych
protilatek proti Cryptosporidium spp. neumoziuji odliseni jednotlivych druhd mezi
sebou (Robinson et al. 2010, KV&C et al. 2014b, KVv&C et al. 2016).

4.2.2. Hostitelska specifita

Hostitelska specifita je vedle genetickych rozdili jednou ze zékladnich
charakteristik pro odlieni jednotlivych druhli a genotypl kryptosporidii. Za hostitele
jsou povazovéni jedinci, v nichZz dochazi k ukonceni vyvojového cyklu pfislusné
kryptosporidie a hostitel vylu€uje do prostfedi oocysty, které jsou geneticky totozné
stémi, které vyvolaly infekci (Fayer 2007). Vramci rodu Cryptosporidium

rozliSujeme druhy a genotypy na druhy i) sulzkou hostitelskou specifitou, tedy
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kryptosporidie parazitujici jen u omezeného poctu hostiteld (vétSina dosud
popsanych druhl a genotypd kryptosporidii) a ii) se Sirokou hostitelskou specifitou,
ty které parazituji u velkého poctu hostitell (C. meleagridis, C. parvum a
C. ubiquitum). Obecné lze Fici, Ze kryptosporidie parazitujici u jedné t¥idy obratlovci
nejsou infekéni pro zastupce jiné tfidy. Jedinymi vyjimkami jsou druhy
C. meleagridis a C. parvum, které jsou infek¢ni jak pro savce, tak pro ptaky (Ditrich
et al. 1991, Akiyoshi et al. 2002, Kimura et al. 2007, Zylan et al. 2008).

NaSe studie jednoznaCné prokazala, Ze druhy C. aticolis a C. microti jsou
hostitelsky specifické pro hrabose a to nejenom pro plvodniho hostitele hrabose
polniho, ale i pro fylogeneticky pfibuzného hraboSe pensylvanského. Experimentalné
jsme potvrdili, Ze C. alticolis a C. microti nejsou schopny dokon€it svilj vyvojovy
cyklus v dalSich hostitelich nepatficich mezi hraboSovité (HorCickova et al. 2018).
Déle jsme experimentalné prokazali, Zze druhy C. apodemi a C. ditrichi, které jsou
béznymi parazity hlodavcl rodu Apodemus, nejsou infekéni pro hraboSe polni
(Condlova et al. 2018). Tyto vysledky potvrzuji hypotézu, Ze vétsina kryptosporidii
je uzce hostitelsky specificka (Dupont et al. 1995, Morgan-Ryan et al. 2002, Fayer
2004, Ifeonu et al. 2016).

4.2.3. Pridbéh infekce, lokalizace a patogenita

Pribéh infekce vyvolany kryptosporidiemi je ovlivnén fadou faktord, pFicemz
mezi nejdlleZitéjsi patfi i) interakce mezi hostitelem a druhem/genotypem
kryptosporidii a ii) vék a imunitni stav hostitele (Lindsay et Blagburn 1990,
Baishanbo et al. 2005).

Délka prepatentni periody C. alticolis a C. microti byla jak u hrabos( polnich, tak
i hrabosll pensylvanskych shodna (4 DPI), coZ odpovida dobé potfebné k ukonceni
vyvojového cyklu vétsiny stfevnich druhd kryptosporidii u imunokompetentnich
hostitell; C. parvum u mysi 3-4 DPI, C. parvum u telat 2-9 DPI, C. occultus u
potkanli 4-5 DPI, C. scrofarum u selat 4-6 DPI, C. suis u selat 2-9 DPI, nebo
C. tyzzeri u mysi 4-5 DPI (Iseki 1979, Tzipori 1983, Enemark et al. 2003, Fayer et
Santin 2009, Kvac et al. 2013a, KVAC et al. 2013b, KVAC et al. 2018).

V souladu s délkou patentni periody u druhl parazitujicich v tenkém stievé, jako
je C. meleagridis, C. parvum nebo C. tyzzeri bylo pozorovano vyléceni hrabosi
infikovanych C. alticolis do 15 DPI (Vitovec et Koudela 1992, Ren et al. 2012, Kvac
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et al. 2014a, KVAC et al. 2016). Naopak u druhu C. microti, jehoZ vyvojovy cyklus je
lokalizovany vyhradné v tlustém stfevé byla patentni perioda kratka (do 15 DPI), coZ
je vyrazné meéné neZ u C. occultus (>30 DPI) a C. suis (>30 DPI) parazitujicich také
v tlustém stfevé svych hostitelll (Ryan et al. 2004, Vitovec et al. 2006, KV4C et al.
2018).

Vyvojovy cyklus C. microti je shodné s C. occultus lokalizovan na povrchovém
epitelu tlustého stfeva (HorCiCkova et al. 2018, Kvac et al. 2018) zatimco C. suis

primarné infikuje lymfoglandularni komplexy tlustého stfeva (Vitovec et al. 2006).

Infekce zplisobena C. alticolis nebo C. microti nevyvolala zadné klinické pfiznaky
u experimentalné infikovanych hrabosi. Tyto vysledky jsou v souladu se zavéry
vétSiny praci, které konstatuji, Ze volné Zijici savci velmi ojedinéle trpi klinickou
kryptosporidiozou a vétSina infekci vyvolana hostitelsky specifickymi druhy a
genotypy kryptosporidii probiha bezpfiznakové (Sturdee et al. 1999, Hikosaka et
Nakai 2005, Castro-Hermida et al. 2011, Némejc et al. 2012, Condlova et al. 2018).

4.2.4. Cryptosporidium alticolis sp. n. a Cryptosporidium microti sp. n.

Cryptosporidium alticolis a C. microti jsou geneticky odlisné od dosud popsanych
platnych druhll rodu Cryptosporidium. Cryptosporidium alticolis sdili na lokusu
kodujicim SSU gen 95,2%, 94,7% a 94,3% sekvencni identity s C. canis, C. suis,
respektive s C. parvum. Podobné rozdily byly zjistény i na ostatnich lokusech. Na
lokusu kodujicim aktin je tato shoda 87,9 %, 90,5 %, respektive 89,7 %, a na lokusu
kodujicim HSP70 84,5 %, 91,2 %, respektive 90,5 %. Obdobné C. microti sdili na
lokusu kodujicim SSU gen 95,5%, 98,8%, respektive 96.4% sekvencni identity s
C. canis, C. suis, respektive s C. parvum. Na lokusu kdédujicim aktin je tato shoda
84,6 %, 93,1 %, respektive 90,5 % a na lokusu kddujicim HSP70 84,2 %, 93,1 %,
respektive 92,6 %. Tyto rozdily jsou v porovnani napfiklad s C. hominis a C. parvum
sdilejicich 98-99 % sekvencni identity nebo s C. andersoni a C. muris sdilejicich 96—
99 % identity na stejnych lokusech vyrazné vétsi (HorCickova et al. 2018).

Genetické a biologické Udaje podpofily popsani dvou novych druhd v ramci rodu
Cryptosporidium,
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5. ZAVERY

Pomoci multilokusovych analyz bylo prokazano, Ze hraboSi mohou byt
parazitovani nejméné osmi rdiznymi druhy a genotypy kryptosporidii.
e Bylo zjisténo, Ze hraboSi nejsou pFirozenymi hostiteli C. parvum, druhu
s nizkou hostitelskou specifitou, ktery byl bézné popisovan u téchto hostitelll
na zékladé mikroskopického vysetreni.
e HraboSi jsou parazitovani hostitelsky specifickymi druhy a genotypy
kryptosporidii, které nebyly dosud detekovany u zadnych jinych hostitel(.
Vysledky prace prokazuji, Ze Kkryptosporidie hostitelsky specifické pro
hraboSovité nejsou vékové a pohlavné specifické.
o Statistické analyzy potvrdily, Ze neni rozdil v prevalenci detekovanych druhd
a genotypll kryptosporidii v zavislosti na véku nebo pohlavi.
e Experimentalné nebyl zjistén rozdil ve vnimavosti juvenilnich a adultnich

jedincl hrabosl polnich k infekci C. microti (nepublikovana data).

Morfometrickd, genetickd a biologickd data ziskand pfri této praci vedla
k popisu dvou novych druhl kryptosporidii v rdmci rodu Cryptosporidium.

e Byly popsany dva nove druhy pojmenované Cryptosporidium alticolis sp. n. a
Cryptosporidium microti sp. n.

e Oba druhy jsou hostitelsky specifické pro hraboSe a neinfek&ni pro mysi,
mysice, potkany a kurata.

e Druh C. alticolis, ktery infikuje tlusté stfevo ma mensi, morfometricky
odlisitelné oocysty od druhu C. microti, ktery infikuje tenké stfevo.

Vysledky prace prokazaly, ze zastupci rodu Microtus a Myodes obyvajici
Severni Ameriku a Evropu jsou parazitovani odliSnymi, ale fylogeneticky
pribuznymi druhy/genotypy kryptosporidii, které pravdépodobné koevoluvali
spolu se svymi hostiteli.
e Druhy C. microti a C. alticolis popsané v této praci a bézné se vyskytujici
v populaci hraboSe polniho jsou fylogeneticky blizce pfibuzné ke
kryptosporidiim parazitujicim u hrabos( pensylvanskych.
e Experimentalné bylo prokazéano, Ze C. microti i C. alticolis z hraboSe polniho

jsou infekéni pro hrabose pensylvanského.
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e Pribéh a lokalizace infekce C. microti a C. alticolis u hrabos0 pensylvanskych
je obdobné s hrabosi polnimi.

e Genotypy kryptosporidii parazitujicich u hlodavcl rodu Myodes ziskané
z jedinch na Gzemi Ceské republiky, Slovenska a USA jsou si fylogeneticky
blizce pfibuzne.

Cryptosporidium ditrichi a C. apodemi nejsou infekéni pro hraboSe polniho.

e Experimentalné bylo prokdzano, Ze C. ditrichi a C. apodemi, které jsou
béznymi parazity hlodavcl rodu Apodemus, nejsou infekéni pro hrabose
polniho.

Bylo potvrzeno, Ze pouZiti pouze sekvenci genu kédujiciho malou ribosomalni
podjednotku rRNA k vyvozovani evolucnich vztah( mezi jednotlivymi druhy a
genotypy rodu Cryptosporidium mdzZe vést k chybnym zavérdim.

e Na zékladé vysledk( prace doporucujeme pro fylogenetické analyzy pouzivat
jiné polymorfni lokusy, napf. aktin, HSP70, TRAP-C1 nebo COWP.

Vysledky ziskané pfiterénnim sledovani a v ramci experimentalnich infekci
ukazuji, Ze infekce druhy a genotypy kryptosporidii parazitujicich u
hraboSovitych nejsou spojeny s klinickymi pFiznaky a patologickymi zménami
v infikovanych ¢astech zazZivaciho traktu hostitele.
e Nebyla prokazana souvislost mezi prljmovymi stavy a kryptosporidiovymi
infekcemi u odchycenych volng Zijici hrabo3ovitych.
e Hrabosi experimentalné infikovani C. alticolis nebo C. microti nevykazovali
z&dné klinické pFiznaky onemocnéni v pribéhu infekce.
e Nebyly pozorovany 7&dné makroskopické ani histopatologické zmény
v zazivacim traktu hostiteld infikovanych C. alticolis nebo C. microti.
Na zakladé vysetreni 1219 individuélnich vzork( Ize konstatovat, Ze hraboSoviti
nepredstavuji potencialni riziko $ifeni zoonotickych druh kryptosporidii.
e Zadny z detekovanych druhd a genotypl kryptosporidii popsanych v této praci
nebyl dosud spojen s lidskymi pFipady kryptosporidiovych infekci.
e Experimentalné bylo prokéazano, Ze hraboSi polni jsou vnimavi k infekci

zoonotickym druhem C. parvum (nepublikovano).
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6. PUBLIKACE, Z NICHZ VYCHAZI TATO PRACE

6.1. Diversity of Cryptosporidium in common voles and description
of Cryptosporidium alticolis sp. n. and Cryptosporidium microti
sp. n. (Apicomplexa: Cryptosporidiidae).

Horcitkova M., Condlova S., Holubovéa N., Sak B., Kvétofiova D., Hlaskové
L., Kone¢ny R., Sedlacek F., Clark M.E., Giddings C., McEvoy J.M., Kv&¢ M.
Parasitology, 2018, v tisku
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Abstract

Fecal samples from wild-caught common voles (# = 328) from 16 locations in the Czech Republic
were screened for Cryptosporidium by microscopy and PCR/sequencing at loci coding small-sub-
unit rRNA, Cryptosporidium oocyst wall protein, actin and 70 kDa heat shock protein.
Cryptosporidium infections were detected in 74 voles (22.6%). Rates of infection did not differ
between males and females nor between juveniles and adults. Phylogenetic analysis revealed
the presence of eight Cryptosporidium species/genotypes including two new species, C. alticolis
and C. microti. These species from wild-caught common voles were able to infect common and
meadow voles under experimental conditions, with a prepatent period of 3-5 days post-infection
(DPI), but they were not infectious for various other rodents or chickens. Meadow voles lost infec-
tion earlier than common voles (11-14 vs 13-16 DPI) and had significantly lower infection inten-
sity. Cryptosporidium alticolis infects the anterior small intestine and has larger oocysts (5.4 x
4.9 ym), whereas C. microti infects the large intestine and has smaller oocysts (4.3 x 4.1 ym).
None of the rodents developed clinical signs of infection. Genetic and biological data support
the establishment of C. alticolis and C. microti as separate species of the genus Cryptosporidium.

Introduction

Cryptosporidium is an apicomplexan protist parasite that primarily infects the gastrointestinal
epithelium of a broad range of vertebrate species including humans (Lv et al., 2009). Infections
can be asymptomatic or can result in diarrhoea ranging from mild to severe. Disease severity
depends mainly on the age and immune status of the host (Checkley et al., 2015; Baneth et al.,
2016). Field studies have shown that genus Cryptosporidium is genetically diverse, with much
of that diversity found in wildlife. Rodents are ubiquitous mammals comprising about 40% of
mammalian diversity and occupying a wide range of habitats. Studies to date have shown that
rodent species are predominantly parasitized with host-specific Cryptosporidium species and
genotypes (Feng et al., 2007; Foo et al., 2007; Ziegler et al., 2007a; Kva¢ et al., 2008, 2013;
Feng, 2010; Ng-Hublin et al., 2013; Stenger et al., 2015a, 2015b, 2018), although zoonotic spe-
cies such as C. parvum and C. ubiquitum (Hajdusek ef al., 2004; Raskovd et al., 2013; Li et al.,
2014; Perec-Matysiak et al., 2015) and livestock-specific species such as C. scrofarum, C. ander-
soni and C. baileyi (Ziegler et al., 2007a; Lv et al., 2009; Ng-Hublin et al., 2013; Dani$ova et al.,
2017) have been reported. Despite a large number of studies, the diversity and biology of
Cryptosporidium in several rodent hosts, including voles, have not been thoroughly character-
ized (Kvac et al., 2014; Stenger et al., 2018).

Early studies, relying on oocyst morphology to distinguish species, reported C. parvum, C.
muris and Cryptosporidium sp. in voles (Chalmers et al., 1997; Torres et al., 2000; Sinski et al.,
1993, 1998; Bull et al., 1998; Bajer et al., 2002; Bednarska et al., 2007). In more recent studies of
voles, using more discriminatory genotyping tools to distinguish species, the prevalence of C.
parvum was much lower than previously reported and C. muris was not detected. Additionally,
common voles were not susceptible to C. muris, C. proliferans or C. andersoni under experi-
mental conditions (Modry et al., 2012). In contrast, Cryptosporidium muskrat genotypes I and
II and Cryptosporidium isolates closely related to muskrat genotypes I and II have been
reported frequently (online Supplementary Table S1). In the most recent study, the largest
to date, Stenger et al. (2018) reported greater diversity of Cryptosporidium spp. infecting
North American and European voles than previously known. They identified at least 18
different Cryptosporidium spp. by sequencing of the partial sequence of the small ribosomal
subunit rRNA and actin genes in European and North American voles, and most of these
were identified for the first time. Phylogenetic analyses indicated the Cryptosporidium spp.
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Fig. 1. Sampling locations across the study area in the Czech Republic. Sample site
numbers indicate the following: (1) Dacice, (2) Vyskovice, (3) Namést nad Oslavou, (4)
Sedlecko u Tabora, (5) Dolni Trebonin, (6) Pelejovice, (7) Radimovice, (8) Budweiss,
(9) Bavorovice, (10) Masakova Lhota, (11) VSechov u Tabora, (12) Opatovice, (13)
Loveckovice, (14) Sobéslav, (15) Dubovice and (16) ZmiSovice.

infecting voles from the different continents remained closely
related (Stenger et al., 2018). Collectively, data from studies on
voles show that they are host to at least 20 Cryptosporidium spe-
cies and genotypes (see online Supplementary Table S1). Most of
the genotypes lack biological data such as course of infection and
host range.

We undertook the present study to extend knowledge of the
occurrence and diversity of Cryptosporidium spp. infecting the
common vole (Microtus arvalis). We selected two isolates from
wild-caught common voles and, in accordance with ICZN
nomenclature rules and criteria established by the scientific com-
munity studying Cryptosporidium (Xiao et al., 2004; Jirkd et al,
2008; Fayer, 2010), we describe the morphometry of oocysts,
determine phylogenetic relatedness at multiple genetic loci and
report on the infectivity for several hosts (voles, laboratory and
yellow-necked mice, laboratory rats and chickens) under natural
and experimental conditions. Outcomes from the study support
the conclusion that the Cryptosporidium isolates are genetically
and biologically distinct from previously described species. We
therefore propose them as new species named Cryptosporidium
alticolis sp. n. and Cryptosporidium microti sp. n.

Material and methods
Area and specimens studied

From 2014 to 2017 (May to September each year), wild-caught
common voles were trapped using snap traps baited with apple
and peanut at 16 locations in the Czech Republic (Fig. 1). After
trapping, we identified the species, measured body mass (+1 g)
and determined the sex of each individual. We estimated the
age of each individual using body mass, such that an individual
weighing <15 g was considered a juvenile and all other animals
were considered adults. Following collection, we dissected each
individual and collected a fecal sample from the colon. Fecal sam-
ples were stored at 4 °C without fixation. All fecal samples were
screened for the presence of Cryptosporidium oocysts using the
aniline-carbol-methyl violet (ACMV) staining (Mila¢ek and
Vitovec, 1985) followed by microscopic examination at 1000x
magnification (light microscope Olympus BX51, Tokyo, Japan).
During microscopic examination, we counted oocysts and we
quantified the infection intensity as number of oocysts per gram
of feces (OPG) according to Kva¢ et al. (2007).

Molecular characterization

DNA was extracted from 200 mg of feces by bead disruption for
60s at 5.5ms " using 0.5 mm glass beads in a Fast Prep 24

Michaela Horcic¢kova et al.

Table 1. Number of wild-caught common voles positive for Cryptosporidium by
PCR and microscopy, by sex and age

PCR Microscopically
Sex Age n positive positive
Female J 29 9 3
A 113 24 3
Male J 45 10 3
A 141 31 10
Total 328 74 19

J, juvenile; A, adult.

Instrument (MP Biomedicals, Santa Ana, CA, USA) followed by
isolation and purification using a commercially available kit in
accordance with the manufacturer’s instructions (PSP spin stool
DNA Kit, Invitek, Stratec, Berlin, Germany). Purified DNA was
stored at —20 °C prior to amplification by PCR.

A nested PCR approach was used to amplify a partial region of
the small ribosomal subunit rRNA (SSU; ~830 bp; Xiao et al.,
1999; Jiang et al, 2005), actin (~1066 bp; Sulaiman et al,
2002), Cryptosporidium oocyst wall protein (COWP) (~550 bp;
Spano et al., 1997) and 70 kilodalton heat shock protein genes
(HSP70; ~1950 bp; Sulaiman et al., 2000).

The primary PCR mixtures contained 2 yL of template DNA,
25U of Tag DNA Polymerase (Dream Taq Green DNA
Polymerase, Thermofisher Scientific, Waltham, MA, USA), 0.5x
PCR buffer (SSU) or 1x PCR buffer (actin, COWP and HSP70;
Thermofisher Scientific), 6 mm MgCl, (SSU) or 3 mm MgCl,
(actin, COWP and HSP70), 200 um each deoxynucleoside triphos-
phate, 100 mM each primer and 2 yL non-acetylated bovine serum
albumin (BSA; 10 mg ml™"; New England Biolabs, Beverly, MA,
USA) in 50 yL reaction volume. The secondary PCR mixtures
were similar to those described above for the primary PCR,
with the exception that 2 yL of the primary PCR product was
used as the template, the MgCl, 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 2% agarose gel electro-
phoresis, visualized by ethidium bromide staining and extracted
using GenElute™ Gel Extraction Kit (Sigma-Aldrich, St. Louis,
MO, USA). Purified secondary products were sequenced in
both directions with an ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) using the secondary PCR pri-
mers and the BigDyel Terminator v3.1 cycle sequencing kit
(Applied Biosystems) in 10 L reactions.

Phylogenetic analysis

The nucleotide sequences of each gene obtained in this study were
edited using the ChromasPro 2.4.1. (Technelysium, Pty, Ltd,
South Brisbane, Australia) and aligned with each other and
with reference sequences from GenBank using MAFFT version
7 online server using the Q-INS-I algorithm (http://mafft.cbrc.
jp/alignment/software/). Alignment adjustments were made
manually to remove artificial gaps using BioEdit 7.0.5.3 (Hall,
1999). Phylogenetic analyses were performed and the best DNA/
protein phylogeny models were selected using the MEGA?7 software
(Guindon and Gascuel, 2003; Tamura et al., 2013) and Geneious
v7.1.7 (http://www.geneious.com). Phylogenetic trees were inferred
by maximum likelihood (ML) method, with the substitution model
that best fits the alignment selected using the Bayesian information
criterion. ML analysis of SSU, actin, COWP and HSP70 alignments
was done in the MEGA?7 software and concatenated SSU-actin-
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Table 2. Cryptosporidium spp. in wild common voles (Microtus arvalis)
Location (number of Genotyping at the gene loci (GenBank Acc. No. used in the phylogenetic trees)
Isolate screened samples/ Microscopical
ID positive) positivity (OPG) SSuU Actin COwP HSP70
19608 Dacice (97/25) Yes (4000) C. microti C. microti
19612° No C. microti C. microti
19615 No C. microti C. microti
19618° No C. microti C. microti C. microti
20055 No C. microti C. microti C. microti
20057 Yes (4000) C. microti C. microti
20059 Yes (18 000) vole VI vole VIl vole VI
20063 No vole V vole V vole V
20065° Yes (6000) C. alticolis (KY C. alticolis C. alticolis C. alticolis
644657)
23407 No C. microti C. microti
23408 No C. microti C. microti
23409° No vole V (MH145331) vole V vole V vole V
(MH145311) (MH145319) (MH145325)
23410 No C. microti C. microti
23390 No vole V vole V
22731 Yes (8000) C. alticolis C. alticolis C. alticolis
23392° No vole VI vole VIl vole VI vole VI
(MH145333) (MH145313) (MH145321) (MH145327)
23393 No C. microti C. microti
23250 No C. microti C. microti C. microti
23251 No C. microti C. microti
23231 No C. microti C. microti
23111° Yes (2000) C. alticolis C. alticolis C. alticolis C. alticolis
(MH145330) (MH145310) (MH145318) (MH145324)
23112 No C. alticolis C. alticolis C. alticolis
237467 Yes (30 000) C. microti C. microti C. microti C. microti
23747 No C. alticolis C. alticolis
23748? No C. microti C. microti C. microti C. microti
200622 Vyskovice (3/1) No vole Il vole Il vole Il
(MH145329, (MH145309) (MH145317)
KY644593)
237507 Namést nad Oslavou No C. microti C. microti
o (40/8)
23400 No vole VI (MH vole VI (MH vole VI (MH vole VI (MH
145332) 145312) 145320) 145326)
23405 No vole VI vole VI
28082° Yes (16 000) vole IV vole IV
(MH145335) (MH145315)
30906 No vole IV vole IV
30908 No vole IV vole IV
30909° No vole Il (MH145334) vole Il vole Il
(MH145314) (MH145322)
30928 No C. microti C. microti
22339 Sedlecko u Tabora (35/2) No C. microti
22336 No C. microti
21146 Dolni Trebonin (32/8) Yes (36 000) C. microti C. microti
22352 No C. microti C. microti C. microti
23115° No C. microti C. microti C. microti
(Continued)
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Table 2. (Continued.)

Location (number of Genotyping at the gene loci (GenBank Acc. No. used in the phylogenetic trees)

Isolate screened samples/ Microscopical
ID positive) positivity (OPG) Ssu Actin COowP HSP70
23236° No C. microti C. microti C. microti
(KY644604) (KY657294)
23743° No C. microti C. microti C. microti
24128° Yes (24 000) vole VI vole VI vole VI
241297 No vole VI (KY644632) vole VI vole VI
25643 No C. microti C. microti C. microti
24514 Pelejovice (37/2) No C. microti C. microti C. microti
24916° No vole V (KY644670) vole V
249197 Radimovice (18/7) No C. microti C. microti
24922 No C. microti C. microti C. microti C. microti
24923 No C. microti (MH C. microti C. microti C. microti
145328) (MH145308) (MH145316) (MH145323)
24924 No C. microti C. microti
24926° No C. microti C. microti C. microti C. microti
25163 No C. microti C. microti C. microti C. microti
25164° No C. microti C. microti C. microti C. microti
28061 Ceské Budé&jovice (2/1) No vole V
28315 Masakova Lhota (18/7) No C. alticolis C. alticolis C. alticolis
28317 Yes (10 000) C. microti C. microti C. microti
28566 Yes (4000) C. microti C. microti
28567 No vole VI vole VI
28665 No C. microti C. microti
28667 No C. microti C. microti
29936 No C. microti C. microti C. microti
28422 VSechov u Tabora (30/12) No vole VI vole VIl
28423 Yes (42 000) C. microti C. microti C. microti
28425 No C. alticolis C. alticolis
28428 No vole VI vole VI
28429 Yes (8000) C. microti C. microti
28539 Yes (14 000) C. microti C. microti C. microti
28540 Yes (32 000) C. microti C. microti
28541 Yes (18 000) vole VI vole VI
28543 No C. microti C. microti C. microti
28545 Yes (6000) C. microti C. microti
28546 No C. microti C. microti
28549 Yes (8000) C. microti C. microti
30904 Opatovice (4/1) No C. microti C. microti C. microti

Isolates were characterized by microscopy, including infection intensity expressed as number of oocyst per gram of feces (OPG), and PCR analysis of the small ribosomal subunit rRNA (SSU),
actin, Cryptosporidium oocyst wall protein (COWP) and 70 kDa heat shock protein (HSP70) genes. Only localities where Cryptosporidium-positive animals were trapped are shown.

2Sequences of SSU and actin previously obtained in the study of Stenger et al. (2018).
bSequence of isolates used in phylogeny trees.

COWP alignment was done in RAXML v7.2.8 implemented in
Geneious. The General Time Reversible model was selected for
SSU, actin, HSP70 and concatenated SSU-actin-COWP alignment
and the Tamura 3-parameter model was used of COWP alignment.
All models were used under an assumption that rate variation
among sites was y distributed with invariant sites.

Bootstrap support for branching was based on 1000 replica-
tions. Phylograms were edited for style using CorelDrawX7.

Sequences have been deposited in GenBank under the accession
numbers (Acc. nos.) MH145308-MH145335.

Origin of specimens for transmission studies

Isolates of C. alticolis sp. n. and C. microti sp. n. were obtained
from wild-caught common voles trapped at Dacice and
Radimovice, respectively, in the Czech Republic. Oocysts from
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Fig. 2. A maximum likelihood (ML) tree based on concatenated small subunit rRNA (SSU), actin and Cryptosporidium oocyst wall protein (COWP) gene sequences. A
representative of each SSU, actin and COWP species/genotype from wild-caught common voles from this study is highlighted in bold. GenBank accession numbers
are shown in parenthesis after the isolate identifier. Numbers at the nodes represent the bootstrap values gaining more than 50% support. Branch length scale bar

indicates the number of substitutions per site.

each species were used to infect a 6-month-old common vole
(vole 0). Oocysts from vole 0 were purified using caesium chloride
gradient centrifugation (Arrowood and Donaldson, 1996) and
used for analysis of oocyst morphometry and to infect other ani-
mals (see below).

Transmission studies

We experimentally determined the infectivity and pathogenicity
of C. alticolis sp. n. and C. microti sp. n. for 6-month-old common
voles, meadow voles (Microtus pennsylvanicus) and yellow-necked
mice (Apodemus flavicollis); 2-month-old SCID (severe combined
immunodeficiency), BALB/c and C57BL/6] mice (Mus musculus)
and brown rats (Rattus norvegicus); and 3-day-old chickens
(Gallus gallus f. domestica). Common voles and yellow-necked
mice used for infectivity studies were obtained from captive col-
onies maintained at the Institute of Parasitology, Biology Centre
of the Academy of Sciences of the Czech Republic, Ceské
Budéjovice, Czech Republic. Laboratory (i.e. house mouse) mice
and rats were purchased from Charles River Laboratories,
Sulzfeld, Germany. Chickens originated from International
Testing of Poultry, Ustrasice, Tdbor, Czech Republic. Meadow
voles were obtained from a captive colony maintained at Smith
College, Northampton, Massachusetts, USA and used in trans-
mission studies at North Dakota State University, USA. All
other experiments were performed at the Biology Centre of the
Academy of Sciences of the Czech Republic. In determining
infectivity and pathogenicity, we used five individuals from each
species/group. A week prior to inoculation, fecal samples from
all individuals were screened daily for the presence of
Cryptosporidium oocysts and specific DNA of Cryptosporidium
spp. using parasitological and molecular tools (SSU) as described
above. Individuals were housed separately in plastic cages with
sterilized bedding and supplied with a sterilized diet and water
ad libitum. Each animal was inoculated orally by gavage with
100 000 purified oocysts suspended in 200 yL of distilled water.
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Fecal samples from each individual were screened daily for the
presence of Cryptosporidium oocysts using ACMV staining and
specific DNA using nested PCR targeting the SSU gene. At least
three amplicons of each target gene were sequenced directly in
both directions from each infected individual.

All experiments were terminated 30 days post-infection (DPI).
Course of infection indicators, including fecal consistency, fecal
colour and infection intensity, was examined.

Histopathological and scanning electron microscopy
examinations

The gastrointestinal tract of one animal from each group was
examined following necropsy at 6 DPI (this time was selected
based on preliminary results; data not shown). The entire small
and large intestine was divided into 1 cm sections and samples
were processed for histology, scanning electron microscopy
(SEM) and PCR/sequencing. Specimens for histology were fixed
in 4% buffered formalin and processed by the usual paraffin
method. Histological sections (5 ym) were stained with haema-
toxylin and eosin and periodic acid-Schiff stains. The 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 phos-
phate buffer for 2 h at room temperature and finally washed
three times for 15 min in the same buffer. After dehydration 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.

Oocyst morphometry

Oocysts of C. alticolis sp. n. and C. microti sp. n. were examined
using differential interference contrast (DIC) microscopy, ACMV
staining and fluorescence microscopy (Olympus IX70, Tokyo,
Japan) following labelling with genus-specific FITC-conjugated
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Fig. 4. Developmental stages (arrowheads) of Cryptosporidium alticolis sp. n. in
mucosal glandular epithelium from the duodenum of an experimentally infected
common vole (Microtus arvalis). Bar included in each picture.

antibodies (Cryptosporidium IF Test, Crypto Cell, Medac, Wedel,
Germany). Morphometry of oocysts was determined using digital
analysis of images (M.I.C. Quick Photo Pro v.3.1 software;
Promicra, s.r.o., Praha, Czech Republic) collected using an
Olympus Digital Colour Camera DP73. Length and width of 50
oocysts of each isolate were measured under DIC at 1000x

magnification and the ratio of the length/width of each oocyst
was calculated. The mean and standard deviation (s.p.) of length,
width and ratio of the length/width of oocysts of each isolate were
calculated.

Animal care

Animal caretakers wore disposable coveralls, shoe covers and
gloves whenever entering the rooms where animals were housed.
All wood-chip bedding, feces and disposable protective clothing
were sealed in plastic bags, removed from the buildings and incin-
erated at the end of the study.

Statistical analysis

Prevalence was calculated by dividing the number of positive indi-
viduals by the total number of individuals sampled. Differences in
Cryptosporidium prevalence were determined by x> analysis using
a 5% significance level. The hypothesis tested in the analysis of
oocyst morphometry was that two-dimensional mean vectors of
measurement are the same in the two populations being com-
pared. Hotelling’s T2 test was used to test the null hypothesis.
Analyses were performed using program Epi Info (TM) 7.1.1.14
(Centers for Disease Control and Prevention, GA, USA) and R
3.5.0. (https://www.r-project.org/).

Results
Prevalence and infection intensity of Cryptosporidium

Out of 328 fecal samples from wild-caught common voles, 19
(5.8%) were microscopically positive for the presence of oocysts
of Cryptosporidium sp. and 74 (22.6%) were positive for the pres-
ence of specific DNA of Cryptosporidium spp. (Table 1). All
microscopically positive samples were also positive using PCR.
Positive voles were trapped at 11 out of 16 localities (Table 2).
There was no difference (3*=0.0153; .. =1; P=0.9016) in the
prevalence of Cryptosporidium spp. in males (22.0%; 41/186)
and females (23.2%; 33/142). Similarly, the prevalence did not
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Fig. 5. Scanning electron photomicrograph of the jejunal epithelium of an experimentally infected common vole (Microtus arvalis). Attached developmental stage

of Cryptosporidium alticolis sp. n. (arrowhead; detail in the upper right corner).

differ (y*=0.3254; D.F. = 1; P =0.5684) between juvenile (25.7%;
19/74) and adult voles (21.7%; 55/254; Table 2). Infection inten-
sity, which ranged from 4000 to 42 000 OPG, did not differ (P =
0.1773) between males (2000-36 000 with mean 15 000 OPG) and
females (4000-42 000 with mean 20000 OPG). None of the
trapped voles had diarrhoea.

Out of 74 voles positive for Cryptosporidium, 74,71, 33 and 14 were
genotyped by sequence analysis of SSU, actin, COWP and HSP70
genes, respectively (Table 2, Fig. 2 and online Supplementary
Figs S1-S4). The remaining positive samples yielded sequences of
insufficient quality to include in analyses (three actin sequences) or
failed to amplify at COWP (n = 41) and HSP70 (n = 60) loci.

Sequence analysis revealed the presence of eight genotypes of
Cryptosporidium, of which two are described here as new species
(Table 2). ML trees inferred from sequences of SSU, actin, COWP
and HSP70 genes individually or SSU, actin and COWP in concat-
enation formed three major phylogenetic groups (Fig. 2 and online
Supplementary Figs S1-54). Group 1 included C. microti sp. n. and
Cryptosporidium vole genotypes II, 111, VI and VIIL. Cryptosporidium
microti (n=47) was identical to Cryptosporidium sp. isolate
19608-Miar-EU previously recovered from a wild-caught common
vole in the Czech Republic [Acc. No. KY657290] and was closely
related to Cryptosporidium muskrat genotype II [Acc. No.
AY737571], Cryptosporidium sp. isolate 1857-Mipe-NA from a
wild-caught meadow vole [Acc. No. KY644574] and
Cryptosporidium sp. isolate 1544-Pero-NA from a wild-caught
Peromyscus mouse [Acc. No. KY644565] in the USA, sharing
99.2%, 98.8% and 98.6% sequence identity, respectively.

Cryptosporidium vole genotype III (n=1) was identical to
Cryptosporidium sp. isolate 20062-Miar-EU from a wild-caught
common vole in the Czech Republic (Acc. No. KY644593) and clus-
tered with Cryptosporidium sp. isolate 10482-Mygl-EU from a wild-
caught bank vole (Acc. No. KY644595) and Cryptosporidium sp.
isolate 2035-Myga-NA from a wild-caught Southern red-backed
vole (Acc. No. KY644592) in Slovakia and the USA, respectively,
sharing 99.8 and 99.5% sequence identity.

Cryptosporidium vole genotype VI (n=5) was identical to
Cryptosporidium sp. isolate 24129-Miar-EU from a wild-caught
common vole in the Czech Republic (Acc. No. KY644632) and clus-
tered with Cryptosporidium vole genotype II (n=1) from the pre-
sent study (Acc. No. MHI145334), sharing 99.1% sequence
identity. Cryptosporidium vole genotype VII (n=5), a genotype
that was first identified in this study, clustered with the
Cryptosporidium vole genotype (Acc. No. EF641020) and
Cryptosporidium sp. isolate 1947-Mipe-NA (Acc. No. KY644626),
both from wild-caught meadow voles in the USA, sharing 98.9
and 98.5% sequence identity, respectively. C. alticolis sp. n. (n=
7), the only member of group 2, was identical to Cryptosporidium
sp. isolate 20065-Miar-EU from a wild-caught common vole in
the Czech Republic (Acc. No. KY644657), and clustered with
Cryptosporidium sp. isolate 2333-Pero-NA from a wild-caught mea-
dow vole in the USA (Acc. No. KY644655) and Cryptosporidium sp.
isolate Mrb001 from a grey red-backed vole in Japan (Acc. No.
AB477098), sharing 97.3 and 97.5% sequence identity, respectively.

Group 3 comprised Cryptosporidium vole genotype IV (n=3)
and vole genotype V (n = 5). Cryptosporidium genotype vole V was
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Fig. 6. Cryptosporidium alticolis sp. n. oocysts visualized in various preparations: (A) differential interference contrast microscopy and stained by (B) aniline-carbol-
methyl violet and (C) anti-Cryptosporidium FITC-conjugated antibody. Bar included in each picture.

identical to Cryptosporidium sp. isolate 24916-Miar-EU from a wild-
caught common vole in the Czech Republic (Acc. No. KY644670)
and formed a sister group with muskrat genotype I (Acc. No.
EF641013) and Cryptosporidium sp. isolate 1962-Mipe-NA from
a wild-caught meadow vole (Acc. No. KY644685), both in the
USA, sharing 98.1 and 98.0% sequence identity, respectively.
Cryptosporidium vole genotype IV, which was reported for the first
time in this study, clustered outside of this group.

Based on evidence that they are genetically and biologically
distinct from known Cryptosporidium species, we describe C. alti-
colis sp. n. and C. microti sp. n. as new species of the genus
Cryptosporidium. Descriptions of C. alticolis sp. n. and C. microti
sp. n. follow.

Cryptosporidium alticolis sp. n.

Prevalence and infection intensity. Seven voles (2.1%) from three
localities had DNA of C. alticolis sp. n. detectable by PCR, of

which three had oocysts that were detectable by microscopy
with an infection intensity of 2000-8000 OPG (Table 2).

Experimental transmission. Oocysts of C. alticolis sp. n. from natur-
ally infected common voles were infectious for common and mea-
dow voles, but not for yellow-necked mice, SCID mice, BALB/c
mice, C57BL/6] mice, brown rats or chickens. The prepatent period
of C. alticolis sp. n. in common and meadow voles was 3-4 DPI
(Fig. 3). Whereas common voles shed oocysts of C. alticolis
sp. n. continuously during the patent period (12-15 DPI), meadow
voles shed oocysts sporadically up to 12 DPI (Fig. 3). The infection
intensity of C. alticolis sp. n. in common voles (2000-1000 000
OPG) was higher than in meadow voles (2000-50 000 OPG). No
macroscopical changes were observed in the gastrointestinal tract
of common or meadow voles infected with C. alticolis sp. n. and
the surface epithelium remained intact. DNA of C. alticolis
sp. n. was detected throughout the small and large intestine of com-
mon and meadow voles; however, endogenous developmental
stages were detected only in the jejunum and ileum by histology
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Fig. 7. Course of infection of Cryptosporidium microti sp. n. in experimentally infected common voles (Microtus arvalis) and in meadow voles (Microtus pennsylvanicus)
based on coprological and molecular examination of feces. Any circles indicate detection of specific DNA, black circle indicates microscopic detection of oocysts.

and electron microscopy (Figs 4 and 5). Cryptosporidium alticolis
sp. n. was not detected in the stomach and other organs (liver, pan-
creas, kidneys, lungs and spleen). None of the experimentally

50 um infected common or meadow voles were diarrhoeic. The lamina
— propria in the jejunum and ileum was slightly oedematous with
. occasional dilatation of lymphatic vessels (data not shown).

s

Sequences of SSU, actin, COWP and HSP70 genes from experi-
mentally infected hosts shared 100% identity with the isolate
used in the inoculum.

Taxonomic summary

ZooBank  number  for  species:  urn:sid:zoobank.org:act:

D12C78AA-222E-4E07-A7CE-51AA6A747BC6

Description: Oocysts are shed fully sporulated with four sporo-

zoites and an oocyst residuum. Sporulated oocysts (n = 50) meas-

ure 4.9-5.7 ym (mean *s.0.=5.4+0.2 ym) x 4.6-5.2 ym (mean

£5.0.=49+0.2 ym) with a length/width ratio of 1.00-1.20

(mean +s.0.=1.10 £ 0.05) (Fig. 6). Morphology and morphom-

etry of other developmental stages are unknown.

Type host: common vole (M. arvalis)

Type locality: Dacice (Czech Republic)

Other localities: Masdkova Lhota and Vsechov (Czech Republic)

Site of infection: jejunum and ileum (Figs 4 and 5)

Distribution: Czech Republic

Type material/hapanotype: Tissue samples in 10% formaldehyde

and histological sections of infected jejunum (nos. 174/2016,

175/2016, 176/2016 and 177/2016) and ileum (nos. 178/2016

and 179/2016); genomic DNA isolated from fecal samples of nat-

urally (isolation no. 23111) and experimentally (isolation no.

Fi L ! ~ 27124) infected M. arvalis; genomic DNA isolated from jejunal
g. 8. Developmental stages (arrowheads) of Cryptosporidium microti sp. n. in muco

sal glandular epithelium from the colon of an experimentally infected common vole and ileal tissue of experimentally infected M. arvalis (isolation

(Microtus arvalis). Bar included in each picture. nos. 27035 and 27037, respectively); digital photomicrographs
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Fig. 9. Scanning electron photomicrograph of the colon epithelium of a common vole (Microtus arvalis). Attached developmental stage of Cryptosporidium microti

sp. n. (arrowhead; detail in the upper right corner).

(nos. DIC 1-13/23111, MV 1-11/23111, IF 1-9/23111, HI 1-3/
27124 and SEM 1-3/27124) and fecal smear slides with oocysts
stained by ACMYV staining from experimentally infected M. arva-
lis (nos. 27124/3, 27124/4, 27124/5 and 27124/6). Specimens
deposited at the Institute of Parasitology, Biology Centre of the
Czech Academy of Sciences, Czech Republic.

Reference sequences: Partial sequences of SSU, actin, COWP and
HSP70 genes were deposited at GenBank under Acc. Nos.
MH145330, MH145310, MH145318 and MH 145324, respectively.
Etymology: The species name alticolis is derived from the Latin
noun ‘alticola’ (meaning a vole).

Differential diagnosis: Oocysts of C. alticolis are larger than those
of C. microti (P=0.001), have similar ACMV staining to other
species of Cryptosporidium and cross-react with antibodies devel-
oped primarily for C. parvum (Fig. 6). It can be differentiated gen-
etically from other Cryptosporidium spp. based on sequences of
SSU, actin, COWP and HSP70 genes. Endogenous development
of C. alticolis sp. n. takes place in the small intestine, whereas
C. microti develops in the large intestine.

Cryptosporidium microti sp. n.

Prevalence. Forty-seven wild-caught common voles (14.3%) from
nine localities were positive for C. microti sp. n. by PCR, of which
12 had oocysts detectable by microscopy. The infection intensity
ranged from 4000 to 42 000 OPG.

Experimental transmission. Oocysts of C. microti sp. n. from nat-
urally infected common voles were infectious for common and
meadow voles, but not for yellow-necked mice, SCID mice,
BALB/c mice, C57BL/6] mice, brown rats or chickens. Common
voles shed C. microti sp. n. from 4 to 16 DPI, with oocysts detect-
able by microscopy throughout this period. The infection inten-
sity ranged from 2000 to 430000 OPG with maximum
shedding at 6-7 DPI (Fig. 7). In meadow voles, DNA of C. microti
sp. n. was detected from 4 to 14 DPI; however, oocysts were not
detectable by microscopy at any time during the patent period.

Sequences of SSU, actin, COWP and HSP70 genes from
experimentally infected hosts shared 100% identity with the iso-
late used in the inoculum. Specific DNA of C. microti
sp. n. was found exclusively in the caecum and colon of common
and meadow voles. Endogenous developmental stages were
detected in the caecum and colon of the common vole (Figs 8
and 9), but were not detected in the meadow vole. Infections
were not associated with macroscopical or pathological changes
in the digestive tract of common or meadow voles and these ani-
mals showed no signs of diarrhoea.

Taxonomic summary

ZooBank number for species: urn:lsid:zoobank.org:act:4FD6136C-
3932-4881-BE49-4714A5AB488A

Description: Oocysts are shed fully sporulated with four sporo-
zoites and an oocyst residuum. Sporulated oocysts (n=50)
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Fig. 10. Cryptosporidium microti sp. n. oocysts visualized in various preparations: (A) differential interference contrast microscopy and stained by (B) aniline-carbol-
methyl violet and (C) anti-Cryptosporidium FITC-conjugated antibody. Bar included in each picture.

measure 3.9-4.7 ym (mean +s.0.=4.3+0.1 ym) x 3.8-4.4 ym
(mean +5.0.=4.1 £0.1 ym) with length/width ratio of 1.00-1.06
(mean +s.0.=1.03 +0.02) (Fig. 10). Morphology and morphom-
etry of other developmental stages are unknown.

Type host: common vole (M. arvalis)

Type locality: Radimovice (Czech Republic)

Other localities: Dacice, Znatky, Sedle¢ko, Dolni Ttebonin,
Pelejovice, Masdkova Lhota, VSechov and Opatovice (Czech
Republic)

Site of infection: caecum and colon (Figs 8 and 9)

Distribution: Czech Republic

Type material/hapanotype: Tissue samples in 10% formaldehyde
and histological sections of infected caecum (nos. 97/2016 and
98/2016) and colon (nos. 99/2016 and 100/2016), genomic
DNA isolated from fecal samples of naturally (isolation no.
24923) and experimentally (isolation no. 28063) infected M. arva-
lis; genomic DNA isolated from ceacal and colonical tissue of
experimentally infected M. arvalis (isolation nos. 29751 and

29753, respectively); digital photomicrographs (nos. DIC 1-11/
24923, MV 1-9/24923, IF 1-9/24923, HI 1-3/28063 and SEM
1-3/28063) and fecal smear slides with oocysts stained by
ACMV staining from experimentally infected M. arvalis (nos.
28063/3, 28063/4, 28063/5 and 28063/6). Specimens deposited
at the Institute of Parasitology, Biology Centre of the Czech
Academy of Sciences, Czech Republic.

Reference sequences: Partial sequences of SSU, actin, COWP and
HSP70 genes were deposited at GenBank under Acc. Nos.
MH145328, MH145308, MH145316 and MH145323, respectively.
Etymology: The species name microti is derived from the Latin
noun ‘microtus’ (meaning a vole).

Differential diagnosis: Oocysts of C. microti sp. n. are smaller than
those of C. alticolis sp. n. (P =0.001), have similar ACMV staining
to other species of Cryptosporidium and cross-react with anti-
bodies developed primarily for C. parvum (Fig. 10). It can be dif-
ferentiated genetically from other Cryptosporidium spp. based on
sequences of SSU, actin, COWP and HSP70 genes. Endogenous
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development of C. microti sp. n. takes place in the large intestine,
whereas C. alticolis sp. n. develops in the small intestine.

Discussion

This and other genotyping studies have shown that voles host sev-
eral Cryptosporidium species and genotypes that appear to be host
specific and not infectious for humans, but they rarely host C.
parvum (Feng et al., 2007; Stenger et al., 2018; Ziegler et al.,
20074, 2007b). The finding that oocysts of C. alticolis sp. n. and
C. microti sp. n. are indistinguishable from oocysts of C. parvum
suggests that earlier detections of C. parvum, which were not sup-
ported by genotyping data, were misidentifications. Oocyst size is gen-
erally only useful for differentiating intestinal (smaller and rounder)
and gastric (larger and more oval) species of Cryptosporidium
(Ryan and Xiao, 2014).

Cryptosporidium microti sp. n. and Cryptosporidium vole gen-
otypes II, III, VI and VII clustered as part of a large heterogeneous
group in ML trees. This is generally consistent with the report by
Stenger et al. (2018) that Cryptosporidium genotypes from voles
in the Europe and North America formed between three and
four phylogenetic groups in ML trees.

Cryptosporidium alticolis sp. n. and C. microti sp. n. are genet-
ically distinct from other known species of Cryptosporidium.
Cryptosporidium alticolis sp. n. shares 95.2, 94.7 and 94.3%
sequence identity, respectively, with C. canis, C. suis and C. par-
vum at the SSU locus; 87.9, 90.5 and 89.7%, respectively, at the
actin locus; and 84.5, 91.2 and 90.5%, respectively, at the
HSP70 locus. At the COWP locus, C. alticolis sp. n. shared 88.1
and 89.9% sequence identity, respectively, with C. canis and C.
parvum. Cryptosporidium microti sp. n. shared 95.5, 98.8 and
96.4% sequence identity, respectively, with C. canis, C. suis and
C. parvum at the SSU locus; 85.6, 91.6 and 90.5%, respectively,
at the actin locus; and 84.2, 93.1 and 92.6%, respectively, at the
HSP70 locus. At the COWP locus, C. microti sp. n. shared 86.7
and 91.5% sequence identity, respectively, with C. canis and C.
parvum. In comparison, C. hominis and C. parvum share
98-99% identity and C. muris and C. andersoni share 96-99%
identity at these loci.

The prevalence of Cryptosporidium in voles ranges from 1 to
100% (Laakkonen et al., 1994; Perz and Le Blancq, 2001; Bajer
et al., 2002, 2003; Zhou et al., 2004). The prevalence in wild-
caught common voles in the present study (23%) was greater
than the 14% reported by Stenger et al. (2018) using similar detec-
tion methods, and much lower than the 62-73% reported by Bajer
et al. (2002) and Bajer (2008) using microscopic detection, a
method that is less sensitive than PCR. The prevalence of
Cryptosporidium can be affected by factors such as age, season,
population density, location, weather and climate, diet and
water consumption (Nichols ef al., 2014).

Cryptosporidium microti sp. n. dominated at most locations
in this study. Mixed infections were not detected, but they can-
not be ruled out because the methods used were not effective at
detecting multi-species infections. Microscopy cannot differenti-
ate among species with similar sized oocysts and PCR preferen-
tially amplifies DNA from the dominant species/genotype
(Santin and Zarlenga, 2009; Jenikova et al, 2011; Ma et al,
2014; Qi et al., 2015).

Cryptosporidium alticolis sp. n. infects the small intestine,
which is similar to most intestinal Cryptosporidium spp. of mam-
mals (Ryan and Xiao, 2014). In contrast, C. microti is only the
third species, after C. suis in pigs and C. oculltus in rats, reported
to infect the colon (Ryan et al, 2004; Vitovec et al., 2006; Kvac
et al., 2018). Similar to C. oculltus (Kva¢ et al., 2018), C. microti
sp. n. localizes to the mucosal surface in the large intestine. In
contrast, C. suis predominates in the glandular epithelium of
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the submucosal colonic lymphoglandular complexes in pigs
(Vitovec et al., 2006).

Neither C. alticolis sp. n. nor C. microti sp. n. developed clin-
ical signs in common voles or meadow voles under experimental
conditions in the present study. This is consistent with the
reports that wild animals rarely display signs of clinical crypto-
sporidiosis (Sturdee et al, 1999; Hikosaka and Nakai, 2005;
Castro-Hermida et al, 2011; Némejc et al, 2012; Condlova
et al., 2018).
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Supplementary Table S1. Occurrence of species of the genus Cryptosporidium infecting

representatives of the subfamily Arvicolinae identified on the basis of microscopic* and

molecular? tools amplifying partial sequences of small subunit ribosomal rRNA (SSU),

Cryptosporidium oocyst wall protein (COWP), and 60 kDa glycoprotein (GP60) genes.

. No. of
Host (common name)  Country Cryptosporidium spp. Loci fo_r screened/ References
genotyping positive
muskrat genotype 1° SSU 5/4 Feng et al. (2007)
Cryptosporidium sp.* - 301/19 Ziegler et al. (2007a)
Myodes gapperi USA muskrat genotype 11° NS/1
(southern red-backed vole) Cryptosporidium sp.? SSU NS/6  Ziegler et al. (2007b)
C. parvum’ NS/1
Cryptosporidium spp.?  SSU, actin 27/15  Stenger et al. (2018)
Finland C. parvum® - 131/1  Laakkonen et al. (1994)
C. tyzzeri? cCowpP 12/5  Bajer et al. (2003)
459/324 Bajer et al. (2002)
C. parvum’ 8/5  Bednarska et al. (2007)
Poland - 275/55 Sinski et al. (1998)
Cryptosporidium sp.* 102/23  Sinski et al. (1993)
Cryptosporidium spp.* 1523/819 Bajer (2008)
Cryptosporidium spp.? 69/47  Perek-Matysiak et al. (2015)
'\SVOEES ?'areo'us C. parvum’ SSU, gpe0  75/3
(bankcvele) Slovakia C: Scrofarum’ Ssu 5% Danisové et al. (2017)
environment isolate SSU 75/6 ’
muskrat genotype 1° Ssu 75/3
. C.parvum' 49/10
Spain C muris - 4972 Torres et al. (2000)
C. muris* 123/2
UK C. parvum’ - 123/11 Chalmers et al. (1997)
USA  Cryptosporidium spp.?  SSU, actin 140/10 Stenger et al. (2018)
Myodes glareolus C. parvum® 114/9
skomerensis UK - - Bull et al. (1998)
(Skomer bank vole) C. muris 114/55
Myodes rufocanus - Unpublished
bedfordiae Japan &rr{)pggigondlum P SSuU NS (GenBank Acc. No.
(red-backed vole) ABA477098)
Microtus agrestis . - 1
(field vole) Finland Cryptosporidium sp. - 131/1 Laakkonen et al (1994)
Czech_ Cryptosporidium spp.?2  SSU, actin 353/50 Stenger et al. (2018)
Republic ' ' '
Microtus arvalis C. tyzzeri® COWP,SSU  12/6  Bajer et al. (2003)
(common vole) 274/200 Bajer et al. (2002)
Poland C. parvum® - 7/5 Bednarska et al. (2007)
19/4  Sinski et al. (1998)
Cryptosporidium spp.* - 419/261 Bajer (2008)
vole genotype I 10/1
muskrat genotype 11° SSU 10/2  engetal. (2007)
Microtus pennsylvanicus USA Cryptosporidium sp.* - 297/13  Ziegler et al. (2007a)
(meadow vole) muskrat genotype 11° NS/5 .
Cryptosporidium sp.2 SsuU NS/4 Ziegler et al. (2007b)
Cryptosporidium spp.?  SSU, actin ~ 311/163 Stenger et al. (2018)
Microtus pinetorum - 2 .
(woodland vole) USA Cryptosporidium spp. SSU, actin 41/21  Stenger et al. (2018)
Poland C. parvum* - 9/5  Sinski et al. (1998)
C. parvum® SsuU 6/6 Perz and Le Blancq (2001)
Cryptosporidium sp.! - 149/1  Ziegler et al. (2007a)
Ondatra zibethicus Cryptosporidium spp.>  SSU, actin 42/4  Stenger et al. (2018)
(muskrat) USA  muskrat genotype I 237/24
muskrat genotype 11 SSU 23716 Zhou et al. (2004)
muskrat genotype 1° SSU 1/1  Fengetal. (2007)
muskrat genotype 1° SSU 1/1  Xiao et al. (2002)

NS — not specified
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Cryptosporidium sp. isolate 1544 Pero NA [KY644565] ex Peromyscus sp. (USA)
Cryptosporidium sp. isolate 1857 Mipe NA [KY644574] ex Microtus pennsylvanicus (USA)
Cryptosporidium sp. isolate 3568 [AY545546] ex Ondatra zibethicus (USA)
Cryptospor/d/um sp. isolate 1764 Mipe NA [KY644567] ex Microtus pennsylvanicus (USA)
ptosporidium muskrat genotype 1l [AY737571] ex environmental sample (USA)

@ C. microti sp. n. [MH145328] ex Microtus arvalis (Czech Republic)

Cryptosporidium sp. isolate 23236-Miar-EU [KY644604] ex Microtus arvalis (Czech Republic)
|\ Cryptosporidium deer mouse genotype IV [EF641019] ex Peromyscus sp. (USA)
Cryptosporidium sp. isolate 1799 Pero NA [KY644647] ex Peromyscus sp. (USA)
C. suis [AB449871] ex environmental sample (Japan)
Cryptosporidium vole genotype VIl [MH145333] ex Microtus arvalis (Czech Republic)
Cryptosporidium vole genotype [EF641020] ex Microtus pennsylvanicus (USA) Group 1
Cryptosporidium sp. isolate 1947 Mipe NA [KY644626] ex Microtus pennsylvanicus (USA)
C. ubiquitum [EF362479] ex Ovis aries (USA)
I‘[_ Cryptosporidium sp. isolate 2018 Mipe NA [KY644642] ex Microtus pennsylvanicus (USA)
Cryptosporidium sp. isolate 12438 Mygl EU [KY644636] ex Myodes glareolus (Czech Republic)

Cryptosporidium sp. isolate 2035 Myga NA [KY644592] ex Myodes gapperi (USA)
Cryptosporidium vole genotype lll [MH145329] ex Microtus arvalis (Czech Republic)
Cryptosporidium sp. isolate 20062-Miar-EU [KY644593] ex Microtus arvalis (Czech Republic)
I Cryptosporidium vole genotype VI [MH145332] ex Microtus arvalis (Czech Republic)
Cryptosporidium sp. isolate 24129-Miar-EU [KY644632] ex Microtus arvalis (Czech Republic)
Cryptosporidium vole genotype Il [MH145334] ex Microtus arvalis (Czech Republic)

J‘Cryptosporidium sp. isolate 10482 Mygl EU [KY644595] ex Myodes glareolus (Slovakia)

@\ — Cryptosporidium chipmunk genotype IV [KC954241] ex Tamias striatus (USA)

Cryptosporidium deer mouse genotype | [EF641028] ex Peromyscus sp. (USA)
Cryptosporidium chipmunk genotype Ill [GQ121021] ex Eutamias sibiricus (China)
-ILCryptosporidium bear genotype [AF247535] ex Ursus americanus (USA)

@D\ 97, Cryptosporidium deer mouse genotype |l [EF641027] ex Peromyscus sp. (USA)
‘\ ‘Lﬂ[L Cryptosporidium sp. isolate 1543 Pero NA [KY644668] ex Peromyscus sp. (USA)

©3)

C. canis [AB210854] ex Canis lupus (Japan)
Cryptosporidium giant panda [JF970610] ex Ailuropoda melanoleuca (China)

@\ 61 C. alticolis [MH145330] ex Microtus arvalis (Czech Republic)

@_

N Cryptosporidium sp. isolate 20065-Miar-EU [KY644657] ex Microtus arvalis (Czech Republic)
Cryptosporidium sp. isolate 1763 Mipe NA [KY644665] ex Microtus pennsylvanicus (USA)
Cryptosporidium sp. Mrb001 [AB477098] ex Myodes rufocanus bedfordiae (Japan)
i Cryptosporidium vole genotype IV [MH145335] ex Microtus arvalis (Czech Republic)
| _Nr Cryptosporidium muskrat genotype | [EF641013] ex Ondatra zibethicus (USA)
95||' Cryptosporidium sp. isolate 1962 Mipe NA [KY644685] ex Microtus pennsylvanicus (USA)
Cryptosporidium sp. isolate 12477 Miar EU [KY644671] ex Microtus arvalis (Czech Republic)
Cryptosporidium vole genotype V [MH145331] ex Microtus arvalis (Czech Republic)
Cryptosporidium sp. isolate 24916-Miar-EU [KY644670] ex Microtus arvalis (Czech Republic)
C. felis [KF287127] ex Homo sapiens (UK)

Group 2

Group 3

87

[ | LCIyptosporidium mink genotype [EF641015] ex Mustela vison (USA)

Cryptosporidium ferret genotype [GQ121022] ex Sciurus vulgaris (China)
- C. tyzzeri [JQ073518] ex Mus musculus (Germany)
Cryptosporidium chipmunk genotype | [EF641026] ex Peromyscus sp. (USA)
C. wrairi [GQ121020] ex Cavia aperea (USA)
C. cuniculis [FJ262726] ex Homo sapiens (UK)
C. parvum [DQO054818] ex Bos taurus (Korea)
C. hominis [DQ523506] ex Homo sapiens (Spain)

- C. meleagridis [AF112574] ex Gallus gallus (USA)
C. varanii [EU553556] ex Eublepharis macularius (Spain)

C. scrofarum [GQ227704] ex Sus scrofarum (China)
6 ﬁ

C. ryanae [EU410344] ex Bos taurus (USA)
C. xiaoi [EF362478] ex Ovis aries (USA)

89' C. bovis [AB441689] ex Bos taurus (Iran)
C. baileyi [AY954882] ex Gallus gallus (China)

[JQ627151]

C. molnari [HM243548] ex Sparus aurata (Spain)

_E C. muris [AF093497] ex Camelus bactrianus (USA)
C. galli [EU543270] ex Oryzoborus angolensis (Brazil)
C. fragile [EU162751] ex Duttaphrynus melanostictus (Malaysia)

Supplementary Fig. S1. A maximum likelihood (ML) tree based on sequences of the gene
encoding the small ribosomal subunit rRNA (SSU). Arepresentative of each SSU species/genotype
sequenced in this study is highlighted in bold and boxed. GenBank accession numbers, host
species (Latin name) and country of isolate origin are shown in after the isolate identifier. The ML
tree was rooted with a SSU sequence from Plasmodium falciparum [Acc. No.: EF472536].
Numbers at the nodes represent the bootstrap values gaining more than 50% support. Branch
length scale bar indicates the number of substitutions per site.



99, C. hominis [EF591784] ex Homo sapiens (China)
C. cuniculus [GU327783] ex Oryctolagus cuniculus (UK)
C. tyzzeri [JQ073404] ex Mus musculus (Czech Republic)
C. erinacei [KF612326] ex Erinaceus europaeus (Czech Republic)
C. parvum [AF382338] ex Bos taurus (NS)
C. meleagridis [AB471662] ex Nymphicus hollandicus (Japan)
C. wrairi [AF382348] ex Cavia aperea (USA)
C. fayeri [HQ008933] ex Homo sapiens (Australia)
C. viatorum [JN846707] ex Homo sapiens (UK)
Cryptosporidium chipmunk genotype | [JX978270] ex Homo sapiens (Sweden)
98— Cryptosporidium skunk genotype [AY120923] ex Mephitis mephitis (USA)
— C. rubeyi [KT027533] ex Cynomys ludovicianus (USA)
— Cryptosporidium deer mouse genotype Il [AY120925] ex Peromyscus sp. (USA)
_Ij C. suis [EF012373] ex Sus scrofa (Norway)
C. ubiquitum [GQ337961] ex Ovis aries (Norway)
961 Cryptosporidium sp. isolate 1947 Mipe NA [KY657329] ex Microtus pennsylvanicus (USA)

Cryptosporidium vole genotype VII [MH145313] ex Microtus arvalis (Czech Republic)

97) Cryptosporidium sp. isolate 10482 Mygl EU [KY657327] ex Myodes glareolus (Slovakia)

oy

Cryptosporidium sp. isolate 2035 Myga NA [KY657325] ex Myodes gapperi (USA)

97 Cryptosporidium sp. isolate 23236 Miar EU [KY657294] ex Microtus arvalis (Czech Republic)

Group 1
Cryptosporidium muskrat genotype Il [KY779769] ex environmental sample (USA)

Cryptosporidium sp. isolate 1857 Mipe NA [KY657307] ex Microtus pennsylvanicus (USA)

Cryptosporidium sp. isolate 2018 Mipe NA [KY657320] ex Microtus pennsylvanicus (USA)

Cryptosporidium chipmunk genotype IV [KC954268] ex Tamias striatus (USA)

52} Cryptosporidium sp. isolate 12438 Mygl EU [KY657317] ex Myodes glareolus (Slovakia)

Sl Cryptosporidium vole genotype Il [MH145314] ex Microtus arvalis (Czech Republic)
C. alticolis sp. n. [MH145310] ex Microtus arvalis (Czech Republic) Group 2

Cryptosporidium sp. isolate 1763 Mipe NA [KY657342] ex Microtus pennsylvanicus (USA)
Cryptosporidium bear genotype [AF382339] ex Ursus americanus (USA)
_|_ C. canis [EU754841] ex Canis lupus (China)
C. felis [AF382347] ex Felis catus (USA)
—— Cryptosporidium chipmunk genotype Il [KC954264] ex Tamias striatus (USA)
= Cryptosporidium vole genotype IV [MH145315] ex Microtus arvalis (Czech Republic)

52

67

63
88

97

0.2
—_—
LogL = 6373.36

92 Cryptosporidium sp. isolate 1962 Mipe NA [KY657347] ex Microtus pennsylvanicus (USA) Gr oup 3
Cryptosporidium vole genotype V [MH145311] ex Microtus arvalis (Czech Republic)
Plasmodium 991 Cryptosporidium sp. isolate 12477 Miar EU [KY657344] ex Microtus arvalis (Czech Republic)
[’E,’:‘Z’;gg‘g”g] C. varanii [AF382349] ex Varanus griseus (USA)

— C. bovis [AY741307] ex Bos taurus (USA)
88L————— C. scrofarum [AB852580] ex Sus scrofa (Japan)
—— C. macropodum [EU124664] ex Macropus giganteus (Australia)
84 C. baileyi [EU741853] ex Gallus gallus (China)

C. avium [KU058882] ex Cyanoramphus novaezelandiae (Czech Republic)
C. molnari [HM365219] ex Sparus aurata (Spain)
C. galli [AY163901] ex Tetrao urogallus (Czech Republic)
C. serpentis [AF382353] ex Varanus exantheticus (NS)
C. andersoni [FJ463205] ex Bos taurus (China)

80 C. muris [AF382350] ex Mus musculus (USA)

98! C. proliferans [KT731194] ex Syncerus caffer (Central Africa Republic)

98
82

Supplementary Fig. S2. A maximum likelihood (ML) tree based on actin gene sequences. A
representative of each actin species/genotype from this study is highlighted in bold and boxed.
GenBank accession numbers, host species (Latin name) and country of isolate origin are shown in
after the isolate identifier. The ML tree was rooted with an actin sequence from Plasmodium
falciparum [Acc. No.: EF472536]. Numbers at the nodes represent the bootstrap values gaining
more than 50% support. Branch length scale bar indicates the number of substitutions per site.



C. cuniculus [KC157563] ex Oryctolagus cuniculus (China)
C. hominis [KX926463] ex Equus cabalus (China)
84l c. parvum [AF481960] ex Homo sapiens (Uganda)
C. erinacei [KF612327] ex Erinaceus europaeus (Czech Republic)
80 C. tyzzeri [JQ073446] ex Mus musculus (New Zeland)
20 L[ Cryptosporidium ferret genotype [AB469366] ex Mustela putorius furo (Japan)
50
72|~ Cryptosporidium weddellseal genotype [JQ740107] ex Leptonychotes weddellii (Island)
— C. wrairi [U35027] ex Cavia aperea (USA)
C. meleagridis [JX568159] ex Homo sapiens (lran)

Cryptosporidium mink genotype [EU197214] ex Mustela lutreola (China)

87 C. viatorum [JX984441] ex Homo sapiens (Guatemala)

|_[ Cryptosporidium chipmunk genotype | [JX984442] ex Homo sapiens (Sweden)
77 94 Cryptosporidium southern elephant seal genotype [JQ740108] ex Mirounga leonina (Island)

I C. rubeyi [EU847640] ex Spermophilus beldingi (USA)
C. ubiquitum [HM209391] ex Coendou prehensilis (USA)

95— Cryptosporidium vole genotype V [MH145319] ex Microtus arvalis (Czech Republic)
L—— Cryptosporidium sp. isolate CrCZ-27 [AY282699] ex Apodemus sylvaticus (Czech Republic)

50 Group 3

64 IYe] md C- microti sp. n. [MH145316] ex Microtus arvalis (Czech Republic)

Cryptosporidium vole genotype VIl [MH145321] ex Microtus arvalis (Czech Republic)
Cryptosporidium vole genotype lll [MH145317] ex Microtus arvalis (Czech Republic) Group 1

Cryptosporidium vole genotype VI [MH145320] ex Microtus arvalis (Czech Republic)
SULH Cryptosporidium vole genotype Il [MH145322] ex Microtus arvalis (Czech Republic)

e C. alticolis sp. n. [MH145318] ex Microtus arvalis (Czech Republic) Group 2

0.1 52 — C. canis [FJ233016] ex Homo sapiens (Brasil)

LogL =-3016.36

96 L——— Cryptosporidium giant panda genotype [JN588570] ex Ailuropoda melanoleuca (China)

Cryptosporidium sp. isolate EGKB [AY237635] ex Macropus giganteus (Australia)

Cryptosporidium sp. isolate 815 [AF266277] ex Pituophis catenifer (USA)
C. felis [AY282700] ex Felis catus (Czech Republic)
C. baileyi [DQ060434] ex Gallus gallus (China)

| C. muris [DQ060430] ex Rattus rattus (Japan)

100] 1 C. andersoni [DQ989570] ex Camelus bactrianus (China)
0L ¢. serpentis [AF266275] ex Lampropeltis sp. (USA)

Supplementary Fig. S3. A maximum likelihood (ML) tree based on Cryptosporidium oocyst wall
protein (COWP) gene sequences. A representative of each COWP species/genotype from this
study is highlighted in bold and boxed. GenBank accession numbers, host species (Latin name)
and country of isolate origin are shown in after the isolate identifier. GenBank accession numbers
are shown in parenthesis after the isolate identifier. The ML tree was rooted with COWP sequences
of gastric Cryptosporidium spp. Numbers at the nodes represent the bootstrap values gaining more
than 50% support. Branch length scale bar indicates the number of substitutions per site.



100r1 C. erinacei [KF612325] ex Erinaceus europaeus (Czech Republic)
88k C. parvum [XM625373] ex Bos taurus (USA)
94 ¢ tyzzeri [AF221530] ex Mus musculus (USA)
641L ¢. hominis [XM661662] ex Homo sapiens (USA)
100} C. wrairi [AF221536] ex Cavia aperea (USA)
C. meleagridis [AF221537] ex Meleagris gallopavo (USA)

89 Cryptosporidium mink genotype [EF428203] ex Mustela lutreola (China)

Cryptosporidium chipmunk genotype | [JX978275] ex Homo sapiens (Sweden)

100L Cryptosporidium skunk genotype [AY120917] ex Mephitis mephitis (USA)

C. alticolis sp. n. [MH145324] ex Microtus arvalis (Czech Republic Group 2
Cryptosporidium vole genotype V [MH145325] ex Microtus arvalis (Czech Republic) HeT¢eIi e J]

100|- Cryptosporidium giant panda genotype [JN588571] ex Ailuropoda melanoleuca (China)

51 Cryptosporidium bear genotype [AF247536] ex Ursus americanus (USA)
62 — Cryptosporidium chipmunk genotype Il [KC954247] ex Tamias striatus (USA)
85 C. felis [AF221538] ex Felis catus (Australia)
u 98— C. canis [EU754843] ex Canis lupus (China)
—— C. ubiquitum [DQ898163] ex Cervus nippon (China)
Cryptosporidium vole genotype VIl [MH145327] ex Microtus arvalis (Czech Republic)
0.05 C. microti sp. n. [MH145323] ex Microtus arvalis (Czech Republic

Group 1

—
LogL =-12912.36 %10 Cryptosporidium vole genotype VI [MH145326] ex Microtus arvalis (Czech Republic
5 97 Cryptosporidium chipmunk genotype IV [KC954250] ex Tamias striatus (USA)

84 — Cryptosporidium deer mouse genotype [AY120919] ex Peromyscus sp. (USA)
Plasmodium —— C. suis [DQ898164] ex Sus scrofa (China)
falciparum || C. xiaoi [KF907826] ex Ovis aries (China)
[M19753]

C. baileyi [AF221539] ex Coturnix sp. (Australia)

— C. serpentis [AF221541] ex Corallus hortulanus (USA)

100| r C. muris [AF221543] ex Mus musculus (Czech Republic)
100L ¢. andersoni [FJ463201] ex Bos taurus (China)

Supplementary Fig. S4. Amaximum likelihood (ML) tree based on 70 kilodalton heat shock protein
(HSP70) gene sequences. A representative of each HSP70 species/genotype from this study is
highlighted in bold and boxed. GenBank accession numbers, host species (Latin name) and
country of isolate origin are shown in after the isolate identifier. GenBank accession numbers are
shown in parenthesis after the isolate identifier. The ML tree was rooted with a HSP70 sequence
from Plasmodium falciparum [Acc. No.: M19753]. Numbers at the nodes represent the bootstrap
values gaining more than 50% support. Branch length scale bar indicates the number of
substitutions per site.
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SUMMARY

We undertook a study on Cryptosporidium spp. in wild cricetid rodents. Fecal samples were collected from meadow voles
(Microtus pennsylvanicus), southern red-backed voles (Myodes gapperi), woodland voles (Microtus pinetorum), muskrats
(Ondatra zibethicus) and Peromyscus spp. mice in North America, and from bank voles (Myodes glareolus) and common
voles (Microtus arvalis) in Europe. Isolates were characterized by sequence and phylogenetic analyses of the small
subunit ribosomal RNA (SSU) and actin genes. Overall, 33-2% (362/1089) of cricetids tested positive for
Cryptosporidium, with a greater prevalence in cricetids from North America (50:7%; 302/596) than Europe (12-1%; 60/
493). Principal Coordinate analysis separated SSU sequences into three major groups (G1-G3), each represented by
sequences from North American and European cricetids. A maximum likelihood tree of SSU sequences had low bootstrap
support and showed G1 to be more heterogeneous than G2 or G3. Actin and concatenated actin-SSU trees, which were
better resolved and had higher bootstrap support than the SSU phylogeny, showed that closely related cricetid hosts in
Europe and North America are infected with closely related Cryptosporidium genotypes. Cricetids were not major reser-
voirs of human pathogenic Cryptosporidium spp.

Key words: Cryptosporidium, Cricetidae, phylogenetics, biogeography.

INTRODUCTION more than 30 species and tens of genotypes have
been described to date (Ryan et al. 2014; Holubova
et al. 2016; Jezkova et al. 2016; Kvac et al. 2016).
One hypothesis holds that Cryptosporidium diversifi-

cation is promoted by coevolutionary interactions

Cryptosporidium is a genus of apicomplexan parasites
with species that infect all major vertebrate groups
(Fayer, 2010; Ryan, 2010; Kva¢ et al. 2014).
Infections can result in the diarrhoeal disease crypto-
sporidiosis, which can be chronic and even fatal in
the absence of a competent immune response
(Checkley et al. 2015).

Early efforts to characterize Cryptosporidium — using
descriptions of oocyst morphology, identification of
surface antigens and isoenzyme analyses — lacked the
resolution necessary to differentiate taxa infecting
closely related hosts (Nichols et al. 1991; Nina et al.
1992; Ogunkolade et al. 1993; MclLauchlin et al.
1998). Molecular tools have revealed tremendous
genetic diversity in the genus Cryptosporidium, and

with hosts, and this is supported by the findings that
some closely related Cryptosporidium spp. infect a
narrow range of closely related hosts. However,
other species can infect a broad range of distantly
related hosts, suggesting that coevolution is not the
only driver of Cryptosporidium diversification.
Rodents are a useful model to study
Cryptosporidium diversification. These ubiquitous
mammals comprise about 40% of the mammalian
diversity, with over 2200 species in 31 families and
481 genera, occupy a wide range of habitats, are
extremely fecund and host diverse Cryptosporidium

ies and genot Kvac et al. 2014). In additi
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to hosting species with a broad host specificity,
including Cryptosporidium muris, Cryptosporidium
parvum, and Cryptosporidium ubiquitum, rodents
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host more than 20 Cryptosporidium genotypes that
appear to have a relatively narrow host range. For
example, rats are commonly infected with
Cryptosporidium rat genotypes [-IV, which have
not been detected in other rodent species (Kimura
et al. 2007; Paparini et al. 2012; Ng-Hublin et al.
2013; Zhao et al. 2015). different
species/genotypes of Cryptosporidium infect the
squirrel tribes Marmotini and Sciurini (Stenger
et al. 2015b). Narrowly specific Cryptosporidium
species/genotypes may diverge as a consequence of
host divergence, as was observed in the house

Similarly,

mouse, where two subspecies (Mus musculus muscu-
lus and M. m. domesticus) that diverged 0-5 Mya
(Bonhomme and Searle, 2012) hosted different sub-
types of C. tyzzeri (Kvac et al. 2013).

The Cricetidae, at almost 600 species, is the second-
largest family of mammals, comprising the subfam-
ilies Cricetinae (hamsters), Sigmodontinae (including
the cotton rat, climbing mice and water mice),
Tylomyinae (including vesper rats and climbing
rats), Neotominae (including deer mice and woodrats)
and Arvicolinae (voles, muskrats and lemmings). The
Cricetinae are exclusively Palearctic, being found in
central and eastern Europe and parts of Asia. The
Neotominae, Thylomyinae and Sigmodontinae are
Nearctic/Neotropical, and are predominantly found
in North, Central and South America, respectively.
The Holarctic Arvicolinae underwent an explosive
radiation, resulting in 151 extant species in 28
genera, as they dispersed from Asia to Europe and
North America (NA) (Steppan et al. 2004; Wilson
and Reeder, 2005).

Several Cryptosporidium genotypes appear to be
specific to cricetids, and some may be specific for cri-
cetid subfamilies. Cryptosporidium vole genotype
and muskrat genotypes I and II have been reported
only in arvicolines (voles and muskrats). Similarly,
Cryptosporidium deer mouse genotypes [-1V appear
mostly restricted to deer mice, in the subfamily
Neotominae (Perz and Le Blancq, 2001; Xiao et al.
2002; Zhou et al. 2004; Feng et al. 2007; Ziegler
et al. 2007; Lv et al. 2009; Robinson et al. 2011;
Ruecker et al. 2012).

Here we report a study on Cryptosporidium infect-
ing wild cricetid rodent populations in NA (at sites
in North Dakota, Minnesota, South Dakota and
Tennessee) and Europe (at sites in the Czech
Republic and Slovakia). Data from the study con-
tribute to the understanding of Cryptosporidium evo-
lution in closely related hosts on different continents.

MATERIALS AND METHODS
E'thics statement

The research was conducted under ethical protocols
approved by the Institute of Parasitology, Biology

Centre and Central Commission for Animal

2

Welfare, Czech Republic (protocol nos. 071/2010
and 114/2013) and North Dakota State University
Institutional Animal Care and Use Committee
(protocol A11060).

Sample collection — NA.  Meadow voles (Microtus
pennsylvanicus), southern red-backed voles (Myodes
gappert), muskrats (Ondatra  zibethicus) and
Peromyscus mice (deer mice, Peromyscus maniculatus
and white-footed mice, Peromyscus leucopus, were not
distinguished in this study) were sampled in North
Dakota, South Dakota and Minnesota. Woodland
voles (Microtus pinetorum) and Peromyscus mice were
sampled in an area Tennessee. Except for muskrats,
North American cricetids were live captured in
Sherman box traps and fecal samples were collected
from the trap or directly from the animal during hand-
ling. Captured animals were ear-tagged and released.
Animals that died in traps were dissected and
samples of intestinal
Muskrats were sampled by collecting feces from
muskrat mounds. All samples were stored at 4 °C
prior to DNA extraction.

contents were examined.

Sample collection — Europe (EU).  Common voles
(Microtus arvalis) and bank voles (Myodes glareolus)
were captured in Sherman box traps in the Czech
Republic and Slovakia. Trapped animals were
euthanized and samples were collected from the

intestines following dissection.

Polymerase chain reaction amplification and sequen-
cng. For North American samples, DNA was
isolated from samples by alkaline digestion, phenol-
chloroform extraction and purified using a QIAmp
DNA Stool Mini Kit (Qiagen, Valencia, CA) as pre-
viously described (Peng et al. 2003; Feltus et al. 2006).
For European samples, 200 mg of feces was homoge-
nized by bead disruption using FastPrep-24 (Biospec
Products, Bartlesville, OK) for 60 s at a speed 5-5 m/s.
Total DNA was extracted using the PSP Spin Stool
DNA Kit (Invitek, Berlin, Germany).

DNA was stored at —20 °C until used in PCR
assays. Fragments of the Cryptosporidium small
subunit (SSU) and actin genes were amplified
using nested PCR assays as described previously
(Xiao et al. 2001; Sulaiman et al. 2002). Secondary
products were visualized with SYBR Green or
ethidium bromide following electrophoresis on an
agarose gel.

PCR products were purified (Wizard SV,
Promega, Madison, WI or GenElute™ Gel
Extraction Kit, Sigma-Aldrich, St. Louis, MO)
and sequenced in both directions with secondary
primers using a BigDye Terminator v3-1 cycle
sequencing kit in an ABI Prism 3130 genetic ana-
lyzer (Applied Biosystems, Carlsbad, CA).
Sequences were assembled SeqMan

(DNAStar, Madison, WI).

using
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Phylogenetic analysis.  Sequences were aligned
using the MAFF'T version 7 online server with auto-
matic selection of alignment strategy (http://mafft.
cbre.jp/alignment/server/) (Katoh and Standley,
2013). Alignments were manually edited and phylo-
genetic analyses were performed using MEGA 60
(Tamura et al. 2013). The evolutionary history of
aligned sequences was inferred using the maximum
likelihood (ML) method (Saitou and Nei, 1987),
with the substitution model that best fit the align-
ment selected using the Bayesian
criterion. The Hasegawa—Kishino—Yano model

information

(Hasegawa et al. 1985) was selected for SSU align-
ments, and the general time reversible model
(Tavaré, 1986) was selected for actin and concate-
nated actin-SSU alignments. Both models were
used under an assumption that rate variation
among sites was gamma distributed. A bootstrap
consensus tree was inferred from 1000 pseudorepli-
cates. Phylogenetic analyses, including analysis of
substitution model goodness of fit, were carried
out using MEGA 6-0. Phylogenetic trees were
edited for style using Adobe Illustrator CS5-1
(AdobeSystems, Inc., San Jose, CA).

Principal coordinate analysis.  Sequences were
aligned with Clustal W (Thompson et al. 1994) and
manually trimmed to remove terminal nucleotides
not present in all sequences. For each alignment
(SSU, actin, and concatenated SSU-actin
sequences), a matrix of pairwise distances between
sequences was constructed using the program dist.
seqs in mothur (Schloss et al. 2009). Distance matri-
ces were imported into GenAlEx (Peakall and
Smouse, 2012) visualized by
Principal Coordinate analysis (PCoA).

and distances

Statistical analysis.  Prevalence was calculated by
dividing the number of positive individuals by the
total number of individuals sampled. Differences
in Cryptosporidium prevalence were determined by
Chi-square analysis using a 5% significance level.
Analyses were performed using the statistical
program R (R Core, 2013). The statistical signifi-
cance of clusters visualized by PCoA was tested
using ANOSIM in mothur (Clarke, 1993).

RESULTS

In total 1089 animals from the family Cricetidae
were sampled at locations in NA (596 animals) and
Europe (493 animals). A total of 681 samples were
obtained from the 596 North American cricetids.
The greater number of samples than animals was
due to some animals from NA being sampled mul-
tiple times. All animals from Europe were sampled
only once. Overall, 33-2% (362/1089) of cricetids
tested positive for Cryptosporidium, with a greater

prevalence in cricetids from NA (50-7%; 302/596)

3

than Europe (12:1%; 60/493). Excluding repeat
samples from the same animal, the prevalence in
North American cricetids was 48-7% (290/596). In
NA, the lowest prevalence was in muskrats (9-5%;
4/42) (P <0-05). Peromyscus mice (56:6%; 99/175),
southern red-backed voles (55:6%; 15/27), meadow
voles (52:4%; 163/311) and woodland voles (51-2%;
21/41) had a similar prevalence. In Europe, the preva-
lence in common voles and bank voles was 14-2%

(50/353) and 7:1% (10/140), respectively (P <0-05).

Analysis of SSU sequences

Cryptosporidium SSU sequences were obtained from
126 animals and relationships among sequences were
examined using PCoA and ML analysis (online
Supplementary Fig. S1).

We used PCoA to visualize the matrix of pairwise
genetic distances in a simplified, two-dimensional
Euclidean space. Sixty-three percent of the SSU
sequence variation was explained by two principal
Coordinate, along which sequences separated into
three groups that were statistically different from
each other (G1-G3) (online Supplementary
Fig. S1). These PCoA groups were overlaid on a
ML tree constructed from Cryptosporidium SSU
sequences (online Supplementary Fig. S1).

G1 included 97 sequences from all hosts and geo-
graphic locations examined in the study. Within G1,
sequences from 28 meadow voles, 20 common
voles, a muskrat and a Peromyscus mouse clustered
with muskrat genotype II in the ML tree. G1 also
included sequences clustering with C. ubiquitum,
deer mouse genotypes [-IV, W29 genotype, fox
genotype, vole genotype, chipmunk genotype IV
and sequences that did not cluster with previously
described species or genotypes.

Sequences from G2 formed a reasonably well-
supported clade in the ML tree, within which
sequences from meadow voles in NA and common
voles in Europe formed separate clusters. This
clade also included Cryptosporidium W12 genotype
(AY007254), which was previously isolated from
surface water in New York but has not been reported
previously in an animal host. None of the sequences
in the present study shared 100% identity with the
W12 genotype.

Nested within a well-supported clade that
included all sequences from G3, sequences from
meadow voles and a muskrat in NA formed a sister
group with sequences from common voles in
Europe. The North American group included
sequences previously identified as muskrat geno-
type I. A third group in this clade comprised
sequences from bank voles in Europe, a sequence
previously isolated from a yellow-necked mouse
(Apodemus flavicollis) in Sweden (JN172968), and
a sequence isolated from water in the UK

(HMO15876).
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In some cases, divergent SSU gene sequences
were obtained from different samples of the same
animal. Sequences from three samples of the same
Peromyscus mouse (1835-Pero-NA, 1851-Pero-NA,
and 1852-Pero-NA) shared between 99-1 and
99-6% identity with each other and clustered with
deer mouse genotype IV, which was previously iso-
lated from a Peromyscus mouse in New York
(EF641019). The samples were collected on 2 con-
secutive days: 1835-Pero-NA was obtained from
the feces of the animal on the first day. The animal
was released and was recaptured the next day, at
which point the animal died in the trap, was dis-
sected and 1851-Pero-NA and 1852-Pero-NA were
obtained from the intestine. A fourth sequence
(1848-Pero-NA) from the same animal, which was
isolated from feces on the second day, clustered
with the W29 genotype (JQ413356) as a sister
group to deer mouse genotype IV, sharing between
98:1% and 98-5% sequence identity with 1835-
Pero-NA, 1851-Pero-NA and 1852-Pero-NA.

Analysis of actin and concatenated actin-SSU gene
sequences

Actin sequences were obtained from 70 samples and
relationships among sequences were determined by
PCoA and ML analysis. Sequences separated into
five statistically different groups in the PCoA (G1-
G5), and these groups were highlighted on the ML
tree (Fig. 1 and online Supplementary Fig. S2).
Sequences in G1 formed three major clades in the
ML tree (labelled A-C in Fig. 1 and online
Supplementary Fig. S2). Clade A, which had 71%
bootstrap support, comprised four closely-related
subclades. One of the subclades comprised entirely
of sequences from bank voles in Europe. Two sub-
clades included sequences from North American
meadow voles only, and one subclade contained
sequences
Peromyscus mouse in this study and a sequence pre-
viously identified as muskrat genotype II. Clade B

from five meadow voles and a

had 89% bootstrap support and included four sub-
clades, two of which formed closely related sister
groups. One of the sister groups included a sequence
from a North American red-backed vole (2031-
Myga-NA) and a sequence previously isolated
from a North American eastern chipmunk. The
other group three
sequences from bank voles in the Czech Republic.
A third subclade comprised sequences from a

sister comprised identical

meadow vole and woodland vole in NA. A fourth
subclade included sequences from the common
vole in Europe. Clade C, which had 94% bootstrap
support, included sequences
common vole and two bank voles in Europe, and a
sequence from a red-backed vole in NA that clus-

identical from a

tered separately, sharing 99:0% identity with the
sequences from European voles.

4

Sequences in G2 formed two clades. One of the
clades included sequences from meadow voles that
were identified as the vole genotype in the SSU
phylogeny, a sequence from a woodland vole
(2331-Mipi-NA) and a sequence from a red-backed
vole (1937-Myga-NA). A second clade in G2 con-
tained 1543-Pero-NA from a Peromyscus mouse
and a sequence previously identified as deer mouse
genotype II; this clade was more closely related to
sequences from Peromyscus mice in G3 than
sequences from voles in G2. The four sequences
from Peromyscus mice in G3 included 1835-Pero-
NA and 1848-Pero-NA, which were from a single
animal and were identified as deer mouse genotype
IV and W29 genotype, respectively, at the SSU
locus (online Supplementary Fig. S1). G4 and G5
formed well-supported clades in the ML tree, and
nested within each were sequences that clustered
by host/geographic location.

PCoA and ML analysis of SSU and actin gene
sequences in concatenation produced similar group-
ings to actin sequences. The exception was 1543-
Pero-NA1, which was not part of a PCoA group in
the analysis of concatenated sequences (Fig. 2 and
online Supplementary Fig. S3).

DISCUSSION

Cryptosporidium diversity may result, in part, from a
close association with diverging host species. This
model of evolution is supported by evidence that
Cryptosporidium has diverged with subspecies of
the house mouse, Mus musculus (Kvac et al. 2013).
Two subspecies, Mus musculus musculus and
M. m. domesticus, which diverged after becoming
geographically isolated about 0-5 Mya, host genetic-
ally and biologically distinct subtypes of C. tyzzeri,
and the subtypes have remained host-specific
despite the establishment of secondary contact
between M. m. musculus and M. m. domesticus. The
study by Kva¢ et al. (2013) demonstrated that
knowledge of the timing of host divergence can be
used to understand the dynamics of parasite diver-
gence. Using a similar approach in the present
study, we examined Cryptosporidium diversity in
rodent species from the family Cricetidae.
Cryptosporidium from voles exhibited consider-
able SSU sequence heterogeneity, which is consist-
ent with previous studies on Cryptosporidium from
voles and muskrats. Most sequences clustered with
previously named Cryptosporidium genotypes,
including muskrat genotype I, muskrat genotype
I1, vole genotype and fox genotype. Sequences clus-
tering with muskrat genotypes I and II were rarely
detected in hosts other than voles, which is consist-
ent with previous reports that these genotypes
primarily infect voles, and are found less frequently
in muskrats, Peromyscus mice and foxes (Zhou et al.

2004; Feng et al. 2007; Ziegler et al. 2007; Robinson
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Fig. 1. Principle Coordinate Analysis (PCoA) and a maximum likelihood (ML) tree based on actin gene sequences. The
five major PCoA groups (G1-G5) are highlighted against a cream background with dashed border on the ML tree. G1 is
further broken down into three subgroups (A—C). Sequences from this study are identified by region (NA for NA and EU
for Europe), and they are colour coded based on the genus of the host from which the sample was obtained (blue for
Microtus spp., green for Myodes spp., and red for Peromyscus spp.). A solid black triangle (A) identifies isolates from the
same animal. The ML tree was rooted with an actin sequence from Plasmodium falciparum (accession number: EF472536).
Due to limited space, the outgroup and some basal Cryptosporidium taxa are not shown. An expanded tree is shown in

online Supplementary Fig. S2.
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with dashed border on the ML tree. Sequences from this study are identified by region (NA for NA and EU for Europe),
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for Myodes spp. and red for Peromyscus spp.). A solid black triangle (A) identifies isolates from the same animal. The ML
tree was rooted with a concatenated actin/SSU sequence from Plasmodium falciparum (accession numbers: EF472536/

JQ627149). Due to limited space, the outgroup and some basal Cryptosporidium taxa are not shown. An expanded tree is

shown in online Supplementary Fig. S3.
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et al. 2011; Ruecker et al. 2012). Therefore, despite
the assigned genotype names, voles should be con-
sidered the major host for muskrat genotypes I and
II. Similarly, we found that sequences clustering
with the W12 and vole genotypes were exclusive to
voles. The vole genotype has been identified previ-
ously in meadow voles (Feng et al. 2007; Ziegler
et al. 2007), but this is the first report of a host for
the W12 genotype, which was previously reported
only in water (Feng et al. 2007; Ruecker et al. 2007).

The 102 variants detected among 134 SSU
sequences examined suggests that cricetids host
diverse Cryptosporidium taxa. The multiple-taxa
hypothesis is predicated on the assumption that
SSU sequences are orthologous, which is generally
true; however, SSU sequences could also have a par-
alogous relationship. Some apicomplexans, includ-
ing Cryptosporidium, can have divergent SSU
paralogues that complicate the accurate reconstruc-
tion of evolutionary histories (Le Blancq et al.
1997; Xiao et al. 1999; Morgan et al. 2001; Kimura
et al. 2007; Santin and Fayer, 2007; Lv et al. 2009;
Seva Ada et al. 2011; Ikarashi et al. 2013; Ng-
Hublin et al. 2013; Stenger et al. 2015a). Ideally,
paralogy should be tested in a single lineage, where
it can be confirmed that the divergent SSU
sequences are present in the same genome (Le
Blancq et al. 1997). This is rarely possible in field
studies on Cryptosporidium in complex fecal
samples due to a lack of tools to propagate individual
strains. Paralogy should be suspected when diver-
gent SSU sequences co-occur in samples without
the divergence of other polymorphic loci, such as
actin and HSP70 (Stenger et al. 2015a). A limitation
of this approach is the possibility that comparatively
rare SSU and actin/HSP70 polymorphisms may not
be detected by direct sequencing of PCR amplicons.
In the present study, three isolates clustered with
deer mouse genotype IV and three isolates clustered
with the closely related W29 genotype at the SSU
locus. All isolates clustering with deer mouse geno-
type IV and one of the W29 isolates were from a
single animal and had identical sequences at the
actin locus. Therefore, deer mouse genotype IV
and W29 genotype could represent SSU paralogues
rather than closely related taxa. Feng et al. (2007)
similarly suggested that deer mouse genotypes I
and II, which were detected in a single deer
mouse, may be paralogues. Because paralogy is
difficult to confirm in Cryptosporidium, when it is
suspected, genes other than SSU should be used
for phylogenetic reconstructions.

We found that, with few exceptions, the cricetid
subfamilies Neotominae (Peromyscus mice) and
Arvicolinae (voles and muskrats), which diverged
about 19 Mya (Steppan et al. 2004), hosted phylo-
genetically distinct Cryptosporidium species and gen-
otypes. Deer mouse genotypes -1V, W29 genotype
and C. ubiquitum were exclusively found in
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Peromyscus mice. Cryptosporidium ubiquitum, which
was found in a single Peromyscus mouse, has a
broad host specificity that includes many rodent
and non-rodent mammals. We previously detected
C. ubiquitum and deer mouse genotype III in squir-
rels from the same area as the Peromyscus mice
sampled in the present study (Stenger et al. 2015b).
Feng et al. (2007) also found C. ubiquitum and
deer mouse genotype III in Peromyscus mice and
squirrels in the eastern USA, suggesting frequent
transmission between these different rodent fam-
ilies. This could be explained by the propensity
of Peromyscus mice and squirrels to occupy the
same habitat (Brunner et al. 2013). In contrast,
voles and Peromyscus mice are known to spatially
segregate within grassland habitats, limiting inter-
specific interactions (Bowker and Pearson, 1975).

Cryptosporidium genotypes infecting Microtus
spp. and Myodes spp. generally clustered separately
in actin and actin-SSU phylogenies, regardless of
geographic location, suggesting that Cryptosporid-
ium has coevolved with these cricetid genera. This
is consistent with the Myodes-Microtus divergence
time estimate of 5:76-9 Mya (Robinson et al. 1997;
Conroy and Cook, 1999), before they colonized
NA. Myodes likely colonized NA from Eurasia in
the late Pliocene (3:6-2:58 Mya) to early
Pleistocene (2-58-0-78 Mya) (Cook et al. 2004) and
Microtus followed sometime later (Martin, 2003).

Although this study found that cricetids are fre-
quently infected with Cryptosporidium, the species/
genotypes pose little threat to human health. Only
C. ubiquitum, which we detected in a single
Peromyscus mouse, has been associated with human
disease (Chalmers et al. 2011; Cieloszyk et al. 2012;
Li et al. 2014).

In summary, North American and European
cricetids host diverse Cryptosporidium spp., which
in many cases appear to have coevolved with their
hosts. Using only sequences of SSU to infer evolu-
tionary relationships of Cryptosporidium may lead
to erroneous conclusions, so it is recommended to
use other polymorphic loci in phylogenetic analyses.
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Fig. S1. Principle Coordinate Analysis (PCoA) and a maximum likelihood (ML) tree based
on small subunit rRNA (SSU) gene sequences. The three major PCoA groups (G1-G3) are
highlighted against cream background with dashed border on the ML tree. Sequences from this
study are identified by region (NA for North America and EU for Europe), and they are color
coded based on the genus or species of the host from which the sample was obtained (blue for
Microtus spp., green for Myodes spp., red for Peromyscus spp., and purple for Ondatra
zibethicus). Isolates obtained from the same animal are identified by a common symbol (a, m, or
¢). The ML tree was rooted with an SSU sequence from Plasmodium falciparum (accession

number: JQ627149).
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Fig. S2. Principle Coordinate Analysis (PCoA) and expanded maximum likelihood
(ML) tree based on actin gene sequences. Expansion of the tree in Fig. 1 that
includes the phylogenetic positions of C. varanii, C. baileyi, C. scrofarum, C. bovis, C.
ryanae, and gastric Cryptosporidium species (shown as a collapsed group). The five
major PCoA groups (G1-G5) are highlighted against a cream background with dashed
border on the ML tree. G1 is further broken down into three subgroups (A-C).
Sequences from this study are identified by region (NA for North America and EU for
Europe), and they are color coded based on the genus of the host from which the
sample was obtained (blue for Microtus spp., green for Myodes spp., and red for
Peromyscus spp.). A solid black triangle (a) identifies isolates from the same animal.
The ML tree was rooted with an actin sequence from Plasmodium falciparum

(accession number: EF472536).
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Fig. S3. Principle Coordinate Analysis (PCoA) and expanded maximum likelihood (ML)
tree based on concatenated actin and small subunit rRNA (SSU) gene sequences.
Expansion of the tree in Fig. 2 that includes the phylogenetic positions of C. varanii, C. baileyi,
C. scrofarum, C. bovis, C. ryanae, and gastric Cryptosporidium species (shown as a collapsed
group). The four major PCoA groups (G1-G4) are highlighted against a cream background with
dashed border on the ML tree. Sequences from this study are identified by region (NA for North
America and EU for Europe), and they are color coded based on the genus of the host from
which the sample was obtained (blue for Microtus spp., green for Myodes spp., and red for
Peromyscus spp.). A solid black triangle (a) identifies isolates from the same animal. The ML
tree was rooted with a concatenated actin / SSU sequence from Plasmodium falciparum

(accession numbers: EF472536 / JQ627149).
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Abstract

Faecal samples from striped field mice (n=72) and yellow-necked mice (n=246) were screened for Cryptosporidium by
microscopy and PCR/sequencing. Phylogenetic analysis of small-subunit rRNA, Cryptosporidium oocyst wall protein and actin
gene sequences revealed the presence of C. parvum, C. hominis, C. muris and two new species, C. apodemi and C. ditrichi.
Oocysts of C. apodemi are smaller than C. ditrichi and both are experimentally infectious for yellow-necked mice but not for
common voles. Additionally, infection by C. ditrichi was established in one of three BALB/c mice. The prepatent period was
7-9 and 5-6 days post infection for C. apodemi and C. ditrichi, respectively. The patent period was greater than 30 days for
both species. Infection intensity of C. ditrichi ranged from 4000-50,000 oocyst per gram of faeces and developmental stages
of C. ditrichi were detected in the jejunum and ileum. In contrast, neither oocysts nor endogenous developmental stages of C.
apodemi were detected in faecal or tissue samples, although C. apodemi DNA was detected in contents from the small and large
intestine. Morphological, genetic, and biological data support the establishment of C. apodemi and C. ditrichi as a separate
species of the genus Cryptosporidium.

© 2018 Elsevier GmbH. All rights reserved.

Keywords: Europe; Experimental infection; Molecular analyses; Oocyst size; Phylogeny; Rodentia

Introduction 35 species of Cryptosporidium have been formally described
and are considered valid. Additionally, a large number of

Cryptosporidium species are apicomplexans that infect the Cryptosporidium genotypes/isolates, which lack the biologi-
epithelial cells of the gastrointestinal, respiratory and uri- cal and morphological data necessary for species designation,
nary tract of vertebrates (Ryan and Xiao 2014). More than have been reported in vertebrates and the environment (Kvac

et al. 2014; Robertson et al. 2014; Ryan and Xiao 2014).

Molecular studies have shown that Cryptosporidium infect-
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Republic. et al. 2015a; Yang et al. 2015). Rodents, an order that com-
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prises about 40% of the mammalian diversity, host much of
the described diversity in the genus Cryptosporidium (Kvac¢
et al. 2014; Li et al. 2015; Ng-Hublin et al. 2013; Stenger
et al. 2015b). Apodemus, in the rodent family Muridae, com-
prises approximately 20 Palearctic species, divided into four
groups according to their evolution (Filippucci et al. 2002;
Liu et al. 2004; Wojcik et al. 2004). Cryptosporidium was
first reported in Apodemus in the late 1990s, and several
of the earlier studies, which were based on descriptions
of oocyst morphology, identified C. parvum and C. muris
(Bednarska et al. 2007; Chalmers et al. 1997; Torres et al.
2000). It is now known that many Cryptosporidium species
have morphologically indistinguishable oocysts and can only
be distinguished by genotyping. Using genotyping, 12 Cryp-
tosporidium species and genotypes have been identified in
different species of Apodemus, including C. ubiquitum, C.
scrofarum, C. suis, C. hominis, C. muris, C. parvum, Cryp-
tosporidium cf. parvum, Cryptosporidium Naruko genotype,
C. muris Japanese field mouse genotype, Cryptosporidium
muskrat genotype I, Cryptosporidium chipmunk genotype
I, and Cryptosporidium sp. KSFM (Danisova et al. 2017;
Hajdusek et al. 2004; Hikosaka and Nakai 2005; Kulis-
Malkowska 2007; Li et al. 2014; Murakoshi et al. 2013;
Perec-Matysiak et al. 2015; Song et al. 2015). Most of these
cryptosporidia occur rarely in Apodemus and are more typi-
cally found in other hosts, so they are not considered specific
for Apodemus. We undertook the present study to describe the
presence of Cryptosporidium spp. in the genus Apodemus in
central Europe. Additionally, we described the experimental
transmission, oocyst morphology and molecular character-
istics of Apodemus-associated Cryptosporidium spp. Based
on these data, we describe two new Cryptosporidium species
that are specific for the genus Apodemus and we propose that
they be named Cryptrosporidium apodemi sp. n. and Cryp-
tosporidium ditrichi sp. n.

Material and Methods
Specimens studied

The research was performed on rodents of the genus
Apodemus in the Czech Republic and Slovakia. Animals were
trapped with snap traps baited with smoked cheese. After
identification of species and gender, the animal was dissected
and a faecal sample was collected from the colon. Each sam-
ple was preserved in 2.5% potassium dichromate and stored
at 4°C. All faecal samples obtained from individual ani-
mals were monitored for the presence of Cryptosporidium
oocysts using the aniline-carbol-methyl violet (ACMYV) stain-
ing method (Mild¢ek and Vitovec 1985) with microscopic
examination at a magnification of x1000. The infection
intensity was determined from the microscopic examination
as number of oocysts per gram (OPG) according to Kvac et al.
(2007).

Molecular characterisation and phylogenetic
analysis

Genomic DNA was extracted from 200mg of faecal
samples by bead disruption for 60s at 5.5ms~! using
0.5mm glass beads in a FastPrep® 24 Instrument (MP
Biomedicals, CA, USA) by Sak et al. (2008). DNA
was isolated by using an Exgene™ stool DNA mini kit
(GeneAll®, Korea) in accordance with the manufacturer’s
instructions. DNA was stored at —20 °C until used in PCR
assays. Nested-PCR protocols were used to amplify partial
sequences of the Cryptosporidium small-subunit rRNA gene
(SSU) according to Jiang et al. (2005), the Cryptosporidium
60-kDa glycoprotein gene (gp60) according to Alves et al.
(2003), actin gene according to Sulaiman et al. (2002)
and Cryptosporidium oocyst wall protein gene (COWP)
according to Spano et al. (1997). Negative (molecular
grade water) and positive controls (DNA of C. hominis
subtype Id) were included in each PCR amplification.
Secondary products were visualized with ethidium bro-
mide following electrophoresis on an agarose gel. PCR
products were purified with GenElute™ Gel Extraction
Kit (Sigma—Aldrich, St. Louis, MO) and sequenced in
both directions with secondary primers using a BigDye
Terminator v3.1 cycle sequencing kit in an ABI Prism 3130
genetic analyser (Applied Biosystems, Carlsbad, CA). The
nucleotide sequences were assembled using ChromasPro
2.1.4 (www.technelysium.com.au/ChromasPro.html),
edited using BioEdit 7.04
(www.mbio.ncsu.edu/BioEdit/bioedit.html) and aligned
with previously published sequences using the MAFFT
version 7 online server using the Q-INS-i algorithm for SSU,
actin, and COWP sequences and L-INS-i algorithm for gp60
sequences (http://mafft.cbrc.jp/alignment/server/).

Phylogenetic analyses were performed using MEGA
6.0 (www.megasoftware.net/). The evolutionary history of
aligned sequences was inferred using the maximum like-
lihood (ML) method (Saitou and Nei 1987), with the
substitution model that best fit the alignment selected
using the Bayesian information criterion. The General Time
Reversible model was selected for alignment of actin and
gp60 alignments and the Tamura 3-parameter test was
selected for the SSU and COWP alignments. All models were
used under an assumption that rate variation among sites was
gamma distributed. A bootstrap consensus tree was inferred
from 1000 pseudoreplicates. Phylogenetic trees were edited
for style using CorelDrawX7 (Corel Corporation, Ottawa,
Ontario, Canada). Sequences have been deposited in Gen-
Bank under the accession numbers MG266030-MG2660438.

Source of oocyst for morphometric and
transmission studies

Oocysts of Cryptosporidium ditrichi sp. n. from five nat-
urally infected yellow-necked mice (Apodemus flavicollis),
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which were trapped at three localities in the Czech Repub-
lic, and oocysts of Cryptosporidium apodemi sp. n. from
three naturally infected striped field mice (Apodemus agrar-
ius), which were trapped at two localities in Slovakia, were
purified using caesium chloride gradient centrifugation for
morphometry analyses (Arrowood and Donaldson 1996).
Oocyst of each taxon were pooled and used for experimental
infection studies.

Morphological evaluation

Oocysts were examined using differential interference
contrast (DIC) microscopy, following ACMV staining, and
fluorescence microscopy, following labelling with genus-
specific FITC-conjugated antibodies (IFA; Cryptosporidium
IF Test, Crypto cel, Cellabs Pty Ltd., Brookvale, Australia).
Morphometry was determined by digital analysis of images
(M.I.C. Quick Photo Pro v.3.1 software; Promicra, s.r.o.,
Praha, Czech Republic) collected using an Olympus DP73
Digital Colour Camera. Length and width of oocysts (n=50)
were measured under DIC at 1000x magnification and
these measurements were used to calculate the shape index.
Oocysts were measured by the same person using the same
microscope. Photomicrographs of oocysts observed by DIC,
ACMYV and IFA were deposited as a phototype at the Insti-
tute of Parasitology, Biology Centre of the Czech Academy
of Sciences, Czech Republic.

Experimental infection

To study the course of infection and host specificity, puri-
fied oocysts were used to infect 8-week-old yellow-necked
mice, BALB/c mice (Mus musculus), and common voles
(Microtus arvalis). To prevent environmental contamina-
tion with oocysts, laboratory rodents were housed in plastic
cages and supplied with a sterilized diet (TOP-VELAZ,
Prague, Czech Republic) and sterilized water ad libitum.
Each experimental animal was inoculated orally by stom-
ach tube with 50,000 purified oocysts of appropriate taxa
suspended in 200 pl of distilled water. Animals serving as
negative controls were inoculated orally by stomach tube with
200 .l of distilled water. Faecal samples of all animals were
screened daily for the presence of Cryptosporidium oocysts
using ACMYV 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 OPG,
as previously described by Kvac et al. (2007). In addition,
faecal consistency and general health status were examined
daily. To study site of infection, a susceptible host was euth-
anized during the patent period and tissue specimens of the
digestive tract (oesophagus, stomach, duodenum, jejunum,
ileum, cecum, and colon) and other organs (liver, kidney,
spleen and lungs) were processed for PCR detection, histol-
ogy and electron microscopy. Animal caretakers wore new

disposable coveralls, shoe covers, and gloves every time they
entered the experimental room. All wood-chip bedding, fae-
ces, and disposable protective clothing were sealed in plastic
bags, removed from the experimental room, and incinerated.

Histopathological and scanning electron
microscopy examinations

The complete examination of all gastrointestinal organs
was conducted at necropsy. Tissue specimens were sam-
pled and processed for histology according to Kvac and
Vitovec (2003), scannig electron microscopy (SEM) accord-
ing to Valigurova et al. (2008) and for PCR analyses.
Histology sections were stained with hematoxylin and eosin
(HE) and Periodic Acid—Schiff (PAS) stain, and genus-
specific FITC-conjugated monoclonal antibodies targeting
Cryptosporidium oocyst wall antigens (Cryptosporidium IF
Test, Crypto Cel, Medac). All samples processed for SEM
were examined by JEOL JSM-7401F.

Statistical analysis

Prevalence was calculated by dividing the number of pos-
itive individuals by the total number of individuals sampled.
Differences in Cryptosporidium prevalence were determined
by Chi-square analysis using a 5% significance level. Analy-
ses were performed using the program Epi Info (TM) 7.1.1.14
(Centers for Disease Control and Prevention, GA, USA).

Ethics statement

The research was conducted under ethical protocols
approved by the Institute of Parasitology, Biology Centre, and
Central Commission for Animal Welfare, Czech Republic
(protocol nos. 071/2010 and 114/2013).

Results

Out of 318 rodents, comprising 72 striped field mice and
246 yellow-necked mice, sampled at 11 locations in the Czech
Republic and 9 in Slovakia, 17 and 41 were positive for Cryp-
tosporidium by microscopy and PCR, respectively (Table 1).
All microscopically positive animals were also PCR positive.
The overall prevalence of Cryptosporidium spp. in Apodemus
spp- was 12.9% (41/318). The Cryptosporidium prevalence in
yellow-necked mice (13.4%; 33/246) and striped field mice
(11.1%; 8/72) was similar (x2 =0.098, d.f- 1). Outof 41 Cryp-
tosporidium positive animals, 40, 41 and 25 were genotyped
by sequence analysis of SSU, actin and COWP genes, respec-
tively (Table 1). The remaining positive samples yielded
sequences of insufficient quality to include in analyses. Phy-
logenetic analysis of SSU, actin and COWP sequences using
the ML method revealed the presence of C. parvum, C. homi-
nis and C. muris, each in a single sample (Table 1, Fig. 1-3).
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Table 1. Cryptosporidium species and genotypes in wild yellow-necked mice (Apodemus flavicollis) and striped field mice (Apodemus
agrarius) in the Czech Republic (CZE) and Slovakia (SVK). Isolates were characterized by microscopy, including infection intensity expressed
as number of oocyst per gram of faeces (OPG), and PCR analysis of the small ribosomal subunit rRNA (SSU), actin, Cryptosporidium oocyst
wall protein (COWP) and 60 kDa glycoprotein (gp60) genes.

Isolate ID  Host species  Location (country) Microscopical Genotyping at the gene loci
positivity (OPG)

SSuU Actin COwWP gp60
12391 A. flavicollis  Opatovice 2 (CZE) Yes (4000) C. ditrichi C. ditrichi
12414 A. flavicollis  Opatovice 2 (CZE) Yes (6500) C. ditrichi C. ditrichi C. ditrichi
12423 A. flavicollis  Opatovice 1 (CZE) Yes (10,000) C. ditrichi C. ditrichi C. ditrichi
12426 A. flavicollis  Opatovice 1 (CZE) No C. ditrichi C. ditrichi C. ditrichi
12427 A. flavicollis  Opatovice 2 (CZE) Yes (4000) C. ditrichi C. ditrichi
12667 A. flavicollis  Opatovice 2 (CZE) Yes (25,000) C. ditrichi C. ditrichi
12668 A. flavicollis  Opatovice 2 (CZE) No C. ditrichi C. ditrichi
12679 A. flavicollis ~ Opatovice 2 (CZE) Yes (15,000) C. ditrichi C. ditrichi
12699 A. flavicollis  Opatovice 2 (CZE) Yes (10,000) C. ditrichi C. ditrichi C. ditrichi
12710 A. flavicollis  Opatovice 2 (CZE) No C. ditrichi C. ditrichi C. ditrichi
24843 A. flavicollis  Ceské Budgjovice (CZE)  Yes (13,000) C. ditrichi C. ditrichi C. ditrichi
25372 A. flavicollis  Opatovice 1 (CZE) Yes (13,000) C. ditrichi C. ditrichi C. ditrichi
25374 A. flavicollis  Opatovice 1 (CZE) No C. ditrichi C. ditrichi
25378 A. flavicollis  Dolni Ttebonin (CZE) Yes (10,000) C. ditrichi C. ditrichi C. ditrichi
28036 A. flavicollis Ceské Budé&jovice (CZE)  Yes (13,000) C. ditrichi C. ditrichi C. ditrichi
28060 A. flavicollis  Opatovice 1 (CZE) Yes (4000) C. ditrichi C. ditrichi
28531 A. flavicollis ~ Opatovice 1 (CZE) No C. ditrichi C. ditrichi C. ditrichi
28533 A. flavicollis  Opatovice 1 (CZE) Yes (4000) C. ditrichi C. ditrichi C. ditrichi
28534 A. flavicollis  Opatovice 1 (CZE) Yes (13,000) C. ditrichi C. ditrichi C. ditrichi
28535 A. flavicollis  Opatovice 1 (CZE) No C. ditrichi C. ditrichi C. ditrichi
30890 A. flavicollis ~ Hury (CZE) Yes (25,000) C. ditrichi C. ditrichi
4950 A. flavicollis  Rozhanovce (SVK) No C. ditrichi C. ditrichi C. ditrichi
8147 A. flavicollis  Hyl’ov (SVK) No C. muris C. muris
10466 A. flavicollis  Rozhanovce (SVK) No C. ditrichi C. ditrichi
11979 A. flavicollis  Rozhanovce (SVK) Yes (22,000) C. ditrichi C. ditrichi
21787 A. flavicollis ~ KoSice 1(SVK) No C. apodemi  C. apodemi  C. apodemi
21931 A. flavicollis  Kosice 1 (SVK) No C. apodemi  C. apodemi  —
21993 A. flavicollis  Kosice 2 (SVK) No C. apodemi  C. apodemi  C. apodemi
21999 A. flavicollis ~ KoSice 2(SVK) No C. apodemi  C. apodemi
27649 A. flavicollis  Rozhanovce (SVK) Yes (13,000) C. ditrichi C. ditrichi C. ditrichi
30399 A. flavicollis  Koméarno (SVK) No C. ditrichi C. ditrichi
30405 A. flavicollis  Komarno (SVK) No C. apodemi  C. apodemi  C. apodemi
30406 A. flavicollis  Komadrno (SVK) No C. apodemi  C. apodemi
4951 A. agrarius Rozhanovce (SVK) No C. parvum C. parvum C. parvum [TaA16G1R1b
10467 A. agrarius Rozhanovce (SVK) No C. hominis  C. hominis  C. hominis  IbA10G2
10496 A. agrarius Rozhanovce (SVK) No C. apodemi  C. apodemi
10508 A. agrarius Rozhanovce (SVK) No C. apodemi  C. apodemi  C. apodemi
10510 A. agrarius Rozhanovce (SVK) No C. apodemi  C. apodemi  C. apodemi
10517 A. agrarius Rozhanovce (SVK) No C. apodemi  C. apodemi  C. apodemi
11983 A. agrarius Rozhanovce (SVK) No C. apodemi  C. apodemi  C. apodemi
30403 A. agrarius Komadrno (SVK) No C. apodemi  C. apodemi

Subtyping of C. parvum and C. hominis at the gp60 locus Cryptosporidium apodemi sp. n.
revealed the presence of subtype families [TaA16G1R1 and
IbA10G2, respectively (tree not shown). All remaining iso-

lates clustered in one of two clades. Descriptions of oocyst Prevalence and infection intensity

morphology and experimental infectivity of isolates from

these clades support a separate species designation, and a Out of 318 mice examined, 12 (3.8%) had DNA of C.
description of these novel species follows. apodemi detectable by PCR. None of these positive samples

had oocysts detectable by microscopy (Table 1).
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Molecular characterization and phylogenetic

analysis

and the surface epithelia were intact. An examination by
histology and electron microscopy did not reveal the pres-
ence of developmental stages in any part of digestive tract

Allisolates of C. apodemi shared 100% identity at the SSU,
actin and COWP loci, and phylogenetic analysis revealed C.
apodemi to be a sister clade of muskrat genotype I (Figs. 1-3).
At the SSU locus, C. apodemi shared 99.1% identity with a
480 bp sequence from isolate KSFM [Acc. No. KP317127],
which was obtained from a striped field mouse in South
Korea.

Experimental host transmissions

Experimental infection was established in yellow-necked
mice but not in BALB/c mice or common voles. Specific
DNA of C. apodemi was first detected in faeces 7-9 DPI.
Occasional presence of specific DNA was detected up to 30
DPI (Fig. 4). No oocysts were detected by microscopy dur-
ing the experimental infectivity studies. Sequences of SSU,
actin and COWP genes from experimentally infected hosts
shared 100% identity with the isolate used in the inoculum.
No macroscopical changes were observed in infected mice

or other organs (liver, pancreas, kidneys, lungs, and spleen).
Specific DNA of C. apodemi was detected in the content of the
small and large intestine. All experimentally infected yellow-
necked mice exhibited growth that was typical of their size
and weight. None of the faecal samples was diarrhoetic.

Taxonomic summary

Cryptosporidium apodemi sp. n.

Description. Oocysts are shed fully sporulated with
4 sporozoites and oocyst residuum inside. Sporulated
oocysts (n=50) measure 3.9—4.7 (mean=4.2) x 3.8-4.4
(mean=4.0) with a length to width ratio of 1.03 (1.0-1.06)
(Fig. 5). Morphology and morphometry of other develop-
mental stages is unknown.

Type host: striped field mouse (Apodemus agrarius)
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C. felis [AF382347] | C. muris [KF419210]
C. scrofarum [AB852580] 100|_J C. andersoni [AB514044]
98 C. bovis [AY741307] avian genotype Ill [AB471653]
84

C. ryanae [FJ463206]

0.05
LogL =-7283.1

| C. ditrichi sp. n.

C. macropodum [EU124664) Fig. 3. Maximum likelihood tree based on partial sequences of

C. avium [KU058882] . . .
p : balleyl [EUT41853] Cryp{osporldlym (n'=29) coding Cryptosporidium oocyst wall
Monocystis agilis [ C. galiAY163s01] protein gene, including Cryptosporidium ditrichi sp. n. and Cryp-

[AY391264] c is [AF382353] . o . .

EE— 10 e adorson [ 463205] tosporidium apodemi sp. n. Sequences from this study are bolded.

. anaersoni . . .. . ~
83 5| {C protferans (kT731104 The alignment contained 384 base positions in the final dataset. The
100l C- muris [AF382350] ) Tamura 3-parameter method modelled by using a discrete Gamma
Rl eoes e distribution was used. Numbers at the nodes represent the bootstrap

ﬂlnan [HM365219] i
100 C. huwi [AY524772] values with more than 50% bootstrap support from 1000 pseu-
) o ) ) doreplicates. Branch length scale bar indicate number of substitution
Fig. 2. Maximum likelihood tree based on partial actin gene per site.

sequences of Cryptosporidium (n=40), including Cryptosporidium
ditrichi sp. n. and Cryptosporidium apodemi sp. n. Sequences from
this study are bolded. The alignment contained 696 base positions in
the final dataset. The General Time Reversible method modelled by
using a discrete Gamma distribution was used. Numbers at the nodes Type locality: Rozhanovce, KoSice and Komérno (Slovakia)
represent the bootstrap values with more than 50% bootstrap sup-
port from 1000 pseudoreplicates. Branch length scale bar indicate
number of substitution per site. Distribution: Slovakia

Other host: yellow-necked mouse (Apodemus flavicollis)

Site of infection: intestine

Material deposited: Slides with oocysts and DNA are
deposited at the Institute of Parasitology, Biology Cen-
tre of the Czech Academy of Sciences, Czech Republic.
Partial sequences of SSU, actin and COWP genes were
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Day post infection

Fig. 4. Course of infection of Cryptosporidium apodemi sp. n. based on coprological and molecular examination of faeces. Circles indicate
detection of specific DNA.
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Fig. 5. Cryptosporidium apodemi sp. n. oocysts visualized in various preparations: (A) differential interference contrast microscopy and
stained by (B) aniline—carbol-methyl violet and (C) anti-Cryptosporidium FITC-conjugated antibody. Bar =5 pum.

deposited at GenBank (Acc. Nos. MG266033, MG266041
and MG266046).

Etymology: The species name apodemi is derived from the
genus Apodemus, latin name for Eurasian field mice.

Differential diagnosis. Oocysts of C. apodemi are smaller
than those of C. ditrichi and C. parvum, have similar ACMV
staining to other species of Cryptosporidium and cross react
with immunofluorescence reagents developed primarily for
C. parvum. It can be differentiated genetically from other
cryptosporidia based on sequences of SSU, actin and COWP
genes.

Cryptosporidium ditrichi sp. n.
Prevalence and infection intensity
Out of 318 examined mice, 26 (8.2%) were positive

for DNA of C. ditrichi. Of these, 17 (65%) shed oocysts
detectible by microscopy at the time of trapping. The infec-

tion intensity in microscopy positive animals ranged from
4000 to 25,000 OPG.

Molecular characterization and phylogenetic
analysis

Sequences of C. ditrichi formed a well-supported clade that
included Cryptosporidium SSU sequences from raw water
and a human in Sweden and from raw water in the UK.
Three variants of the C. ditrichi SSU gene shared 98.9-100%
similarity with each other. All variants were detected in the
Czech Republic (Acc. Nos. MG266030-MG266033), but
only one was detected in Slovakia (Acc. No. MG266032;
Fig. 1). Two variants of the C. ditrichi actin sequence dif-
fered by a single synonymous substitution. Both actin variants
were detected in the Czech Republic (Acc. Nos. MG266039
and MG266040), but only one was found in Slovakia (Acc.
No. MG266040; Fig. 2). COWP gene sequences did not dif-
fer among isolates of C. ditrichi. Phylogenetic analyses of
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Fig. 6. Course of infection of Cryptosporidium ditrichi sp. n. based on coprological and molecular examination of faeces. Circles indicate
detection of specific DNA, black circle indicates microscopic detection of oocysts.

Fig. 7. Cryptosporidium developmental stages (arrows) in mucosal glandular epithelium from the ileum of experimentally infected yellow-
necked mouse (Apodemus flavicollis) with dose 50,000 oocysts of Cryptosporidium ditrichi sp. n., sacrificed 10 DPI. Bar =25 pm.

sequences of all genes confirmed the position of C. ditrichi
as a separate taxon (Figs. 1-3).

Experimental host transmissions

Experimental infection was successful in a yellow-necked
mouse but not in common voles. Specific DNA of C. ditrichi
was first detected in faeces 6 DPI and intermittent shedding
was detected in daily samples up to 30 DPI (Fig. 6). The
SSU, actin and COWP sequences of C. ditrichi recovered
from faecal samples of experimentally infected animals were
identical to those in the inoculum. Oocysts were detected by
microscopy only during the first 12 days of the patent period,
with an infection intensity ranging from 5000 to 50,000 OPG.
After 12 days, DNA of C. ditrichi was detected intermittently
by PCR (Fig. 6). No macroscopical changes were observed in
the gastrointestinal tract of yellow-necked mice positive for
C. ditrichi and the surface epithelia were intact. Examina-
tion of the epithelium by histology and electron microscopy
revealed the presence of developmental stages attached to
the microvillar border in the posterior of the jejunum and the
ileum (Figs. 7 and 8), and their absence from the first half of

the small and large intestine. The lamina propria was slightly
edematous with occasional dilatation of lymphatic vessels.

One of three BALB/c mice was susceptible to C. ditrichi
infection. Specific DNA was detected from 5 to 13 DPI. All
experimentally infected animals exhibited growth that was
typical of their size and weight. None of the faecal samples
was diarrhoeal.

Taxonomic summary

Cryptosporidium ditrichi sp. n.

Description. Oocysts are shed fully sporulated with 4
sporozoites and oocyst residuum inside. Sporulated oocysts
(n=50) measure 4.5-5.2pum (mean=4.7) x 4.0-4.6 pm
(mean=4.2) with a length to width ratio of 1.12 (1.0-1.2)
(Fig. 9). Morphology and morphometry of other develop-
mental stages is unknown.

Type host: yellow-necked mouse (Apodemus flavicollis).

Type locality: BraniSov, Dolni Trebonin, Hlubokd nad
Vltavou, Opatovice and Vimperk (Czech Republic)
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Fig. 8. Scanning electron photomicrograph of epithelium of
jejunum of a yellow-necked mouse (Apodemus flavicollis) sac-
rificed 10 DPI. (A) Attached developmental stages (arrows) of
Cryptosporidium ditrichi sp. n. (B) Detail of connection (arrow
heads) between of parasitophorous sac and microvillous surface.
Scale bar included in each picture.

Site of infection: small intestine — jejunum and ileum
(Figs. 7 and 8)

Other hosts: mouse (Mus musculus), human (Homo sapiens)
Distribution: the Czech Republic and Slovakia

Material deposited: Slides with oocysts and DNA are
deposited at the Institute of Parasitology, Biology Centre
of the Czech Academy of Sciences, Czech Republic. Partial
sequences of SSU, actin and COWP genes were deposited at
GenBank (Acc. Nos. MG266030-MG266032, MG266039,
MG266040 and MG266045).

Etymology: This species is named Cryptosporidium ditrichi
sp. n. in honour of Dr. Oleg Ditrich, an accomplished teacher
and parasitologist, and one of the pioneers of Cryptosporid-
ium research in the Czech Republic.

Differential diagnosis. Oocysts of C. ditrichi are larger than
those of C. apodemi and indistinguishable from those of C.
parvum, have similar ACMV staining to other species of
Cryptosporidium and cross react with immunofluorescence

reagents developed primarily for C. parvum. It can be dif-
ferentiated genetically from other cryptosporidia based on
sequences of SSU, actin and COWP genes.

Discussion

Rodents are naturally infected with several Cryptosporid-
ium spp. (Feng 2010). Here, we report five different
Cryptosporidium in Apodemus spp., including C. parvum
and C. muris, species with a relatively broad host range,
C. hominis, a human pathogen with a narrow host range,
and two novel species, which we have named C. apodemi
and C. ditrichi. Cryptosporidium parvum, C. muris and C.
hominis have been reported in Apodemus species previously;
however, consistent with our findings, the prevalence of
C. hominis was very low (Danisova et al. 2017; Hajdusek
et al. 2004; Perec-Matysiak et al. 2015; Song et al. 2015).
The gp60 subtype family of the C. hominis isolate from
A. agrarius in Slovakia in the present study was identi-
cal to that reported by Danisova et al. (2017) in the same
species from the same country. Other Cryptosporidium spp.
that have been reported previously in Apodemus, includ-
ing C. suis, C. scrofarum, and muskrat genotypes I and II
(Danisova et al. 2017; Hikosaka and Nakai 2005; Li et al.
2014; Murakoshi et al. 2013; Perec-Matysiak et al. 2015;
Song et al. 2015), were not detected in the present study. The
novel Cryptosporidium species reported in the present study
have not been reported previously in Apodemus spp. How-
ever, Cryptosporidium sp. KSFM from A. agrarius in South
Korea shares 99.1% identity with C. apodemi at the SSU
locus Song et al. (2015). Other genotypes from A. agrar-
ius and A. chejuensis in South Korea Song et al. (2015),
which shared 92.9-98.6% similarity with the bear genotype,
could have been similar to C. ditrichi, but the sequences were
not published in GenBank so they could not be compared.
Cryptosporidium ditrichi has been reported in raw water
in Norway and the United Kington (Chalmers et al. 2010)
and in a human infection in Sweden (Acc. No. KU892562;
unpublished). Apodemus spp. are distributed throughout the
Palearctic in Europe, and could have been the source of
water contamination and human infection in these coun-
tries.

Cryptosporidium apodemi and C. ditrichi were not infec-
tious for Microtus arvalis in experimental infections, which is
consistent with the absence of these species from wild Micro-
tus spp. sampled at the same location as Apodemus from the
present study Stenger etal. (2017). The finding that C. ditrichi
infected only one of three BALB/c mice under experimental
conditions, and that the patent period was short and produced
no detectable oocysts by microscopy, suggests that M. muscu-
lusisnota significant host. This is consistent with the absence
of C. ditrichi from M. musculus in field studies (Kvac et al.
2014).

Phylogenetic analyses based on SSU, actin and COWP
gene sequences showed that Apodemus spp. in this study
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Fig.9. Cryptosporidium ditrichi sp. n. oocysts visualized in various preparations: (A) differential interference contrast microscopy and stained
by (B) aniline—carbol-methyl violet and (C) anti-Cryptosporidium FITC-conjugated antibody. Bar=35 pm.

was frequently infected by two Cryptosporidium that are
genetically distinct from previously described species. At
the SSU locus, C. apodemi shared 97.0%, 95.1% and 93.0%
sequence identity with C. canis, muskrat genotype I and C.
felis, respectively. This is far greater than the identity of C.
hominis and C. cuniculus (98.9%); C. bovis and C. xiaoi
(99.5%). At the actin locus, C. apodemi shared 89.3% and
83.8% sequence identity with C. canis and C. felis, respec-
tively, and at COWP locus, 93.9% and 87.2% sequence
identity with the giant panda genotype and C. ubiquitum,
respectively. SSU sequences of C. ditrichi clustered with
SSU sequences reported from raw water, sharing 98.9-100%
sequence identity. A sequence from a raw water sample was
identical to one of the C. ditrichi variants. Cryptosporid-
ium UK E6 [Acc. No. GQ183527] clusters within the C.
ditrichi clade and should be considered a C. ditrichi vari-
ant. Intraspecific variability of SSU gene copies has been
described in other Cryptosporidium, such as C. parvum, C.
hominis, C. andersoni and C. ubiquitum (Fayer et al. 2010;
Laatamna et al. 2015; Nagano et al. 2007; Xiao et al. 1999).
Two actin sequence variants of C. ditrichi shared 99.8%

identity. Similarly, actin variants were previously reported
in C. tyzzeri Kvac et al. (2012). At the actin locus, C.
ditrichi shared 95.5% and 91.9% sequence identity with
the bear genotype and C. canis, respectively. At the COWP
locus, C. ditrichi shared 93.9% and 85.4% sequence identity
with the giant panda genotype and C. ubiquitum, respec-
tively.

The morphology of oocysts of C. apodemi and C. ditrichi
is typical of intestinal species of the genus Cryptosporid-
ium. The size range of intestinal Cryptosporidium spp. mostly
overlap (Fayer 2010), which is the case for C. apodemi and
C. ditrichi. Although the mean size of C. apodemi is smaller
than C. ditrichi it is not possible to distinguish these species
microscopically in field samples.

Infections by C. apodemi and C. ditrichi produced no
clinical signs in Apodemus spp. in the present study. This
is consistent with the several studies, including studies on
Apodemus, that have found wild animals to rarely develop
clinical cryptosporidiosis (Bajer et al. 2003; Bednarska et al.
2007; Danisova et al. 2017; Hikosaka and Nakai 2005; Perec-
Matysiak et al. 2015; Song et al. 2015; Torres et al. 2000).
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