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ANOTACE

Kryptosporidie jsou celosvétové rozsiteni jednobunééni paraziticti prvoci z kmene
Apicomplexa, ktefi infikuji Siroké spektrum obratlovcu vcetné Elovéka. Exogenni
vyvojova stadia kryptosporidii jsou odolné vici vétsing desinfekénich prostredki a do
sou¢asné doby nebyla vyvinuta G¢inna 1é¢iva. Za poslednich 30 let intenzivniho studia
téchto organismti byly velmi dobie prostudovany kryptosporidiové infekce lidi i fady
hospodaiskych zvitat, ale naSe znalosti o Kryptosporidiich u drobnych savcta byly
nedostate¢né. V poslednich letech byly provedeny podrobné studie kryptosporidii
u fady hlodavcii, zejména mysSic, hrabost, potkanii nebo stromovych a zemnich
veverek. Tato prace si klade za cil doplnit do mozaiky naSich znalosti Udaje
o0 prevalenci, diverzité a biologickych vlastnostech kryptosporidii mysi domaci (Mus

musculus), ktera je nejbéznéj$im nevitanym navstévnikem lidskych sidel.
Klicova slova:

Cryptosporidium spp.; Mus musculus; prevalence; diverzita; morfologie oocyst;

experimentalni infekce; molekularni analyza; genotypizace.



ANNOTATION

Cryptosporidium spp. are globally distributed unicellular parasitic protozoa of the
phylum Apicomplexa that infect a wide range of vertebrates, including humans. Their
exogenous developmental stages are resistant to most disinfectants and no effective
drugs have been developed to date. Cryptosporidium infections of humans and many
livestock have been well studied over the past 30 years, but our knowledge of
Cryptosporidium spp. in small mammals has been inadequate. Recently, detailed
studies of cryptosporidia have been carried out in a number of rodents, especially mice,
voles, rats or tree and ground squirrels. This thesis aims to add to our mosaic of
knowledge data on the prevalence, diversity and biological characteristics of
cryptosporidia in the house mouse (Mus musculus), the most common unwelcome

visitor to human settlements.
Keywords:

Cryptosporidium spp.; Mus musculus; prevalence; diversity; oocyst morphology;

experimental infections; molecular analysis; genotyping.



SOUHRN

V této disertacni praci byla prostudovana diverzita a biologie kryptosporidii,
parazitujicich u mysi domaci (Mus musculus). V letech 2007 — 2014 probihaly
odchyty mysi domacich v oblasti hranice zapadnich Cech a severovychodniho
Bavorska, Vv ¢asti takzvané hybridni zony mysi domaci. Ziskané vzorky byly
mikroskopickymi a molekularnimi metodami vySetieny na ptitomnost kryptosporidii.
Prevalence kryptosporidii ve sledované populaci byla celkem 23 %, u mysi bylo
Vv pfirozené infekci nalezeno pét druhti/genotypti kryptosporidii: Cryptosporidium
muris, C. tyzzeri, C. parvum, C. hominis a Cryptosporidium sp. apodemus genotyp II.
U 13 vzorkl byla detekovana smiSend infekce dvou druhti kryptosporidii. U mysi,
ptirozené infikovanych C. tyzzeri, byl molekularnimi metodami a fylogenetickou
analyzou prokazan mechanismus koevoluce: subtyp C.tyzzeri 1Xa se piirozené
vyskytuje u poddruhu mysi domaci Mus musculus musculus, zatimco subtyp C. tyzzeri
IXb u M. m. domesticus. Zaroven bylo pomoci experimentalni infekce ovéfeno, Ze oba
subtypy C. tyzzeri jsou infekéni pro oba poddruhy mysi doméci. Zadné z ptirozené ani
experimentaln¢  infikovanych  zvifat  nevykazovalo  klinické  ptiznaky
kryptosporidiézy. Dale byla zdokumentovana piipadova studie lidské
kryptosporididzy, zpisobené smiSenou infekei C. parvum a obou subtypu C. tyzzeri,
a to v¢etn¢ podrobného popisu prubéhu patentni periody nakazy. Jedna se o jeden
z nejlépe zmapovanych piipadiu piirozené kryptosporidiové infekce u c¢lovéka.
V neposledni fadé byl popsan novy druh kryptosporidie, ktery byl pojmenovan
Cryptosporidium proliferans. Tento druh byl diive povazovan za C. muris. Pomoci
experimentalni infekce, morfometrické, fylogenetické a histopatologické analyzy bylo
prokazano, ze se C. proliferans od C. muris vyrazné lisi. Cryptosporidium proliferans
zpusobuje na rozdil od C. muris klinické a patologické zmény, véetné ubytku
hmotnosti a masivni proliferace Zalude¢ni sliznice, kterd je spojena s témét

Sestindsobnym zvySenim hmotnosti zaludku.



SUMMARY

In this thesis, the diversity and biology of Cryptosporidium spp. in the house mouse
(Mus musculus sp.) was studied. Between 2007 and 2014, trapping of house mice took
place in the area of the border between western Bohemia and north eastern Bavaria, in
part of the so-called house mouse hybrid zone. The collected samples were examined
by microscopic and molecular methods for the presence of cryptosporidia. The
prevalence of cryptosporidia in the studied population was 23% in total, and five
species/genotypes were found in natural infection in mice: Cryptosporidium muris,
C. tyzzeri, C. parvum, C. hominis and Cryptosporidium sp. apodemus genotype II.
Mixed infection of two Cryptosporidium species was detected in 13 samples. In mice
naturally infected with C. tyzzeri, a mechanism of coevolution was demonstrated by
molecular methods and phylogenetic analysis: the C. tyzzeri 1Xa subtype occurs
naturally in the domestic mouse subspecies Mus musculus musculus while the
C. tyzzeri 1Xb subtype occurs naturally in M. m. domesticus. At the same time, it was
verified by experimental infection that both subtypes of C. tyzzeri are infectious to
both subspecies of the house mouse. None of the naturally or experimentally infected
animals showed clinical signs of cryptosporidiosis. Furthermore, a case study of
human cryptosporidiosis caused by mixed infection with C. parvum and both subtypes
of C. tyzzeri was documented, including a detailed description of the course of the
patent period. This is one of the best mapped cases of natural cryptosporidial infection
in humans. Finally, a new species of Cryptosporidium has been described and named
Cryptosporidium proliferans. This species was previously considered to be C. muris.
Using experimental infection, morphometric, phylogenetic and histopathological
analysis, this species was shown to be significantly different from C. muris. In contrast
to C. muris, C. proliferans clinical and pathological changes, including weight loss
and massive proliferation of the gastric mucosa that is associated with an almost

sixfold increase in stomach weight.
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1.UvoD

Kryptosporidie jsou jednobunécnd parazitickd protista, jez infikuji celou fadu
obratlovcu véetné Eloveéka. Tyto kosmopolitni a ubikvitni organismy byly poprvé
popsany jiz na pocéatku 20. stoleti (Tyzzer 1907). U fady druhd a genotypt
kryptosporidii je intenzita vylucovani infekénich stadii pomérné nizka (Kvac et al.
2013a). Oocysty stievnich, respektive zaludeénich druhti a genotypa Kryptosporidii
jsou casto morfologicky a morfometricky identické a nelze je od sebe klasickymi
parazitologickymi metodami odlisit (Morgan et al. 1998a). Z tohoto dtivodu ndm
zustavala obrovska druhova diverzita rodu Cryptosporidium po dlouho dobu skryta.
Po zavedeni metody PCR (polymerase chain reaction, Mullis 1985) do rutinni
diagnostiky se znalosti o diverzité kryptosporidii rychle prohlubovaly. Metoda PCR
je natolik citliva, ze dokaze ve vzorku odhalit i DNA n¢kolika malo oocyst
(Minarovicova et al. 2007). Nasledna sekvenace umoznila detekovat inepatrné
odchylky v genomu jednotlivych druhti a genotypt kryptosporidii a snadno je tak
rozlisit. Diky tomu bylo mozZné zadit studovat do hloubky diverzitu a variabilitu mezi

témito organismy i v prostiedi (Zhou et al. 2003).

Patogenita kryptosporidii se li§i v zavislosti na druhu a genotypu. Nékteré druhy
a genotypy kryptosporidii jsou specifické pro jednoho hostitele (napt. C. wrairi
u morcat, Vetterling et al. 1971), nebo pro urc¢itou skupinu hostiteldi, jako jsou
naptiklad C. muris u hlodavcu (Lv et al. 2009), nebo C. bailey u ptaku (Current et al.
1986). Jine druhy kryptosporidii, napiiklad C. parvum a C. ubiquitum, mohou
infikovat Siroké spektrum hostiteltt (DuPont et al. 1995; Fayer et al. 2010; Guk et al.
2004; Torres et al. 2000). Prub¢h infekce u hostitele se 1isi dle véku, kondice, imunitni
zralosti organismu a dalSich faktora (Caccio et Putignani 2014; Desai et al. 2012).
Onemocnéni, zvané kryptosporidioza, ma ruzny prub&éh v zavislosti na hostiteli
a druhu kryptosporidie, napiiklad u mysi a dospélych prasat probihd bezptiznakové
(Kvac et al. 2013a; Némeje et al. 2013; Tarazona et al. 1998), naproti tomu ndkaza
C. parvum telat se typicky projevuje silnymi vodnatymi prijmy (Al Mawly et al.
2015; Faubert et Litvinsky 2000).

U imunokompetentnich lidi zptisobuji kryptosporidie obvykle mirné infekce, které
jsou ¢asto inaparentni a samy spontanné vymizi (Shahiduzzaman et Daugschies 2012),

vyjime¢néji je provazeji vodnaté prijmy, kiece v bfise, nékdy i zvraceni (Desai et al.
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2012; publikace 3). U imunodeficientnich nebo imunosuprimovanych osob, déti
s nedostate¢né vyvinutou imunitou, ¢i vV hor§im vyzivovém stavu, mohou naproti tomu
infekce probihat velmi bouflivé a nékdy koncit i smrti (Desai et al. 2012; Dillingham
et al. 2002; Guk et al. 2004; Sunnotel et al. 2006).

Za poslednich tficet let intenzivniho studia kryptosporidii byla prozkoumana jejich
diverzita i biologie u fady rtznych zvifecich hostiteld, napfiklad u hospodaiskych
zvirat (Kvagc et al. 2008a; Laatamna et al. 2015; Némejc et al. 2012; Ryan et al. 2005,
Wagnerova et al. 2015), nebo hlodavcii (Condlova et al. 2018, 2019; Hor¢ickova et al.
2019; Jezkova et al. 2021a, 2021b; Kvac et al. 2018; Lv et al. 2009; Ng-Hublin et al.
2013; Paparini et al. 2012; Ren et al. 2012, Stenger et al. 2018, publikace 1). A pravé
hlodavci hraji vzhledem ke svému znacnému reprodukénimu potencialu vyznamnou
roli v mnoha ekosystémech. Vedle dilezitého zdroje potravy pro predatory jsou
vyznamnymi Skiidci a pfenaSeci celé fady onemocnéni nejen na hospodaiska zvifata,
ale také na clovéka (Elsheikha et al. 2009; Hunter et Thomson 2005; Mackenstedt et
al. 2015; publikace 3).

Co se tyka znalosti problematiky vyskytu kryptosporidiovych infekci u hlodavci
z ¢eledi Muridae, byla na konci dvacatého a poc¢atku jednadvacatého stoleti provedena
fada studii, vnichz byla identifikace oocyst kryptosporidii zalozena pouze na
morfologickych ¢i morfometrickych znacich oocyst, a nalezené kryptosporidie byly
popsany jako Cryptosporidium muris-like a C. parvum-like (Bajer et al. 2001, 2002;
Bednarska 2003; Chalmers et al. 1997; Laakkonen et al. 1994; Torres et al. 2000). To
je z pohledu soucasnych znalosti nedostate¢ny metodicky pfistup, na jehoz zakladé
nelze vyvozovat relevantni zavéry. V tadé piipadu se pravdépodobné jednalo
o infekce riznymi druhy a genotypy kryptosporidii (Xiao et Fayer 2008). Navic takto
ziskané vysledky mohou byt vzhledem k nizké senzitivité mikroskopického vysetieni
podhodnocené aneodrazi skuteény stav promofenosti populaci hostitelt
kryptosporidiemi. Je ziejmé, Ze bez molekularnich analyz na urovni druhi a genotypti
kryptosporidii neni mozné porozumét jejich diverzité, epidemiologii, ani

zoonotickému potencialu (Xiao et Fayer 2008).

vvvvvv

hlodavcii. Mezi nejvyznamnéjsi zastupce této podceledi patii myS domaci (Mus

musculus), ktera se také ze vSech evropskych hlodavct nejcastéji  vyskytuje
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V bezprosttedni blizkosti ¢lovéka (Berry 1981). U mysi doméci byly do soucasnosti
celosvétové popsany a molekularné dolozeny ptirozené infekce riznymi druhy
a genotypy rodu Cryptosporidium, mimo jiné druhy C. muris, C. andersoni,
C. parvum, C. tyzzeri, C. meleagridis a C. ubiquitum, pficemz vSechny uvedené druhy

jsou infekéni také pro ¢loveka (Feng 2010; Kvag et al. 2009; publikace 3).
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2. CIL PRACE

Cilem této prace je rozsitit a prohloubit dosavadni poznatky o kryptosporidiich, které
se vyskytuji u my$i domaci. Vyznam prace spoéiva v komplexnim feSeni
problematiky biologie, diverzity a fylogeneze kryptosporidii u obou poddruhti mysi

domaci, které Ziji na Uzemi sttedni Evropy. K tomuto studiu budou pouzity metody

mikroskopické, experimentalni, histologické i molekularné-biologické.
Dil¢imi cili jsou:

(1) analyza diverzity kryptosporidii my$i domaci pomoci multilokusove

genotypizace,

(2) studium koevoluce kryptosporidii v ramci hybridni zony mys$i domaci, ktera

se vyskytuje na Uzemi Evropy,
(3) charakteristika prab&hu kryptosporidiové infekce mysi domaci,

(4) posouzeni role hlodavct jako mozného zdroje zoonotickych kryptosporidii,

potencialn¢ ohrozujicich ¢lovéka.
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3. LITERARNI PREHLED

3.1 Kryptosporidie a kryptosporidioza

3.1.1 Taxonomie

Kryptosporidie jsou jednobuné¢ni protozodrni paraziti z ¢eledi Cryptosporidiidae,
kmene Apicomplexa. Pro vSechny zastupce kmene Apicomplexa je typicky
tzv. apikalni komplex, ne u vSech v8ak obsahuje vSechny organely. Tento komplex
umoziiuje proniknuti parazita do hostitelské bunky. U kryptosporidii se dale podili na
vystavbé parazitoformniho saku, jehoZz vznik je soucasti vyvojového cyklu
(Haussmann et Hilsmann 2003). VétSina organismi kmene Apicomplexa ma zivotni
cyklus slozeny ze sexualni aasexualni faze. Z duvodu podobné morfologie
a lokalizace vyvoje v gastrointestinalnim traktu hostitele, byly kryptosporidie diive
fazeny mezi kokcidie (Fayer et al. 1997; Chacin-Bonilla 2007; Xiao et Fayer 2008).
Existuje v§ak fada vyznamnych rozdili mezi kryptosporidiemi a kokcidiemi (Ryan
et Xiao 2014):

1) endogenni stadia kryptosporidii jsou piichycena na apikalni povrch
hostitelské bunky (epiplazmaticka lokalizace),
2) Vv misté pfipojeni vznikd multimembranova feeder organela, jiz se parazit
vyzivuje,
3) wvznikaji dva typy oocyst — exogenni silnosténné oocysty a endogenni
tenkosténné oocysty, které jsou nasledné schopné vyvolat autoinfekci,
4) oocysty jsou mensi nez u kokcidi a postradaji morfologické struktury vlastni
kokcidiim (sporocysta, mikropyle, polarni télisko),
5) kryptosporidie neni mozno detekovat testy na kokcidie,
6) pravdépodobné jsou ve vyvojovém cyklu Kkryptosporidii pfitomna
extracelularni stadia, podobna gamontu v Zivotnim cyklu gregarin.
Molekularnimi studiemi bylo nasledné prokazano, Ze kryptosporidie maji nejen
z biologického, ale i z fylogenetického hlediska blize ke gregarinam (Carreno et al.
1999).

Na zaklad¢ rozdild v morfologii oocyst, lokalizaci vyvojového cyklu, hostitelské
specifité a infektivité bylo do soucasnosti popsano 49 platnych druhi kryptosporidii.

Rada genotypti je pojmenovina podle hostitele, ve kterém byly nalezeny

20



(napt. Cryptosporidium sp. horse genotyp u koni), environmentalni genotypy jsou pak
Casto odliSeny pouze kody (napt. Cryptosporidium sp. SV30). D4 se predpokladat, ze
i tyto genotypy budou v budoucnu dikladné popsany a nasledné potvrzeny jako
samostatné druhy (Xiao et al. 2004a).

3.1.2 Vyvojovy cyklus

Nejlépe je vyvojovy cyklus prozkouman u druhi C. parvum a C. muris (O’Donoghue
1995; O’Hara et al. 2005; Riggs et al. 1997; Tyzzer 1910; Upton et Current 1985;
Valigurova et al. 2008), které jsou také povazovany za referen¢ni druhy stfevnich,
respektive Zalude¢nich kryptosporidii. Ve vétSiné ptipadll probihd vyvojovy cyklus
v gastrointestinalnim traktu, ¢i v kloace ptakt, méné Cast&ji v traktu respiratornim
a dalsich organech (Current et al. 1986; Fayer 2010; Goodstein et al. 1989; Guselle et
al. 2003; O’Donoghue 1995; Xiao et al. 2004a). Lokalizace cyklu je druhové
specificka. Kryptosporidie byly nalezeny také mimo gastrointestinalni trakt, naptiklad
v jatrech (Kahn et al. 1987), zlu¢niku (Hinnant et al. 1989), lymfatickych uzlinach,
mocovém méchyti, déloze a varlatech (Fleta et al. 1995), tracheji (Sponseller et al.
2014) nebo v oku (Baskin 1996).

Dlouho se piedpokladalo, Ze ve vyvojovém cyklu dal$ich druht rodu Cryptosporidium
se vyskytuji pouze nepatrné odchylky. V zZalude¢nich Zlazach zivorodky duhové vsak
byl popsan novy druh kryptosporidie, C. huwi, ktery piivodni domnénku zpochybiuje.
Tento druh je lokalizovan nejen na povrchu zalude¢niho epitelu, ale také uvnitf
mukozy, a ma mirné odlisny zivotni cyklus ve srovnani s ostatnimi druhy

kryptosporidii (Ryan et al. 2015).

Vyvojovy cyklus kryptosporidii (Obr. 1) je jednohostitelsky a déli se do péti hlavnich
fazi: excystace, invaze hostitelské bunky, merogonie, gametogonie a Sporogonie
(Fayer et al. 1997; Thompson et al. 2005).

3.1.2.1 Excystace

Oocysty jsou velmi odolnd infekéni stadia kryptosporidii. Obsahuji Etyfi volné
ulozené sporozoity a relativné velké rezidualni télisko. V okamziku pozieni nebo
vdechnuti oocysty hostitelem za¢ind endogenni faze vyvojového cyklu. Kdyz se
oocysta dostane do téla hostitele, dochazi k otevieni stény oocysty v misté zvaném

sutura a k uvolnéni sporozoitt — excystaci (Fayer et Ungar 1986). Ta je u vétSiny
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zaludeénich kryptosporidii podminéna narusenim stény oocysty kyselym prostiedim
zaludku, u stievnich pak pankreatickymi enzymy nebo Zlu¢ovymi solemi v duodenu.
Experimentalné vsak bylo prokézano, ze k excystaci muze dojit i pii vyssi teploté ve
vodnim prostedi (Widmer et al. 2007). Zaludeéni kryptosporidie excystuji vyhradng
Vv zlaznaté ¢asti zaludku. Jejich sporozoity jsou adaptovany na nizké pH zaludku, jez

by u sporozoitl sttevnich druhti vedlo k inaktivaci (Widmer et al. 2007).

Obrazek 1: Vyvojovy cyklus kryptosporidii (Centers for Disease Control and Prevention

2010, www.cdc.gov, upraveno autorkou).
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3.1.2.2 Invaze hostitelské bunky

Excystované sporozoity jsou velmi pohyblivé a schopné prichytit se na povrch
epitelialni buiky a aktivné ji napadnout (Wetzel et al. 2005). K tomu jim pomahéa
ptritomnost sekre¢nich organel i apikalniho komplexu (O’Hara et al. 2005). Jeho
soucasti je i glykoprotein CSL, obsahujici ligandy, jenz v prub&hu invaze napomahaji
ptichyceni sporozoitti k epitelialnim bunkam (Langer et Riggs 1999; Riggs et al.
1997). Dalsimi vyznamnymi faktory, které se podileji na invazi hostitelské bunky, jsou
mucin (Cevallos et al. 2000) a trombospondin (Spano et al. 1998). Po pfichyceni
sporozoitu dochazi ke vzniku parazitoformniho saku (Current et Garcia 1991),
nasledné se zméni tvar sporozoitu z mésickovitého na kulovity. Parazit je obklopen

cytoplazmatickou membranou mikrovillti hostitelské bunky (Umemiya et al. 2005).
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Po dokonceni tohoto procesu dochdzi k pteméné na trofozoit. Jeho jadro se déli

a nasleduje nepohlavni rozmnoZovani — merogonie.

3.1.2.3 Merogonie

Pii merogonii dochazi k déleni jadra trofozoitu. U kryptosporidii obecné probiha
nepohlavni rozmnozovani ve dvou cyklech. Nejprve se vytvari meront typu I, ktery
obsahuje Sest az 0Sm merozoitl, coz jsou vyvojova stadia podobna sporozoitim. Zralé
merozoity opousti meront, infikuji dalsi hostitelské buiiky a vyviji se opét v meront
typu I, pfipadné¢ v meront typu II. Meronty typu II vytvaii ctyfi merozoity (Aydin
1997; Melicherova et al. 2014). U druhu C. bailey se nasledné vytvaii jesté meronty
typu 11, které obsahuji osm merozoiti (Current et al. 1986). Posledni generace
merozoitl vstupuje do pohlavni faze vyvojového cyklu — gametogonie (Valigurova
et al. 2008).

3.1.2.4 Gametogonie

Pohlavni faze vyvojového cyklu je zahajena, kdyz merozoity posledni generace
infikuji hostitelskou buniku a pfeméni se ve vicejaderny sam¢i mikrogamont nebo
jednojaderny sami¢i makrogamont (O’Donoghue 1995). Z mikrogamontd jsou
uvolnovany pohyblivé mikrogamety, které splyvaji s makrogametami za vzniku
zygot. Proces vzajemného rozpoznani samcich a samicich bunék nebyl zatim zcela
prozkouman. Pouze oplozené makrogamonty se v§ak mohou déle vyvijet v oocystu.

Po oplozeni se vytvaii trilaminarni sténa a nasleduje sporogonie (Current et al. 1987).

3.1.2.5 Sporogonie

Zygota, vznikla po oplozeni, prochazi sporogonii, pti které se endogenni sporulaci ve
zralé oocysté vytvareji étyti sporozoity (Fayer 1997). Mohou vznikat dva typy oocyst:
tenkosténné oocysty, které excystuji jesté v hostitelském organismu a podili se na
autoinfekci, nebo silnosténné oocysty, které opousti hostitele spolu s trusem
(v ptipadé kryptosporidii z respira¢niho traktu jsou zralé oocysty vylucovany se
slizniénim sekretem), a slouzi k pfenosu infekce na dals$i vnimavé hostitele (Fayer
2004). U druhu C. parvum vznika ptiblizné 20 % tenkosténnych oocyst a 80 %
silnosténnych oocyst, které jsou zodpovédné za infekci dal§ich hostiteltt (Current
1985, 1988).
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3.1.3 Zdroj a prenos infekce

Kryptosporidie se $ii'i fekalné-ordlni cestou prosttednictvim velmi rezistentnich oocyst
(Caccio et Putignani 2014; Chalmers et Davies 2010; Smith et al. 2006). Vysoka
odolnost oocyst je zajisténa ptitomnosti trilaminarni ochranné vrstvy ve sténé oocysty,
diky niz dokazi pfezit iV nepfiznivém vn&jSim prosttedi. Oocysty mohou byt
prenaseny bud’ pfimym kontaktem s infikovanym jedincem (¢lovék—Clovek, Clovek—
zvite, zvite—zviie), kontaktem s vykaly nakaZeného jedince, pfipadné vdechnutim,
nebo pozitim fekalné kontaminované vody nebo potravy (Caccio 2005; Gait et al.
2008). Experimentalné bylo prokazano, ze k propuknuti infekce staci i jedind oocysta
kryptosporidii (Benamrouz et al. 2012; Huang et al. 2003).

Pfenos kontaminovanou vodou patfi mezi nejcastéjSi zplsoby ndkazy
kryptosporidiemi (Domenéch-Sanchez et al. 2008; Mac Kenzie et al. 1994). Oocysty
kryptosporidii byly nalezeny v pitné, uzitkové, surové, povrchové i odpadni vodé
(Johnson et al. 2000; Rose 1997). Kontaminace vody kryptosporidiemi je ¢asto
zpusobena silnymi desti a zéaplavami, které vyplavi upravny vody, zplsobi
prosakovani odpadnich vod, nebo strhnou svrchni vrstvu pidy, hnojenou vykaly
(Bringman et al. 1995; Yamamoto et al. 2000). Zdrojem nakazy muze byt také voda
na koupalistich (Causer et al. 2006; Jones et al. 2006). V minulosti byla popsana fada
vyznamnych epidemii kryptosporididzy, zpisobenych kontaminovanou vodou. Dosud
nejznaméjsi je pripad z Millwaukee (Wisconsin, USA), kde se v roce 1993 vlivem
kontaminované pitné vody nakazilo vice nez 400 tisic lidi (Mac Kenzie et al. 1994).
Velmi Casto je pivodcem masivnich infekci u ¢lovéka, zpisobenymi kontaminovanou
pitnou vodou, druh C. hominis (Fayer 2004; Widerstrom et al. 2014; Zahedi et al.
2016).

Ptenos infekce potravou je méné Casty, nez prenos vodou. Mezi nejbéznéjsi zdroje
nakazy u lidi se fadi moiské plody, ovoce a zelenina, zfejmé proto, ze snadno piijdou
do kontaktu skontaminovanou vodou (pfipadné hnojivem vyrobenym z trusu
infikovanych zvifat), a jsou casto konzumovany nedostatecné tepelné upravené
(Caccio et Putignani 2014; Dawson 2005; Duhain et al. 2012; Robertson et al. 2005).
Méng Castéjsi je nakaza nepasterizovanymi mléénymi vyrobky (Djuretic et al. 1997).

Jednim z vyraznych faktort, ktery napomaha Sifeni nakazy, jsou v nékterych
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ptipadech i nevyhovujici hygienické podminky farmaii, ktefi s potravinami pracuji
(Fayer et al. 2000).

Pienos kryptosporidii ze zvifat na ¢lovéka probiha pfimym kontaktem s infikovanym
zvitetem, nebo jeho vykaly. Nejvice ohrozeni jsou chovatelé zvirat, zaméstnanci
farem a veterinafi (Mahdi et Ali 2002; Preiser et al. 2003; Rahman et al. 1985). Rada
druhti kryptosporidii se vyznacuje Sirokou hostitelskou specifitou a zoonotickym
potencidlem, mezi nimi i kryptosporidie, které infikuji mysi domaci (Fayer et al.
2000).

Nejvétsi zoonoticky potencial ma C. pavum, jehoz hlavnim rezervoarem jsou
ptezvykavci, zejména telata (Caccid et Putignani 2014; Tanriverdi et al. 2006;
Wielinga et al. 2008). Mezi dalsi zoonotické druhy se fadi C. ubiquitum, které se
vyskytuje u vétSiny savci, véetné ¢lovéka (Fayer et al. 2000; Jiang et al. 2005; Liu et
al. 2011; Nichols et al. 2010; Van Dyke et al. 2012). Za zoonotické a potencialné
rizikové pro ¢lovéka jsou povazovany mimo jiné i Kryptosporidie, vyskytujici se
u dometikovanych Selem — psii a kocek — C. canis, respektive C. felis (Iseki et al. 1979;
Xiao et Fayer 2008), dale C. meleagridis, které se vyskytuje primarné u ptaku, ale
infikuje i savce (Akiyoshi et al. 2003a; Darabus et Olariu 2003), C. cuniculus, které je
nejcastéji popisovano u zajicovitych, ale bylo nalezeno 1 u ¢lovéka a klokana (Koehler
et al. 2014; Puleston et al. 2014), a také ob¢ typicky hlodav¢i kryptosporidie —
C. muris a C. tyzzeri (Gatei et al. 2002; Kastumata et al. 2000; Palmer et al. 2003;
publikace 3). Cryptosporidium hominis, které je typickou kryptosporidii ¢lovéka, je
piirozené ¢i experimentalné infek¢i pro fadu druhti hospodaiskych zvitat (Deng et al.
2017; Giles et al. 2001; 2009; Jian et al. 2016; Laatamna et al. 2015; Ryan et al. 2005),
bylo nalezeno také u hlodavcu (DaniSova et al. 2017) nebo opic (Chen et al. 2019).
Zvitata ale nejsou piirozenymi hostiteli tohoto druhu a zoonoticky pienos C. hominis

neni tak rizikovy ve srovnani s pienosem z ¢lovéka na ¢lovéka (Robertson et al. 2014).

Horizontalni pfenos fekalné-oralni cestou je bézny mezi zvitaty stejného i riznych
druht. U lidi byl horizontalni pfenos zaznamenan v rodinach, Skolach, Skolkach,
nemocnicich idomech s pecovatelskou sluzbou, ataké uhomosexualnich muzi
(Griffiths 1998; Hannah et Riordan 1988; Pedersen et al. 1996; Ribeiro et Palmer
1986).
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Moznost vertikalniho pfenosu byla studovana naptiklad u krav a ovci (Faubert
et Litvinsky 2000; Ye et al. 2013). Ob¢ studie se shoduji na tom, Zze v obdobi porodu
se zvySuje mnozstvi vylu¢ovanych oocyst, vertikdlni transmisi vSak nepotvrdily
arozvoj infekce u novorozenych mlad’at pfisuzuji zatézi prostredi. Neexistuji

zdznamy o vertikalnim pienosu kryptosporidii u ¢lovéka.

3.1.4 Hostitelska specifita

Hostitelska specifita znamena, Ze urcity druh parazita je adaptovany pouze na nékteré
druhy hostiteld, které je schopen infikovat. Je jednim z typickych znakd, které od sebe
odlisuji jednotlivé druhy kryptosporidii (Xiao et Ryan 2004). S rostouci adaptaci
kryptosporidii se dle nékterych autorti zmiriiuji klinické ptiznaky a roste mnozstvi
vylucovanych oocyst (Power et Ryan 2008). Jini autofi vSak prokazali, ze u vysoce
hostitelsky specifickych druhii kryptosporidii je intenzita vyluCovani oocyst jejich
prirozenymi hostiteli ¢asto velice nizka (Condlova et al. 2018, 2019; Hor¢ickova et
al. 2019; Kvac et al. 2013a; Némejc et al. 2013; Tanriverdi et al. 2003; Tilley et al.
1991; publikace 1). Hostitelska specifita se ovéfuje pomoci experimentalnich infekci,
kdy oocystami, ziskanymi z urcitého zvifete (nebo ¢lovéka), jsou infikovana zvifata
jiného druhu. Pokud je dokoncen Zivotni cyklus, a zvife vyluCuje oocysty geneticky
shodné s puvodnim izolatem, je mozné dany izolat povazovat za infek¢ni pro dany

(experimentalné infikovany) druh zvitete (Fayer 2008).

Zatimco n¢které druhy jsou schopny infikovat Sirokou skalu hostiteli (naptiklad druhy
C. ubiquitum nebo C. parvum), jiné jsou specifické jen pro uzky okruh hostiteli (napf.
C. wrairi se typicky vyskytuje u morcat, C. macropodum u klokand, C. huwi
u nékterych druhti akvarijnich ryb), nebo se omezuji na jednu skupinu obratlovci, jako
C. muris u hlodavci (Power et Ryan 2008; Ryan et al. 2015; Vetterling et al. 1971).
Obecné se predpoklada, Ze vétSina kryptosporidii se vyznacuje tzkou hostitelskou

specifitou (Xiao et Ryan 2004).

Kromé druhové specifickych kryptosporidii jsou Casto nalézadny u rlznych zvitfat
druhy nespecifické. U masozravct je Casto detekovan vyskyt netypickych druht
kryptosporidii, kdy se pravdépodobné jednd pouze o pasaz infekce, kterou v sobé nesla
jejich potrava nebo kofist (Kvac et al. 2021). Jiz byl popsan u lisek a kojotti (Kvac et
al. 2021, Trout et al. 2006; Zhou et al. 2004), ¢i sov (Ng et al. 2006) vyskyt C. tyzzeri,

C. muris a Cryptosporidium sp. muscrat genotypu I, tedy druhti a genotypi, obvykle
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infikujicich jejich pfirozenou potravu (hlodavce). Obvykla je tato situace také
u studenokrevnych zivoc¢ichu (plazd, zelv a jestérek), u nichz jsou také ¢asto nalézany
specifické hlodavéi kryptosporidie (Pedraza-Diaz et al. 2019; Xiao et al. 2004b).
Piedpoklada se ale, Ze tyto netypické druhy kryptosporidii v nespecifickém hostiteli
nevyvolaji patentni infekci, ale Ze se jedna pouze o mechanickou pasaz oocyst (Xiao
et al. 2004b).

3.1.5 Kilinicke projevy infekce

Projev infekce zalezi na druhu kryptosporidie, lokalizaci infekce a imunitnim stavu
hostitele (Caccio et Putignani 2014; Desai et al. 2012). Stav imunitniho systému je
et Garcia 1991; Nimri et Batchoun 1994). U imunodeficitnich hostitelt probiha
mnohem zavaznéji a mize vést az k zivot ohrozujicimu stavu (Dillingham et al. 2002;
Guk et al. 2004; Sunnotel et al. 2006). Nejcastéjsim projevem nakazy u Clovéka je
silny vodnaty priijem, ktery miize byt doprovdzeny bolestmi bticha, nevolnosti,
zvracenim, anorexii, zvySenou teplotou a celkovou slabosti (Current et Garcia 1991;
Mac Kenzie et al. 1994; Mathieu et al. 2004; publikace 3).

U hospodatskych zvitat (prasata, skot, kon¢) a jejich mlad’at jsou klinické ptiznaky
Casto vyvolany infekci C. parvum, u ovci pak C. xiaoi (Diaz et al. 2015, 2018; Majeed
et al. 2018). Naopak u divoce Zijicich zvifat je infekce velmi Casto inaparentni
(Chalmers et al. 1997; Laakkonen et al. 1994; Némejc et al. 2013; Song et al. 2015). Bez
klinickych ptiznaki probiha také napiiklad infekce C. scrofarum u prasat nebo
C. bovis a C. ryanae u skotu (Fayer et al. 2005, 2008; Kvac¢ et al. 2013a). | u hlodavct
je ndkaza Casto inaparentni (Condlova et al. 2018, 2019; Hor¢ickova et al. 2019;

nepublikované zavéry této prace, viz Kap. 5.1 a 5.2).

Prepatentni perioda je doba od pozieni infekce schopné oocysty, pies dokonceni
vyvojového cyklu, po vylouéeni nové zmnozené oocysty (Fayer 2008).
Experimentalné byla stanovena prepatentni perioda pro C. parvum 2 — 7 dni u telat
(Tzipori et al. 1983), a 4 — 22 dni u ¢lovéka (DuPont et al. 1995), pro C. muris 6 —
21 dni u mysi domaci (Matsui et al. 1999) a pro C. tyzzeri 4 — 6 dni u mysi domaci
(Ren et al. 2012).
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Patentni perioda je doba, po kterou infikovany jedinec vylu¢uje infekéni oocysty. Lisi
se mezi jednotlivymi druhy kryptosporidii a v rdamci druhu je ¢asto odlisna u ruznych
druhu hostitelid. Patentni perioda C. parvum byla 1 — 12 dni u telat a 1 — 20 dni
u ¢loveéka (Fayer 2008), patentni perioda C. tyzzeri trvala u mysi domaci 6 — 14 dni
(publikace 1), ale také az 29 dni (Fayer 2008) a u ¢lovéka 14 dni (publikace 3).

3.1.6 Prevence a terapie onemocnéni

Z hlediska prevence je tfeba na prvnim misté dodrZzovat zakladni hygienické navyky
(Feng 2010). Oocysty kryptosporidii jsou velmi odoIné a ve vodnim prostiedi ptezivaji
velmi dlouho. K devitalizaci oocyst je nutné je vystavit teplot¢ minimalné 65 °C do
dobu 20 minut, nebo vrouci vode po dobu jedné minuty (Fayer 2004), spolehlivé jsou
také inaktivovany zmrazenim pfi teploté -70 °C (Fayer et al. 1991, 1996, 1998).
Oocysty dale poSkozuje UV zafeni (Bukhari et al. 1999), ptipadné¢ v kombinaci
s ozonizaci (Betancourt et Rose 2004). Naopak jsou oocysty odolné vuci tfadé

desinfek¢nich prostfedkd, veetné téch na bazi chloru (Duhain et al. 2012).

Na rozdil od jinych parazitoz neni 1é¢ba kryptosporididzy pomoci antiparazitik
efektivni. Ani latky, které se pouzivaji proti ostatnim zastupcim kmene Apicomplexa,
nejsou u kryptosporidii u¢inné (Abrahamsen et al. 2004). V poslednich 20 letech byla
testovana fada terapeutik, ktera se ukazala jako Caste¢né, nebo zcela net¢inna (Pinto
et Vinayak 2021, Shahiduzzaman et Daugschies 2012; Valigurova et al. 2018),
piipadné byla v dostateéné u¢inném mnozstvi zaroven toxicka pro hostitelsky
organismus (Armson et al. 1999). Jediny v humanni medicin¢ schvaleny Iék,
nitazoxanid, je v omezené mite G¢inny u déti, ale imunokompromitovanych pacientti
byl bez efektu (Amadi et al. 2002; 2009), u zvifat je schvalen 1ék halofuginon, ktery
byl testovan napiiklad u infekce C. parvum v chovech telat (de Waele et al. 2010;
Villacorta et al. 1991).
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3.2 Mys domaci (Mus musculus)

Mysi hraji zasadni roli pti distribuci zoonotickych onemocnéni. Snadno se adaptuji,
maji ohromnou reproduk¢ni schopnost a Ziji v tésné blizkosti ¢loveka (Garcia-Livia et
al. 2020). Pojednani o jejich vyznamu by svym rozsahem dalece piesahly rozsah této
publikace. Zde je nutné pojednat alespont o pivodu my$i domaci, nebot’ ten tzce

souvisi se zaméfenim naseho vyzkumu.

3.2.1 Pivod mysi domaci a vznik hybridni zony

Piedek mysi domaci pochazi ze stfedni Asie pied asi 1 milionem let a pred zhruba
0,5 milibnem let zacaly divergovat jednotlivé poddruhy (Auffray et Britton-Davidian
2012; Bonhomme et Searle 2012; Duvaux et al. 2011; Geraldes et al. 2008). Jeden
z téchto poddruht, my$ domaci vychodoevropska (Mus musculus musculus, dale
v textu MMM), se nasledné rozsitil na rozsahlé Gizemi Eurasie, sahajici od stfedni
a vychodni Evropy az na Dalny Vychod. Poddruh mys§ domaci zépadoevropska (Mus
musculus domesticus, dale v textu MMD) migroval pies Malou Asii a severni Afriku
do zapadni Evropy a pozdé&ji byl zavlecen i na americky kontinent (Auffray et Britton-
Davidian 2012; Bonhomme et Searle 2012; Boursot et al. 1993; Cucchi et al. 2012;
Duvaux et al. 2011; Guénet et Bonhomme 2003; Rajabi-Maham et al. 2008). V misté

sekundarniho kontaktu MMM a MMD se zformovala tzv. hybridni zona.

Hybridni zona je oblast, kde se setkavaji dva blizce ptibuzné Zivoc¢isné druhy nebo
poddruhy, které jsou schopné se spolu kiizit, tedy produkovat plodné potomky
(Macholan et al. 2003). Na uzemi Ceské republiky se vyskytuje nékolik hybridnich
zOn, napiiklad mezi jezkem vychodnim (Erinaceus roumanicus) a zapadnim
(E. europaeus), vranou obecnou ¢ernou (Corvus corone) a vranou obecnou Sedou
(C. cornix), nebo mezi slepySem kiehkym (Anguis fragilis) a slepySem vychodnim
(Anguis colchica) (Haas et Brodin 2005; Jablonski et al. 2021; Randler 2009;
Zolotareva et al. 2020).

Evropska hybridni zéona mysi domaci (HMHZ, Obr. 2) je uzky geograficky areal,
ptiblizn¢ 2500 km dlouhy a 20 km Siroky, ktery prochazi Evropou severojiznim
smérem a saha od Severniho k Cernému mofti (Albrechtova et al. 2012; Dureje et al.
2012; Jones et al. 2011; Macholén et al. 2003). Mimo jiné protina i nejzapadnéjsi

vybézek Ceské republiky. Stabilita HMHZ je udrzovana rovnovédhou mezi migraci
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jednotlivych zvifat a selekci proti hybridnim jedincim. Tato selekce je zplisobena
napiiklad i nizsi plodnosti hybridii (Albrechtova et al. 2012; Dureje et al. 2012). Diky
relativni rovnovaze, kterd se v priub¢hu ¢asu vytvofila, mize hybridni zona slouzit jako
ptirodni laboratoi pro lepsi pochopeni mechanismi evolu¢nich procest a vzniku
novych druhti (Albrechtova et al. 2012; Macholan et al. 2007, 2008, 2011; Teeter et
al. 2010; Wang et al. 2011).

Obrazek 2: Prib¢h hybridni zony mysi domaci na tzemi Evropy (silna ¢ara) a odhad jejiho
prubéhu v Norsku (Srafovana ¢ara). Studované transekty (tmavé obdélniky): A — Dansko, B —
vychodni Holstynsko (DE), C — Sasko a Thiringen (DE), D — vychodni Bavodsko (DE)
a zapadni Cesko (CR), E — jichovychodni Bavorsko (DE), F — vychodni Bulharsko. Te¢kovana
cara znaci hranice humidni kontinentalni klimatické zony na vychod¢ s ¢tyimi dal§imi zénami
(shora proti sméru hodinovych ruci¢ek): subarktickou (Skandinavie), humidni ocednskou (na
zapadé), humidni a suchou subtropickou (na jihu) a semiaridni (na vychodg€). Pro piehlednost

neni vyznac¢ena nivalni oblast Alp. (Baird et Macholan 2012).

- " Bligaria

30



V rdmci HMHZ byli jiz detailné prostudovany dva organismy, roup mysi (Syphacia
obvelata) a kvasinka Pneumocystis murina. U obou znich byla popsana tzv.
matrjoskova hybridni zéna, kdy tito parazité¢ kopiruji genetickou strukturu svych
hostitelt a vytvari svou vlastni hybridni zonu s hybridnimi (rekombinantnimi) jedinci,
ktera geograficky odpovida HZ jejich hostiteli (Goly de Bellocq et al. 2018). Prave
rekombinantni jedinci mohou mit velky epidemiologicky vyznam: byt pti¢inou vzniku
novych onemocnéni (King et al. 2015), rezistence bakterii k ur¢itym lékiim (Perron et
al. 2012), nebo propuknuti nahlych epidemii. Pfikladem je virus $panélské chiipky,
kde doslo podobnym mechanismem k rekombinaci dvou riznych kmenti (Gibbs et al.
2001). V ramci této prace byl podobny mechanismus studovan i u kryptosporidii,

specifickych pro mysi domaci (publikace 1).
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3.3 Kryptosporidie mysi domaci

Mysoviti hlodavci jsou kosmopolitné rozsifeni a ziji v tésném kontaktu
s hospodarskymi a zdjmovymi zvifaty i s ¢lovékem (Garcia-Livia et al. 2020). Jsou
dilezitou soucasti epidemiologie vétSiny zoondz, véetné kryptosporididzy (Kimura et
al. 2007). Slouzi jako hlavni rezervoary a vyznamni pienaSeci pivodct onemocnéni
lidi a domacich zvitat (Kruse et al. 2004) a celosvétove jsou proto sledovani z hlediska
ochrany vefejného zdravi. Casto jsou také p¥ic¢inou kontaminace vodnich zdrojt
(Jellison et al. 2002; Xiao et al. 2000a). Hlodavci hraji dulezitou roli ve vétSiné
suchozemskych ekosystému jako zdroj potravy pro predatory (Feng 2010). Rapidné
se mnoZzi a v ramci svého habitatu cyklicky migruji. Mysi domaci i nékteré dalsi druhy
hlodavct na podzim ve vétsi mife osidluji lidska sidla, zejména hospodéiské usedlosti
(Berry 1981). Diky rozmanitosti a dynamice populaci piedstavuji velmi vhodny
studijni model (Bajer 2008). Ze vSech téchto duvodu jsou takeé zajimavym objektem

pro studium kryptosporidiovych infekci.

U divokych mysi domacich byly v ptirozené infekci do soucasnosti popsany
nasledujici druhy a genotypy kryptosporidii: C. muris (Chalmers et al. 1994),
C. tyzzeri (Morgan et al. 1998b), C. parvum (Lv et al. 2009; Morgan et al. 1999a),
C. ubiquitum (Fayer et al. 2010) a Cryptosporidium sp. mouse genotyp Il (Foo et al.
2007), které jsou popsany v dalsich kapitolach. Bohuzel, fada starSich studii, zaméfena
na detekci kryptosporidii u hlodavct, vyuzivala pouze mikroskopické diagnostiky
téchto parazit, popisuje je dle morfologie jako C. muris-like a C. parvum-like (Bajer
et al. 2001, 2002; Bednarska 2003; Chalmers et al. 1997; Laakkonen et al. 1994;
Torres et al. 2000), a nema tedy v souéasnosti dostate¢nou vypovédni hodnotu (Matos
2008).

3.3.1 Zalude¢ni kryptosporidie mysi domaci

Infekce zalude¢nimi kryptosporidiemi neni u zvitat obvykle provazena klinickymi
pfiznaky ani zanétlivymi procesy v zalude¢ni sliznici (Iseki et al. 1989, Ozkul
et Aydin 1994). 1 pfes to za charakteristické histopatologické zmény, zjisténé
napiiklad u mastomysi, skotu ¢i opic, lze povazovat hypertrofii, atrofii a metaplazii
zlaznatého epitelu a dilataci infikovanych zlaz (Anderson 1987; Dubey et al. 2002;
Kvac et Vitovec 2003; publikace 2).
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Dosud byly u hlodavci popsany tii druhy zaludecnich kryptosporidii, C. muris,
C. andersoni a C. proliferans, které se lisi svou hostitelskou specifitou (Morgan et al.
2000; Xiao et al. 2004, publikace 2). Cryptosporidium muris se typicky vyskytuji
u mysovitych hlodavci (Aydin et Ozkul 1996; Chalmers et al. 1997; Iseki et al. 1989),
zatimco C. andersoni je typickou kryptosporidii piezvykavct (Enemark et al. 2002;
Lindsay et al. 2000). Cryptosporidium proliferans je relativné recentné popsany druh
a je nalézan pievazné u savca v Africe (Feng et al. 2007; Kodadkova et al. 2010; Kvaé
et al. 2008a; Sak et al. 2013; publikace 2), typicky hostitel zatim popsan neni. V ramci
obou druhii byly nalézany izolaty, které se mirné liSily svymi morfologickymi
a biologickymi vlastnostmi (Hikosaka et Nakai 2005; Kva¢ et al. 2003; Upton
et Current 1985, publikace 2) a vyvstala potfeba vyvinout vhodny nastroj pro jejich

bliz$i urceni.

Prohloubeni studia variability zalude¢nich kryptosporidii umoznila metodika MLST
(multilocus sequence tool for typing, Feng et al. 2011a). V celém genomu zaludeénich
kryptosporidii bylo vytipovano né€kolik mikro- a minisatelitnich oblasti (MS1, MS2,
MS3 a MSI16), jejichz fylogenetickd analyza identifikovala fadu subtypt v rdmci
téchto druhti kryptosporidii. Diky dalsimu vyuziti této metody doSlo k popsani fady
novych subtypi a ukazuje se, Ze geneticka divezita zejména u C. muris je velmi
rozmanitd (Wang et al. 2012). I kdyz u nékterych izolati se muze jednat pouze
o0 vnitrodruhovou variabilitu (Xiao et al. 2004a), v sou¢asnosti pievlada nazor, Ze tyto
druhy ptedstavuji komplex dosud nepopsanych druhi, tak jak to bylo diive prokdzano
u skupiny sttevnich kryptosporidii (Feng et al. 2011a; Kvac¢ et al. 2008a). D& se
ptedpokladat, Ze nckteré z téchto subtypl budou popsany jako samostatné druhy

kryptosporidii (publikace 2).

3.3.1.1 Cryptosporidium muris Tyzzer, 1907

Cryptosporidium muris infikuje zlaznatou ¢ast Zaludku hlodavcu. Poprvé byla tato
kryptosporidie popsana Tyzzerem v roce 1907 a jiz byla detekovana u Siroké skaly
hostitelskych druhd. Kromé MMM, MMD, amysi stiedozemni (M. spretus)
(Chalmers et al. 1994, 1997; Kvac et al. 2012; Tores et al. 2000) byla ptirozena
infekce popsana napiiklad u potkana obecného (Rattus norvegicus), u krysy obecné
(Rattus rattus) a u asijské krysy druhu R. tanezumi (Garcia-Livia et al. 2020; Iseki
1986; Ng-Hublin et al. 2013; Silva et al. 2013). Vyskyt tohoto druhu byl dale potvrzen
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napiiklad u mySice lesni (Apodemus flavicollis), mySice kfovinné (A. sylvaticus)
mysice temnopasé (Apodemus agrarius), nornika rudého (Clethrionomys glareolus),
hlodouna ¢inského (Rhizomys sinensis) a kiecika Roborovského (Phodopus
roborovskii) (Condlova et al. 2018; Chalmers et al. 1997; Liu et al. 2015; Pavlasek
et Lavicka 1995; Perec-Matysiak et al. 2015; Torres et al. 2000). U mySice vychodni
(Apodemus speciosus) v Japonsku byl identifikovan novy genotyp C. muris (Hikosaka
et Nakai 2005). Lv et al. (2009), kteti provedli v Cing studii na divokych,
laboratornich a zajmovych hlodavcich; nalezli C. muris pouze v obchodech se zvitaty
u ktecka zlatého (Mesocricetus auratus), kie¢ika dzungarského (Phodopus sungorus),
kieCika Campbellova (Phodopus campbelli) a burunduka (Tamias sibiricus) jak

v monoinfekci, tak ve smiSené infekci s jinymi druhy kryptosporidii.

V piirozenych i experimentalnich podminkach je tento druh infekéni pro Sirokou fadu
dalsich savcti, mimo jiné napiiklad pro primaty (Dubey et al. 2002; Sak et al. 2013),
kocky (Iseki 1989; Pavlasek et Ryan 2007), psy (Itoh et al. 2014), damany skalni
(Procavia capensis), piskomily mongolské (Meriones unguiculatus), morcata
a kraliky (Aydin et Ozkul 1996), ale také pro pirezvykavce (Kvac et al. 2008a; Rhee
et al. 1998; Ryan et al. 2005) nebo tulen¢ krouzkovaného (Phoca hispida, Santin et al.
2005) a pro fadu dalsich zvifecich druhi z tfidy savct i ptaku (viz Zahedi et al. 2016).

U lidi byla piirozena infekce C. muris poprvé popsana v Indonésii u dvou zdravych
divek bez klinickych pfiznaki (Katsumata et al. 2000). Cryptosporidium muris bylo
nalezeno u déti, imunokompetentnich i imunodeficitnich a HIV pacienti (Gatei et al.
2002, 2006; Guyot et al. 2001; Hasajova et al. 2014; Palmer et al. 2003; Tiangtip
et Jongwutiwes 2002). Infekce zdravého dospélého c¢lovéka byla potvrzena také

experimentalné (Chappell et al. 2015).

PIné vysporulované oocysty maji velikost primérné 8,4x6,3 um (7,5 — 9,8x5,5 —
7,0 um) (Iseki et al. 1986), Palmer et al. (2003) uvadi rozméry 8,4x6,1 um (8,0 —
9,0%5,6 — 6,4), Chalmers et al. (1994) popsala u mysi ve Velké Britanii oocysty
o velikosti 7,0x5,5 um (6,5 — 8,0x5,0 — 6,5). Prepatentni perioda u mysi domaci ¢ini
dle Matsui et al. (1999) 6 — 21 dni, Aydin et Ozkul (1996) i Iseki et al. (1989) uvadi
5 dni. Patentni perioda muze byt dlouha i n€kolik mésict (Matsui et al. 1999), naproti
tomu Taylor et al. (1999) uvadi 18 dni.

34



V ramci druhu bylo rozliSeno n€kolik bézné se vyskytujicich izolath, které se 1isi nejen
geneticky, ale také mirou infektivity hostiteli, nejpodrobnéji jsou prostudovany dva
izolaty: C. muris CB03 nalezeny v Ceské republice u velblouda dvouhrbého (Camelus
bactrianus) v zoologické zahradé v Plzni (Kvac et al. 2008a) a pozdgji také u zirafy
sitované (Giraffa camelopardalis reticulata) v zoologické zahradé ve Dvoie Kralové
nad Labem (Kodadkova et al. 2010) a C. muris RN66 z potkana obecného (Rattus
norvegicus; Iseki 1986). Na zaklad¢ metody MLST bylo u druhu C. muris do
Soucasnosti popsano 13 subtyptl na lokusu MS1 a 6 subtypd na lokusu MS2, MS3
i MS16 (Feng et al. 2011a; Wagnerova et al. 2015; Wang et al. 2012, 2021).

3.3.1.2 Cryptosporidium andersoni Lindsay et al., 2000

Cryptosporidium andersoni neni povazovano za druh specificky pro hlodavce, typicky
se vyskytuje u piezvykavcu. Poprvé bylo popsano ve slezu skotu (Upton et Current
1985), ptirozené infekce byly nalezeny také u velblouda dvouhrbého, zubra
evropského (Bison bonasus), svisté stepniho (Marmota bobak), kiecka zlatého
a kie¢ika Campbellova (Phodopus campbelli), takina ¢inského (Budorcas taxicolor
bedfordi), pandy velké (Ailuropoda melanoleuca), makaka rhesus (Macaca mulata)
a norka amerického (Mustela vison) (Du et al. 2015; Lv et al. 2009; Mastubayashi et
al. 2005; Stuart et al. 2013; Wang et al. 2008, 2015; Zhao et al. 2015a). Dlouho se
piedpokladalo, ze C. andersoni neni schopno infikovat mySovité hlodavce, ale bylo
experimentaln¢ prokazano, ze nékteré jeho kmeny jsou infekéni pro laboratorni mysi
(Koyama et al. 2005; Masuno et al. 2013; Matsubayashi et al. 2005; Satoh et al. 2003)
i krysu malou (Mastomys coucha, Kva¢ et al. 2007), ale piirozena infekce
C. andersoni u mysi domaci dosud nebyla popsana. Pro dlouhodobé udrzovani izolatu
C. andersoni je vhodnym laboratornim modelem piskomil saharsky (Gerbillus
gerbillus) (Kvac et al. 2013b).

V rdémci C. andersoni byly u skotu popsany dva typy, které se lisily velikosti oocyst.
Upton et Current (1985) uvadéji primérné rozméry 7,4x5,6 pm, naproti tomu pozdéji
jsou oocysty C. andersoni charakterizovany velikosti 8,4x6,2 pm, jez se spiSe blizi
rozmérum C. muris (Kvagc et al. 2003; Lindsay et al. 2000). Na zakladé¢ metody MLST
bylo dosud u C. andersoni popsano 6 subtypt na lokusu MS1, 5 subtypu na lokusu
MS2, 4 subtypy na lokusu MS3 a 2 subtypy na lokusu MS16 (Feng et al. 2011a; Wang
et al. 2012; Zhao et al. 2013).
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Infekce je typicka, stejné jako u C muris, absenci klinickych ptiznakd, nicméné
u skotu byla prokazana souvislost se snizenim produkce mléka a vahovych ptirstku,
uvadi se také az trojnasobné zvyseni hmotnosti abomasa (Anderson 1998; Esteban et
Anderson 1995, 1997). Lindsay et al. (2000) se domniva, Ze patentni perioda muze

u skotu dosahovat az 2,5 roku.

Cryptosporidium andersoni neni druhem typicky infikujicim ¢lovéka, piesto existuji
studie, popisujici vyskyt této kryptospodidie u lidi (Ehsan et al. 2015; Guyot et al.
2001; Jiang et al. 2014; Leoni et al. 2006).

3.3.2 Strevni kryptosporidie mysi domaci

Stfevni kryptosporidie se povazuji za geneticky variabiln€j$i ve srovnani
s Zalude¢nimi kryptosporidiemi. Také u nich se vyuziva metoda MLST, ktera ke
stanoveni variability druht a genotypt ¢asto vyuziva soucasné analyzy nékolika gent,
napiiklad genu pro 70 kDa heat shock protein (HSP70), mucin, actin,
Cryptosporidium-oocyst wall protein (COWP), trombospondin-related protein of
Cryptosporidium (TRAP-C1) a zejména velmi variabilni gen, kddujici glykoprotein
o0 velikosti 60 kDa (GP60) (Alves et al. 2003; Del Coco et al. 2014; Gatei et al. 2007,
Hijjawi et al. 2010; O’Brien et al. 2008; Pedraza-Diaz et al. 2001; Spano et al. 1997;
Stensvold et al. 2014; Zintl et al. 2011, publikace 1, publikace 3).

cey

Infekce stievnimi kryptosporidiemi u divoce Zijicich hlodavct probiha bezptiznakove
(Condlova et al. 2018, 2019; Hor¢ickova et al. 2019; Sturdee et al. 1999). U mysi
doméci byly v piirozené infekci dosud popsany C. tyzzeri (Morgan et al. 1999a),
C. parvum (Lv et al. 2009), C. ubiquitum (Fayer et al. 2010) a Cryptosporidium sp.
mouse genotyp Il (Foo et al. 2007).

3.3.2.1 Cryptosporidium tyzzeri Ren et al., 2012

Cryptosporidium tyzzeri, diive nazyvané Cryptosporidium sp. mouse genotyp I, je
specifické pro mys domaci, u které bylo také poprvé popsano. Tento druh byl nalezen
i U hrabose polniho (Microtus arvalis), nornika rudého, krysy obecné, nebo bizonu
(Bison bison) (Alves et al. 2006; Bajer et al 2003; Foo et al. 2007; Garcia-Livia et al.
2020; Morgan et al. 1999a; Xiao et Fayer 2008; Xiao et Feng 2008).
V experimentalnich podminkach vsak C. tyzzeri nebylo infekéni pro piskomila

mongolského, krysu malou, mysici lesni, ani mor¢e domaci (publikace 1). Existuji
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zaznamy o vyskytu tohoto druhu také u riznych druhu divokych zvifat, napiiklad
u levharta skvrnitého (Panthera pardus), takina indického (Budorcas taxicolor),
paovce hiivnaté (Ammotragus lervia), pandy cervené (Ailurus fulgens), bazanta
pradésského (Crossoptilon crossoptilon), jefaba cernokrkého (Grus nigricollis)
a u netopyra hnédého (Eptesicus fuscus) (Dubey et al. 1998, Karanis et al. 2007).
Infekce C. tyzzeri byla detekovana u nékterych studenokrevnych obratloveu (hadu,
jestérek a zelv) poté, co byli krmeni infikovanymi mySmi (Pedraza-Diaz et al. 2009),
mohlo se tedy jednat o pasaz kryptosporidiové infekce zazivacim traktem (Xiao et al.
2004b).

Jednotlivi autofi se mirné rozchazi ve vysledcich morfometrické analyzy oocyst
C. tyzzeri. Morgan et al. (1999a) uvadi praimérné rozméry 4,5x4,0 um, Lv et al. (2009)
udava 4,83x4,07 um. Ren et al. (2012) pti popisu noveho druhu specifikoval rozméry
4,64%x4,19 um a index tvaru 1,11. V nasi praci jsme dokonce detekovali variabilitu ve
velikosti oocyst u jednotlivych subtypt tohoto druhu kryptosporidii, kdy pramérné
rozméry subtypu C. tyzzeri Ixa se u ruznych poddruhti piirozené i experimentalné
infikovanych mysi pohybovaly v rozmezi 4,47 — 4,49x3,88 — 3,91 um, a rozméry
subtypu C. tyzzeri Ixb byly 4,24 — 4,26x3,64 — 3,70 um (publikace 1). Oocysty

C. tyzzeri jsou v8ak vzdy mensi, nez u C. parvum.

Prepatentni perioda je dle Rena et al. (2012) u mysi domaci 6 — 7 dni, v publikaci 1
byla 4 — 6 dni. Patentni perioda se také lisi, Ren et al. (2012) uvadi 24 — 28 dni
U neonatalni mysi a 28 — 29 dni u dospé€lé mysi, my jsme zjistitli u riznych poddruht
mySi domaci 6 — 14 dni; nejkratsi patentni perioda byla u BALB/c mySi (pramérné
6,17 + 3,37 dni), nejdelsi u mysi poddruhu Mus m. domesticus kmene STUS (14,17 £+
3,19 dni) a u SCID mysi (nad 26 dni). Tento druh kryptosporidie obvykle nevyvolava
zadné zjevné klinické priznaky, mnozstvi vylu¢ovanych oocyst je casto nizké

(publikace 1).

Cryptosporidium tyzzeri je infekéni také pro ¢lovéka. Prvni popsanou infekci byl
ptipad ditéte v Kuwaitu, ptivodce byl chybné oznacen za druh C. parvum (Sulaiman
et al. 2005), ale pozdé&jsi porovnani publikované sekvence s dal§imi zaznamy
v databazi GenBank potvrdilo, ze se jednalo o smiSenou infekci druhu C. parvum
a C. tyzzeri (publikace 3). V roce 2007 byl popséan pravdépodobny vyskyt C. tyzzeri
u déti v Indii (Ajjampur et al. 2007). Vzorky vsak byly vysetfovany metodou PCR-
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RFLP genu pro malou podjednotku rRNA (SSU) a produkt, ziskany touto metodou
pro C. tyzzeri je shodny s produktem druhu C. meleagridis, ktery je po C. parvum
a C. hominis tfeti nejcastéjsi kryptosporidii u ¢lovéka (Pedraza-Diaz et al. 2000; Xiao
et al. 2004a). Neda se tedy jednoznacné fici, zda se skute¢né jednalo o C. tyzzeri,

i kdyZ to autor uvadi.

3.3.2.2 Cryptosporidium parvum Tyzzer, 1912

Cryptosporidium parvum je kosmopolitné rozsifeny druh s nizkou hostitelskou
specifitou. Je pravideln¢ nalézan u vétSiny savct a piedpoklada se, ze je pro né
ptirozené infekéni. Nejcastéji byva popisovan u skotu (de Graaf et al. 1999) a telat do
dvou mésici, u nichz je ¢asto vysoka morbidita, ale nizk& mortalita (Santin et Trout
2008). Vzhledem k mnozstvi vylu¢ovanych oocyst jsou pravé telata povazovana za
vyznamny zdroj infekce C. parvum v prostiedi (Xiao 2010). Cryptosporidium parvum
bylo mimo jiné nalezeno u celé fady hlodavct a drobnych savei — mysi domacich,
potkanti, krys, mySic lesnich i kiovinnych, hrabosi, ¢ipmanka vychodniho, kiecka
bélonohého (Peromyscus leucopus), myvala severniho (Procyon lotor), nutrie fi¢ni
(Myocastor coypus), ondatry pizmové (Ondatra zibethicus), jezka zapadniho
(Erinaceus europaeus), veverky obecné (Sciurus vulgaris) a skunka pruhovaného
(Mephitis mephitis) (Bajer et al. 2003; Hofmannova et al. 2016; Chalmers et al. 1997;
Iseki 1986; Jezkova et al. 2021b; Kvac et al. 2008b; Ng-Hublin et al. 2013; Torres
et al. 2000; Yamura et al. 1990). Bylo prokazano, ze C. parvum je ve srovnani
s C. tyzzeri mén¢ infek¢éni pro imunokompetentni dospélé laboratorni mysi (Abdou
et al. 2013; Rasmussen et Healey 1992; Xiao 2004a), ale fada autort uvadi, ze drobni
hlodavci jsou ¢astym rezervoarem infekce pro hospodaiska zvitata i pro ¢lovéka (Feng
et al. 2011b; Foo et al. 2007; Morgan et al. 2000; Ziegler et al. 2007). Je tedy mozné,
ze v nékterych ptipadech mohou byt oocysty, detekované u mysi, jen pasazi

kryptosporidii z prostiedi.

Velikost oocyst je u telat 5,0x4,5 um (Upton et Current 1985), dle Hijjawi et al. (2001)
je 4,8x4,2 um. Kvac et al. (2013b) uvadi rozméry u telat i u SCID mysi 5,5 x 4,95 um.
Prepatentni perioda byla experimentalné zjisténa 2 — 7 dni u telat (Tzipori et al. 1983)
a4 — 22 dni u ¢loveéka (DuPont et al. 1995). Chappel et al. (1996) uvadi prepatentni
periodu v délce 5 — 6,43 dni u dvou skupin dobrovolnikti, u nichz se objevily klinické

ptiznaky, a 10,7 dni u asymptomatickych osob, patentni perioda byla v této studii
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maximaln¢ 14 dni. Fayer (2008) uvadi delku patentni periody u telat 1 — 12 dni
a u ¢loveéka 1 — 20 dni.

Spole¢né s C. hominis je C. parvum druhem nejcasté&ji infikujicim ¢lovéka (Xiao et al.
2004a). Byl popsan i u lidi v Ceské republice (Hajdusek et al. 2004; Kvac et al. 2009,
publikace 3). I kdyz je Zzivotni cyklus C. parvum lokalizovan pfevazné
V gastrointestinalnim traktu, mize pronikat i do jinych orgéani, jako napiiklad plic,
jater asleziny (Meamar et al. 2006). U imunodeficitnich pacientti kon¢i diseminované
infekce vét§inou smrti (Nimri et Batchoun 1994). Jelikoz byl stejny subtyp C. parvum
nalezen u ¢loveéka iu drobnych hlodavcl, mohou hlodavcei slouzit jako rezervoar

infekce, potencialné nebezpecné pro ¢loveéka (Zhao et al. 2015b; publikace 3).

3.3.2.3 Cryptosporidium ubiquitum Fayer et al., 2010

Cryptosporidium ubiquitum (diive Cryptosporidium sp. cervine genotyp) je, jak uz
nazev napovida, vSudypiitomny druh. Spole¢né s C. parvum a C. meleagridis je
je soucasti spektra kryptosporidii, nachazenych ve vzorcich rekreacni, pitné a odpadni
vody (Galvan et al. 2014; Nichols et al. 2010; Robinson et al. 2011; Ruecker et al.
2012). Oocysty méfi 5,0x4,7 um (Fayer et al. 2010).

Vyskytuje se u vSech vékovych kategorii ovci (Ovis aries, Ryan et al. 2005; Santin
etal. 2007; Wang et al. 2010), a dalsich pifezvykavcu, jako jsou srnec obecny
(Capreolus capreolus), jelen sika (Cervus nippon temnick), jelenec bé&loocasy
(Odocoileus virginianus), bulovec béloc¢ely (Damaliscus pygarnus phillipsi), nyala
jizni (Tragelaphus angasii), kozorozec horsky (Capra ibex), jak doméaci (Bos
grunniens), ale také u dalSich savci, napiiklad myvala severniho (Procyon lotor),
veverky popelavé (Sciurus carolinensis), nutrie #i¢ni, norka amerického nebo ¢incily
vinaté (Chinchilla lanigera) (Feng et al. 2007; Jezkova et al. 2021b; Karanis et al.
2007; Kellnerova et al. 2017; Ma et al. 2014; Perz et Le Blancq 2001; Prediger et al.
2017; Robinson et al. 2011; Ryan et al. 2003; Wang et al. 2008). V ptirozené infekci
byl popsan u fady hlodavcu, primatu i u ¢lovéka (da Silva et al. 2003; Fayer et al.
2010).

Cryptosporidium ubiquitum se u hostitelti ¢asto vyskytuje ve smiSené infekei s jinymi

druhy nebo genotypy kryptosporidii, napfiklad u cipmanka vychodniho (Tamias
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striatus) bylo detekovano spolecné s Cryptosporidium sp. chipmunk genotyp | (Feng
et al. 2007). V nasi praci bylo u mysi domaci vychodoevropské nalezeno v pfirozené
infekci s C. parvum (nepublikovéno, viz Kap. 5.1 a 5.2). U hlodavca je tento druh
popisovan ve smiSené infekci s celou fadou riiznych druhi a genotypt kryptosporidii

(Xiao et Feng 2008).

Existuje prekvapivé malo studii, popisujicich vyskyt C. ubiquitum u pfirozené,
piipadné¢ laboratorné¢ infikovanych mysi (Fayer et al. 2010). Vzhledem
k vSudypiitomnému vyskytu C. ubiquitum ve vodé a v prostiedi je mozné, ze v fadé
ptipadi byl tento druh u mySi sice nalezen, ale mohl byt chybné popsan jako
C. parvum-like (Bajer et al. 2001, 2002; Bednarska 2003; Chalmers et al. 1997, Torres
et al. 2000). Je pravdépodobné, Ze nejen mysi, ale i dalsi divoce Zijici savei budou

v budoucnu popsani jako ptirozeni hostitelé C. ubiquitum (Jiang et al. 2005).

3.3.2.4 Cryptosporidium sp. mouse genotyp 11

Genotyp Cryptosporidium sp. mouse Il byl popsan pouze v jedne studii v 10 ptipadech
u mysi zapadoevropské (MMD) v Queenslandu v Australii a na ostrovech Macquaire
a Thevenard, kter¢ lezi jihozapadné od pobiezi Australie (Foo et al. 2007) a nasledné
V jednom piipadé u MMM v Brazilii (Silva et al. 2013).

Tento genotyp je fylogeneticky nejvice ptibuzny k druhu C. suis (Foo et al. 2007).
Jeho dalsi vyzkum je velmi komplikovany z divodu nizké intenzity vyluCovani

a obtiznosti ziskani dostatku izolatu pro experimentalni praci.
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4. MATERIAL A METODIKA

Material a metodika jednotlivych studii, které jsou nedilnou soucasti této disertacni
prace, jsou uvedeny Vv kapitolach Material a metodika piislusnych studiich v p¥iloze
této prace. V nasledujicim textu jsou souhrnné uvedeny vSechny metody, pouzivané

pti préci na jiz vyslych publikacich, tak i dosud nepublikovanych vysledcich.

4.1 Material
4.1.1 Odchyt zvirat

ey

Divoce zijici mysi domaci byly chytdny do kovovych nebo dievénych Zivochytnych
pasti. Nejcastéj$i navnadou byly ovesné vlocky s rybim olejem. Zvifata byla
odchytavana za tucelem studia prevalence kryptosporidii u mysi domacich
a nashromazdéni potiebného mnozstvi zivych, infekce schopnych oocyst
kryptosporidii pro dalSi experimentdlni infekce. Zvifata byla individualné
transportovana do laboratofe za podminek spliujicich jak bezpecnost prace
s potencialné infekénim materidlem, tak i pfisluSnou legislativu na ochranu zdravi

zvirat.

4.1.1.1 Lokality odchytu

Odchyty probihaly v oblasti hranice zapadnich Cech (Ceska republika)
a severovychodniho Bavorska (Spolkova republika Némecko), v Casti takzvané
hybridni zony mysi domaci. Na zakladé piedchozich terénnich sledovani byly v této
oblasti provadény pravidelné odchyty mysi domacich v podzimnich mésicich (zari
a fijen) v letech 2007 — 2014. Pro tuto praci byly nasledné pouzity vzorky, ziskané
v obdobi 2007 — 2011 z celkem 125 lokalit.

4.1.1.2 lzolaty pro experimentalni infekce

Pro experimentalni infekci byly pouzity dva odlisné izolaty C. tyzzeri (Obr. 3),
oznacené HZ117 pochazejici zmysi MMD (lokalita Minchenreuth) a HZ206
pochazejici z mysi MMM (lokalita Buskovice). Oba izolaty C. tyzzeri HZ206 i HZ117
byly nalezeny ve smiSené infekci spole¢né s C. muris, od kterée musely byt

experimentalné oddéleny (Kap. 4.2.5.4).

Izolat C. proliferans pochézel z ptirozené infikovaného hlodouna vychodoafrického

(Tachyoryctes splendens), odchyceného v Kakamega v Keni v roce 2003.
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Obrazek 3: Pivod izolata Cryptosporidium tyzzeri, pouzitych pro experimentalni infekce
(upraveno dle Loudové 2011).

Spolkova republika Némecko

Karloyy Vary

HZ 206
®

10 km Ceska republika

4.1.2 Manipulace se zviraty

Vsechna zivé odchycena i pokusna zvifata byla chovana individualné za standardnich
podminek odpovidajicich druhu a kategorii zvifat. M¢&la k dispozici sterilizované
krmivo ve formé pelet (Velaz, Praha) a sterilizovanou vodu ad libitum. Se zvitaty bylo
nakladano a manipulovano dle Zakona ¢. 246/1992 Sb., na ochranu zvifat proti tyrani
a dle Vyhlasky ¢. 419/2012 Sb., o ochrané pokusnych zvifat v pozd¢jSim znéni.
Vsechna zvitata byla chovana a drzena ve zvéfinci Parazitologického ustavu BC AV

CR, V. V. .

Divoké mysi, odchycené za ucelem screeningu, byly drzeny ve standardizovanych
podminkéch v do¢asné terénni laboratoti, zbudované v odchytové oblasti. Nasledujici
den po odchytu byla zvifata usmrcena v souladu s piedpisy, byla provedena pitva

a odebran biologicky material.

4.1.3 Biologicky material

Vzorky trusu ptirozené nebo experimentalné infikovanych zvitat byly sbirany denné
a uchovavany pfi teploté¢ 4 °C v 2,5% vodném roztoku dichromanu draselného
(K2Cr207) po dobu maximalné étyt tydnd. Pii tomto zplsobu uchovani zustavaji

oocysty kryptosporidii ve vzorku schopné dalsi infekce.

Vzorky trusu a casti zazivaciho traktu (zaludek, duodenum, jejunum, ileum, cékum
a kolon) zvitat pro dlouhodobé uchovani byly individualné odebirany a skladovany
v 70% alkoholu pro nasledné molekularni analyzy, piipadné byly histopatologicky

zpracovany (Kap. 4.2.6).
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4.1.4 Experimentalni infekce — laboratorni modely

Pro experimentalni infekce byla pouzita komeréné dostupna, dobie definovana
laboratorni zvifata (SCID a BALB/c mysi, piskomilové mongolsti, morcata), a dale
krysy malé, mysice lesni a andulky vinkovaté. Kromé nich byly pouZity divoké kmeny
mysi které byly v laboratornich podminkéach odvozeny od ptivodnich divokych mysi,
odchycenych ve zkoumané oblasti hybridni zony (Albrechtova et al. 2012, Pialek et
al. 2008). Tyto kmeny se nazyvaly STUS (MMM), 24. — 26. generace piibuzenského
ktizeni a SCHEST (MMD), 8. — 10. generace kiizeni. Oba kmeny pochazely z chovu
Ustavu biologie obratlovet AVCR v. v. i. Ve Studenci (Ceska republika).

4.1.5 Pripadova studie

Na podzim roku 2011 byl podrobné studovan piipad vyskytu kryptosporidiozy
U zdravé 25leté Zeny, kterd rutinné pracovala s laboratornimi 1 divoce zijicimi
hlodavci. U této osoby byla denné zaznamendvana frekvence vylucovani
a mikroskopicky byla vySetfovana intenzita vylu¢ovani oocyst ve stolici. Studie byla
schvélena Etickou komisi Parazitologického Ustavu Biologického centra Akademie
véd Ceské republiky, v.v.i. (protokol &. 1/2012).
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4.2 Metodika

4.2.1 Koprologické vySeti‘eni a uréeni intenzity infekce

Vzorky trusu a stolice byly vySetfeny na pfitomnost kryptosporidii pomoci
specifického barveni aniline-carbol-methyl violeti (Mila¢ek et Vitovec 1985).
Intenzita infekce byla zjistovana u experimentalnich hlodavci i u sledované pacientky
pomoci natéra v prubéhu infek¢éniho obdobi dle Kvace et al. (2007). Po odebréani
vzorku trusu ¢i stolice, vytvofeni a obarveni natéru aniline-carbol-methyl violeti bylo
sklicko prohlédnuto svételnym mikroskopem pii zvétSeni 1000x za pouziti imerzniho
oleje. Oocysty byly pocitdny na celé sklo. Hmotnost trusu byla zjiSténa na zakladé
vahového rozdilu skla a skla s natérem trusu. Intenzita infekce byla pak vyjadiena jako

pocet oocyst na gram trusu (OPG).

4.2.2 Morfometricka analyza ocyst

Morfometrickd analyza byla provedena a) s vitalnimi oocystami kryptosporidii,
purifikovanymi pomoci sachar6zového a cesium chloridového gradientu (Kap. 4.2.3),
b) znatéru na sklo, obarveného metodou barveni aniline-carbol-methyl violeti
(Milacek et Vitovec 1985), ¢) metodou diferencialniho interferen¢niho kontrastu
(DIC), d), barvenim auramin-fenolem (Casemore 1991), e) pomoci
imunofluorescen¢ni mikroskopie za pouziti FITC-znafenych Cryptosporidium-
specifickych protilatek (Crypto Cel Reagent, Cellabs). Pti zvétseni 1000x byla méfena
dé¢lka a sitka minimaIn€ 100 oocyst z kazdého izolatu a byl vypocten index tvaru. Pro
morfometrickou analyzu byla pouzita digitalni analyza snimka (M.I.C. Quick Photo
Pro v.1.2; Optical Service), pofizenych fotoaparatem Olympus Camedia C-5060
WIDEZOOM, 5.1 megapixela (Optical Service).

Velikost oocyst byla porovnana s referenéni velikosti oocyst C. parvum, ziskanych
z ptirozené infikovaného telete. Variabilita ve velikosti oocyst byla statisticky

vyhodnocena (viz Kap. 4.2.11).

4.2.3 Purifikace oocyst

Pied purifikaci oocyst byly vzorky zbaveny K>Cr.O-; pomoci opakovaného promyti
ve fosfatovém pufru (PBS), homogenizovany a zbaveny vétSich Castic trusu
protlatenim ptes plastové sitko. Nasledné byly purifikovany kombinaci

sachardzového (Arrowood et Sterling 1987) a cesium chloridového gradientu (Kilani
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et Sekla 1987). V pripad¢ malého mnozstvi trusu byl takovy vzorek ¢istén pfimo na
cesium chloridovém gradientu, aby se minimalizovaly ztraty, vzniklé v prab&hu

¢isténi.

4.2.4 Test zivotaschopnosti oocyst

Pted experimentalnimi infekci byla ovéfena zivotaschopnost oocyst pomoci barveni
propidium iodidem (Sauch et al. 1991). Zivotaschopnost oocyst byla posouzena jako
pomér mrtvych (barvi se Cervené) k zivym (nebarvi se — jevi se zelen€) oocystam ve
ttech az péti nezavislych opakovanich. V kazdém opakovani bylo pocitano celkem
100 oocyst na jamkovém sklicku fluorescenénim mikroskopem (Olympus 1X70) pii
vinové délce 420 nm.

4.2.5 Experimentalni infekce zvirat

4.2.5.1 Zahajeni experimentu
Pokusna zvifata byla infikovana peroralné pomoci jicni sondy 200 pl suspenze
s davkou 108 Zivotaschopnych oocyst kryptosporidii. Velikost infekéni davky byla

vypocitdna pomoci Biirkerovy komirky.

4.2.5.2 Pribéh experimentu

Infekce byla sledovana po dobu 30 dnti po infekci (DPI). Vzorky trusu infikovanych
zvitat byly od 3. dne po infekci denné odebirany a koprologicky vysetfovany. Cast
vzorku trusu byla uchovana pro ptipadnou molekularni analyzu v mikrozkumavce pii
—20 °C. Pokud byly u daného hostitele koprologickym vySetienim nalezeny oocysty
v trusu, molekularni analyzou byla potvrzena identita izolatu, ktery byl zvifeti podan
(viz Kap. 4.2.8 a 4.2.9).

4.2.5.3 Ukonceni experimentu
Po ukonceni experimentu byla vSechna zvifata usmrcena cervikdlni dislokaci patete.
Po usmrceni bylo provedeno histopatologické vysetieni organti gastrointestinalniho

traktu. S kadavery bylo naloZeno dle ptislusnych legislativnich piedpist.
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4.2.5.4 Oddéleni izolati v pripadé smiSené infekce

Izolaty C. tyzzeri, pouZivané pro experimentalni infekce v publikaci 1, byly z divoké
mysi ziskané ve smiSené infekci s C. muris. Pred experimentalni infekci bylo nutné
tyto dva druhy kryptosporidii oddélit s vyuzitim jejich rizné délky prepatentni periody
u mysi domaci. Prepatentni perioda C. tyzzeri je 4 — 5 dni (publikace 1), prepatentni
perioda C. muris je pramérné 7 dni (Wang et al. 2021a).

Precisténé suspenze oocyst (200 ul) byly podany mysSim SCID (pro kazdy izolat byla
pouzita jedna mys), 4 — 7. DPI byl témto mySim 2% denné¢ odebiran ve sterilni nadobé
trus. Cast trusu byla natiena na sklo a vysetiena mikroskopicky na pfitomnost oocyst
kryptosporidii (barveni aniline-carbol-methyl violeti), ¢ast byla pouZita pro izolaci
DNA a molekularni analyzu (Kap. 4.2.7 a 4.2.8) a zbyly trus z kazdého odbéru byl
uchovavan v individualnich mikrozkumavkach v roztoku dichormanu draselného.
Vzorky ztéch odbért, ve kterych byla mikroskopicky i molekularné prokazana
ptitomnost C. tyzzeri a zaroven vyloucCena piitomnost C. muris, byly nasledné
smichany, piecistény (Kap. 4.2.3) a pouzity pro experimentalni infekci (Kap. 4.2.5.1-
3).

4.2.6 Histopatologicka analyza
U hostitelil, u nichz byla prokazana vnimavost na zaklad¢ mikroskopického vysetieni
trusu, bylo po ukonceni experimentu provedeno histopatologické vysetteni zaludku

a stieva dle metodiky popsané v publikaci Kva¢ et Vitovec 2003.

Vyvojova stadia kryptosporidii byla detekovana pomoci a) barveni hematoxylin-
eosinem, b) Wolbachovou metodou, ¢) alcidnovou modii, d) PAS reakci (periodic acid
Schiff) a e) specifickymi FITC-zna¢enymi monoklonalnimi protilatkami proti sténé

oocysty kryptosporidii (Crypto Cell Reagent, Cellabs).

4.2.7 Molekularni analyza

4.2.7.1 lzolace DNA

Vzorek trusu o hmotnosti cca 200 mg byl mechanicky homogenizovan u¢inkem
sklenénych kulicek pomoci FastPrep®-24 Instrument (MP Biomedicals) po dobu
60 s pfirychlosti 5,5 m/s. Izolace celkové DNA byla provedena za pouziti komer¢nito
kitu PSP Spin Stool DNA Kit (Invitek) dle pfilozeného manualu vyrobce. Vzorky

z Nového Zélandu byly zpracovany metodou fenol-chloroformové izolace
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a precistény kitem QIAamp DNA Stool Mini Kit (Qiagen). ZiskanA DNA byla
skladovana pfi -20 °C.

4.2.7.2 PCR - polymerazova retézova reakce
Z vyizolované DNA byla provedena amplifikace specifickych usekit DNA za pouziti
metody polymerazové fetézové reakce — PCR. Pro vSechny PCR analyzy byla pouzita

dvoukrokova (nested) PCR.

Charakterizace byla zamétena na geny kddujici ¢ast malé podjednotky rRNA (SSU)
(Jiang et al. 2005), 60 kDa glykoprotein (GP60, Alves et al. 2003), GP60 specificky
pro druh C. ubiquitum (GP60ubi, Li et al. 2014), actin (Sulaiman et al. 2002),
Cryptosporidium  oocysts wall protein (COWP, Pedraza-Diaz et al.
2001), thrombospondin-related adhesive protein of Cryptosporidium-1 (TRAP-C1,
Spano et al. 1997) a 70 kDa Heat Shock Protein (HSP70, publikace 2).

Fragment SSU genu byl amplifikovan ze vSech druhil a genotypt ziskanych izolath
kryptosporidii. Na zakladé vysledkii analyzy genu SSU byly v pfipad¢ studie diverzity
populace kryptosporidii nasledné ostatni geny amplifikovany jen u vybranych izolatt
timto zpusobem: u vSech vzorku, které byly na genu SSU pozitivni na Zalude¢ni
kryptosporidiie, byl amplifikovan gen GP60; v§echny vzorky, které obsahovaly DNA
sttevnich kryptosporidii, byly znovu amplifikovany na SSU za pouziti primera
specifickych pouze pro zalude¢ni kryptosporidie (Némejc et al. 2013). Timto
zpusobem bylo mozné ve vzorcich odhalit ismiSené infekce nékolika druht
kryptosporidii, které by pii amplifikaci pouze genu SSU zustaly skryté. U vzorkd,
které byly fylogeneticky pfibuzné k C. ubiquitum, byl nasledné amplifikovan gen
GP60 za pouziti ubiquitum-specifickych primerd GP60ubi. Pro amplifikaci gent
TRAP-C1, COWP aHSP70 u zalude¢nich kryptosporidii pii popisu druhu
(publikace 2)  byly navrzeny pomoci programu  PrimerQuest (IDT,
http://www.idtdna.com/) atestovany pomoci softwaru Serial Cloner v 2.6.1.
(http://serialbasics.free.fr/ Serial_Cloner.html). U zalude¢nich kryptosporidii byla
dale pouZzita subtypizace pomoci MLST (multilocus sequence typing) pro detekci Ctyt
mikrosatelitl  a minisatelitl, konkrétné MS1: kodujici hypoteticky protein
CMU_036310 (XM _002141771), MS2: kddujici 90 kDa heat shock protein
(XM _002141007), MS3:  kodujici  hypoteticky  protein  CMU_020660
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(XM_002142635) a MS16: kddujici protein bohaty na leucin CMU_035650
(XM_002141705) (Feng et al. 2011a).

U vsech reakci byla vzdy pouzita negativni kontrola pro vylouceni kontaminace
a pozitivni kontrola, pro potvrzeni spolehlivosti reakce. Pozitivni kontrolou byl u genti
SSU, actin, HSP70, COWP, TRAP-C1, MS1, MS2, MS3 a MS16 vzorek obsahujici
DNA C. andersoni, ptipadn¢ C. hominis, u genu GP60 vzorek obsahujici DNA
C. hominis, pro gen GP60ubi byla pouzita kontrolni DNA C. ubiquitum.

4.2.7.3 Gelova elektroforéza a izolace z gelu

Po sekundarni PCR byla provedena separace PCR produktu pomoci elektroforézy na
1 nebo 2% agardzovem gelu s ptidavkem ethidium-bromidu nebo SYBR Green. Tento
krok umozZiuje detekci a vizualizaci pozitivnich vzorkli a oddé€leni piipadnych
vedlejSich produktii. Pozitivni fragmenty DNA byly nasledné vyfiznuty z gelu
a precistény pomoci QIAquick Gel Extraction kitu (Qiagen) dle manudlu vyrobce.
Koncentrace DNA ziskaného produktu byla zméfena piistrojem Nanodrop 1000

(Thermo Scientific).

4.2.8 Sekvenace

Sekundarni PCR produkty byly sekvenovany za pouziti sekundarnich primera a ABI
BigDye Terminator v3.1 Cycle Sequencing Kitu (Applied Biosystems) ABI3130
Genetic Analyzerem (Applied Biosystems). Identita ziskanych sekvenci byla

ovéfovana pomoci vyhledavani BLAST (www.ncbi.nlm.nih.gov/blast).

U ptipadové studie lidské nakazy kryptosporidiemi piedchazelo vySe popsanému
procesu klonovani PCR produktu za pomoci komeréniho kitu pGEM-T easy vector
system (Promega) dle ptilozeného manudlu vyrobce. Tento krok byl zatfazen pro
ziskani relevantniho vysledku Vv ptipadé mozné smiSené infekce vice druhy

kryptosporidii.

4.2.9 Fylogeneticka analyza

Vsechny ziskané sekvence byly uspofddany pomoci programu ChromasPro
(Technelysium), piipadné Geneious Prime (https://geneious.com). Vysledny
konsensus byl srovnan s referenénimi sekvencemi ulozenymi v GenBank databazi

pomoci programu ClustalX (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/), nebo
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MAFFT (https://mafft.cbrc.jp), alignment vSech sekvenci byl ru¢né editovan
v programu BioEdit (http://www.mbio.ncsu.edu/ BioEdit/bioedit.html).

Ke zjisténi fylogenetickych vztahit mezi jednotlivymi druhy a genotypy kryptosporidii
byly vyuzity metody a) Neighbor-Joining (Saitou et Nei 1987) na zakladé Kimurovych
2-parametrickych vzdalenosti (Kimura 1980), b) Maximum Likelihood (Saitou 1988)
a ¢) Maximum Parsimony v programech Treecon (Van de Peer et De Wachter 1994)
a Mega 5 (Tamura et al. 2011). Bootstrap analyza (1000 opakovani) byla pouZita pro

vyhodnoceni statistické podpory ziskané typologie.

Sekvence C. tyzzeri GP60 pii studiu koevolu¢nich vztahi byly seskupeny podle
zemépisné polohy a evolu¢ni divergence byla urcena pomoci modelu Kimurovych 2-
parametrickych vzdélenosti pro vypocet poctu substituci na jednu bazi
zpramérovanim vSech part sekvenci mezi skupinami. VSechny nejednoznacné pozice

byly pro kazdy par sekvenci odstranény. Analyzy byly provedeny pomoci MEGAS.

Fylogramy byly zobrazeny v programu FigTree (http://tree.bio.ed.ac.uk/software/
figtree/) a editovany v programu CorelDrawX7 nebo Inkscape. Ziskané sekvence byly

ulozeny v GenBank pod ptistupovymi kody, uvedenymi v jednotlivych publikacich.

4.2.10 Vyhodnoceni vysledkii a statistické analyzy

Nejprve byla data sumarizovana v tabulkach programu Excel (Microsoft Corporation)
a nasledn¢ statisticky analyzovana programy Epilnfo v. 3.5.1 (Centers for Disease
Control and Prevention), Statistica® 6.0 a v programovacim prostiedi R 3.0.1 (Kelley
2007).

Efekt druhu a pohlavi byl analyzovan Pearsonovym 92 testem. Z divodu
nenormalniho rozdéleni dat byl pouzit Kruskal-Wallisiv neparametricky test.
Intenzita infekce, pribeh infekce, variabilita ve velikosti oocyst, klinické ptiznaky
a patologické zmény byly vyhodnoceny pomoci analyzy variance ANOVA.
K porovnani dvou populaci z hlediska morfometrie oocyst (obou subtypt C. tyzzeri,
respektive C. proliferans a C. muris) byl pouzit Hotellingliv T2 test. Wilcoxontv test
byl pouzit jako post-hoc test po DunnSidakové tpravé. Homoskedasticita

prepatentnich a patentnich period byla ovéfena Barletovym testem.
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5. SHRNUTI VYSLEDKU A DISKUZE

Vsechny dosazené vysledky (tabulky, obrazky) lze nalézt v ptilozenych publikacich
(Kap. 7-9 této prace), kromé souhrnnych vysledki o prevalenci a diverzité

kryptosporidii u my$i domaci (publikace se pfipravuje), které jsou shrnuté v Kap. 5.1.

Zalude¢ni druh C. muris a stievni druh C. parvum byly prvnimi popsanymi
kryptosporidiemi (Tyzzer 1907, 1912). Az do konce 90. let 20. stoleti byly mnohé
stievni druhy kryptosporidii povazovany za genotypy C. parvum; napiiklad C. hominis
byl znam jako C. parvum genotyp | a C. canis jako C. parvum dog genotyp (Fayer et
al. 1997; Xiao et al. 1999b). Hlubsi poznani jednotlivych genotypt jako samostatnych
druht umoznily studie, které prokazaly molekularni a biologické rozdily mezi
jednotlivymi genotypy, respektive druhy (Fayer et al. 2001; Morgan-Ryan et al. 2002;
Ren et al. 2012). V posledni letech byly pfineseny dukazy pro popis dalSich novych

-----

(Condlova et al. 2018, Hor¢ickova et al. 2019; Jezkova et al. 2021a, Kvag et al. 2018).

Mys$ domaci je hostitelem zoonotickych druht kryptosporidii se Sirokou hostitelskou
specifitou (napt. C. ubiquitum, C. parvum nebo C. muris), ale i druhu ¢i genotypt,
které jsou povazovany za Uzce hostitelsky specifické (C. tyzzeri ¢i Cryptosporidium
sp. mouse genotyp II). U jinych hlodavct, kde parazituji druhy adaptovane
a speciované na jednotlivé hostitele (Condlova et al. 2018, 2019; Horgickova et al.
2019; Prediger et al. 2017; Stenger et al. 2018), ale i tito autofi nasli druhy zoonotické
(napt. C. hominis nebo C. ubiquitum). Vysledky této prace ukazuji, Ze mysi hosti

druhy kryptosporidii, které mohou vyvolat infekci u jinych druhti zvifat a ¢lovéka.

5.1 Prevalence a diverzita kryptosporidii u my$i domaci

5.1.1 Kryptosporidie u mysi ve sledované populaci

Cilem prace bylo zdokumentovat prevalenci a diverzitu u obou studovanych poddruhi
mysi domaci. Celkem bylo odchyceno 578 mysi na 125 lokalitach (Tab. 1), z tohoto
mnozstvi nalezelo 245 mysi (124 samic a 121 samct), odchycenych na 54 lokalitach
k poddruhu MMM a 333 mysi (177 samic a 156 samcu) ze 71 lokalit k poddruhu
MMD. Kryptosporidie byly detekovany na celkem 60 (48,0 %) lokalitach, z nichz 22
(17,6 %) spadalo do oblasti MMM a 38 (30,4 %) do oblasti MMD.
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Tabulka 1: Vyskyt kryptosporidii v monoinfekci a smiSené infekei ve studované populaci

mysi domaci v zavislosti na poddruhu mysi a jejim pohlavi.

SmiSena infekce

% % Zg :g Monoinfekce Cryptosporidium spp. Cryptosporidium spp.
@ 2 S —_ =
o |4 = = n -_ =
< £ 2% %5 ¢ § § £ 3 g% 5 5 B3
5 S &5 &85 3 e N E = 5 N & N = E
5 5 fE £ E § & 2 & E 2 8§ 2 g8
g 5 : 5§ 6 5 o . 8 O G g O g 8
a o < =9 © & &
M Samice 124 14 3 2 8 0 0 0 1 0
sl Samec 121 16 33 8 10 0 0 1
Celkem 245 30 6 5 16 1 0 0 1 1
M Samice 177 51 20 9 17 1 0 4 0 0
domedtioys Samec 156 52 23 3 17 11 7 0 0
Celkem 333 103 43 12 34 2 1 11 0 0
Celkem 578 133 49 17 50 3 1 11 1 1
Druhy kryptosporidii C. muris C. parvum C. tyzzeri C. hominis apodemus Il
Celkem v populaci 60 19 62 3 2

Mikroskopické vysetteni odhalilo 71 pozitivnich vzorku (prevalence 12,2 %), pomoci
PCR bylo detekovano celkem 133 pozitivnich mysi. Prevalence byla 23,0 %, tedy
témét dvojnasobna. Stejné tak Condlova et al. (2018) u mysic a hrabosi a Jezkova
et al. (2021a) u potkana detekovali vyrazné vice pozitivnich vzorki pomoci metody

PCR ve srovnani s mikroskopii.

U zadné z odchycenych mysi nebyly patrné klinické ptiznaky kryptosporidiozy ani
pied usmrcenim, ani pti pitvé. Podobné zavéry uvadi naptiklad studie, provedené na
divoce Zijicich hlodavcich, a to u Zaludeénich i stfevnich kryptosporidii (Condlova
et al. 2018, 2019, Hor¢i¢kova et al. 2019), ale také u Zalude¢nich kryptosporidii druhu
C. muris, které byly experimentalné infikované laboratornim zvifatim (Aydin
et Ozkul 1996). Intenzita infekce byla u nami studovanych mysi nizkd, podobné jako
to popisuji ve svych pracich autofi u mySic, morcat, hraboSovitych, ¢i prasat (Bajer
2008; Condlova et al. 2018, 2019; Hor¢i¢kova et al. 2019; Kvag et al. 2013a; Némejc
et al. 2013; Tilley et al. 1991). Nizkou intenzitu infekce uvadi studie na hlodavcich
jak pro druhy tzce hostitelsky specifické, naptiklad C. alticollis nebo C. microti
u Celedi Arvicolinae (Horcickova et al. 2019), tak i u druht s Sirokou hostitelskou

specifitou, naptiklad C. parvum u morcat (Tilley et al. 1991).

Rada studii kryptosporidiovych infekci nejen u mysi (Feliu et al. 2012; Foo et al.
2007), ale i u dalsich hlodavct (Bajer et al. 2002; Bednarska et al. 2007; Chalmers
et al. 1997; Laakkonen et al. 1994; Sinski et al. 1993, 1998; Torres et al. 2000), byla
zalozena pouze na mikroskopické detekci oocyst, ptipadné byla analyza pomoci PCR
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provedena pouze na vzorcich, které byly mikroskopicky pozitivni (Bajer et al. 2003),
coz ale mize vést v disledku nizké intensity vylucovanych oocyst k podhodnoceni
realné prevalence kryptosporidiové infekce v populaci. Nami molekularné detekovana
celkovd prevalence kryptosporidii v populaci mysi domaci (23,0 %) ptiblizné
odpovida prevalenci, popsané u hrabosovitych v Ceské republice (22,6 %)
Hor¢i¢kovou et al. (2019). U MMM jsme detekovali jen 12,2 %. Podobny (daj
(13,7 %) publikovali u mysic Condlova et al. (2019), ktefi vzorkovali napii¢ fadou
evropskych statt, a také Garcia-Livia et al. (2020), ktefi popsali kryptosporidie na
Kanarskych ostrovech u krysy obecné v 17,6 % piipadi a u MMD v 14,3 % (celkova
prevalence byla 15,4 %). Naproti tomu v nas$i studii byla prevalence u MMD byla
30,9 %. Perec-Matysiak et al. (2015), ktefi studovali mySice a hrabose
v severovychodnim Polsku, zjistili prevalenci kryptosporidii u A. agrarius 61,7 %,
u A. flavicollis 68,3 % a u M. glareolus 68,1 %. Promofenost kryptosporidiemi se tedy
miuze vyrazné liSit i v ramci jednotlivych druhti ¢i poddruhti hlodavet a mezi riznymi

lokalitami.

Vliv pohlavi na vyskyt kryptosporidiové infekce nebyl prokazan u celkovéeho vzorku
populace, ani u jednotlivych druhti detekovanych kryptosporidii. Naopak vysledky
ukazuji, ze vice parazitovany byly mysi poddruhu MMD, a to jak kryptosporidiemi
celkove, tak i druhem C. muris (p < 0,01). U ostatnich druhd kryptosporidii nemél
poddruh mysi vyskyt kryptosporidii v populaci vliv. Vyssi promotfenost MMD uvadi
také Goly de Bellocq et al. (2018), ktera studovala u mysi v HMHZ vyskyt
Pneumocystis murina. Vé&kova specifita nebyla pro nizky pocéet odchycenych
juvenilnich jedinci sledovana, nicméné Condlova et al. (2019) i Hor¢ickova et al.
(2019) v podobn¢é koncipovanych studiich vliv pohlavi ani véku na promotfenost
populace drobnych hlodavct neprokdzali. Ani u fylogeneticky piibuznych eimerii
nebyla prokazana pohlavni specifita nakazy u telat, ovci ¢i koz (Adeyemi et al. 2021;
Damana et al. 2018).

5.1.2 Fylogenetické analyza detekovanych kryptosporidii

Primarnim néstrojem genotypizace kryptosporidii je obvykle amplifikace genu,
kodujiciho ¢ast malé podjednotky rRNA (SSU), ¢asto v kombinaci s Cryptosporidium
oocyst wall proteinem (COWP) a nasledné sekvenace (Xiao 2010). Jelikoz primery

jsou obvykle specifické pro vice druhil ¢i genotypil kryptosporidii a béhem PCR se

52



nejcastéji amplifikuje druh/genotyp, ktery je ve vzorku zastoupeny Vv nejvétsi
koncentraci, typ a zpusob pouziti metod molekularni diagnostiky, pfipadné spravné
pofadi jednotlivych nastroju, mize zasadnim zptisobem ovlivnit vysledek detekované
diverzity druhii ¢i genotypu kryptosporidii v populaci (Xiao 2010). Pouzivali jsme
analyzu gentu SSU, GP60 a u C. muris i mikrosatelitnich lokusd MS1, MS2, MS3
a MS16 (viz kap. 5.2.8.2.). Ze vSech mysi pozitivnich na kryptosporidie bylo pomoci
sekvenéni analyzy genotypizovano na genu SSU 104 vzorkd, na genu GP60
74 vzorka, na MS1 23 vzorku, na MS2 33 vzorkid, na MS3 13 vzorka a na MS16
18 vzorkli. U zbyvajicich pozitivnich vzorkli se nepodafilo sledované lokusy
amplifikovat, nebo byly ziskané sekvence z fylogenetické analyzy vyfazeny z dtivodu
nizkého poctu bazi, nebo smiseného signalu v elektroferogramu. Nalezli jsme celkem
pét druhid/genotypt kryptosporidii, C. muris, C. tyzzeri, C. parvum, C. hominis
a Cryptosporidium sp. apodemus genotyp Il. Nejcastéji se vyskytovaly C. muris
a C. tyzzeri. Diky zvolené posloupnosti detekce rtiznych gent jsme u 13 vzorkd

odhalili smisené infekce dvou rtiznych druht kryptosporidii (Tab. 1).

Druh C. muris byl nalezen u 60 mysi (10,4 %). Pii porovnani ziskanych sekvenci genu
SSU sreferenénimi sekvencemi v databazi GenBank byla zjiSténa 100% shoda
s kmenem C. muris RN66 (AB089284, nepublikovano) (Obr. 4). U 11 vzorki (1,9 %)
byla nalezena smiSena infekce C. muris a C. tyzzzeri. Ve vSech ptipadech se tato
smiSena infekce vyskytla u poddruhu MMD, z nichz byly 4 samice a 7 samct. Tyto
mysi pochazely ze 7 riznych lokalit (Tab. 2). Druh C. muris je specificky pro mysi,

nicméné byl izolovan z fady dalSich zvifecich druhu (viz kap. 2.3.1).

Prevalence C. tyzzeri byla 10,7 % (u 62 mysi), z nich bylo 12 ve smiSené infekci
s dalsim druhem kryptosporidie, 11 s C. muris (viz vyse) a 1 s C. parvum (Tab. 1).
Vsechny ziskané sekvence genu SSU byly 100% identické s referenénimi sekvencemi
¢. AF112571 a AF108863, nalezenymi u mys$i domacich (Morgan et al. 1999b; Xiao
et al. 1999a) a se sekvenci EU553589, popsané ve studii, zabyvajici se plazy,
chovanymi v zajeti (Pedraza-Diaz et al. 2009) (Obr. 4). Na genu pro GP60 bylo
ziskano 54 sekvenci, které vytvorily monofyletickou skupinu, jez se dale roz¢lenila na
dvé vétve, nalezejici k subtypum IXa a Ixb (Obr. 5A). Sekvence C. tyzzeri na genu
GP60 vykazovaly nejvétsi variabilitu ze vSech nalezenych druhd kryptosporidii,

vytvofily celkem 13 skupin, pro které vétSinou nebyla v databazi GenBank nalezena
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zadnad shoda, proto predpokladdme, ze se jednad o nové modifikace genu GP60
(Obr. 5B). Vsechny sekvence, naleZejici k subtypu Ixa byly ziskany z MMM, vSechny
sekvence subtypu Ixb nalezely k MMD. Variabilita C. tyzzeri je podrobnéji popsana
v Kap. 5.2.

Druh C. parvum byl nalezen u 19 mysi (3,3 %), z nichz 2 (0,3 %) byly ve smiSené
infekci sdruhy C. tyzzeri, respektive Cryptosporidium sp. apodemus genotyp II.
Ve vSech piipadech jsme u C. parvum na genu SSU (Obr. 4) detekovali 100% shodu
s izolatem ze skotu v Austrélii (AF093493, Xiao et al. 1999b). Pti fylogenetické
analyze genu GP60 se alignment zformoval ve dvé skupiny sekvenci, obé nalezely
k subtypu 11aA16G1R1 (Obr. 5A). Tento subtyp Ila byl jiz nalezen u skotu, zejména
pak telat, a u lidi (Del Coco et al. 2014; Feltus et al. 2006; Herges et al. 2012; Silverlas
et al. 2012; Soba and Logar 2008; Trotz-Williams et al. 2006; Valenzuela et al. 2014).
Nizka prevalence C. parvum byla detekovana iv dalSich studiich na drobnych
hlodavcich (Condlova et al. 2019; Hor¢ickova et al. 2019). Nase vysledky podporuji
teorii, ze mysi obvykle ptijmou oocysty C. parvum s potravou, infikovanou vykaly
skotu, a ze hlodavci mohou v chovech skotu ptisobit jako rezervoar kryptosporidiové

infekce (Feng et al. 2011b; Foo et al. 2007; Morgan et al. 1999a; Ziegler et al. 2007).

Tii vzorky (0,5 %) obsahovaly druh C. hominis, jeden z nich z poddruhu MMM a dva
z MMD. Vsechny tyto vzorky byly na genu GP60 100% shodné se sekvenci, ziskanou
z vody jezera Milwaukee (Zhou et al. 2003), v GenBank vedenou pod kdédem
AY262031 (Obr. 5A). Vzorky nalezely k subtypu IbA10G2, ktery je ze vSech subtypt
nejbéznéjsi v Evropé (Alves et al. 2006; Chalmers et al. 2008; Zintl et al. 2009), ac¢koli
ve studované oblasti dosud popsan nebyl. Tento subtyp se zda byt virulentn&jsi, nez
jiné subtypy, které jsou spojované s kryptosporidiozou u lidi (Cama et al. 2008).
Pokud je ndAm znamo, jedna se o prvni popis piirozené infekce C. hominis u mysi

doméci.

Byly nalezeny take dva vzorky, které byly fylogeneticky pfibuzné ke Cryptosporidium
sp. apodemus genotyp Il (prevalence 0,3 %), jeden z MMM a druhy z MMD. Na genu
SSU se obé sekvence se mirné 1isi, pfi¢emz jedna je identicka s referenéni sekvenci
¢. MH913000, zatimco druhd vytvaii samostatnou vétev. Na genu GP60 jsou obé
sekvence stejné a nebyla k nim v GenBank nalezena reference (Obr. 5A). Neni

neobvyklé, Ze vramci jednoho druhu kryptosporidie mohou byt nckteré geny
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variabilni. Prediger et al. (2021) se domnivaji, Ze divergentni genotypy jsou paralogy
v konkrétnim  druhu/genotypu  kryptosporidie. Podobné byly zaznamenany
divergentni typy genu pro SSU u C. andersoni, C. apodemi, C. ditrichi, C. parvum,
C. ubiquitum, Cryptosporidium sp. apodemus genotyp | a Il, Cryptosporidium sp.
chipmunk genotyp Il nebo Cryptosporidium sp. rat genotyp Il a Il (Condlova et al.
2018, 2019; Deng et al. 2020; Le Blancq et al. 1997; Ng-Hublin et al. 2013; Stenger
et al. 2015). Na genu SSU iGP60 klastrovaly nami nalezené vzorky
s Cryptosporidium sp. apodemus genotyp |1, nedavno popsanému u mysic, pro néz se
zda byt specificky (Condlova et al. 2019). Diky sdileni habitatu mysi a mysic, kdy se
mysSice pred zimou stahuji z volné ptirody do vétsi blizkosti lidskych sidel, miize mezi
témito druhy dochéazet k ptenosu kryptosporidiové infekce. Tuto hypotézu podporuje
i fakt, Ze v citované studii bylo u mySic poprvé popsano C. tyzzeri, ktere je hostitelsky
specifické pro mySi domaci (Ren et al. 2012). Zatim neni prostudovano, zda mutze
Cryptosporidium sp. apodemus genotyp II zptisobovat u mysi infekci (nebo naopak
C. tyzzeri u mysic), ¢i zda se jedna pouze o mechanickou pasaz oocyst, vyskytujicich
se Vv prostiedi, kontaminovaném vykaly infikovanych zvifat, jak uz bylo popsano
napiiklad u liSek (Kvac et al. 2021), norki a ¢incil (Kellnerova et al. 2017), prasat
(Némejc et al. 2013), ¢i ptakt (Holubova et al. 2020; Li et al. 2016).

Na zéakladé metody MLST bylo u druhu C. muris dosud popsano 13 subtypi na lokusu
MST1 a 6 subtypt na lokusu MS2, MS3 i MS16 (Feng et al. 2011a; Wagnerova et al.
2015; Wang et al. 2012, 2021). V nasi studii jsme u C. muris popsali na lokusu MS1
4 nové subtypy (Obr. 6) a na lokusech MS3 a MS16 dva nové subtypy (Obr. 7).
Rozdily na téchto lokusech spocivaji pouze v kopiich mikrosatelitnich
a minisatelitnich opakovani (Feng et al. 2011a). Ze ti dosud popsanych zalude¢nich
druhu kryptosporidii se C. muris jevi jako nejpolymorfnéjsi druh, u C. andersoni bylo
dosud na jednotlivych lokusech identifikovano maximaln¢ 5 subtypt (Wang et al.
2012; Zhao et al. 2014), a u nedavno popsané C. proliferans (publikace 2) byly na
lokusech MS1, respektive MS16 identifikovany 3 subtypy ana lokusech MS2,
respektive MS3 pouze jeden subtyp. Nizsi geneticka diverzita u C. andersoni se da
vysvétlit tim, Ze skot byl domestikovan relativné nedavno a predpoklada se tedy, ze
pochazi jen z nékolika malo mist v Evropé a na Blizkém Vychodé (Feng et al. 2011a).
Naproti tomu hlodavci jsou hojné rozsifeni a jejich Siroka Skala druhti Zije v riiznych

ekologickych nikach. Siroka hostitelska specifita C. muris a geograficka izolace
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nékterych druhi hlodavca vedly pravdépodobné k vzniku hostitelsky adaptovanych
subtypi, jak je tomu napiiklad v piipadé C. parvum (Xiao 2010).
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Obrazek 4: Kladogram fylogenetickych vztahu izolatl kryptosporidii ziskanych z mysi (Mus
musculus) (tu¢n€) s ostatnimi druhy a genotypy kryptosporidii na zakladé casteéné
nukleotidové sekvence genu kddujiciho malou podjednotku rRNA (SSU) vytvoreny metodou
maximum likelihood v programu MEGA 6, 1000x bootstrap, znazornény podpory vétvi vice
nez 50 %. Vzorky zmy$i Mus musculus domesticus jsou zndzornény zluté, z mysi

M. m. musculus modfe.

C. tyzzeri |AF112571|

2099; 2103; 2108; 2110; 2116;

2120; 2134; 2135; 2136; 2147;

2163; 2169; 2174; 2177; 2179;

2203; 3224; 5744; 5754; 5764

2084; 2125; 2128; 2149;

2152; 2206; 2208; 5768

C. parvum |AF093493|

3051; 3114; 3117; 3118; 3120;

75| 3122; 3127; 3134; 3126; 5705

2195; 3128; 3129; 3175

C. wrairi |AF115378|

C. sciurinum |MZ726453|

69— C. meleagridis |[AF112574|

C. myocastoris [MW274645|
C. hominis |AF093492|

C. cuniculus |FJ262724|

C. fayeri |AF112570|

C. viatorum [JN846705|
C. ocultus |[MG699176|

C. microti IMH145328|

C. suis |AF108861|

93

C. felis |AF159113|
C. homai [MF499137|

C. macropodum |AF513227|

C. ubiquitum |EU827424|

apodemus genotyp | [MH912991|

95, apodemus genotyp || [MH913000|

2165

apodemus genotyp Il [MH913001|

apodemus genotyp Il [MH913006|
2162

[: C. apodemi IMG266033|
C. alticolis [MH145330|
C. rubeyi |KT027473|
91 C. ratti [MT504541]|
86 C. canis |AF112576|
50 C. ditrichi |IMG266030|
C. varanii |EU553556)|
95 C. scrofarum |JX424840|
65 f

91 C. ryanae |[EU410344|
I_IiL_ C. xiaoi |GQ337962|
96 C. bovis |AY741305|

C. ducismarci |KX345055|

79 C. baileyi |AF093495|
—| 96i C. avium |KU058876|
C. ornithophilus [IMN969957|
C. testudinis |KX345065|

99 56 C. proventriculi [IMK311136|
{ [: C. serpentis |[AF151376|

C. galli |[HM116388|
C. andersoni |EU245042|
76 C. proliferans |KJ941145|
e C. muris |[AB089284|
2092; 2095; 2096; 2111; 2117; 2158; 2181;
65| |2184; 2200; 2204; 2205; 3075; 3092; 3093;
3094; 3095; 3125; 3190; 3192; 3193; 3395;
3396; 3398; 3399; 3400; 3401; 3402; 3403;
72| 5713; 5731; 5783; 5785; 5788; 5795; 5797;
5798; 5804; 5809; 9352; 9353; 9358; 9359;
9361; 9373; 9388; 9389; 9425; 9503; 9504;
9501; 9502; 9506; 9509; 5179
3098; 3100; 3102; 3184; 5779; 5812

C. molnari |HM243548|
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Obrazek 5: Kladogram fylogenetickych vztahu izolat kryptosporidii ziskanych z mysi (Mus

musculus) (tu¢n€) s ostatnimi druhy a genotypy kryptosporidii na zakladé casteéné

nukleotidové sekvence genu koédujiciho 60 kDa glykoprotein (GP60) vytvofeny metodou

maximum likelihood v programu MEGA 6, 1000x bootstrap, znazornény podpory vétvi vice

nez 50 %. Vzorky z mys$i Mus musculus domesticus jsou zndzornény zluté, z mysi

M. m. musculus modie. Obr. A —vSechny ziskané sekvence kromé druhu C. tyzzeri, ty jsou

detailné zobrazeny na Obr. B.

A)

78 horse genotyp IVa |[FJ435960|

98

C. hominis la |AF164502|
C. hominis |d |DQ665692|
ferret genotyp Vllla [GQ121029|

mink genotyp Xa |HM234174|

C. tyzzeri IXc IMH912989|
99| 99,C. tyzzeri IXb |HM234176|

93| 'C. tyzzeri IXb - tato studie (Obr. 4B)

C. tyzzeri |Xa - tato studie (Obr. 4B)

99'C. tyzzeri IXa |[MH912990|

02

3104

chipmunk

"

il
I

genotyp | XIVa |[KP099091|

skunk genotyp XVla |EU437415|

apodemus genotyp Il XVllla |KC204984|
apodemus genotyp Il XVllla [MH912973|

C. wrairi Vlla |GQ121028|
2162; 2172; 2195
oo[[3128: 3129

3114; 3117; 3118;
3120; 3122; 3124;
63 3126; 3127; 9504;

C. parvum lla [MG266038|

C. cuniculus Vb |FJ262734|
—| 100|C’ hominis |b |AY262031|
9436; 9438
9433

C. erinacei Xllla |KF612329|

1002165

99

66

12162

apodemus genotyp | XVlla |KC204983|

C. ubiquitum Xllb |JX412926
C. ubiquitum Xlla |JX412916|
C. ubiquitum Xllc |JX412925|
C. ubiquitum Xlld |JX412922)

97

0.01

68 !

62

C. tyzzeri IXb |JQO73473]
099: 2117

2135: 2147;

2177; 2194

96,C. tyzzeri IXb |JQ073474|
2108; 2169; 2179

9358; 9359
100, C. tyzzeri IXb |JQ073461]|
2103; 9373
C. tyzzeri IXb |JQ073482]
C. tyzzeri IXb |JQ073469)|
2110; 2120; 2134; 2159;
5| 2160; 2163; 2174; 2181;
3224; 9455; 9471; 9509

9448; 9472; 9473

9425; 9446; 9507;
9447; 9451; 9508

. tyzzeri IXb |JQ073460|
2116; 2136; 9361
C. tyzzeri 1Xb |[JQ073450|

9423

68

99

C. tyzzeri IXa |HM234176|

C. tyzzeri |Xa [JQ073462|
2125; 2126; 2127; 2128

C. tyzzeri IXa |JX575581|
2084; 2085; 2090; 2149;
2152; 2206; 2208; 3175;
5703; 9431; 9432
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Obrazek 6: Kladogram fylogenetickych vztahli nami ziskanych izolata C. muris (tu¢ng)
S popsanymi subtypy Zalude¢nich druhl kryptosporidii na zaklad¢ nukleotidové sekvence
mikrosatelitnich lokusit MS1 (Obr. 6A) a MS2 (Obr. 6B) vytvofeny metodou maximum
likelihood v programu MEGA 6, 1000 bootstrap, znizornény podpory vétvi vice nez 50 %.
Vzorky zmySi Mus musculus domesticus jsou znazornény zluté, vzorky zmysi

M. m. musculus modfe.

99, 5783 - M16
A —|99 I—21:31 -M15
) 3398 - M14

— 5788
ﬁ{ 5785| - M13
. 2184
C. muris M12 |KR090629|
3401
58 ‘{ 3190
3403
C. muris M11 |JF732834|
2200
2117
9361
3075
3193
=
2181 2096
8395 2158
S 3399
5785 3400
5795 2111
9455 C. muris M8 |HM565076)
3095 gg| G muris M7 [HMS565075|
9509 65 C. muris M5 [HM565073|
3403 3°g.zmuris M6 [HM565074|
B) Zzgf 67 *l 5779
o950 0.01 C. muris M1 |HM565069)
C. muris M3 |HM565071|
2204 L G. muris M9 [HM565077]
211 C. muris M4 |HM565072]
3190 C. andersoni A1 |HM565067|
63| 5783 98, C. muris M2 |HM565070
5788 il S IM13 |MT72|1873|2
5809 C. proliferans |[HM565068|
9352
9373
9425
3400
3075
0.01 2158
2096
2092
2095
3193
2200
9506
9359
M2145.-5779
C. muris M4 |HM565083|
57 C. muris M1 |HM565082|
93||: C. muris M3 |HM565084]|
| . muris M2 |HM565085|

C. proliferans |HM565081|

C. andersoni A1 |HM565078|
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Obrazek 7: Kladogram fylogenetickych vztahti ndmi ziskanych izolati C. muris (tu¢ng)
S popsanymi subtypy Zalude¢nich druhli kryptosporidii na zakladé nukleotidové sekvence
mikrosatelitnich lokusi MS3 (Obr. 7A) a MS16 (Obr. 7B) vytvofeny metodou maximum
likelihood v programu MEGA 6, 1000x bootstrap, znazornény podpory vétvi vice nez 50 %.
Na téchto lokusech se podatilo amplifikovat pouze vzorky z mysi Mus musculus domesticus

(pro prehlednost znazornény zluté, jako na predchozich obrazcich).

— 3190 - M8
A) 3401
3398
9503
5809
3075
5783
3395
9506
52( 3396
M9425
5785
C. muris M6 |JF732856|
C. muris M2 |HM565098|
C. muris M3 |[HM565099|
C. muris M1 |[HM565100|
l 9509 - M7
C. muris M4 [HM565101|
C. proliferans [HM565093|

97

C. andersoni A1 |HM565095|

0.005

39 3075 - M7
C. muris M5 |HM565092|
3092 - M6
C. muris M4 |HM565091|
C. muris M2 |HM565089)
E3) 5809
9506
9373
9509
2181
2158
g4|21M1
12096
2204
9455
9352
99 ||9503
2095
5798
9425
3396
C. muris M1 |HM565088|
C. muris M3 |HM565090|

84

C. proliferans [HM565087 |

C. andersoni A1 |[HM565086|

0.005
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Tabulka 2: Piehled druhti a genotypt kryptosporidii, ziskanych na zakladé amplifikace gent pro
malou podjednotku rRNA (SSU), 60 kDa glykoprotein (GP60) a u C. muris pro mikrosatelitni
lokusy MS1, MS2, MS3 a MS16, u dvou poddruht mysi domaci a na jednotlivych lokalitach.
Pouzité¢ zkratky: CZ — Ceka republika, D — Némecko, MMM — Mus m. musculus, MMD —
M. m. domesticus; M — samec, F - samice. Tu¢né jsou vyznafeny nové popsané
druhy/genotypy/subtypy a lokality s vyskytem smiSené infekce; C. tyzzeri a C. parvum byla
nalezena na lokalité Kvétna, C. parvum a Cryptosporidium sp. apodemus genotyp II na lokalité

Obilna 2; na ostatnich zvyraznénych lokalitach byly smiSené infekce C. muris a C. tyzzeri.

- o] -§ - éE’ 'g’ % s Cryptosporidium spp. C. muris MS geny
Pt [ s% 8.2 =
Z El 8E £32 £ 5
- a 28 0 o SSU GP60 MS1 MS2 MS3 MS16
-9
Bezvérov MMM  2/0 - - - - - - - -
Blazim MMM  2/0 - - - - - - - -
2090 M C. tyzzeri C. tyzzeri IXa - - - -
Buskovice 2 MMM 18/3 2152 F C. tyzzeri C. tyzzeri IXa - - - -
2172 M - C. parvum lla - - - -
Ctibof MMM 5/0 - - - - - - - -
Dévin MMD 2/0 - - - - - - - -
Dolni Dvory MMM 17/1 5779 M C. muris - M1 M4 - -
Dolni Pelhfimov2 MMD 1/0 - - - - - - - -
Dolni Zandovd MMM 3/0 - - - - - - - -
Hazlov 266 MMD  2/0 - - - - - - - -
Hodoviz MMM 2/0 - - - - - - - -
Horni Ves MMM 10 - - - ] S
(Trsténice)
Hranice 787 MMD 5/1 9447 M - C. tyzzeri IXb - - - -
Hrzin 49 MMD 1/0 - - - - - - - -
2147 F C. tyzzeri C. tyzzeri IXb - - - -
Hiurka 1 MMD 7/3 2163 M C. tyzzeri C. tyzzeri IXb - - - -
cz 2165 M | apodemus I - - - - -
Hirka 3 MMD 6/0 - - - - - - - -

Chlum Svaté Méii 1 MMM 11/2 128 '\F/' C.parvum - C. parvum lla S -

3129 C. parvum C. parvum lla - - - -

Chotikov 2 MMM 8/0 - - - - - - - -
Chrastany 11 MMM 2/0 - - - - - - - -
Chrastany 39 MMM 2/0 - - - - - - - -
Jindfichov 31 MMD 4/1 3114 F C. parvum C. parvum lla - - - -
Jindfichov 32 MMD 6/0 - - - - - - - -

Josefov 20 MMM  6/2 943l M i c tyzzer! IXa ) ) ) i
9432 F - C. tyzzeri IXa - - - -

Kacetov 2 MMM 1/0 - - - - - - - -
Kopanina 37 MMD 3/0 - - - - - - - -

. 9436 F - C. hominis Ib - - - -
Kopaniny MMD 572 9438 M - C. hominis Ib - - - -
Kozlov MMM  6/0 - - - - - - - -
Krajkova 20 MMM 2/1 3184 M C. muris - - - - -
Krajkomilwlndy MMM 3/0 ) ) i i i i i )
Krasikov MMM 5/0 - - - - - - - -
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Tabulka 2 (pokracfovani): Prehled druhti a genotypl kryptosporidii, ziskanych na zakladé
amplifikace gend pro malou podjednotku rRNA (SSU), 60 kDa glykoprotein (GP60) a u C. muris
pro mikrosatelitni lokusy MS1, MS2, MS3 a MS16, u dvou poddruhit mysi domaci a na
jednotlivych lokalitach. Pouzité zkratky: CZ — Ceka republika, D — Némecko; MMM — Mus m.
musculus, MMD — M. m. domesticus; M —samec, F - samice. Tuéné jsou vyznaceny nové popsané
druhy/genotypy/subtypy a lokality s vyskytem smiSené infekce; C. tyzzeri a C. parvum byla
nalezena na lokalité Kvétna, C. parvum a Cryptosporidium sp. apodemus genotyp II na lokalité

Obilna 2; na ostatnich zvyraznénych lokalitach byly smiSené infekce C. muris a C. tyzzeri.

- o] -§ — éE’ 'g ;2 % Cryptosporidium spp. C. muris MS geny
i s 5% 3.2 =
% S 88 % 2 5
- a 28 0 o SSU GP60 MS1 MS2 MS3 MS16
-9
L 2084 M C. tyzzeri C. tyzzeri IXa - - - -
Kréasné Udoli MMM  2/2 2085 M i C. tyzzeri IXa i i i i
Kryry MMM  2/0 - - - - - - - -
9455 M C. muris C. tyzzeri IXb - M4 - M1
Kfizovatka79  MMD 572 oc0 £ | Comuris . tzzzeri IXb - M4 M7 M1
3122 M C. parvum C. parvum lla - - - -
Kfizovatka 2 MMD  5/2 5764 M C. tyzzeri i i i i i
. 3175 F C. parvum C. tyzzeri IXa - - - -
Kvétna MMM  7/2 5768 F C. tyzzeri i i i i )
Kvétna 14 MMM  1/0 - - - - - - - -
Kyjov MMM  5/0 - - - - - - - -
Liba 1 MMD 1/0 - - - - - - - -
Lipna 39 (Hazlov) MMD 4/0 - - - - - - - -
Lipova MMM 2/0 - - - - - - - -
Lomu Tachova MMM 1/0 - - - - - - - -
Lomany MMM 4/1 5812 M C. muris - - - - -
Luzna MMD 3/0 - - - - - - - -
Milhostov 3 MMD  2/0 - - - - - - - -
) 9451 M - C. tyzzeri IXb - - - -
cz|  Mokiiny MMD 472 9471 F - C. tgzzeri Xb - - - -
Mostov 10 MMM 9/1 3098 F C. muris - - - - -
Mostov 26 MMM  1/0 - - - - - - - -
Mytinka 2 MMD 3/0 - - - - - - - -
3100 F C. muris - - - - -
Nebanice 3 MMM 13/3 3102 F C. muris - - - - -
9505 M - C. tyzzeri IXb - - - -
Nepomysl 172 MMM 3/0 - - - - - - - -
Nova Ves 1 MMD  4/0 - - - - - - - -
9448 F - C. tyzzeri IXb - - - -
Novosedly 177 MMD 6/3 9472 M - C. tyzzeri IXb - - - -
9473 F - C. tyzzeri IXb - - - -
Novy Drahov MMD 3/0 - - - - - - - -
Novy Drahov14 MMD 5/1 3051 M C. parvum C. parvum lla - - - -
Novy Kostel 33 MMD  2/0 - - - - - - - -
o 2162 M | apodemus Il  C. parvum lla - - - -
Obilna 2 MMM 1472 2195 M FC)Z parvum C. parvum lla - - - -
Odrava 26 MMM  7/0 - - - - - - - -
Pastuchovice MMM  9/0 - - - - - - - -
Pernarec MMM  2/0 - - - - - - - -
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Tabulka 2 (pokradevani): Prehled druhii a genotypl kryptosporidii, ziskanych na zakladé

amplifikace gend pro malou podjednotku rRNA (SSU), 60 kDa glykoprotein (GP60) a u C. muris
pro mikrosatelitni lokusy MS1, MS2, MS3 a MSI16, u dvou poddruhtt my$i domaci a na
jednotlivych lokalitach. Pouzité zkratky: CZ — Ceka republika, D — Némecko; MMM — Mus m.

musculus, MMD — M. m. domesticus; M —samec, F - samice. Tuéné jsou vyznafeny nové popsané

druhy/genotypy/subtypy a lokality s vyskytem smiSené infekce; C. tyzzeri a C. parvum byla

nalezena na lokalité Kvétna, C. parvum a Cryptosporidium sp. apodemus genotyp II na lokalité

Obilna 2; na ostatnich zvyraznénych lokalitach byly smiSené infekce C. muris a C. tyzzeri.

- o] -E, — éE’ 'g ;2 \% Cryptosporidium spp. C. muris MS geny
Pt [ S5 8.2 =
Z El 8E g 3 5
- a 28 0 o SSU GP60 MS1 MS2 MS3 MS16
-9
Plesna 275 MMD  1/0 - - - - - - -
Poustka 15 MMD 4/1 3127 F | C.parvum C. parvum lla - - - -
Poustka 5 MMD  1/0 - - - - - - - -
Poustka 2 MMD  4/0 - - - - - - - -
Piehorov MMM 3/1 5703 F - C. tyzzeri IXa - - - -
2125 M | C.tyzzeri C.tyzzeri IXb - - - -
. 2126 F - C. tyzzeri IXa - - - -
Prilezy MMM 114 5127 ™ - C.tyzzerilXa - - - -
2128 M | C.tyzzeri C.tyzzeri IXa - - - -
Piilezy - Veptin MMM  2/1 2114 F | C. parvum - - - - -
Rudolec 4 MMM  2/0 - - - - - - - -
Stard Voda MMM  1/0 - - - - - - - -
Stary Hroziiatov7 MMD  1/0 - - - - - - - -
3092 F | C.muris - M1 - - M6
Stary Rybnik 3093 M | C.muris - - - - -
(veptin) MMD 4/ 3094 F | C.muris - - - - -
Cz 3095 M | C.muris - - M4 - -
Sttizov 36 MMD  4/0 - - - - - - - -
Sabina (kong&) MMM  4/0 - - - - - - - -
Teled MMM  2/0 - - - - - - -
Tynisté 2 MMM  6/0 - - - - - - - -
Uboéi (kong) MMM 1/0 - - - - - - B _
2206 F | C.tyzzeri C.tyzzeri IXa - - - -
Verusicky 1 MMM 42 2208 F | C.tyzzeri C.tyzzeriIXa - - - -
Vrbice 7 MMM  6/0 - - - - - - - -
Vrbicka MMM  3/0 - - - - - - - -
Vrbicka 23 MMM  6/0 - - - - - - - -
Ypsilonka MMM 1/1 9433 M - C. hominis Ib - - - -
Zebnice MMM  4/0 - - - - - - - -
Zihle MMM 40 - - - - - - - .
Zihle 133 MMM 10 - - - - - - - .
Zihle 50 MMM 50 - - - - - - - .
Zihle (statek) MMM 1/1 2149 F | C.tyzzeri C.tyzzeri IXa - - - -
9358 F | C.muris C.tyzzeri IXb - - - -
9359 M | C.muris C.tyzzeri IXb - M4 - -
D Benk 1 MMD  6/4 9501 F | C.muris i i i i ]
9502 M | C.muris - - - - -
Birk 4 MMD  2/0 - - - - - - - -
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Tabulka 2 (pokradevani): Prehled druhii a genotypl kryptosporidii, ziskanych na zakladé

amplifikace gend pro malou podjednotku rRNA (SSU), 60 kDa glykoprotein (GP60) a u C. muris
pro mikrosatelitni lokusy MS1, MS2, MS3 a MSI16, u dvou poddruhtt my$i domaci a na
jednotlivych lokalitach. Pouzité zkratky: CZ — Ceka republika, D — Némecko; MMM — Mus m.

musculus, MMD — M. m. domesticus; M —samec, F - samice. Tuéné jsou vyznafeny nové popsané

druhy/genotypy/subtypy a lokality s vyskytem smiSené infekce; C. tyzzeri a C. parvum byla

nalezena na lokalité Kvétna, C. parvum a Cryptosporidium sp. apodemus genotyp II na lokalité

Obilna 2; na ostatnich zvyraznénych lokalitach byly smiSené infekce C. muris a C. tyzzeri.

- Ji -§ - éE’ 'g % \% Cryptosporidium spp. C. muris MS geny
i s 5% 8.2 =
g S 88 % 2 S
- a 28 0 o SSU GP60 MS1 MS2 MS3 MS16
-9
2159 M - C. tyzzeri IXb - - - -
. 2160 M - C. tyzzeri IXb - - - -
Braunersgriin MMD  8/4 2104 F i C. tyzzeri IXb i i i i
2203 F | C.tyzzeri - - - - -
Eckartsreuth 1 MMD 4/1 3118 F | C.parvum C. parvum lla - - - -
Egerteich 7 MMD  2/0 - - - - - - - -
3104 F - C. parvum lla - - - -
Emtmannsberg6 MMD  3/3 3117 F | C.parvum C. parvum lla - - - -
3124 M | C. parvum C. parvum lla - - - -
3192 F | C.muris - - - - -
Friedmannsdorf9 MMD  4/3 3399 F | C.muris - M11 M4 - -
3400 M | C.muris - M11 M4 - -
Grossweiglareuth MMD  1/0 - - - - - - - -
Harsthaus 3 MMD  2/1 9423 M | C.tyzzeri - - - - -
2092 M | C.muris - - M4 - -
Hebanz MMD 6/3 2108 M | C.tyzzeri C. tyzzeri IXb - - - -
2169 M | C.tyzzeri C. tyzzeri IXb - - - -
Hiltershof 4 MMD  2/0 - - - - - - - -
D 2103 M | C.tyzzeri C. tyzzeri IXb - - - -
Hohenberg 1 MMD  14/2 5705 F | C. parvum i i i i i
Kemnath MMD  1/0 - - - - - - - -
5783 M | C. muris - M14 M4 M6 -
Kibelhof 1 MMD 5/3 5785 M | C.muris - M13 M4 M6 -
9504 F | C.muris - - - - -
2184 M | C. muris - M13 - - -
2204 F | C.muris - - M4 - M1
2205 F | C.muris - - - - -
3125 F | C.muris - - M4 - -
3190 F | C.muris - M12 M4 M8 -
3398 M | C.muris - M16 M4 - -
Kubelhof 2 MMD 24/13 3401 F | C.muris - M12 M4 M6 -
3403 M | C.muris - M12 M4 - -
5798 F | C.muris - - - - M1
5809 F | C.muris - - M4 M6 M1
9352 M | C.muris C.tyzzeri IXb - M4 - M1
9353 F | C.muris - - - - -
9503 M | C. muris - - - M6 M1
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Tabulka 2 (pokradovani): Prehled druhti a genotypl kryptosporidii, ziskanych na zakladé

amplifikace gend pro malou podjednotku rRNA (SSU), 60 kDa glykoprotein (GP60) a u C. muris

pro mikrosatelitni lokusy MS1, MS2, MS3 a MS16, u dvou poddruht my$i domaci a na
jednotlivych lokalitach. Pouzité zkratky: CZ — Ceka republika, D — Némecko; MMM — Mus m.

musculus, MMD — M. m. domesticus; M —samec, F - samice. Tuéné jsou vyznafeny nové popsané

druhy/genotypy/subtypy a lokality s vyskytem smiSené infekce; C. tyzzeri a C. parvum byla

nalezena na lokalité Kvétna, C. parvum a Cryptosporidium sp. apodemus genotyp II na lokalité

Obilna 2; na ostatnich zvyraznénych lokalitach byly smiSené infekce C. muris a C. tyzzeri.

- Ji -§ - éE’ 'g % \% Cryptosporidium spp. C. muris MS geny
Nl s 5% 8.2 =
g S 88 % 2 §
- a 28 0 o SSU GP60 MS1 MS2 MS3 MS16
-9
2095 F | C.muris - M11 M4 - M1
2096 F | C.muris - M1l M4 - M1
2110 M | C.tyzzeri C. tyzzeri IXb - - - -
2111 M | C. muris - M1l M4 - M1
Lehsten MMD  23/8 2120 F | C.tyzzeri C. tyzzeri IXb - - - -
2181 M | C.muris C. tyzzeri IXb M15 M4 - M1
2200 F | C.muris - M1l M4 - -
3224 F | C.muris C.tyzzeri IXb - - - -
Loschwitz 18 MMD  1/0 - - - - - - -
Minchenreuth31 MMD  3/1 3402 M | C. muris - - M4 - -
Neuenreuth MMD 1/1 2174 F | C.tyzzeri C. tyzzeri IXb - - - -
5744 F | C.tyzzeri - - - - -
Neuenreuth15 MMD  5/2 5754 F | C. tyzzeri i i i i i
Neuenreuth 8 MMD  1/0 - - - - - - - -
Neukdslarn MMD  5/0 - - - - - - - -
3120 F | C.parvum C. parvum lla - - - -
Ottmannsreuth MMD 14/3 3193 M | C.muris - M11 M4 - -
D 5763 F | C.tyzzeri - - - - -
Pilgramsreuth MMD  9/0 - - - - - - - -
Plossberg 25 MMD 4/1 9506 M | C.muris - - M4 M6 -
Plossberg 42 MMD  5/2 9361 M | C. muris C. tyzzeri IXb M11 - - -
9389 F | C.muris - - - - -
Plossen 18 MMD  2/0 - - - - - - - -
. 9507 F - C. tyzzeri IXb - - - -
Plossenl — MMD 572 o058 - C.tyzzerilXb - - - -
Rieglersreuth MMD  2/0 - - - - - - - -
Roslas 7 MMD  3/0 - - - - - - - -
i 5795 M | C. muris - - M4 - -
Rothelbach MMD  4/2 5797 M| ¢ muris i i i i i
Selb North MMD  2/0 - - - - - - - -
Seybothenreuth  MMD  3/2 Ziiz m c I’TjUI’IS g gzg: :ig M_4 M_G M_l
Schatzbach MMD  1/0 - - - - - - - -
3075 M | C.muris - M11 M4 M6 M7
Schlémen 10 MMD  3/3 3395 M | C.muris - - - M6 -
3396 M | C.muris - M11 - M6 -

65



Tabulka 2 (pokracovani): Prehled druhii a genotypti kryptosporidii u jednotlivych poddruht
my$i doméci ana jednotlivych lokalitich. Pouzité zkratky: CZ — Ceka republika, D —
Némecko; MMM — Mus m. musculus, MMD — M. m. domesticus; M — samec, F - samice.
Tuéné jsou vyznaceny noveé popsané druhy/genotypy/subtypy a lokality s vyskytem smisené
infekce; C. tyzzeri aC.parvum byla nalezena na lokalit¢ Kvétna, C. parvum
a Cryptosporidium sp. apodemus genotyp II na lokalité Obilna 2; na ostatni zvyraznénych

lokalitach byly smiSené infekce C. muris a C. tyzzeri.

- S -§ - E 'g ;g % Cryptosporidium spp. C. muris MS geny
T E % 8.2 =
g S 88 2% 32 5
- a 28 U o SSU GP60 MS1 MS2 MS3 MS16
-9
2099 F | C.tyzzeri C.tyzzeriIXb - - - -
2116 F | C.tyzzeri C.tyzzeri IXb - - - -
2117 F | C.muris C.tyzzeri IXb M11 - - -
2135 F | C.tyzzeri C.tyzzeri IXb - - - -
2136 M | C.tyzzeri C. tyzzeri IXb - - - -
Straas 2 MMD 25/11 2158 F | C.muris - M1l M4 - M1
2177 M | C.tyzzeri C.tyzzeri IXb - - - -
2179 F | C.tyzzeri C.tyzzeri IXb - - - -
D 2180 M | C. tyzzeri - - M4 - -
5788 M | C. muris - M13 M4 - -
5804 M | C. muris - - - - -
Unterschwarzach MMD  1/0 9428 F | C. tyzzeri - - - - -
5713 F | C.muris - - - - -
. 5731 F | C.muris - - - - -
Unterweissenbach - MMD 814 o000\ | Comuris  Cotyzzerilxb - M4 - M1
9388 M | C.muris - - - - -
Weickenreuth22 ~MMD  3/1 3126 F | C.parvum C. parvum lla - - - -
Wolfsbiihl MMD  8/1 2134 F | C.tyzzeri C. tyzzeriIXb - - - -

66



5.2 Koevoluce C. tyzzeri a mysi domaci

5.2.1 Fylogeneticka analyza vzorki z hybridni zony

Celkem 32 vzorku z HMHZ, které byly pozitivni na piitomnost C. tyzzeri, bylo
podrobeno fylogenetické analyze na genech pro SSU, GP60, COWP, TRAP-C1
a actin (publikace 1). Vzorky ze zapadni ¢asti zony byly ziskany z mys$i poddruhu
MMD, vzorky z vychodni &asti zony nalezely k poddruhu MMM. Déle bylo
analyzovano 12 vzorku, ziskanych z Christchurch na Novém Zélandu. Poddruh téchto
mysi nebyl explicitné urcen, ale na zaklad¢ studie Searle et al. (2009) bylo mozno

predpokladat, Ze se jedna o poddruh MMD.

Na genu SSU byly vSechny ziskané sekvence identické a odpovidaly diive
publikovanym sekvencim z mysi domaci (AF112571, AF108863), a krajty kralovské
(EU553589) (Morgan et al. 1999b; Pedraza-Diaz et al. 2009; Xiao et al. 1999a).
U posledné jmenované sekvence popsali autofi, ze se nejspiS jednalo o pasaz oocyst
travicim traktem plaza pii krmeni infikovanymi mySmi (Pedraza-Diaz et al. 2009). Pii
fylogenetické analyze na genu COWP se zformovaly dvé skupiny C1 a C2: skupina
Cl obsahovala vSechny vzorky zvychodni ¢&asti zony (poddruh MMM),
C2 obsahovala vzorky ze zépadni Casti zony z mySi poddruhu MMD a vSechny
vzorky, ziskané z mysi z Nového Zélandu. Na tuto vétev fylogenetického stromu
nasedly i diive publikované sekvence z mySi z USA (Xiao et al. 2000b). Obdobna
situace nastala na genu TRAP-CL1, kde skupina T1 obsahovala v§echny vzorky MMM
a T2 obsahovala vzorky MMD jak ze zapadni ¢asti zOny, tak z Nového Zélandu. Na
genu pro actin se zformovaly tii skupiny. Skupina Al obsahovala vSechny vzorky
MMM, A2 zahrnovala vSechny vzorky MMD a do skupiny A3 spadaly vSechny

vzorky z Nového Zeélandu.

Analyza genu GP60 zformovala monofyletickou skupinu, rozdélenou na dvé vétve,
které odpovidaly subtyptim IXa a IXb. Do subtypu [Xa spadaly vzorky z mysi MMM
a také referencni sekvence, ziskané z mysi z Ciny a z ditéte z Kuwaitu (Ren et al.
2012; Sulaiman et al. 2005). | kdyz v Ciné Ziji dva poddruhy mysi domaci, MMM
a M. castaneus, z diivéjsi studie vyplyva, ze tento konkrétni vzorek byl z mysSi
poddruhu MMM (Tsuchiya et al. 1994). K subtypu 1Xb klastrovaly vSechny vzorky
Z MMD ze zapadni ¢asti zony, novozélandské vzorky, ataké referencni sekvence
zMMD z USA (Feng et al. 2011a). Vsechny sekvence z Nového Zélandu byly
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identické a v ramci subtypu 1Xb zformovaly samostatnou skupinu, zatimco vzorky
z obou stran HMHZ byly vice diverzifikované. Ve shod¢ s diive publikovanymi
studiemi (Alves et al. 2006, Feltus et al. 2006; Gatei et al. 2007) byly ziskané sekvence

na genu GP60 mnohem variabilnéjsi, nez na jinych genech.

Asi 500 tisic let dlouhd izolace dvou mysich poddruhd, a jejich nasledny kontakt
zformoval Uzky pruh hybridni zony (Macholan et al. 2003). Tento biologicky jev ndm
umoznil zjistit, ze se typicky mysi kryptosporidie, C. tyzzeri, vyvijela spolecné se
svym hostitelem. Vysledky ukazuji na evidentni asociaci jednotlivych mySich
poddruhti a jejich prislusnych subtypt C. tyzzeri, které jsou geneticky odliSné.
Koevolu¢ni vzorec, popsany V této préaci, je v rozporu se studiemi provedenymi na
mikrosporidiich a Helicobacter spp. (Sak et al. 2011; Wasimuddin et al. 2012), kde
nebyla inklinace n€kterého ze studovanych parazitti k jednomu, ¢i druhému mys$imu

poddruhu prokazana.

5.2.2 Experimentalni infekce

Osmitydenni mysi SCID, BALB/c, STUS (laboratorn¢ odvozeny kmen MMM)
a SCHEST (MMD), piskomilové, mastomysi, morcata a mysice lesni byly infikovany
izolaty C. tyzzeri-MMD (izolat HZ117) a C. tyzzeri-MMM (HZ206). Oba izolaty byly
infekéni  pro  vSechny imunokompetentni (BALB/c, STUS, SCHEST)
i imunodeficientni (SCID) mysi. Naopak u ostatnich druht zvitat nebyla infekce
prokadzana ani mikroskopicky, ani pomoci PCR. Prepatentni perioda byla nejkratsi
u SCID mysi, infikované izolatem C. tyzzeri-MMD (4 dny), nejdelsi pak byla
u SCHEST mysi, infikované C. tyzzeri-MMM. Patentni perioda byla vyrazné kratsi
u imunokompetentnich mysi (pramérné 12,6 dni), nez u SCID mysi (vice nez 26 dni).
Zaroven izolat C. tyzzeri-MMM vykazoval vyznamné del§i patentni periodu, nez
C. tyzzeri-MMD u SCHEST mysi. Oocysty C. tyzzeri-MMD byly vyznamné mensi
(4,24 x 3,69 pm), nez oocysty C. tyzzeri-MMM (4,49 x 3,90 um) a oba izolaty mély
vyrazn€ mensi oocysty, nez druh C. parvum (Upton et Current, 1985). Jejich velikosti
odpovidaly diive popsanym C. tyzzeri z divokych i laboratornich mysi, mysic lesnich,
hrabos$i polnich a nornikt rudych (Bednarska et al. 2003; Lv et al. 2009; Ren et al.
2012). Velikost oocyst jednotlivych izolath se nelisila v ramci experimentalné

infikovanych druht.
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Ackoli jsme zjistili, Ze oba izolaty jsou infekéni pro oba poddruhy mysi doméci, coz
je vrozporu snasi teorii o koevoluci, tento zavér muze mit nékolik divoda.
Detekovana rozdilnd délka prepatentni periody mize vysvétlovat mechanismus
selekce opac¢ného subtypu C. tyzzeri u ptislusného poddruhu mysi domaci. Druh
s krat§i prepatentni periodou muze vytlacit druh s delsi periodou. Podobny
mechanismus popsali Akiyoshi et al. (2003) u gnotobiotickych selat, kde ,,rychlejsi*
C. hominis ptevazilo ptibuzny druh C. parvum. K experimentalnim infekcim v této
studii byly pouzity inbredni mysi, laboratorné odvozené od divoce zijicich poddruhti.
Snizeni genetické variability a heterozygotnosti hlavniho histokompatibilniho
komplexu vlivem inbreedingu miize zvySovat vnimavost k parazitozam (Froeschke
et Sommer 2005; MacDougall-Shackleton et al. 2005, Meyer-Lucht et Sommer 2005).
Kromé toho, voln¢ Zijici mysi jsou parazitovani celym spektrem rtiznych parazitarnich
druhti (Baird et al. 2012; Sak et al. 2011; Wasimuddin et al. 2012) a vzajemné
interakce mezi nimi a hostitelem jsou v podminkach experimentu jen obtizné

replikovatelné.
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5.3 Popis nového druhu Cryptosporidium proliferans

Ackoli jsou C. muris a C. andersoni primarn¢ specifické pro hlodavce, resp.
piezvykavce, byly zaznamenany piipady vyskytu C. muris u prezvykavcu (Kvac et al.
2008a; Kodadkova et al. 2010; Rhee et al. 1998) a C. andersoni u hlodavca (Kva¢
etal. 2013b; Neumayerova et al. 2008; Ryan et al. 2003). Podobn¢ bylo
C. proliferans, novy druh, popsany v této praci, nalezeno u hostiteli patticich do fadu
hlodavct, sudokopytnikii a lichokopytnik. S vyjimkou vyskytu C. proliferans
u veverek v USA byly vSechny ostatni izolaty popsany u zviiat v Africe (Feng et al.
2007; Kvac et al. 2008a; Sak et al. 2013) a v Evrop¢ (publikace 2).

5.3.1 Fylogeneticka analyza C. proliferans

Fylogeneticka analyza zalozena na sekvencich genti SSU, COWP, TRAP-C1, HSP70,
aktinu, MS1, MS2, MS3 a MS16 ukazala, ze C. proliferans (dfive znamo jako C. muris
TS03) se geneticky 1i§i od dalSich znamych druhG Zaludec¢nich kryptosporidii,
C. muris a C. andersoni. Tato odli$nost je vy$si nez u srovnatelné blizce ptibuznych
druha C. parvum a C. erinacei, respektive C. hominis a C. cuniculus, nebo C. bovis
a C. xiaoi (Kvac et al. 2014; Robinson et al. 2010; publikace 1).

Na lokusu HSP70 bylo C. proliferans identické s izolatem C. muris Kawatabi
(AY643490) (Nakai et al. 2004). I1zolat C. muris Kawatabi klastruje k C. proliferans
také na lokusu SSU, coZ naznacuje, ze by se mohlo jednat o stejny druh. K ovéfeni
této skuteCnosti by byla nutna dals$i genetickd a biologicka charakterizace izolatu

Kawatabi.

Cryptosporidium proliferans se také odlisuje od C. muris a C. andersoni na ¢tyfech
minisatelitnich lokusech, zkoumanych v publikaci 2. Cryptosporidium muris RN66,
komeréné dodavany referencni kmen (Waterborne Inc, LA), je dobie charakterizovan
a je znama sekvence celého genomu. Sekvence SSU tohoto kmene se lisi od sekvence
C. proliferans. Podobné ptedchozi studie ukazaly, ze C. muris CB03 je v SSU lokusu
shodny s RN66 a lisi se od C. proliferans (Jalovecka et al. 2010; Kvac et al. 2008a).
Feng et al. (2011a) na zakladé téchto studii pfipustili, Ze jejich zavér, ze izolaty
C. muris RN66 a CBO03 jsou shodné s C. proliferans na SSU a minisatelitnich
lokusech, je pravdépodobné vysledkem kiizové kontaminace pii manipulaci

s izolatem.

70



5.3.2 Biologickeé vlastnosti C. proliferans

Tato prace a studie Srétera et al. (2000) ukazaly, ze oocysty Cryptosporidium
proliferans (7,7 x 5,3 um) jsou delsi a uzsi nez oocysty C. muris HZ206 (7,5 x 5,7 um)
a C. andersoni (7,6 x 5,5 um). Béhem vice nez 10 let pasaze oocyst riznymi hostiteli
jsme nezaznamenali zadné zmény ve velikosti ¢i tvaru oocyst (nepublikovano).
Protoze vSak uvadéna velikost oocyst C. andersoni a C. muris je zna¢n¢ variabilni
(Huarkova et al. 2003; Chalmers et al. 1997; Lindsay et al. 2000), nelze morfometrii
oocyst pouzit ke spolehlivému odliSeni téchto druhti od C. proliferans. Tvar a velikost
oocyst C. proliferans se také vyrazné lisi od oocyst stfevnich druhi, jako jsou C. xiaoi
(3,94 x 3,44 um), C. parvum (5,3 x 4,7 um) nebo C. suis (6,2 x 5,5 um) (Fayer et al.
2009; Vitovec et al. 2006).

Prepatentni perioda C. proliferans u SCID mysi se pohybovala v rozmezi 12 — 18 DPI
s prumérem 14 DPI (Kvac et al. 2011), coz odpovida prepatentni periodé u C. muris
Kawatabi (14 DPI) a je delsi, nez prepatentni perioda u C. muris RN66 (6 DPI)
a C. muris CBO03 (7 DPI; nepublikovano) u SCID mysi (Satoh et al. 2003). V praci,
studujici infekci C. muris RN66 u bezsrstych mysi, které specificky postradaji T-
bunéénou imunitu, byla po davce 1 milion oocyst (coz je davka pouzita i v této studii),
zaznamenana prepatentni perioda 10 DPI (Taylor et al. 1999). Delsi prepatentni
perioda byla pozorovana pouze u nizsich davek 20 000 oocyst (15 — 18 DPI) a 400
oocyst (16 DPI). Podobné byla pozorovana prepatentni perioda 10 DPI u outbrednich
bezsrstych mysi i SCID mysi infikovanych 500 000 oocyst C. muris RN66 (McDonald
et al. 1992). V souladu s uvedenymi studiemi je prepatentni perioda u C. proliferans
U imunokompromitovanych mysi (15 — 20 DPI), u imunokompetentnich mastomysi
odpovida C. andersoni (20 DPI), ale je delsi, nez u C. muris (6 —10 DPI). Vysledky
této prace podporuji hypotézu, ze C. proliferans ma u mysi delsi prepatentni periodu,

nez C. muris.

Cryptosporidium proliferans se vyviji vyhradné ve zlaznaté ¢asti zaludku, podobné
jako C. muris a C. andersoni (Anderson 1987; Kvag¢ et Vitovec 2003; Lindsay et al.
2000; Pospischil et al. 1987), a jeho Zivotni cyklus se podoba cyklu C. muris
(Melicherova et al. 2014; Tyzzer 1910). Klinicky pribéh infekce C. proliferans
u imunokompetentnich mastomysi je ale zna¢né odlisny od infekce C. muris. Tyto

mysi vylucuji oocysty C. proliferans mnohem déle a s vétsi intenzitou nez oocysty
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C. muris a na rozdil od C. muris, C. proliferans zpusobuje vyznamné klinické
a patologické zmény, véetné ubytku hmotnosti a masivni proliferace Zaludeéni
sliznice, kterd je spojena s téméf Sestinasobnym zvySenim hmotnosti zaludku. Ackoli
zalude¢ni kryptosporidie vyvolavaji klinické pfiznaky u savcu jen ztidka (Anderson
et al. 1987; Iseki et al. 1989; Kvac et al. 2003; Ozkul et Aydin 1994), infekce
C. andersoni u skotu zpusobila aZ trojnasobné zvySeni hmotnosti abomasa, snizeni
produkce mléka a ztratu té€lesné kondice (Anderson 1998; Esteban et Anderson 1995).
Cryptosporidium andersoni také zptsobuje celozivotni infekci u skotu a mysi
(Koyama et al. 2005; Kvac et al. 2008a; Lindsay et al. 2000), podobné jako
C. proliferans u mastomysi. Jako u fady piedchozich studii chybi u zvitat,
infikovanych C. proliferans infiltraty v propria mucosae (Anderson 1987; Iseki et al.

1989; Kvac et al. 2003, 2008a, 2013b; Ozkul et Aydin 1994; Tyzzer 1910).
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5.4 Pripadova studie lidské kryptosporidiozy

Pétadvacetileta Zena, ktera v terénu odchytavala volné Zijici mysi a pracovala s nimi
v laboratornich podminkach, onemocnéla a projevily se u ni typické klinické ptiznaky
kryptosporididzy, véetn¢ nekrvavého profuzniho priijmu a dehydratace. Po zacatku
prijmu byly denné vySetfovany vzorky stolice na piitomnost kryptosporidii, byl
sledovan pribéh ukazateli infekce, véetné konzistence a barvy stolice, frekvence
defekace a intenzity infekce. V natérech stolice byly identifikovany oocysty
kryptosporidii s typickymi barvicimi charakteristikami. Zena byla dvakrat vysetiena
na pritomnost exogennich stadii prvokii, vajicek helmintd, shigely, salmonely,
kampylobactera, Clostridium difficile, améb, rotaviri a norovir. Zadné dalsi
bakterialni, virové nebo parazitarni patogeny nebyly zjistény. Testy na HIV pted a po
kryptosporididze byly negativni.

PCR a sekvenacni analyza vzorku stolice prokazala pfitomnost C. parvum (GenBank
. JX445926), C. tyzzeri 1Xa (JX445925) a C. tyzzeri IXb (JX445924). Subtyp
C.parvum [1laA13G1R1, popsany Vv teto studii, byl dfive nalezen
u imunokompetentnich lidi, pacientti s HIV/AIDS a domacich zvirat v Malajsii (Igbal
et al. 2012). Jediny piipad lidské kryptosporidiozy zpusobené C. tyzzeri (nespravné
uvadény jako C. parvum 11fA6) byl diive popsan u kuvajtského ditéte (Sulaiman et al.
2005); zdroj infekce vSak nebyl identifikovan. U imunokompetentnich hostitelti
kryptosporidiéza obvykle trva 10 az 14 dni, nacez dojde k spontannimu uzdraveni,
zatimco infekce u imunokompromitovanych hostiteli muze zpasobit zavazné,
perzistujici onemocnéni. Byly provedeny experimentalni infekce zdravych
dobrovolnikt k prohloubeni nasich znalosti o trvani a intenzité infekce a zptisobech
vylucovani oocyst u imunokompetentnich hostitelti (Chappell et al. 1999, 2006, 2011).
Doba trvani, pfiznaky a symptomy onemocnéni V nasi praci jsou ve shodé s témito
studiemi. Median trvani pfiznakd onemocnéni v této piipadové studii (144 h tekutého
prujmu) odpovida nalezu u dobrovolnikt infikovanych C. parvum (41 — 336 h, primér
155 h), C. hominis (49 — 518 h, pramér 137 h) a C. meleagridis (50 — 105 h, pramér
77 h). Celkovy pocet nezformovanych stolic zjistény v této pripadové studii (124) je
v8ak mnohem vyssi nez pocet U dobrovolniki infikovanych C. parvum (3 — 15, pramér
10), C. hominis (2 — 19, pramér 9) a C. meleagridis (3 — 15, primér 8). Tento vyssi
pocet neformovanych stolic v tomto piipadé¢ mize byt zpisoben koinfekci C. parvum
s C. tyzzeri.
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Zatimco C. tyzzeri je primarné omezeno na hlodavce a zda se, Ze je adaptovano na
mysi domaci (Elwin et al. 2012), zoonotické C. parvum je bézné u hospodaiskych
zvitat (Watanabe et al. 2005) a je zaroven jednim z nejéastéjSich druhti, zptsobujicich
lidskou kryptosporidiozu. Ackoli dospélé mySi nejsou obecné vnimavé
k experimentalnim infekcim C. parvum, domaci a volné zijici hlodavci k infekci timto
druhem tdajné vnimavi jsou (Elwin et al. 2012). Ackoli volné zijici zvifata mohou byt
rezervoarem rdznych zoonotickych patogenli, vcetné protozodrnich parazitd,
predpoklada se, Ze nejsou vyznamnym zdrojem lidsky patogennich kryptosporidii
(Simpson 2002). Nicméné komenzalni vztah, ktery maji mysi domaci s ¢lovékem, je

odliSuje od vétSiny ostatnich voln€ Zijicich zvirat.

Vétsinu piipadu kryptosporididézy u lidi zptisobuji C. hominis a C. parvum. Bylo vSak
publikovano nejméné 20 dalSich druht kryptosporidii, které jsou pro ¢lovéka infek¢ni
(Elwin et al. 2012; Firoozi et al. 2019; Kvac et al. 2009; Waldron et al. 2010). Uvadi
se, ze vetsinu lidskych kryptosporidioz zplisobuje jeden druh; je vSak ziejmé, ze u lidi
1 zvifat muZe dochdzet ke smiSenym infekcim rGznych druhii a genotypl
kryptosporidii. Ackoli Cama et al. (2006) prokazali, ze smiSené infekce nejsou
neobvyklé, poznamenali, ze mohou byt podhodnoceny v dusledku ptednostni PCR

amplifikace ptevladajiciho druhu nebo genotypu.

Zavéry z této studie naznacuji, ze Kryptosporidie ze synantropnich mysi domacich
mohou zpusobit onemocnéni u imunokompetentniho ¢lovéka, a ukazuji, ze C. tyzzeri,
druh povazovany za ptevazné hostitelsky omezeny na hlodavce, mize byt zoonoticky.
Navic detekce subtypu C. tyzzeri 1Xa i IXb, které se zdaji byt geograficky izolované

a specifické pro MMM a MMD, naznacuje, Ze je mozna vicenasobna expozice infekci.
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6. ZAVERY

Pomoci multilokusovych analyz bylo prokdzano, ze mySi domaci mohou byt
parazitovany nejméné Sedmi riznymi druhy kryptosporidii. Kromé jiz popsanych
druha (C. muris, C. tyzzeri, C. parvum, C. ubiquitum a Cryptosporidium sp. mouse
genotyp Il) jsme u mysi domaci poprvé detekovali v pfirozené infekci C. hominis

a Cryptosporidium sp. apodemus genotyp I1.

Celkova prevalence kryptosporidii ve studované populaci mySi domaci byla 23 %.
13 vzorkii obsahovalo smiSenou infekci dvou druh@t kryptosporidii: C. muris
a C. tyzzeri se vyskytovalo u 11 vzorku (1,9 %), C. parvum a C. tyzzeri u 1 vzorku
(0,2 %), stejné jako C. parvum a Cryptosporidium sp. apodemus genotyp Il (0,2 %).
Mysi jsou parazitovany zoonotickymi druhy kryptosporidii, a mohou tak slouzit jako

rezervodar infekce, potencialné ohrozujici jina zvitata 1 loveka.

Vysledky prace prokazuji, ze kryptosporidie u mysi nejsou pohlavné specifické.
Vékova specifita nebyla sledovana. Pii terénnim vyzkumu iexperimentalnich
infekcich jsme ovérili, Zze kryptosporidialni infekce nejsou u mysSi spojeny

s klinickymi ptiznaky infekce, a Ze intenzita vyluCovani oocyst je nizka.

Bylo potvrzeno, ze pouziti mikroskopické detekce, ani amplifikace pouze genu
kodujiciho malou podjednotku rRNA (SSU) neni dostate¢né pro vyvozeni zavéru
0 diverzité Kryptosporidii v my$i populaci. Tyto metody nezohlediuji vyskyt
smiSenych infekci a mohou byt podhodnoceny v disledku piednostni PCR
amplifikace pfevladajiciho druhu nebo genotypu. U Cryptosporidium sp. apodemus
genotyp 11 byly nalezeny divergentni typy genu SSU, ackoli na GP60 se jeho sekvence
shodovaly. Proto je pro fylogenetické analyzy vhodné pouzivat kombinaci nékolika
genil, a kromé SSU 1 jiné polymorfni lokusy, naptiklad GP60, HSP70, TRAP-C1,
COWP nebo actin.

Na zéklad¢ fylogenetické analyzy byla popsdna pravdépodobnd koevoluce mySim
specifického druhu C. tyzzeri se svymi hostiteli. Poddruh mys$i domaci M. m. musculus
je vptirod¢ parazitovan subtypem C. tyzzeri 1Xa apoddruh M. m. domesticus
subtypem C. tyzzeri IXb. Experimentaln¢ bylo zjisténo, ze oba subtypy kryptosporidii

jsou infekéni pro oba poddruhy mysi domaci, vyskytujici se v hybridni z6né, nicméné
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pribéh infekce se ujednotlivych poddruhti mySi s nepfislusnym subtypem

kryptosporidii lisil.

Pomoci morfometrickych, genetickych a biologickych dat, ziskanych v této préci, byl
popsan novy druh C. proliferans. Tento druh patii mezi zalude¢ni druhy kryptosporidii
a diive byl zafazovan k C. muris. Prokazali jsme, Ze se od obou pfibuznych
zalude¢nich kryptosporidii (C. muris a C. andersoni) lisi jak geneticky, tak
i biologicky. I kdyz také velikost oocyst se vyrazné odliSuje od obou vySe zminénych
druhli, nelze morfometrii pouzit ke spolehlivému odliSeni téchto druhti od

C. proliferans.

Popsali jsme ptipad ndkazy zdravého, imunokompetentniho ¢lovéka smiSenou infekci
C. parvum a C. tyzzeri. Byly podrobné zaznamenany klinické ptiznaky této infekce.
Tato prace poprvé popisuje ptenos kryptosporidii ze synantropnich mysi domacich na
zdravého ¢loveéka a naznacuje, ze C. tyzzeri, které se povazovalo za druh s Uzkou

hostitelskou specifitou, miiZze byt zoonotické.
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Two house mouse subspecies occur in Europe, eastern and northern Mus musculus musculus (Mmm) and
western and southern Mus musculus domesticus (Mmd). A secondary hybrid zone occurs where their
ranges meet, running from Scandinavia to the Black Sea. In this paper, we tested a hypothesis that the
apicomplexan protozoan species Cryptosporidium tyzzeri has coevolved with the house mouse. More
specifically, we assessed to what extent the evolution of this parasite mirrors divergence of the two
subspecies. In order to test this hypothesis, we analysed sequence variation at five genes (ssTRNA, Cryp-
tosporidium oocyst wall protein (COWP), thrombospondin-related adhesive protein of Cryptosporidium 1
(TRAP-C1), actin and gp60) in C. tyzzeri isolates from Mmd and Mmm sampled along a transect across the
hybrid zone from the Czech Republic to Germany. Mmd samples were supplemented with mice from
New Zealand. We found two distinct isolates of C. tyzzeri, each occurring exclusively in one of the mouse
subspecies (C. tyzzeri-Mmm and C. tyzzeri-Mmd). In addition to genetic differentiation, oocysts of the C.
tyzzeri-Mmd subtype (mean: 4.24 x 3.69 um) were significantly smaller than oocysts of C. tyzzeri-Mmm
(mean: 4.49 x 3.90 pm). Mmm and Mmd were susceptible to experimental infection with both C. tyzzeri
subtypes; however, the subtypes were not infective for the rodent species Meriones unguiculatus,
Mastomys coucha, Apodemus flavicollis or Cavia porcellus. Overall, our results support the hypothesis that
C. tyzzeri is coevolving with Mmm and Mmd.

© 2013 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cryptosporidium is the genus of apicomplexan protozoan
parasites that causes cryptosporidiosis, a diarrhoeal disease that
can become chronic and life-threatening in immunocompromised
hosts (Anonymous, 1982; Soave et al., 1984). It is a significant
cause of childhood diarrhoea and failure to thrive in non-
industrialised nations (Guerrant et al., 1999), and continues to be
a major cause of waterborne disease worldwide (Hlavsa et al.,
2005, 2011; Yoder and Beach, 2007; Reynolds et al., 2008;
Chalmers and Giles, 2010; Chalmers et al., 2010; Yoder et al.,
2010; Elwin et al., 2012). Cryptosporidium remains a significant

* Note: Nucleotide sequence data reported in this paper are available in GenBank
under Accession Nos. JQ073388-]JQ073555.
* Corresponding author. Tel.: +1 701 231 8530; fax: +1 701 231 9692.
E-mail address: john.mcevoy@ndsu.edu (J. McEvoy).

health concern, in part, because drug treatments are limited and
entirely ineffective in the absence of a robust T-cell mediated im-
mune response (McDonald, 2011).

Cryptosporidium infects all major vertebrate groups including
most mammalian species (Current et al, 1986; Kimbell et al.,
1999; Kvac and Vitovec, 2003; Ziegler et al., 2007; Jirka et al.,
2008; Gibson-Kueh et al., 2011). More than 50 genotypes have
been identified, primarily from ssrRNA gene sequences, and at least
25 species have been recognised based on additional genetic,
morphometric and biological data (Fayer, 2010; Kvac et al,
2013). As a monoxenous, obligate and generally host-specific
parasite, coevolution with the host is hypothesised to drive diver-
sification, this hypothesis being supported, in part, by the phyloge-
netic clustering of Cryptosporidium taxa from closely related host
species (Xiao et al., 2002).

A number of studies have examined intraspecific diversity in
Cryptosporidium, particularly in the major human pathogenic

0020-7519/$36.00 © 2013 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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species Cryptosporidium parvum and Cryptosporidium hominis
(Widmer et al., 2004; Gatei et al., 2007; Tanriverdi et al., 2008;
Xiao, 2010). Among the reported single locus genotyping tools,
those targeting the gp60 gene appear particularly useful and are
widely used (Jex and Gasser, 2010). This gene encodes a 60-kDa
glycoprotein that is cleaved post-translationally to produce two
glycoproteins, GP40 and GP15, which are expressed on the surface
of sporozoites where they function during attachment to and inva-
sion of host cells (Cevallos et al., 2000a,b; Strong et al., 2000). Most
intraspecific variation in gp60 is concentrated in a highly polymor-
phic microsatellite region that encodes a serine/threonine stretch
in GP40. A standardised nomenclature has been established to rep-
resent sequence variation at the gp60 locus (Sulaiman et al., 2005).
The subtype family is identified by a roman numeral, which repre-
sents the Cryptosporidium sp./genotype, and lower-case letter. For
instance, Ia and Ib are subtype families in C. hominis, and Ila and
IIb are subtype families in C. parvum. Depending on the species,
subsequent uppercase letters and numbers represent the number
of various tandem repeats in the microsatellite region. For exam-
ple, [IaA15G2R1 is a C. parvum subtype family (Ila) with 15 TCA re-
peats (A), two TCG repeats (G), and one ACATCA repeat (R).
Analysis of gp60 has contributed to the understanding of Cryptos-
poridium transmission and can serve as a marker for intraspecific
biological differences, as illustrated by Ilc, which is an apparently
human-restricted subtype family in the generally zoonotic species
C. parvum (Alves et al., 2003).

Cryptosporidium tyzzeri (previously mouse genotype 1) is
adapted to the house mouse (Ren et al., 2012), and has been infre-
quently isolated from other vertebrate species including the yel-
low-necked mouse, voles, snakes and rats (Morgan et al., 1998,
1999; Bajer et al., 2003; Xiao et al., 2004; Karanis et al., 2007).
Cryptosporidium tyzzeri gp60 subtype families (IXa and IXb; Feng
et al,, 2011) appear to have a variable geographic distribution:
[Xa was identified in house mice from China and IXb in two mice
from the United States (USA) (Lv et al., 2009; Feng et al., 2011;
Ren et al.,, 2012). Although these data are limited, the gp60 subtype
families could represent divergent C. tyzzeri populations, which
have coevolved with geographically isolated subspecies of the
house mouse.

House mice originated in south-central Asia or the Middle East
some 1 million years ago (MYA) and subsequently diverged into
several subspecies approximately 0.5 MYA (Geraldes et al., 2008;
Duvaux et al, 2011; Auffray and Britton-Davidian, 2012;
Bonhomme and Searle, 2012). One of these subspecies, Mus muscu-
lus musculus (hereafter abbreviated Mmm), has spread from this
cradle to a vast area of northern Eurasia from central and northern
Europe to the Far East. Another subspecies, Mus musculus domesti-
cus (Mmd), expanded westward through Asia Minor to southern
and western Europe and northern Africa, and later has spread
worldwide (Boursot et al., 1993; Guénet and Bonhomme, 2003;
Rajabi-Maham et al., 2008; Duvaux et al., 2011; Auffray and
Britton-Davidian, 2012; Bonhomme and Searle, 2012; Cucchi
et al,, 2012). In the area of their secondary contact in Europe, the
two subspecies have formed a hybrid zone over 2,500 km long,
stretching from Norway to the Black Sea (Macholan et al., 2003;
Jones et al., 2011; Dureje et al., 2012). Due to the colonisation
history, the house mouse hybrid zone (HMHZ) is older in the
southeast than in the north; however, as argued by Baird and
Macholan (2012), its age is old enough to settle into quasi-
equilibrium allowing intermixing neutral variants. Traits with a
negative effect on the fitness of hybrids will be prevented from
crossing the zone and will display abrupt changes in frequencies
between subspecies-specific variants (Barton and Hewitt, 1985;
Payseur et al., 2004; Macholan et al., 2007, 2011; Janousek et al.,
2012). Conversely, neutral variants will diffuse through the HMHZ
freely with some delay due to linkage to counterselected loci

(Barton, 1979). Finally, even slightly advantageous traits will cross
the HMHZ quite rapidly and spread into the opposite genetic
background as was demonstrated recently for the Y chromosome
(Albrechtova et al., 2012; Dureje et al., 2012).

In this study, we test the hypothesis that C. tyzzeri is coevolving
with its host. If so, we should observe higher divergence between
parasites living in different mouse subspecies than between those
living in the same subspecies. In the context of the HMHZ, an asso-
ciation between host and parasite genotypes would result in a
steep transition of host-specific parasite genotypes from one side
of the zone to the other whereas in the absence of the coevolution,
the genotypes would freely introgress across the zone. Alterna-
tively, some C. tyzzeri genotypes could invade a novel, susceptible
mouse genotype that has not coevolved with the parasite.

To test these evolutionary scenarios, we characterised C. tyzzeri
isolates from naturally infected Mmd and Mmm in localities across
the HMHZ. This sample was supplemented with Mmd individuals
from New Zealand. We found that C. tyzzeri isolates from Mmm
and Mmd differed genetically, morphometrically and biologically.
Collectively, these data are evidence that C. tyzzeri is coevolving
with the two M. musculus subspecies.

2. Materials and methods
2.1. Origin of C. tyzzeri isolates

Thirty-two C. tyzzeri isolates were recovered from M. musculus
(17 males, 15 females) sampled at 14 localities scattered across
the HMHZ (Fig. 1). Two-dimensional GPS coordinates from each
sample site were collapsed into a one-dimensional axis with a per-
pendicular orientation to the zone as described in Macholan et al.
(2007). The position of each locality along this axis was given as a
distance from the westernmost point specified in Dufkova et al.
(2011) and Macholan et al. (2011). These distances ranged from
22 km at the westernmost site (Mmd range) to 136 km at the east-
ernmost site (Mmm range) and the consensus zone centre, esti-
mated from 13 X-linked loci, was at 68.26 km (Dufkova et al.,
2011).

Mice were trapped with wooden and/or metal live traps baited
with a mix of sardines in oil and oat flakes. Captured mice were
transferred to a field laboratory where they were kept individually
and provided with sterilized bedding material, pellets (VELAZ, Pra-
gue, Czech Republic) and tap water ad libitum. The proportions of
males and females in the sampled population were similar in the
areas east (six female and six male) and west (10 female and 11
male) of the hybrid zone centre. Two and four mice from east
and west of the hybrid zone centre, respectively, were juveniles.
All mice were dissected the day after capture. Fecal samples were
collected from the colon and stored in 96% alcohol. A hybrid index
(HI) was calculated for each mouse as the proportion of Mmm al-
leles across 1,401 subspecies-specific single nucleotide polymor-
phisms (SNPs) (Wang et al., 2011) (see Table S1 in Baird et al.
(2012)); hence, HI values ranged from 0 (Mmd) to 1 (Mmm).

Twelve C. tyzzeri isolates were recovered from M. musculus sam-
pled at a single location near Christchurch, New Zealand. The sub-
species of the host was not determined; however, it was assumed
to be M. m. domesticus (Mmd) based on a previous report (Searle
et al., 2009). The mice were trapped using Elliott live traps (Elliott
Scientific Equipment, Upwey, Vic., Australia), which contained Da-
cron for bedding/warmth and were baited with a mix of peanut
butter and rolled oats. Mice were trapped from farmland surround-
ing the Landcare Research Animal facility in Lincoln, New Zealand.
Captured mice were transferred to an indoor animal facility. Fecal
samples were collected from the traps when the mice were first
brought into the facility.
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Fig. 1. Sampling localities across the study area in Germany and the Czech Republic. The position of the Mus musculus musculus/Mus musculus domesticus hybrid zone is
indicated with the dotted line. Positions of each locality along an axis perpendicular to the hybrid zone course are shown (see also Table 1); these positions are expressed
relative to the westernmost locality presented in Dufkova et al. (2011). Sampling site abbreviations: STR, Straas; LEHS, Lehsten; HEBA, Hebanz; BRAU, Braunersgriin; HOHE,
Hohenberg; NEUE, Neuenreuth; HUR, Hiirka; WOHL, Wolfsbiihl; KVET, Kvétna; KRAU, Krasné Udoli; PRGA, Pfilezy; VER, Verusi¢ky; BUS, Buskovice; ZIST, Zihle.

2.2. Sample collection and DNA extraction

In the Czech and German samples, 200 mg of feces were
homogenised by bead disruption using FastPrep-24 (Biospec Prod-
ucts, Bartlesville, OK, USA) for 60 s at a speed 5.5 m s~ !. Total DNA
was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, Hil-
den, Germany) as described in Sak et al. (2011), and stored at
—20 °C until processed. DNA from fecal samples of New Zealand
mice was extracted by alkaline digestion and phenol-chloroform
extraction, and purified using the QIAamp DNA Stool Mini Kit (Qia-
gen, Valencia, CA, USA) as described in Peng et al. (2003). DNA was
further purified according to manufacturer’s instructions and
stored at —20 °C until processed.

2.3. PCR and sequence analysis

Molecular characterisation was carried out using nested PCR at
five loci: ssrTRNA (ca. 830 bp; Xiao et al., 1999; Jiang et al., 2005),
Cryptosporidium oocyst wall protein 1 (COWP; ca. 550 bp; Spano
et al,, 1997; Pedraza-Diaz et al., 2001), actin (ca. 1066 bp; Sulaiman
et al.,, 2002), gp60 (830-870 bp; Alves et al., 2003), and thrombo-
spondin-related adhesive protein of Cryptosporidium-1 (TRAP-C1;
ca. 780 bp; Spano et al., 1998). Positive (C. hominis for ssrRNA,
COWP, actin, gp60 and TRAP-C1) and negative controls were in-
cluded in each analysis. Secondary PCR products were visualised
following agarose gel elecrophoresis with ethidium bromide or
SYBR Green dye. Products of expected size were purified (Wizard
SV, Promega, Madison, WI, USA or QIAquick, Qiagen, Hilden, Ger-
many) and directly sequenced in both directions using the BigDye
Terminator v3.1 Cycle Sequencing Kit with secondary PCR primers
and an ABI Prism 3130 genetic analyser (Applied Biosystems, Carls-
bad, CA, USA). Sequences were assembled using SeqMan (DNAStar,
Madison, WI, USA) and aligned using the ClustalW algorithm
(Thompson et al., 1997).

2.4. Phylogenetic analyses

The evolutionary history of aligned sequences was inferred
using the Neighbour-Joining method (NJ; (Saitou and Nei, 1987)
based on Kimura 2-parameter (K2P) distances (Kimura, 1980).
The bootstrap consensus tree was inferred from 1,000 pseudorepli-
cates. Trees were constructed using TREECON version 1.3b (Van de
Peer and De Wachter, 1994).

Cryptosporidium tyzzeri gp60 sequences were grouped by geo-
graphic location and evolutionary divergence was determined
using the K2P model to calculate the number of base substitutions
per site from averaging over all sequence pairs between groups. All

ambiguous positions were removed for each sequence pair. Analy-
ses were carried out using MEGA5 (Tamura et al., 2011). Sequences
of ssTRNA (JQ073483-]Q073504, JQ073506-JQ073515, JQ073517-
JQ073523), COWP (JQ073415-]JQ073446), actin (JQ073388-
JQ073402, ]Q073404-JQ073414), gp60 (JQ073447-JQ073469,
JQ073471-JQ073479, JQ073481-JQ073482, JX575574-]X575581)
and TRAPC-1 (JQ073524-JQ073539, ]JQ073541-JQ073544 and
JQ073546-]JQ073555) obtained in this study have been deposited
in GenBank.

2.5. Morphometry and experimental transmission studies

Isolates CR2090 (C. tyzzeri-Mmd) and CR4293 (C. tyzzeri-Mmm)
from Mmd and Mmm, respectively (see Table 1 for HIs), were used
for oocyst morphometry and experimental transmission studies.
The C. parvum isolate used for comparative studies originated from
a naturally infected, 1 month old calf with diarrhoea that was bred
outside the area from which isolates of C. tyzzeri were obtained.

Oocysts from each isolate were purified using a sucrose gradi-
ent (Arrowood and Sterling, 1987) and cesium chloride gradient
centrifugation (Kilani and Sekla, 1987). Purified oocysts were
stored for up to 4 weeks in darkness in distilled water with antimy-
cotics and antibiotics at 4 °C.

Cryptosporidium tyzzeri-Mmm, C. tyzzeri-Mmd and C. parvum
oocysts were examined using differential interference contrast
(DIC) and immunofluorescence (IF) microscopy. IF was carried
out with genus-specific FITC-labelled antibodies targeting the
Cryptosporidium oocyst wall (Cryptosporidium IF Test, Crypto Cel,
Cellabs, Australia). Cell morphology was determined using digital
analysis of images (M.I.C. Quick Photo Pro v.1.2 software; Optical
Service, Czech Republic) collected at 1,000x magnification using
an Olympus Camedia C 5060 WIDEZOOM 5.1 megapixel digital
camera (Optical Service). Length and width were measured for oo-
cysts of each isolate (n = 100) and a shape index was calculated. A
20 pl aliquot containing 100,000 purified oocysts was examined
for each isolate.

Experimental infections were carried out using 8-week-old
adult SCID mice (Severe combined immunodeficiency, strain
C.B-17; Charles River, Germany), BALB/c mice (Charles River), the
wild-derived Mmm strain STUS (Piélek et al., 2008); 24-26th gen-
eration of brother-sister mating; Institute of Vertebrate Biology,
Academy of Sciences of the Czech Republic, Czech Republic), and
a wild-derived Mmd strain from Schweben, central Germany
(8-10th generation of brother-sister mating; kept under the name
SCHEST at the Institute of Vertebrate Biology). In addition to the
house mouse models, we tested Mongolian gerbils (Meriones
unguiculatus) (Charles River), southern multimammate mice
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Table 1
Cryptosporidium tyzzeri subtype and host characteristics.

Isolate Locality Country® Distance (km)? Hybrid index® Subspecies of mice? Cryptosporidium tyzzeri subtype

GP60° Actin® cowps TRAP-C1"
East of the zone centre®
CR2149 Zihle CR 135.32 0.97 Mmm IXa Al C1 T1
CR2090 Buskovice CR 126.58 0.97 Mmm [Xa Al C1 T1
CR2152 Buskovice CR 126.58 0.97 Mmm IXa xi X T1
CR2206 Veérusicky CR 117.18 0.97 Mmm IXa Al C1 T1
CR2208 Veérusicky CR 117.18 0.97 Mmm [Xa Al C1 T1
CR2125 Prilezy CR 104.00 0.97 Mmm [Xa Al C1 T1
CR2127 Prilezy CR 104.00 0.97 Mmm IXa X X X
CR2128 Prilezy CR 104.00 0.97 Mmm IXa Al C1 T1
CR2126 Prilezy CR 104.00 0.97 Mmm [Xa Al C1 x
CR2084 Krasné Udoli CR 103.91 0.98 Mmm IXa Al C1 T1
CR2085 Krasné Udoli CR 103.91 0.97 Mmm IXa Al C1 T1
CR3175 Kvétna CR 71.35 0.89 Mmm [Xa x X x
West of the zone centre®
G2134 Wolfsbiihl G 62.30 0.06 Mmd IXb A2 c2 T2
CR4293 Hurka CR 57.77 0.14 Mmd IXb A2 c2 T2
CR2163 Hirka CR 57.77 0.14 Mmd IXb A2 c2 T2
G2103 Hohenberg G 55.57 0.09 Mmd IXb A2 c2 T2
G2174 Neuenreuth G 50.59 0.05 Mmd IXb x c2 T2
G2160 Braunersgriin G 48.81 0.05 Mmd IXb A2 c2 T2
G2194 Braunersgriin G 48.81 0.05 Mmd IXb x X x
G2108 Hebanz G 43.59 0.03 Mmd IXb A2 c2 T2
G2169 Hebanz G 43.59 0.04 Mmd IXb A2 c2 X
G2110 Lehsten G 35.29 0.02 Mmd IXb A2 c2 T2
G2181 Lehsten G 35.29 0.03 Mmd IXb x X x
G3224 Lehsten G 35.29 0.02 Mmd IXb A2 c2 T2
G2120 Lehsten G 35.29 0.02 Mmd IXb A2 Cc2 x
G2117 Straas G 22.54 0.02 Mmd IXb x X x
G2116 Straas G 22.54 0.02 Mmd IXb x X x
G2136 Straas G 22.54 0.02 Mmd IXb A2 c2 T2
G2177 Straas G 22.54 0.02 Mmd IXb A2 c2 T2
G2099 Straas G 22.54 0.02 Mmd IXb A2 c2 T2
G2135 Straas G 22.54 0.02 Mmd IXb A2 c2 T2
G2179 Straas G 22.54 0.02 Mmd IXb A2 2 T2
New Zealand
NZ1632 Christchurch Nz NA NA Mmd’ x x x T2
NZ1633 Christchurch NZ NA NA Mmd IXb A3 c2 T2
NZ1634 Christchurch Nz NA NA Mmd IXb x Cc2 T2
NZ1635 Christchurch NZ NA NA Mmd IXb X X T2
NZ1636 Christchurch NZ NA NA Mmd IXb x X T2
NZ1637 Christchurch Nz NA NA Mmd x x Cc2 x
NZ1638 Christchurch Nz NA NA Mmd X X c2 X
NZ1639 Christchurch Nz NA NA Mmd IXb x x T2
NZ1640 Christchurch Nz NA NA Mmd IXb x Cc2 T2
NZ1641 Christchurch Nz NA NA Mmd IXb X c2 X
NZ1642 Christchurch NZ NA NA Mmd IXb X c2 X
NZ1644 Christchurch NZ NA NA Mmd IXb A3 X x

@ The distance from the hybrid zone centre is at 68.26 km.
b CR, Czech Republic; G, Germany; NZ, New Zealand.

¢ Hybrid index for each mouse based on 1401 single nucleotide polymorphism (SNP) loci (Baird et al., 2012).

4 Mmm = Mus musculus musculus, Mmd = Mus musculus domesticus.

¢ gp60 sequences were grouped into one of two subtype families (IXa and IXb) in accordance with a nomenclature established previously (Sulaiman et al., 2005; Lv et al.,

2009).

f A1 (T78G199%), A2 (C78G%%%), and A3 (C78A'°%) differ by nucleotide substitutions at positions 78 and 1005 using C. parvum sequence XM_627938 as a reference.
& Cryptosporidium oocyst wall protein; C1 (C37°) and C2 (A®79) differ by a nucleotide substitution at position 879 using C. parvum sequence XM_627569 as a reference.
" Thrombospondin related adhesive protein of Cryptosporidium 1; T1 (G'°**) and T2 (A'?%) differ by a nucleotide substitution at position 1923 using C. parvum sequence

XM_628162 as a ruler.
! x =not detected.

J Mice from New Zealand are probably Mus musculus domesticus based on Searle et al. (2009).

(Mastomys coucha; Institute of Parasitology, Biology Centre of the
Academy of Sciences of the Czech Republic, Czech Republic), yel-
low-necked mice (Apodemus flavicollis; Institute of Parasitology),
and guinea pigs (Cavia porcellus; Institute of Parasitology).

Laboratory rodents were housed in plastic cages with sterilized
wood-chip bedding placed in flexible film isolators (BEM, Znojmo,
Czech Republic) with high-efficiency particulate air filters. Animals
were supplied with a sterilized diet (VELAZ, Prague, Czech Repub-
lic) and sterilized water ad libitum.

Six animals from each host group were infected with C. tyzzeri-
Mmd or C. tyzzeri-Mmm. In addition, one group of SCID mice (n = 6)
was infected with C. parvum. Each animal was inoculated via a gas-
tric tube with 1 million purified oocysts suspended in 200 pl of
distilled water. Oocyst viability was >95% as determined by propi-
dium iodide exclusion according to Sauch et al. (1991). Fecal sam-
ples from all experimental animals were collected daily starting on
the third day p.i. Samples were stained with aniline-carbol-methyl
violet and the presence of Cryptosporidium-specific DNA was
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confirmed using nested PCR amplification of the gp60 gene (Alves
et al.,, 2003). The infection intensity was determined as the number
of oocysts per gram (OPG) of feces as described in Kvac et al.
(2007). A susceptible host was one that, following inoculation with
1 million oocysts and an expected prepatent period (Ren et al.,
2012), had Cryptosporidium oocysts or DNA in its feces, detectable
by microscopy and PCR, respectively.

All experiments were terminated at 30 days p.i. A complete
examination of all organs was conducted at necropsy. Tissue spec-
imens of the gastrointestinal tract were sampled and processed for
histology according to Kvac¢ and Vitovec (2003) with a slight mod-
ification. The intestine was divided into 1 cm sections along its en-
tire length and processed by paraffin embedding. Histological
sections were stained with H&E, Wolbachs modification of Giemsa
stain, alcian blue and FITC-conjugated antibodies targeting the
Cryptosporidium oocyst wall (Cryptosporidium IF Test, Crypto Cel).

Animal caretakers wore disposable coveralls, shoe covers and
gloves every time they entered the buildings. All wood-chip bed-
ding, feces and disposable protective clothing were sealed in plas-
tic bags, removed from the buildings and incinerated. All housing,
feeding and experimental procedures were conducted under pro-
tocols approved by the Institute of Parasitology, Biology Centre
and Institute of Vertebrate Biology of the Academy of Sciences of
the Czech Republic and Central Commission for Animal Welfare,
Czech Republic (protocol # 066/2010).

2.6. Statistical analyses

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 compared. Hotelling’s T? test
was used to test the null hypothesis.

The course of infection was evaluated as the maximum infec-
tion intensity time (tyax), maximum infection intensity concentra-
tion (Cpax), and average number of excreted oocysts during the
patent period per mouse calculated as the area under curve
(AUC) using the classical trapezoidal rule. Due to non-normality,
the data were analysed using the Kruskal-Wallis non-parametric
test. The Wilcoxon test was used as a post hoc test after a Dunn-
Sidak adjustment. The Bartlett test was used to test homoscedas-
ticity of differences in the prepatent and patent periods of different
infections.

3. Results

Mice from west of the hybrid zone centre had a hybrid index
ranging from 0.02 to 0.14, indicating that most of their genomes
represent the Mmd subspecies. Mice from east of the hybrid zone
centre had a hybrid index ranging from 0.89-0.98, which is indic-
ative of the Mmm subspecies (Table 1).

3.1. Molecular characterisation of C. tyzzeri

For the ssrRNA gene, all Cryptosporidium sequences were iden-
tical, irrespective of the host, and they were the same as C. tyzzeri
sequences with GenBank Accession NOs. DQ898158, AF112571,
AF108863 and EU553589.

COWP sequences formed two clades, labelled C1 and C2, in the
N] tree (Fig. 2A). The C1 clade included all sequences from Mmm in
the area east of the hybrid zone centre whereas the C2 clade in-
cluded all sequences from Mmd in the area west of the hybrid zone
centre and all sequences from Mmd in New Zealand (Table 1). The
C2 clade also included a sequence from C. tyzzeri isolate 411 from
M. musculus from the USA (Accession No. AF266268) and se-
quences isolated from other rodent species, Clethrionomys glareolus

(syn.: Myodes glareolus) (Accession No. AF266268), Microtus arvalis
(Accession No. AJ489215) and A. flavicollis (Accession No.
AJ489217) from Poland. Sequences in the C1 and C2 clades differed
by a silent substitution at position 879 relative to a standard se-
quence (C. parvum COWP; Accession No. XM_627569). The se-
quence from isolate 411 differed from all other sequences in C1
and C2 by a silent substitution at position 688.

Two clades of identical sequences were revealed in TRAP-C1:
the T1 and T2 clades included all C. tyzzeri sequences from Mmm
and Mmd, respectively (Tablel, Fig. 2B). The two groups differed
by a silent substitution at position 1923 relative to a standard se-
quence (C. parvum TRAP-C1; Accession No. XM_628162).

Actin sequences formed three clades in the NJ tree labelled A1,
A2 and A3 in Fig. 2C. Sequences within these groups shared 100%
identity. A1 included all sequences from Mmm in the area east of
the hybrid zone centre, A2 included sequences from Mmd in the
area west of the hybrid zone centre and A3 contained sequences
from New Zealand. A1 was characterised by T at position 78 of a
C. parvum actin sequence (Accession No. XM_627938), whereas
A2 and A3 had a C at this position. A3 differed from both A1 and
A2 at position 1005 (A was present in the former and G in the latter
two groups, respectively; Table 1).

Fig. 3 shows a NJ tree based on gp60 sequences. All C. tyzzeri
formed a monophyletic group divided into two clades with 100%
bootstrap support. The two clades correspond to the gp60 subtype
families IXa and IXb (Feng et al., 2011). The IXa subtype family
comprised all sequences from Mmm in the area east of the hybrid
zone centre and previously published sequences from M. musculus
from China (Accession No. GU951713) and a child from Kuwait
(Accession No. AY738188). The sequences from the Czech Republic
were divided into two sister groups of identical sequences. The [Xb
subtype family included all sequences from Mmd in the area west
of the hybrid zone centre, all sequences from New Zealand Mmd
mice, and a previously published sequence from M. musculus from
the USA (Accession No. HM234176). All sequences from New Zea-
land were identical and formed a separate clade within the IXb
subtype family, whereas the C. tyzzeri-Mmd from the Czech Repub-
lic and Germany were more diversified and did not form a mono-
phyletic group. The mean evolutionary divergence between C.
tyzzeri gp60 sequences within the areas east and west of the hybrid
zone centre, estimated using the K2P model as the average number
of base substitutions per site, was 0.0007 = 0.0007 (n=12) and
0.0022 £0.0010 (n = 20), respectively. Estimates of the evolution-
ary divergence between C. tyzzeri gp60 sequences in different geo-
graphic locations are presented in Table 2. These data show the
lowest divergence among sequences from the same host subspe-
cies, regardless of geographic location.

The number of serine coding TCA repeats in gp60 sequences
varied between five and eight. All IXb sequences from New Zealand
had five TCA repeats, three IXa sequences from the Czech Republic
had eight repeats (CR2149, CR2085 and CR3175), and all other
gp60 sequences had six TCA repeats. In addition to these repeats,
12 and 18 bp repeats were identified in all sequences using Tan-
dem Repeats Finder (Benson, 1999). The 12 bp repeat (consensus:
GGTACTCAAGGA) was present as two copies in IXa sequences
and two (e.g. CR2163) or three (e.g. G2135) copies in IXb se-
quences. The consensus sequence of the 18 bp repeat differed be-
tween the two gp60 subtype families: all IXa sequences had two
copies (consensus: ATTCTGGTACTGAAGATA), and IXb sequences
had two (G2136 and all isolates from New Zealand), three (e.g.
G2135) or four (G2103) copies of the repeat (consensus:
GGTACTGAAAATAATTCT).

Using the NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/
NetNGlyc/), gp60 sequences from C. tyzzeri isolates were predicted
to encode one or more N-glycosylation sites (Fig. 4). [Xa sequences
encoded a single N-glycosylation site that was also present in IXb
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Fig. 2. Neighbour-joining (N]) trees depicting evolutionary relationships among Cryptosporidium spp. and genotypes inferred from a partial fragment of (A) the
Cryptosporidium oocyst wall protein 1 (COWP) gene, (B) the thrombospondin related adhesive protein (TRAP-C1), and (C) the actin gene. The Kimura 2-parameter (K2P) model
was used in all three trees. The bootstrap support is based on 1,000 pseudoreplicates; branches with less than 50% support have been collapsed.
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Fig. 3. Evolutionary relationships among Cryptosporidium spp. and genotypes inferred from a partial fragment of the gp60 gene. The neighbour-joining tree is based on the
K2P model. The bootstrap consensus tree was inferred from 1,000 pseudoreplicates; only values greater than 50% are shown.

Table 2

Estimates of evolutionary divergence over gp60 sequence pairs between geographic regions.

Geographic region

Average number of base substitutions per site + S.E.

East hybrid® West hybrid® New Zealand® United States? China®
West hybrid® 0.0284 + 0.0060
New Zealand® 0.0253 +0.0057 0.0040 £ 0.0019
United States? 0.0264 £ 0.0059 0.0017 £ 0.0009 0.0029 £ 0.0020
China® 0.0016 £0.0013 0.0270 £ 0.0059 0.0233 £ 0.0054 0.0251 £ 0.0058
Kuwait" 0.0035 £ 0.0022 0.0279 £ 0.0063 0.0243 £ 0.0059 0.0261 £ 0.0062 0.0019 £ 0.0015

@ East of the hybrid zone centre (see Table 1).
b West of the hybrid zone centre (see Table 1).
¢ See Table 1.

4 GenBank Accession No. HM234176.

¢ GenBank Accession Nos. GU951713, HM234177, HM234179 and HM234180.

f GenBank Accession No. AY738188.
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IXb - New Zealand [AFD96294] GSSSSS - - - - -~ TKTIAPANKARTVEESG

80 90 100

C. parvum IIa [CAD98656] GSQDSSGTEASGSQGSEEEGS --------------
IXa - China [ADL67557] S S-DSPDSGAGGSSGT - -~~~ ==~~~ - -~
IXa - China [ACZ93946] SS-DSPDSGAGGSSGTEDNS - - - ===
IXa - Kuwait [AAW65115] SS-DSPDSGAGGSSGT--------=---- - --
IXa - Czech Republic [AFD96309] S S -DSPDSGAGGSSGTEDNS - - -~ - -~~~ -~ -~
IXa - Czech Republic [AFD96308] SS-DSPDSGAGGSSGTEDNS - -~----=---------
IXb - USA [ADL67556] GSGDS - - - - - AGSTGTEDINSS|TE[NSS]---------
IXb - Germany [AFD96302] GSGDS - - - - - AGSAGTED|NSS|TE|NSS|GSE[NSS]- - -
IXb - Germany [AFD96304] GSGDG - - - - - AGSTGTEDINSS|TEINSS|----—-- - - -
IXb - Germany [AFD96305] GSGDS - - - - - AGSTGTEDINSS|[TE[NSS|STE[NSS
IXb - Czech Republic [AFD96313] GSGDS - - - - - AGSTGTED|NSS|TE|NSS|GSE[NSS|- - -
IXb - New Zealand [AFD96294] GSGDS - - - - - AGSTGTEDINSS|TEINSS|-------- -

110 120 130 140
C. parvum Ila [CAD98656] - - - - = = = = = - - - - - - - - - - - - - - - - - - EDDGQTSA
IXa - China [ADL67557] - - - - - SDSINATIQDS - - - - - - - TQGGTQGDNQEQST
IXa - China [ACZ93946] - --GTSDS|INATIQDS - - - - - - - TQGGTQGDNQEQST
IXa - Kuwait [AAW65115] - - - - - SDSINATIQDS - - - - - - - TQGGTQGDNQEQST
IXa - Czech Republic [AFD96309] - --GTSDSINAT[QDSTQG---GTQGGTQGDNQEQST
IXa - Czech Republic [AFD96308] - --GTSDSINAT[QDSTQG---GTQGGTQGDNQEQST
IXb - USA [ADL67556] - - - - - - DSINATIQESTQGTQGGTQGGTQGDNQEQST
IXb - Germany [AFD96302] - --GSSDSINAT|IQESTQGTQGGTQGGTQGDNQEQST
IXb - Germany [AFD96304] - - -GSSDSINAT|IQESTQG----TQGGTQGDNQEQST
IXb - Germany [AFD96305] [NSS|GSSDSINAT|QESTQGTQGGAQGGTQGDNQEQST
IXb - Czech Republic [AFD96313] - - - GSSDSINAT|QESTQG----TQGGTQGDNQEQST
IXb - New Zealand [AFD96294] - - -GSSDS|INAT|IQDSTQG----TQGGTQGDNQEQST

Fig. 4. Alignment of a partial gp60 protein sequence from Cryptosporidium parvum subtype Ila (CAD98656) and Cryptosporidium tyzzeri sequences from this and other studies.
-glycosylation sites predicted by the NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/) are bolded, italicised and boxed. GenBank accession numbers are

presented in parentheses.

sequences. Two, three, and four copies of the 18 bp repeat in the
IXb sequences coded for additional N-glycosylation sites.

3.2. Oocyst morphometry

Length, width, and a shape index (length/width) were calcu-
lated for oocysts of C. tyzzeri-Mmd and C. tyzzeri-Mmm from natu-
ral infections in Mmd and Mmm, respectively, and experimental
infections in SCID mice, Mmm STUS and Mmd SCHEST. For com-
parative purposes, measurements were also taken from oocysts
of C. parvum isolated from natural (calf) and experimental (SCID)
infections. These data are presented in Table 3. Within C. parvum,
C. tyzzeri-Mmd, and C. tyzzeri-Mmm, oocyst size did not differ sig-
nificantly among hosts (F=0.3771-2.2672, P=0.6035-0.1063;
F=0.6431-0.8917; P=0.4116-0.5268). Oocysts of C. tyzzeri-Mmd
(mean: 4.24 x 3.69 um) were significantly smaller than oocysts
of C tyzzeri-Mmm (mean: 4.49 x3.90 um) (F=224.9762;
P << 0.001). Oocysts of C. tyzzeri-Mmd and C. tyzzeri-Mmm were
significantly smaller than C. parvum oocysts (F=1400.2950 and
F=985.4179, respectively, P < 0.001 in both cases).

3.3. Experimental transmission studies

Infectivity was detected by examining feces for the presence of
oocysts using microscopy and the presence of the Cryptosporidium-
specific gp60 gene with PCR. Cryptosporidium tyzzeri-Mmd and C.
tyzzeri-Mmm were found to be infective for immunocompetent
(BALB/c, Mmm STUS and Mmd SCHEST) and immunodeficient
(SCID) mice. In comparison, Mongolian gerbils, southern multi-
mammate mice, yellow-necked mice and guinea pigs produced
neither microscopically nor PCR detectable infection under the
conditions of the study.

3.3.1. Course of infection

For each treatment, the method used to detect oocyst shedding
(microscopy and PCR) did not affect estimation of the prepatent
period. The mean of the prepatent period ranged from 4 days in
SCID mice infected with C. tyzzeri-Mmd to 7 days in Mmd SCHEST
mice infected with C. tyzzeri-Mmm (Table 4). The prepatent period
in Mmd SCHEST mice infected with C. tyzzeri-Mmm was longer
than the prepatent periods in all other infections presented in
Table 4 (P=0.0022-0.0411).
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Table 3

Cryptosporidium tyzzeri and Cryptosporidium parvum oocyst morphology.
Isolate Infection Source n Length (pm) Width (pm) Shape index

Range Mean = S.D. Range Mean = S.D. Mean + S.D.

C. parvum Natural calf 100 4.42-6.44 5.51+0.45 3.94-5.96 4.95 +0.49 1.12 £0.09
C. parvum Experimental SCID 100 4.42-6.35 5.50+0.45 4.04-5.77 4,95 +0.46 1.12 £0.09
C. tyzzeri-Mmd Natural Wild Mmd 100 3.56-4.90 4.24+0.26 3.37-4.33 3.73+0.18 1.14+£0.08
C. tyzzeri-Mmd Experimental SCID 100 3.56-5.10 4.24+0.27 3.17-4.33 3.70+0.19 1.15+£0.09
C. tyzzeri-Mmd Experimental Mmm STUS 100 3.75-5.00 426 £0.24 3.19-4.29 3.69+£0.20 1.16 £ 0.09
C. tyzzeri-Mmd Experimental Mmd SCHEST 100 3.65-4.62 4.24+0.24 3.24-4.23 3.64+0.16 1.17 £ 0.08
C. tyzzeri-Mmm Natural Wild Mmm 100 3.89-5.00 4.47 +0.20 3.43-4.35 3.88+0.21 1.16 £ 0.08
C. tyzzeri-Mmm Experimental SCID 100 3.89-4.98 4.53+0.20 3.43-4.44 3.91+£0.21 1.16 £ 0.08
C. tyzzeri-Mmm Experimental Mmm STUS 100 3.98-4.91 4.49+0.20 3.43-4.42 3.91+0.20 1.15+0.08
C. tyzzeri-Mmm Experimental Mmd SCHEST 100 3.89-4.95 449 +0.20 3.46-4.35 3.90+0.21 1.15+0.08

Mmd, Mus musculus domesticus; Mmm, Mus musculus musculsu; Calf, calf from commercial breed; SCID, severe combined immunodeficiency mice; Wild Mmm, wild eastern
European house mice; Wild Mmm, wild western European house mice; Mmm STUS, strain of eastern European house mice, 24-26th generation held in captivity; Mmd

SCHEST, strain of western European house mice, 8-10th generation held in captivity.

Table 4

Prepatent and patent period of Cryptosporidium tyzzeri-Mmd (CR4293) and C. tyzzeri-Mmm (CR2090) in susceptible hosts based on microscopic examination of feces.

Host Strain Prepatent period (Mean days + S.D.) Patent period (Mean days + S.D.)
C. tyzzeri-Mmd C. tyzzeri-Mmm C. tyzzeri-Mmd C. tyzzeri-Mmm
Mus musculus SCID 417 £0.41 4.00 £0.00 >26 >26
Mus musculus BALB/c 4.00 £ 0.00 4.00 +£0.00 6.17 £1.60 6.17 £3.37
Mus m. musculus STUS 4.50 +£0.84 4.00 £ 0.00 7.67 £2.16 7.17 £0.98
Mus m. domesticus SCHEST 4.67 £0.82 6.17 £1.47 483+4.71 1417 £3.19

SCID, severe combined immunodeficiency mice; BALB/c, inbred immunocompetent laboratory mice; Mmm STUS, strain of M. musculus musculus, 24-26th generation held in
captivity; Mmd SCHEST, strain of M. musculus domesticus, 8-10th generation held in captivity.

Using microscopic detection, the patent period was significantly
shorter in immunocompetent (mean 12.6 days) than immunodefi-
cient SCID mice (>26 days; P=0.0022) (data not shown). In addi-
tion, C. tyzzeri-Mmm had a significantly longer patent period
than C. tyzzeri-Mmd in the Mmd SCHEST strain (P = 0.0108) (Table
4). A comparatively different patent period was detected with PCR.
Cryptosporidium tyzzeri-Mmd DNA was detected in feces of Mmm
STUS and Mmd SCHEST mice from 4 to 30 and 4 to 26 days p.i.,
respectively (Table 4, Fig. 5Ca Da). Cryptosporidium tyzzeri-Mmm
DNA was detected in feces of Mmm STUS and Mmd SCHEST mice
from 4 to 30 and 5 to 30days p.i., respectively (P=0.2316-
0.8355; Fig. 5Ca, Da).

The infection intensity (OPG) varied among the susceptible
hosts presented in Table 4 with the highest intensity observed in
immunodeficient mice, regardless of the C. tyzzeri isolate used.
Peak oocyst shedding (tmax and Cpax) occurred at 5-7 days p.i.
and 12-15days p.i. in immunocompetent and immunodeficient
SCID mice, respectively (P=0.0021) (Fig. 5Ab). In addition, the
number of shed oocysts (AUC) was significantly higher in immuno-
deficient than immunocompetent mice (P=0.0021). Infection
intensity (AUC, tmax and Chpax) did not differ between C. tyzzeri
infections in Mmd SCHEST and Mmm STUS mice, regardless of
the isolate used in the infection (W=531.5-549.0, P=0.1910-
0.2633) (Fig. 5).

3.3.2. Pathological changes and clinical signs

There were no clinical signs or macroscopic changes associated
with cryptosporidiosis in susceptible hosts autopsied at the peak of
infection and 30 days p.i. Histological examination of the gastroin-
testinal tract of animals infected with C. tyzzeri revealed develop-
mental stages primarily attached to the microvillar border of the
duodenum, jejunum and ileum. Developmental stages were also
present in the cecum of SCID mice. No pathological changes were
detected in susceptible hosts. Cryptosporidium developmental
stages were not found in the gastrointestinal tract of gerbils, mul-
timammate mice, wood mice or guinea pigs.

4. Discussion

The 500,000-year separation of the subspecies Mmd and Mmm,
followed by their secondary contact and establishment of a stable
and narrow hybrid zone, affords a rare opportunity to study key
questions of evolution and coevolution. The goal in this study
was to determine the extent to which the intestinal parasite
C. tyzzeri has coevolved with subspecies of the house mouse.

Four out of the five loci examined in C. tyzzeri were divergent
between Mmd and Mmm populations. Sequences at the ssTRNA lo-
cus did not vary and, with the exception of gp60, sequence diver-
gence between the two host subspecies at other loci was low,
which suggests that the populations diverged relatively recently.
There was a strong association between the mouse subspecies gen-
omes and C. tyzzeri genotypes in the hybrid zone, and no evidence
for introgression of either C. tyzzeri genotype to foreign mouse gen-
omes (Table 1). The most parsimonious explanation is that either
the C. tyzzeri subtypes are less fit in the opposite mouse-subspecific
genome or that the two subtypes can hybridize but the hybrids are
selected against.

The Mmd COWP allele clustered with a COWP sequence from C.
tyzzeri isolate 411 (Accession No. AF266268) in a NJ tree (Fig. 2A).
This isolate was reported from a house mouse captured in the east-
ern USA (Xiao et al., 2000), a region colonised by Mmd from wes-
tern Europe. The gp60 sequence from isolate 411 clustered with
the Mmd-associated IXb subtype family (Fig. 3). Collectively, these
data show that the distribution of C. tyzzeri-Mmd matches the dis-
tribution of Mmd in Germany, the Czech Republic, New Zealand
and the USA.

The host-subspecies restriction of C. tyzzeri genotypes in the
HMHZ differs from the pattern observed for microsporidia (Sak
et al., 2011) and Helicobacter (Wasimuddin et al., 2012), which
showed no subspecies specificity in the HMHZ. However, as both
of these studies used single-gene pathogen detection, they were
more limited than the present study in their ability to detect path-
ogen differentiation. This fact also limits comparisons with C. tyz-
zeri from other non-Mus spp., as discussed later.
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Fig. 5. Course of infection of Cryptosporidium tyzzeri CR4293 (Mmd subtype) and CR2090 (Mmm subtype) strains in (A) SCID, (B) BALB/c, (C) STUS, (D) SCHEST mice based on
(a) molecular and (b) coprological examination. STUS, a wild-derived Mus musculus musculus strain in 24-26th generation of brother-sister mating; SCHEST, a wild-derived
Mus musculus domesticus strain in 8-10th generation of brother-sister mating; OPG, oocyst per gram.

The Mmd COWP allele shared 100% identity with sequences
from the bank vole (C. glareolus), the common vole (M. arvalis),
and the yellow-necked mouse (A. flavicollis) in Poland (Bajer
et al., 2003). Given that this allele was not detected in isolates from
Mmm in the central European transect across the HMHZ, it is strik-
ing to find it in Poland, a country to the east of the HMHZ, well
within the Mmm range. This finding raises two important ques-
tions that cannot be addressed satisfactorily using the current data.
Firstly, is the Mmd COWP allele also prevalent in populations
infecting Mmm or is it restricted to the hosts identified by Bajer
et al. (2003)? Although data from Mmm in Poland are lacking,
C. tyzzeri was not found in samples from A. flavicollis or C. glareolus
in the Czech Republic and Slovakia, suggesting that C. tyzzeri is not
prevalent in these animals across the two countries (Kvac, unpub-
lished data). Secondly, are there genetic or biological differences
between isolates from voles and field mice in Poland and isolates
from Mmd in the HMHZ? The limitations of genetic comparisons
using COWP alone are exemplified by the finding of Robinson
et al. (2010) that two other species, C. hominis and Cryptosporidium
cuniculus, are identical at this locus. The failure to experimentally
infect A. flavicollis with isolates from Mmd or Mmm in this study
suggests that these isolates are biologically different to those re-
ported by Bajer et al. (2003). In a follow-up study, Bednarska
et al. (2003) revealed that the C. tyzzeri isolates from voles and field

mice from Poland were infective for C57BL/6 mice, an inbred strain
with a prevailing genome derived from Mmd (Yang et al., 2011).
However, mice were immunosuppressed prior to infection
(Bednarska et al., 2003). In order to address the questions raised
by these data, a more comprehensive molecular and biological
examination of isolates from different hosts and geographic re-
gions is required.

The gp60 locus was the most polymorphic of the five genes tar-
geted, which is in accordance with high variability of this gene in
other Cryptosporidium spp. (Alves et al., 2006; Feltus et al., 2006;
Gatei et al., 2007). The gp60 sequences from Mmm and Mmd be-
longed to subtype families IXa and IXb, respectively. The IXa sub-
type was previously reported in M. musculus from China, a
country colonised by Mmm in the north and another subspecies,
Mus musculus castaneus, in the south. The hybrid zone between
Mmm and M. m. castaneus in the Far East is less clearly defined
than the European HMHZ. However, these subspecies are mostly
separated by the Yangtze River (Moriwaki et al., 1990). The re-
ported location of the isolates from China (Linzhou and Kaifeng
City, Henan Province) suggests that they were sampled from mice
within the Mmm range (Tsuchiya et al., 1994). The [Xb subtype
was previously reported from M. musculus in the USA and, as dis-
cussed earlier, the host subspecies is assumed to be Mmd. The
gp60 data from M. musculus subspecies in the USA, Czech Republic,
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Germany, New Zealand and China show that genetic variation in C.
tyzzeri is explained by host-specific differences rather than geo-
graphic distance (Fig. 3).

The trinucleotide repeat region in C. tyzzeri was short relative to
many other Cryptosporidium spp., including C. parvum. However, an
18 bp minisatellite region in the IXb subtype family encoded a var-
iable number of N-glycosylation sites. The 18 bp repeat in IXa sub-
type family sequences did not encode N-glycosylation sites and to
our knowledge this variable number of N-glycosylation sites is un-
ique to the IXb subtype family. N-glycosylation is an important
modifier of outer membrane proteins in the related apicomplexan
genus Toxoplasma (Fauquenoy et al., 2008). A more detailed study
is warranted to determine whether these sites have been lost by
C. tyzzeri in Mmm (IXa subtype family) or have been gained by
C. tyzzeri in Mmd (IXb subtype family).

In addition to congruent genetic differentiation, C. tyzzeri oo-
cysts isolated from Mmd are significantly smaller than oocysts
from Mmm. Oocysts from both mouse subspecies were smaller
than those of C. parvum (Upton and Current, 1985), and similar
to previous reports of C. tyzzeri from laboratory and wild mice, C.
glareolus, A. flavicollis and M. arvalis (Bednarska et al., 2003; Lv
et al.,, 2009; Ren et al., 2012). Moreover, isolates from the present
study were morphologically similar to those in the original
description of C. parvum by Tyzzer from laboratory mice originated
from the USA (Tyzzer, 1912). Morphometry of both C. tyzzeri iso-
lates and the C. parvum control was not significantly affected by
host species.

Having shown that C. tyzzeri subtypes infecting Mmm and Mmd
are genetically divergent and host-restricted in the HMHZ, the
infectivity of divergent subtypes for each M. musculus subspecies
was examined under experimental conditions. Similar to C. par-
vum, C. tyzzeri infects the small intestine of susceptible hosts and
infectious stages have been identified in the jejunum and ileum
of immunocompetent mice (Ren et al.,, 2012). We additionally
found infectious stages in the duodenum of immunocompetent
hosts and the duodenum and cecum of immunodeficient hosts in-
fected with Mmm and Mmd C. tyzzeri subtypes.

Both Mmd and Mmm were susceptible to experimental infec-
tions with both C. tyzzeri subtypes, demonstrating that the sub-
types are not strictly host-specific and neither subtype caused
apparent disease. This observation seems to contradict the expec-
tations derived from coevolutionary relationships and deserves
some explanation. First, there were differences in the dynamics
of the prepatent period (Table 4). If competition between the two
C. tyzzeri subtypes for resources exists in nature then the subtype
with a shorter prepatent period in a given subspecies eventually
outcompetes the subtype with a longer prepatent period. The issue
of competition could not be addressed in this study because the
experimental design controlled for Cryptosporidium co-infections.
Nevertheless, elimination of one Cryptosporidium sp. by another
has been demonstrated by Akiyoshi et al. (2003) who observed a
rapid displacement of C. hominis by a closely related C. parvum in
a gnotobiotic pig model of infection.

The inconsistent susceptibilities of house mouse subspecies to
C. tyzzeri subtypes in natural and experimental settings also may
be attributed, at least in part, to the use of inbred mice in experi-
mental infections (Mmm STUS mice were fully inbred and Mmd
SCHEST mice were moderately inbred). The removal of genetic var-
iation through inbreeding, and particularly the reduced heterozy-
gosity of genes in the major histocompatibility complex, can
increase susceptibility to parasitism (Froeschke and Sommer,
2005; MacDougall-Shackleton et al, 2005; Meyer-Lucht and
Sommer, 2005). Finally, mice in natural settings of the HMHZ tend
to be parasitized with multiple parasite species (Sak et al., 2011;
Baird et al., 2012; Wasimuddin et al., 2012), resulting in an array
of parasite-parasite and parasite-host interactions that shape the

immune response in ways that are difficult to replicate
experimentally.

In summary, this study has shown that Mmm and Mmd are
hosts of genetically and morphometrically divergent C. tyzzeri sub-
types. The absence of introgression from either side of the HMHZ
suggests that C. tyzzeri subtypes are relatively subspecies-specific
in a natural setting, although Mmm and Mmd are susceptible to
experimental infections with both subtypes. Collectively, these
data support the conclusion that C. tyzzeri is coevolving with house
mouse subspecies. More generally, the house mouse may be a use-
ful model for understanding factors contributing to Cryptosporidi-
um coevolution with hosts.
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Abstract

The morphological, biological, and molecular characteristics of Cryptosporidium muris
strain TS03 are described, and the species name Cryptosporidium proliferans n. sp. is pro-
posed. Cryptosporidium proliferans obtained from a naturally infected East African mole rat
(Tachyoryctes splendens) in Kenya was propagated under laboratory conditions in rodents
(SCID mice and southern multimammate mice, Mastomys coucha) and used in experiments
to examine oocyst morphology and transmission. DNA from the propagated C. proliferans
isolate, and C. proliferans DNA isolated from the feces of an African buffalo (Syncerus caf-
fer) in Central African Republic, a donkey (Equus africanus) in Algeria, and a domestic
horse (Equus caballus) in the Czech Republic were used for phylogenetic analyses.
Oocysts of C. proliferans are morphologically distinguishable from C. parvum and C. muris
HZ206, measuring 6.8—8.8 (mean = 7.7 pm) x 4.8-6.2 ym (mean = 5.3) with a length to
width ratio of 1.48 (n = 100). Experimental studies using an isolate originated from T. splen-
dens have shown that the course of C. proliferans infection in rodent hosts differs from that
of C. muris and C. andersoni. The prepatent period of 18—-21 days post infection (DPI) for
C. proliferans in southern multimammate mice (Mastomys coucha) was similar to that of

C. andersoni and longer than the 6—8 DPI prepatent period for C. muris RN66 and HZ206 in
the same host. Histopatologicaly, stomach glands of southern multimammate mice infected
with C. proliferans were markedly dilated and filled with necrotic material, mucus, and
numerous Cryptosporidium developmental stages. Epithelial cells of infected glands were
atrophic, exhibited cuboidal or squamous metaplasia, and significantly proliferated into the
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lumen of the stomach, forming papillary structures. The epithelial height and stomach
weight were six-fold greater than in non-infected controls. Phylogenetic analyses based on
small subunit rRNA, Cryptosporidium oocyst wall protein, thrombospondin-related adhe-
sive protein of Cryptosporidium-1, heat shock protein 70, actin, heat shock protein 90
(MS2), MS1, MS3, and M16 gene sequences revealed that C. proliferans is genetically dis-
tinct from C. muris and other previously described Cryptosporidium species.

Introduction

Apicomplexan parasites of the genus Cryptosporidium infect the gastrointestinal tract of most
vertebrates, including humans [1]. The organ specificity (localization of endogenous develop-
ment in the host) of Cryptosporidium species and genotypes can vary, and two major groups
are recognized: the larger intestinal group, which also includes species and genotypes with
affinity for the lungs and bursa of Fabricius, and the smaller gastric group which has affinity
for the glands of the glandular stomach [2]. Within the gastric group, two species, C. muris and
C. andersoni, are specific for mammals, and a number of different strains of these species have
been identified worldwide (Tables 1 and 2) [3, 4]. Cryptosporidium muris was described in lab-
oratory mice [3]. Although it is predominantly a rodent species, it has been detected in, or
experimentally transmitted to, various mammalian hosts, including members of Hyracoidea,
Carnivora, Lagomorpha, Arctiodactyla, Perissodactyla, and primates (both human and non-
human) (Table 1). Cryptosporidium muris also has been detected in the feces of snakes, lizards,
frogs, and birds of prey; however, these cases were probably due to the mechanical passage of
oocysts following ingestion of infected rodents rather than an active infection [5-12]. Similarly,
the detection of C. muris in pig feces and slurry from pig farms [13-15] may have been due to
rodents rather than active infections, as pigs are not susceptible to C. muris under experimental
conditions [16]. Cryptosporidium andersoni, previously known as C. muris-like, was distin-
guished from C. muris based on molecular and biological differences [4]. Cattle (Bos taurus)
are the typical host for C. andersoni, but it has been found in other ruminants, various rodents,
and humans (Table 1).

A number of variant strains of C. muris and C. andersoni have been described, based on poly-
morphisms in the small ribosomal subunit (SSU) gene, and differences in host specificity, patho-
genicity, and course of infection. For example, C. muris Japan field genotype (also known as C.
muris Kawatabi strain) differs from C. muris RN66 (reference strain) [17, 18]. Similarly, among
C. andersoni strains, only C. andersoni Kawatabi, is infectious for the domestic mouse. Previous
studies suggest that C. muris and C. andersoni represent a complex of cryptic species (Tables 1
and 2), but phylogenetic and biological data to support separate species are mostly lacking.

We undertook this study to examine the host specificity, course of infection, pathogenicity,
oocyst morphology, and molecular characteristics of C. muris strain TS03. Based on the collec-
tive data from this and other studies [19-25], which show that C. muris strain TS03 is geneti-
cally distinct from C. muris and other known Cryptosporidium species, we propose the species
name Cryptosporidium proliferans n. sp.

Materials and Methods
Source of oocysts and DNA for studies

The isolate of C. proliferans (previously known as C. muris TS03) used to determine experi-
mental infectivity and oocyst morphology originated from a naturally infected East African
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Table 1. List of identified hosts for Cryptosporidium proliferans (CP), Cryptosporidium muris (CM), Cryptosporidium andersoni (CA), Japan field

mouse genotype (JG), and caribou genotype (CG). Mark indicates susceptibility to infection.

Order

Rodentia

Peramelemorphia
Hyracoidea
Carnivora

Lagomorpha
Arctiodactyla

Perissodactyla

Host (common name)
Acomys cahirinus (Spiny mouse)
Apodemus speciosus (Large Japanese field mouse)
Apodemus sylvaticus (Wood mouse)
Clethrionomys glareolus (Bank vole)
Cavia porcellus (Guinea pig)
Dolichotis patagonum (Patagonian mara)
Eutamias sibiricus (Siberian chipmunk)
Gerbilus gerbilus (Lesser gerbil)
Meriones tristrami (Tristram's jird)
Meriones unguiculatus (Mongolian gerbil)
Sekeetamys calurus (Bushy-tailed jird)
Marmota bobak (Bobak marmot)
Mastomys natalensis (Natal multimammate mouse)
Mastomys coucha (Southern multimammate mouse)
Mesocricetus auratus (Golden hamster)
Microtus brandti (Brandt's voles)
Mus spp. (House mouse)
Phodopus campbelli (Campbell's dwarf hamster)
Phodopus sungorus (Djungarian hamster)
Phodopus roborovskii (Roborovski hamster)
Rattus norvegicus (Brown rat)
Sciurus carolinensis (Eastern gray squirrel)
Tachyoryctes splendens (East African mole-rat)
Macrotis lagotis (Greater bilby)
Procavia capensis (Rock hyrax)
Canis familiaris (Dog)
Canis latrans (Coyote)
Felis catus (Cat)
Phoca hispida (Ringed seal)
Oryctolagus cuniculus (European rabbit)
Bos grunniens (Yak)
Bos taurus (Cattle)
Bison bonasus (European bison)
Capra hircus (Goat)
Ovis aries (Sheep)
Camelus bactrianus (Bactrian camel)
Gazella cuvieri (Cuvier's gazelle)
Giraffa camelopardalis reticulate (Reticulated giraffe)
Odocoileus hemionus (Mule deer)
Oreamnos americanus (Mountain goat)
Rangifer tarandus (Reindeer)
Sus scrofa (Pig)
Syncerus caffer (African buffalo)
Equus africanus (Donkey)
Equus ferus caballus (Horse)

CP

CM

CA

JG

CG

Reference

[24]
(7]
[26]
[26]
[27]
[10]
(28]
[29]
[29]

[21, 30]

[29]
[31]
[32]

This study
[33, 34]

[24]

6, 17, 35]

[33]
(33]
[36]
(37]
(38]
[22]
[39]
[40]
[27]
[41]
[37]
[42]
[27]
[43]
(4]
(31]

[22, 44]

[22, 44,
[46]
[47]
(48]
[49]
[50]
[51]
[15]
[52]
(53]

45]

This study; [54]

Primates Homo sapiens (Human) o o [55, 56]
(Continued)
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Table 1. (Continued)

Order Host (common name) CP CM CA JG CG Reference
Macaca fascicularis (Crab-eating macaque) o [57]
Nycticebus coucang (Sunda slow loris) o [58]
Struthioniformes Struthio camelus (Ostrich) . [59]
Caprimulgiformes Podargus strigoides (Tawny frogmouth) o [9]
Galliformes Rollulus roulouli (Crested partridge) . [9]
Squamata Elaphe obsolete (Western rat snake) . [60]
Oxyuranus scutellatus (Coastal taipan) . [6]
Python regius (Python regius) . [61]
Spilotes pullatus (Spilotes pullatus) 3 [19]
Varanus salvadorii (Varanus salvadorii) 3 [31]
Anura Ceratophrys ornate (Argentine horned frog) 3 [12]

doi:10.1371/journal.pone.0147090.t001

mole rat (Tachyoryctes splendens) trapped in Kakamega, Kenya in 2003, and was maintained in
susceptible laboratory rodents (SCID and southern multimammate mice Mastomys coucha) at
two laboratories: Institute of Parasitology, Biology Centre of the Academy of Sciences of the
Czech Republic and University of Veterinary and Pharmaceutical Sciences Brno, Czech Repub-
lic. DNA obtained from the laboratory-propagated C. proliferans isolate, and C. proliferans
DNA isolated from the feces of an African buffalo (Syncerus caffer) in Central African Republic
[52], a donkey (Equus africanus) in Algeria [53], and a domestic horse (Equus caballus) in the
Czech Republic (unpublished) were used for phylogenetic analyses.

Oocysts of C. muris HZ206, originally isolated from a naturally infected domestic mouse
(Mus musculus domesticus; Mmd) in Germany in 2012, were used as a C. muris control. Crypto-
sporidium muris HZ206 has been maintained at the Institute of Parasitology, Biology Centre of
the Academy of Sciences of the Czech Republic in a wild-derived Mmd strain from Schweben,
central Germany (10th generation of brother-sister mating; kept under the name SCHEST at the
Institute of Vertebrate Biology, Brno, Czech Republic). For comparison of oocyst morphology a
C. parvum isolate originating from a naturally infected 23-day-old Holstein calf was used.

Parasitological examination and oocyst preparation

Animal feces were screened for Cryptosporidium oocysts using fecal smears stained with ani-
line-carbol-methyl violet (ACMV) [65]. Fecal specimens were collected daily and stored in a
2.5% potassium dichromate solution at 4-8°C. Cryptosporidium oocysts were purified for mor-
phometry, phylogeny, and infectivity analyses using sucrose gradient [66] and cesium chloride
gradient centrifugation [67]. Purified oocysts were stored for up to 4 weeks at 4-8°C in PBS
with antimycotics and antibiotics (100 UI penicillin, 10 pg/ml streptomycin, 0.25/ml pg
amphotericin and 30 pg/ml gentamicin). The identity of the parasite was confirmed by
sequence analysis of the SSU gene, using the method described below. The number of oocysts
administered to animals was determined by hemocytometer counting. The viability of oocysts
was examined by propidium iodide (PI) staining using a modification of a previously described
assay [68]. Examined oocysts were washed in distilled water (DW; 10° oocysts in 100 pl) and
mixed with 10 ul of PI (1% solution, SIGMA). After 30 min of incubation at room temperature
in the dark, the oocysts were washed twice with DW. Oocyst viability was examined using fluo-
rescence microscopy (filter 420 nm, Olympus IX70). Oocysts with red fluorescence were con-
sidered to be dead, and those without fluorescence were considered viable. A total of 500
oocysts were counted.
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Table 2. Prepatent and patent period for Cryptosporidium proliferans and different Cryptosporidium muris and Cryptosporidium andersoni strains
and isolates in various hosts.

Species / strain Original host Recipient host (age in Prepatent period Patent period Infectious Reference
days) (day) (day) dose
C. muris MCR Mus musculus Mus musculus ICR (21) 4-10 36-73 2x10° [34, 62]
C. muris RN66 Rattus norvegicus Mus musculus ICR (21) 6 > 30 2.4x10° [63]
C. muris CB03 Camelus bactrianus Mus musculus BALB/c 10 15-18 1x10° [25]
(56)
C. andersoni LI03 Bos taurus Mus musculus BALB/c NI NI 1x10° [22]
(56)
C. proliferans Tachyoryctes Mus musculus BALB/c 10-12 23-28 1x10°6 [20]
splendens (56)
C. muris MCR Mus musculus Ovis aries (1-20) 28-35 16-38 2x10” [44]
C. muris RN66 Rattus norvegicus Ovis aries (21) NI NI 1x107 [22]
C. muris CB03 Camelus bactrianus Ovis aries (21) 24 <10 1x10” [22]
C. andersoni LI03 Bos taurus Ovis aries (21) NI NI 1x107 [22]
C. proliferans Tachyoryctes Ovis aries (21) NI NI 1x107 [22]
splendens
C. muris MCR Mus musculus Capra hircus (1-20) 19-35 34-85 2x10” [44]
C. muris RN66 Rattus norvegicus Capra hircus (21) NI NI 1x107 [22]
C. muris CB03 Camelus bactrianus Capra hircus (21) 28 20-60 1x10” [22]
C. andersoni LI03 Bos taurus Capra hircus (21) NI NI 1x10” [22]
C. proliferans Tachyoryctes Capra hircus (21) NI NI 1x107 [22]
splendens
C. muris RN66 Rattus norvegicus Mus musculus SCID (28) 6 > 28 1x10° [35]
C. muris CB03 Camelus bactrianus Mus musculus SCID (56) 7 > 60 1x10°6 Unpublished
data
C. andersoni LI03 Bos taurus Mus musculus SCID (56) NI NI 1x10° [22]
C. andersoni Bos taurus Mus musculus SCID (28) 14 > 28 1x108 [35]
Kawatabi
C. proliferans Tachyoryctes Mus musculus SCID (56) 12-18 > 60 1x10° [20]
splendens
C. muris CB03 Camelus bactrianus Lasiopodomys brandlii 14 14-32 1x10° [24]
C. andersoni LI03 Bos taurus Lasiopodomys brandlii NI NI 1x10° [24]
C. proliferans Tachyoryctes Lasiopodomys brandltii 14 > 40 1x10° [24]
splendens
C. muris RN66 Rattus norvegicus Mastomys coucha (56) 7-8 38-56 1x10° Unpublished
data
C. muris CB03 Camelus bactrianus Mastomys coucha (56) 8-10 51-76 1x10° Unpublished
data
C. andersoni LI103 Bos taurus Mastomys coucha (56) 20 46-59 1x10° [64]
C. proliferans Tachyoryctes Mastomys coucha (56) 15-20 > 140 1x10° This study
splendens
C. muris HZ206 Mus musculus Mastomys coucha (56) 6-8 48-77 1x10° This study
C. andersoni Bos taurus Meriones unguiculatus 15-19 18-65 1x10° [30]
(56)
C. proliferans Tachyoryctes Meriones unguiculatus 18-22 >90 1x10°8 [21]
splendens (56)
NI-non infectious
doi:10.1371/journal.pone.0147090.t002
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Oocyst morphology

Oocysts were examined using differential interference contrast (DIC) microscopy following
ACMYV and Auramine Phenol (AP) staining [69], or fluorescence microscopy following label-
ing with genus-specific FITC-conjugated antibodies (Cryptosporidium IF Test, Crypto cel,
Medac) (Olympus IX70 microscope; Olympus CZ, Czech Republic). Morphology and mor-
phometry were determined using digital analysis of images (M.I.C. Quick Photo Pro v.3.0 soft-
ware; Optical Service, Czech Republic) collected using an Olympus Digital Colour Camera
DP73 (17.29 megapixels). A 20-pl aliquot containing 10° purified oocysts was examined for
each measurement. Length and width of oocysts (n = 100) were measured under DIC at 1000x
magnification, and these were used to calculate the shape index and length-to-width ratio of
each oocyst. As a control, the morphometry of C. parvum (n = 100) from a naturally infected
23-day-old Holstein calf, and C. muris HZ206 (n = 100) were measured. Photomicrographs of
C. proliferans oocysts observed by DIC, ACMV, AP and IFA were deposited as a phototype at
the Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic.

DNA extraction and molecular analyses

Total DNA was extracted from 200 mg of feces, 10> purified oocysts, or 200 mg of tissue by
bead disruption for 60 s at 5.5 m/s using 0.5 mm glass beads in a FastPrep®24 Instrument
(MP Biomedicals, CA, USA) followed by isolation/purification using a commercially available
kit in accordance with the manufacturer’s instructions (QIAamp® DNA Stool Mini Kit or
DNeasy® Blood & Tissue Kit, Qiagen, Hilden, Germany). Purified DNA was stored at —20°C
prior to being used for PCR. A nested PCR approach was used to amplify ~ 830 bp of the small
ribosomal subunit (SSU) gene [70, 71], ~ 1066 bp of the actin gene [72], and four previously
described minisatellite genes—MS1 (encoding a hypothetical protein), MS2 (encoding a
90-kDa heat shock protein), MS3 (encoding a hypothetical protein), and MS16 (encoding a
leucine-rich repeat family protein) [19]. Both primary and secondary PCR reactions were car-
ried out in a volume of 50 yl; the primary reaction contained 2 ul of genomic DNA (or water as
a negative control) and the secondary reaction contained 2 pl of the primary reaction as tem-
plate. In addition, primers for nested PCR to amplify Thrombospondin-Related Adhesive Pro-
tein of Cryptosporidium-1 (TRAP-C1; ~955 bp), Cryptosporidium Oocyst Wall Protein (~ 400
bp), and Heat shock protein (HSP70; ~515 bp) were designed for this study using PrimerQuest
online software (IDT, http://www.idtdna.com/) and tested by software Serial Cloner v 2.6.1.
(http://serialbasics.free.fr/Serial_Cloner.html). Primers amplifying TRAP-C1 were designed
using the C. muris sequence in GenBank (CMU_020100). The primers for primary reactions
were TRAP-G-F1 (GGA GAT CCT TTA TGT GTT G) and TRAP-G-R1 (CCT GTA CAA
ATT CTT CTG AT) and secondary reaction TRAP-G-F2 (GCT CAG AAG ATC CAA GTA)
and TRAP-G-R2 (GAT TGC TCT GAA CTA GGA). Primers amplifying HSP70 gene were
designed using the C. muris sequence in GenBank (CMU_009950). The primers for primary
reactions were HSPAvA1-F (GCT CGT GGT CCT AAA GAT AA) and HSPAvA1-R (ACG
GGT TGA ACC ACCTACTAA T) and secondary reaction HSPAvA2-F (ACA GTT CCT
GCCTAT TTC A) and HSPAvA2-R (GCT AAT GTA CCA CGG AAA TAA). Primers ampli-
fying the COWP gene were designed using the consensus of sequences in GenBank (B471649,
AB471650, KF747672, DQ989571, DQ989570, DQ060431, KF419210, AF266275, AF161580,
DQ060430, AF266262, AY282693, AF161579, AF266264, AB514044, AB514043, AY643491,
AB089289, and AB089287). The primers for primary reactions were COWP-torto-F1 (GAA
TGT CCT CCT GGG ACT GTA) and COWP-torto-R1 (AGT TCC TGG TGG ACA TAC TG)
and secondary reaction COWP-torto-F2 (TCC TCC TGG GAC TGT ATT GGA) and COWP-
torto-R2 (GGT GGA CAT ACT GGT TGT GTT G). The primary PCR reactions, for
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TRAP-C1, HSP70, and COWP genes, were carried out in a volume of 50 pl containing 2 pl of
DNA template (or water as a negative control), I1XxPCR buffer, 3 mM MgCl,, 200 uM dNTPs,
0.2 uM of each primer, and 1.5 U of Taq DNA polymerase (Top Bio, Czech Republic). Second-
ary reactions were carried out under similar conditions with 2 pl of primary product used as
template. PCRs were run in a thermo cycler with an initial denaturation of 94°C for 5 min, fol-
lowed by 35 cycles of 94°C for 45 s, 55°C (TRAP-C1), 50°C (HSP70 and COWP) for 45 s, 72°C
for 1 min. A final elongation step of 72°C for 10 min was included to ensure complete exten-
sion of amplified products. Conditions were the same for both primary and secondary reac-
tions. DNA of C. andersoni was used as positive control. Secondary PCR products were
detected by agarose gel (2.0%) electrophoresis, visualized by ethidium bromide staining

(0.2 pg/ml) and extracted using QIAquick® Gel Extraction Kit (Qiagen). Purified secondary
products were sequenced in both directions with an ABI 3130 genetic analyser (Applied Bio-
systems, Foster City, CA) using the secondary PCR primers and the BigDyel Terminator V3.1
cycle sequencing kit (Applied Biosystems, Foster City, California) in 10 pl reactions. Amplifica-
tion and sequencing of each locus was repeated three times.

Phylogenetic analyses

The nucleotide sequences of each gene obtained in this study were edited using the Chroma-
sPro 1.7.5 software (Technelysium, Pty, Ltd.), manually edited, and aligned with each other
and with reference sequences from GenBank using MAFFT version 7 online server with auto-
matic selection of alignment mode (http://mafft.cbrc.jp/alignment/software/). Phylogenetic
analyses were performed and best DNA/Protein phylogeny models were selected using the
MEGAG6 software [73, 74]. Phylogenetic trees were inferred by the i) neighbor-joining (NJ), ii)
maximum likelihood (ML), and iii) maximum parsimony (MP) method. Bootstrap support for
branching was based on 1000 replications. Neighbor-joining phylograms were edited for style
using CorelDrawX7. Sequences have been deposited in GenBank under the accession numbers
KR090615-KR090632 and KT731193-KT731212.

Transmission studies

Animals. The infectivity and pathogenicity of C. proliferans for the eight-week-old south-
ern multimammate mice (Mastomys coucha), and adult budgerigars (Melopsittacus undulatus)
(Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic,
Czech Republic) was determined experimentally in this study. The infectivity of C. proliferans
for SCID and BALB/c mice, gerbils, calves, kids, and lambs to C. proliferans (previously named
C. muris strain TS03) was determined previously (Table 2) [21, 22, 25].

Experimental design. To prevent environmental contamination with oocysts, southern
multimammate mice were housed in plastic cages with sterilized wood-chip bedding situated
in flexible film isolators (BEM, Znojmo, Czech Republic) with high-efficiency particulate air fil-
ters. Birds were kept in cages placed in a room separated from other animals. The southern
multimammate mice and budgerigars were supplied with a standard sterilized diet for rodents
and birds, respectively, and sterilized water ad libitum. For three week prior to infection, fecal
samples from all animals were screened daily for the presence of Cryptosporidium spp. using
parasitological and molecular tools as described in previous sections. Each animal was inocu-
lated orally by stomach tube with 10° purified viable oocysts of each species (C. proliferans and
C. muris HZ206) suspended in 200 pl of distilled water. Each animal used as negative control
was inoculated with 200 pl of distilled water only. A total of nine budgerigars were used: three
as negative controls, three infected with C. proliferans, and three infected with C. muris HZ206.
Fecal samples from all experimental birds were collected daily and experiments were
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terminated 30 days post infection (DPI). A total of 94 southern multimammate mice were
divided into three groups: i) control group (n = 34), ii) group infected with C. muris HZ206

(n = 30), and iii) group infected with C. proliferans (n = 30). All animals were weighed before
the start of the experiment, with a precision of 0.1 g. Each animal was kept in separate cages.
Fecal samples from all experimental southern multimammate mice were taken daily for the first
28 days, then every 7 days. Experiments were terminated 140 DPI. Animals were euthanized via
cervical dislocation (according Law of the Czech Republic No. 419/2012 Sb.). Fecal samples from
all experimental animals were stained by ACMV and the presence of Cryptosporidium specific
DNA was confirmed using nested PCR targeting the SSU gene every 7 days. Every 28 days, 4
southern multimammate mice were sacrificed from each group, and each was examined for body
weight, stomach size and weight, and the surface ratio of glandular to non-glandular parts of the
stomach. Histopathological changes of gastric mucosa due to infection of C. proliferans and C.
muris were evaluated using histological methods. Results were compared to uninfected animals,
which were tested using the same procedures. Course of infection indicators, including fecal con-
sistency, fecal color and infection intensity, were examined. Infection intensity was reported as
the number of oocysts per gram (OPG) of feces as previously described [64].

Clinical and histopathological examinations. A complete examination of all gastrointes-
tinal organs was conducted at necropsy. Tissue samples from the stomach, small intestine, and
large intestine (the entire tract was divided into 1 cm sections) were processed for histology
[75] and for PCR analyses (see Section 2.4.). Histology sections were stained with hematoxylin
and eosin (HE), Wolbach’s modified Giemsa, Periodic Acid Schiff (PAS) stain, and genus-spe-
cific FITC conjugated monoclonal antibodies targeting Cryptosporidium oocyst wall antigens
(Cryptosporidium IF Test, Crypto Cel, Medac).

Animal care

Animal caretakers wore disposable coveralls, shoe covers, and gloves every time they entered
the facility rooms. All wood-chip bedding, feces, and disposable protective clothing were sealed
in plastic bags, removed from the buildings and incinerated. All housing, feeding, and experi-
mental procedures were conducted under protocols approved by the Institute of Parasitology,
Biology Centre of the Academy of Sciences of the Czech Republic and Institute and National
Committees (Protocols No. 52/2014).

Statistical analyses

The hypothesis tested in the analysis of oocyst morphometry and size of stomach 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. The Bartlett test was used to test
homoscedasticity of differences in the prepatent and patent periods of different infections.

Results
Oocyst morphology

Oocysts of C. proliferans measuring 6.8-8.8 (mean = 7.7 um) x 4.8-6.2 pum (mean = 5.3) with a
length to width ratio of 1.48 (n = 100) were significantly longer and narrower (p <0.05) than

C. muris HZ206 oocysts, which measured 6.3-8.1 (mean = 7.5 um) x 5.0-6.6 (mean = 5.7 um)
with length to width ratio of 1.35 (n = 100). Cryptosporidium parvum oocysts were significantly
smaller (p<0.05) than C. proliferans and C. muris HZ206, measuring 5.1-5.5 (mean = 5.3 pm)
x 4.6-5.2 (mean = 4.7 um) with length to width ratio of 1.12 (1.07-1. 32) (n = 100) (Fig 1A).
Oocysts of C. proliferans recovered from experimentally infected mice were morphologically
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Cryptosporidium proliferans Cryptosporidium muris Cryptosporidium parvum

M

Fig 1. Cryptosporidium proliferans, Cryptosporidium muris HZ206, and Cryptosporidium parvum oocysts in (A) differential interference contrast
microscopy and stained by (B) aniline—carbol-methyl violet (C) Auramine Phenol and (D) anti-Cryptosporidium FITC-conjugated antibody.

Bar=10 ym.
doi:10.1371/journal.pone.0147090.g001

similar to those used for infection. Oocysts in fecal smears showed typical Cryptosporidium
ACMYV and AP staining characteristics (Fig 1B and 1C). Fixed C. proliferans oocysts labeled
with FITC conjugated anti- Cryptosporidium oocyst wall antibody and examined by epifluores-
cence microscopy displayed typical apple green, halo-like fluorescence (Fig 1D).

Molecular characterization

At the SSU locus, C. proliferans isolates from an East African mole rat, African buffalo, donkey,
and domestic horse shared 100% identity with each other and with an isolate (EU096237) from
an Eastern gray squirrel in the USA (Fig 2A). At the TRAP-CI1 locus, isolates of C. proliferans
from the four different hosts shared 100% identity with each other and differed from C. muris
RN66 by five SNPs, two of which were non-synonymous (Fig 2B).

At the HSP70 locus, C. proliferans isolates from the four different hosts shared 100% iden-
tity with each other and with the C. muris Kawatabi isolate (AY643490) from Apodemus specio-
sus in Japan (Fig 3A), but differed from C. muris RN66 by a synonymous SNP.
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Fig 2. Phylogenetic relationships between Cryptosporidium proliferans (highlighted) and other Cryptosporidium spp. as inferred by a neighbor-

joining analysis (NJ)/maximum parsimony(MP)/maximum likelihood (ML) of (A) the SSU (706 base positions in the final dataset; ML =
and (B) TRAP-C1 (531 base positions in the final dataset, ML =

log -2886.67)
log -1929.25). The percentage of replicate trees in which the associated taxa clustered

together in the bootstrap test (1000 replicates). Numbers at the nodes represent bootstrap values for the nodes gaining more than 50% support. Scale bar

included in each tree.

doi:10.1371/journal.pone.0147090.9002
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Fig 3. Phylogenetic relationships between Cryptosporidium proliferans (highlighted) and other Cryptosporidium spp. as inferred by a neighbor-
joining analysis (NJ)/maximum parsimony(MP)/maximum likelihood (ML) of (A) HSP70 (211 base positions in the final dataset, ML = log -1745.42)
and (B) COWP (369 base positions in the final dataset, ML = log -532.78). The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates). Numbers at the nodes represent bootstrap values for the nodes gaining more than 50% support. Scale bar
included in each tree.

doi:10.1371/journal.pone.0147090.9003
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Isolates of C. proliferans from the East African mole rat and African Buffalo shared 100%
identity at the COWP locus, and differed from C. muris RN66 (CMU_007770) by a synony-
mous SNP (C/T) at position 597, using the C. parvum Iowa isolate as a reference sequence
(Cgd6_2090) (Fig 3B). Cryptosporidium proliferans COWP sequences were not obtained from
donkey or domestic horse isolates.

At the actin locus, isolates from the East African mole rat, African buffalo, and donkey
shared 100% identity with each other and differed from C. muris by four synonymous SNPs
(Fig 4A). An actin sequence was not obtained from the domestic horse isolate.

Cryptosporidium proliferans isolates clustered separately from C. muris and C. andersoni at
each of the four microsatellite loci examined. Three C. proliferans subtypes formed a single
cluster at the MS1 locus: MS1-P1 was detected in isolates from the East African mole rat and
African Buffalo; MS1-P2 and MS1-P3 were detected in the donkey and domestic horse, respec-
tively (Fig 4B). A single C. proliferans subtype was detected at the MS2 (MS2-P1) and MS3 loci
(MS3-P1) (Fig 5A and 5B). Similar to MS1, three C. proliferans subtypes formed a single cluster
at the MS16 locus: MS16-P1 was detected in isolates from the East African mole rat and Afri-
can Buffalo; MS16-P2 and MS16-P3 were detected in the domestic horse and donkey, respec-
tively (Fig 5C).

In a tree constructed from concatenated sequences of SSU, actin, HSP70, and TRAP-C1, C.
proliferans clustered separately from C. muris RN66, C. muris HZ206, C. parvum, C. hominis,
and C. meleagridis (Fig 6).

Experimental transmission studies

Oocysts used for experimental infections had >95% viability, determined by PI staining.
Experimentally inoculated budgerigars did not produce microscopically detectable infection.
Histological and molecular examination of gastrointestinal tract tissue from budgerigars did
not reveal the presence of Cryptosporidium developmental stages.

Both C. proliferans and C. muris HZ206 were infectious for southern multimammate mice.
While southern multimammate mice began shedding C. muris HZ206 oocysts 6-8 DPI, C. pro-
liferans shedding began significantly later at 18-21 DPI (p<0.001). PCR amplification of the
Cryptosporidium SSU gene was unsuccessful from 2 to 5 DPI and 2 to 17 DPI in mice infected
with C. muris HZ206 and C. proliferans, respectively.

Cryptosporidium muris HZ206 infection intensity ranged from 2.0x10> to 1.4x10° OPG,
with maximum shedding at 42 DPI. Oocyst shedding intensity decreased from 42 DPI and
microscopic detection was intermittent by 77 DPI, although specific DNA was present in feces
throughout the patent period (Fig 7). Cryptosporidium proliferans infection intensity ranged
from 1.0x10° to 9.5x10° OPG with maximum shedding at 126 DPI. In contrast to C. muris
HZ206, the infection intensity continued to increase throughout the experiment (Fig 7). South-
ern multimammate mice experimentally infected with C. proliferans mostly developed lifelong
infection (data not shown).

No clinical signs of cryptosporidiosis were detected in southern multimammate mice during
the first 84 DPI with C. proliferans; however, these mice subsequently began to lose weight
compared to time-matched mice in the C. muris HZ206 infection and uninfected control
groups (p<0.05).

Histological examination of the glandular and non-glandular parts of the stomach in unin-
fected control mice showed no evidence of Cryptosporidium developmental stages, pathological
alterations, or activation of glands. Also, mucus production was normal. Developmental stages
were found only in the glandular part of the stomach of experimentally infected groups and
high numbers were typically associated with high oocyst shedding. In C. proliferans positive
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Fig 4. Phylogenetic relationships between Cryptosporidium proliferans (highlighted) and other Cryptosporidium spp. as inferred by a neighbor-
joining analysis (NJ)/maximum parsimony (MP)/maximum likelihood (ML) of (A) actin (728 base positions in the final dataset, ML = log = -5522.35)
and (B) MS1 (436 base positions in the final dataset, ML = log -886.75). The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates). Numbers at the nodes represent bootstrap values for the nodes gaining more than 50% support.
Interrupted branches have been shortened five-fold. Scale bar included in each tree.

doi:10.1371/journal.pone.0147090.9004
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Fig 5. Phylogenetic relationships between Cryptosporidium proliferans (highlighted) and other Cryptosporidium spp. as inferred by a neighbor-
joining analysis (NJ)/maximum parsimony (MP)/maximum likelihood (ML) of (A) MS2 (442 base positions in the final dataset, ML = log -792.33), (B)
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MS3 (485 base positions in the final dataset, ML = log = -832.45), and (C) MS16 (580 base positions in the final dataset, ML = log = -956.78). The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates). Numbers at the nodes represent
bootstrap values for the nodes gaining more than 50% support. Scale bar included in each tree.

doi:10.1371/journal.pone.0147090.g005

southern multimammate mice, infected glands were markedly dilated, and filled with necrotic
material, mucus, and numerous development stages. Epithelial cells of infected glands were atro-
phic and exhibited cuboidal or squamous metaplasia. The epithelium also was significantly prolifer-
ated into the lumen of the stomach and formed papillary structures. Such proliferation was not
observed in uninfected control and C. muris HZ206 infected southern multimammate mice (Fig 8).
Macroscopically, the gastric mucosa of southern multimammate mice infected with C. pro-
liferans had confluent cauliflower-shaped lesions (Fig 8D). The lamina propria did not contain
any inflammatory infiltrates. The gastric mucosa of C. muris HZ206 infected southern multi-
mammate mice was less hyperplastic without significant gain. Mucus production was similar
to that in the uninfected control group and was significantly less than in C. proliferans infected
southern multimammate mice. A gradual retreat of infection from the lower layers of the epi-
thelium was observed in southern multimammate mice infected with C. muris from 56 DP],
and no developmental stages of C. muris HZ206 were detected from 112 DPI using histological
methods. The total stomach weight in infected southern multimammate mice was increased
compared to the negative control group. While the stomach weight of southern multimammate
mice infected with C. muris HZ206 increased up to 1.5 fold, the stomach weight of mice
infected with C. proliferans significantly increased up to 5.7 fold (p<0.001; Fig 9). The prolifer-
ating mucosa was the major contributor to the increase in stomach weight, while the submu-
cosa, muscularis, and serosa did not significantly change in any group (p>0.05). The mucosa
from C. proliferans and C. muris infections increased 5.6 and 1.6 fold, respectively compared to
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Fig 6. Phylogenetic relationships between Cryptosporidium proliferans and selected Cryptosporidium spp. as inferred by a neighbor-joining
analysis (NJ)/maximum parsimony(MP)/maximum likelihood (ML) analysis of a concatenated sequence constructed from partial DNA sequences
of SSU, actin, COWP, HSP70, and TRAP-C1 genes (1991 base positions in the final dataset, ML = log = -4368.98). The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates). Numbers at the nodes represent bootstrap values for the nodes gaining
more than 50% support. Scale bar included in tree.

doi:10.1371/journal.pone.0147090.9006
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Fig 7. Course of infection of Cryptosporidium proliferans and Cryptosporidium muris HZ206 in
Mastomys coucha based on coprological examination of feces.

doi:10.1371/journal.pone.0147090.g007

the uninfected control group (p<0.001). In addition, the ratio of glandular to non-glandular
surfaces changed from 55:45 to 80:20 in southern multimammate mice infected with C. prolif-
erans. This change was not observed in uninfected control and C. muris HZ206 infected south-
ern multimammate mice (data not shown).

Taxonomic summary of Cryptosporidium proliferans n. sp.

Diagnosis. Oocysts are shed fully sporulated. Sporulated oocysts 6.8-8.8 (mean = 7.7 um) x
4.8-6.2 um (mean = 5.3) with a length to width ratio of 1.48. Four sporozoites and residual body
are present in each oocyst. The lifecycle of C. proliferans, including the description of endogenous
stages, was described previously [23].

Type host. Tachyoryctes splendens (Riippell, 1835).

Other natural hosts. Equus africanus (Fitzinger, 1857), donkey [53]; Sciurus carolinensis
Gmelin, 1788, eastern gray squirrel [38]; Syncerus caffer (Sparrman, 1779), African buftalo
[52]; Equus caballus Linnaeus, 1758, horse (unpublished, and this study).

Experimental host. Mastomys coucha (Smith, 1836), southern multimammate mouse;
Mastomys natalensis (Smith, 1834), natal multimammate mouse; Meriones unguiculatus
(Milne-Edwards, 1867), Mongolian gerbil; Lasiopodomys brandtii (Radde, 1861), Brandt's vole;
Mus musculus Linnaeus, 1758, house mouse (strain BALB/c and SCID) [15, 22, 24, 25].

Prepatent and patent period of C. proliferans in model hosts are presented in Table 3.

Type locality. Kakamega, Kenya

Site of infection. stomach, specifically the glandular part

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

DNA sequences. Partial sequences of SSU, actin, COWP, HSP70, TRAP-C1, MS1, MS2,
MS3, and MS16 genes were submitted to GenBank under the accession numbers
KR090615-KR090623 and KT731193-KT731212.

Etymology. The species name proliferans is derived from the Latin substantive “prolifera-
tio” (meaning a proliferation) according to ICZN Article 11.9.1-3, as it appears to cause a pro-
liferation of mucosa in infected stomach.
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Discussion

The gastric species C. muris and intestinal species C. parvum were the first described Crypto-
sporidium species [3, 76]. Until the late 1990s, many intestinal Cryptosporidium spp. were
regarded as subtypes of C. parvum; for example, C. hominis was known as C. parvum genotype
I and C. canis as C. parvum canine genotype [77, 78]. Recognition of the subtypes as separate
species was made possible by studies showing molecular and biological differences from C. par-
vum. In cases where only molecular differences are described, isolates are regarded as distinct
genotypes rather than subtypes of C. parvum,; for example, Cryptosporidium rat genotype I-IV
[79-82]. Also, C. andersoni (previously known as C. muris-like) was separated from C. muris
senso lato based on molecular and biological differences [4]. A number of reports over the past
15 years indicate the presence of cryptic species within the mammalian gastric Cryptosporid-
ium group, but evidence to support the naming of a new species has thus far been lacking (see
Tables 1 and 2 for references).

Although C. muris and C. andersoni are primarily rodent- and ruminant specific, respec-
tively, there have been reports of C. muris in ruminants and C. andersoni in rodents (Table 1).
Similarly, C. proliferans has been found in hosts belonging to the Rodentia, Arctiodactyla, and
Perissodactyla. With the exception of the occurrence of C. proliferans in squirrels in the US, all
the other isolates have been detected in animals in Africa [22, 38, 52] and Europe (this study).

Fig 8. Height of mucosa of Mastomys coucha stomach of A) control group, B) Cryptosporidium muris
HZ206 infection, and C) Cryptosporidium proliferans infection at 28 day post infection; D) stomach
mucosa proliferation in Mastomys coucha with Cryptosporidium proliferans at 140 DPI. Haematoxylin
and eosin. Bar =150 ym.

doi:10.1371/journal.pone.0147090.g008

PLOS ONE | DOI:10.1371/journal.pone.0147090 January 15,2016 17/24



@’PLOS ‘ ONE

Cryptosporidium proliferans n. sp. (Apicomplexa: Cryptosporidiidae)

4,0

1 C. proliferans
3,51 == C. muris l
30 { m— Control group

25 1 I
2,0 1
1,5 1

Weight of stomach (g)

1,0 1

*|em [

0 28 56 84 112 140
Day post infectin (DPI)

Fig 9. Change of stomach weight of Mastomys coucha during experimental infection with
Cryptosporidium proliferans and Cryptosporidium muris HZ206 compared to the control group.

doi:10.1371/journal.pone.0147090.g009

The present study and a previous study [83] have shown that Cryptosporidium proliferans
oocysts (7.7 x 5.3 um) are longer and narrower than those of C. muris HZ206 (7.5 x 5.7 um)
and C. andersoni (7.6 x 5.5 um). We have seen no change in the size of the oocysts during
more than 10 years of oocyst passage through different hosts (data not shown). However,
because the reported size of C. andersoni and C. muris oocysts is quite variable [4, 26, 28],
oocyst morphology cannot be used to reliably distinguish these species from C. proliferans. The
shape and size of C. proliferans is also significantly different from oocysts of intestinal species
such C. xiaoi (3.94 x 3.44 pm), C. parvum (5.3 x 4.7 um) or C. suis (6.2 x 5.5 pm) [84, 85].

Phylogenetic analyses based on SSU, COWP, TRAP-C1, HSP70, actin, MS1, MS2, MS3, and
MS16 gene sequences have shown that C. proliferans is genetically distinct from known Crypto-
sporidium species. At the SSU locus, C. proliferans is 99.4% and 98.3%, similar to C. muris and
C. andersoni, respectively. This is comparable to the similarities between C. hominis and C.
cuniculus (98.9%), C. parvum and C. erinacei (99.5%), and C. bovis and C. xiaoi (99.5%). At the
COWP locus, C. proliferans is 99.7% and 97.8% similar to C. muris RN66 and C. andersoni,
respectively. Other closely related Cryptosporidium species, including C. erinacei and C. par-
vum and C. cuniculus and C. hominis, are identical at the COWP locus [86, 87]. At the
TRAP-C1 locus, C. proliferans is 99.0% and 95.6% similar to C. muris RN66 and C. andersoni,
respectively. In comparison, C. parvum and C. erinacei are 99.8% similar at the TRAP-C1 locus
[86, 88]. At the HSP70 locus, C. proliferans is 99.5% and 97.1% similar to C. muris RN66 and
C. andersoni, respectively. In comparison, C. parvum and C. erinacei are 99.0% similar at this
locus. Cryptosporidium proliferans is identical to the C. muris Kawatabi isolate (AY643490) at

Table 3. Prepatent and patent period of Cryptosporidium proliferans in various hosts.

Host
southern multimammate mouse
laboratory mouse
gerbils
voles

doi:10.1371/journal.pone.0147090.t003

Prepatent period (DPI) Patent period (DPI) Reference
15-21 > 140 This study; [24]
6-8 up to 30 [25]
18-22 >90 [21]
14 > 40 [24]
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the HSP70 locus [89]. The C. muris Kawatabi isolate also clusters with C. proliferans at the SSU
locus, suggesting that these could be the same species. Further genetic and biological character-
ization of the Kawatabi isolate would be required to test this. At the actin locus, C. proliferans is
99.4% similar to C. muris RN66. In comparison, C. parvum and C. erinacei share 99.5% similar-
ity at this locus. Cryptosporidium proliferans also is distinguishable from C. muris and C. ander-
soni at four minisatellite loci examined in this study. It was previously found that C. muris
isolates RN66 and CB03 were identical to C. proliferans (C. muris TS03 in their study) at the
SSU and minisatellite loci [19]. RN66, a commercially supplied reference strain (Waterborne
Inc, LA), has been well characterized and the whole genome sequence is known. Multiple stud-
ies have shown that the SSU sequence of this strain differs from that of C. proliferans (TS03).
Similarly, previous studies have shown that CB03 is identical to RN66, and different from
TS03, at the SSU locus [22, 25]. Therefore, Feng et al. acknowledged that their finding was
likely the result of cross contamination during isolate handling [19].

The prepatent period for C. proliferans infection in SCID mice, which lack T- and B-cell
immunity, ranged from 12-18 DPI with a mean of 14 DPI [20]. This is similar to the prepatent
period for C. andersoni Kawatabi (14 DPI) and longer than the prepatent periods for C. muris
RN66 (6 DPI) and C. muris CB03 (7 DPI; unpublished) in SCID mice [35]. In a study on C.
muris RN66 infection in nude mice, which specifically lack T-cell immunity [90], a 10 DPI pre-
patent period was reported following a dose of 1 million oocysts, the dose used in the present
study. Longer prepatent periods were observed only with lower doses of 20,000 oocysts (15-18
DPI) and 400 oocysts (16 DPI). Similarly, a prepatent period of 10 DPI was observed in both
outbred nude and SCID mice infected with 500,000 oocysts of C. muris RN66 [91]. Consistent
with observations in immunocompromised mice, the prepatent period for C. proliferans (15-
20 DPI) in immunocompetent southern multimammate mice is similar to that for C. andersoni
(20 DPI), and longer than that for C. muris (6-10 DPI). Collectively, these data support the
conclusion that C. proliferans has a longer prepatent period than C. muris in mice.

Cryptosporidium proliferans develops exclusively in the glandular part of the stomach, simi-
lar to C. muris and C. andersoni [4, 47, 75, 92], and its lifecycle [23] is similar to that of C.
muris [93].

The clinical course of C. proliferans infection in immunocompetent southern multimam-
mate mice is considerably different to that of C. muris. These mice shed oocysts of C. prolifer-
ans for much longer and at a greater intensity than oocysts of C. muris, and only the C.
proliferans infection causes significant clinical and pathological changes, including weight loss
and massive proliferation of the gastric mucosa that is associated with an almost 6-fold increase
in stomach weight. Although gastric cryptosporidia rarely induce clinical symptoms in mam-
mals [37, 75, 92, 94], C. andersoni infection in cattle has caused up to a three-fold increase in
abomasum weight, decreased milk production, and loss of body condition [40, 95]. Cryptospo-
ridium andersoni also causes a lifelong infection in cattle and mice [4, 22, 96], similar to C. pro-
liferans in multimammate mice.

Consistent with most previous studies on C. muris and C. andersoni, infiltrates in propria of
the mucosa are absent in animals infected with C. proliferans [22, 29, 37, 75, 92-94].

In conclusion, molecular and biological data support the establishment of C. muris TS03 as
a new species and we propose the name Cryptosporidium proliferans.
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CASE REPORT

Human Cryptosporidiosis Caused by Cryptosporidium tyzzeri and
C. parvum Isolates Presumably Transmitted from Wild Mice

Veronika Raskova, P Dana Kvétonova,” Bohumil Sak,” John McEvoy,© Adam Edwinson,© Brianna Stenger,© Martin Kva¢®®

University of South Bohemia, Faculty of Agriculture, Ceské Budéjovice, Czech Republic?; Biology Centre Academy of Sciences of the Czech Republic, Ceské Budgjovice,
Czech Republic®; Department of Veterinary and Microbiological Sciences, North Dakota State University, Fargo, North Dakota, USA®

We report a case of severe human cryptosporidiosis caused by Cryptosporidium tyzzeri and C. parvum with an unusually high
frequency of liquid stools. Wild mice were the most likely source of infection, demonstrating the potential for wild-mouse-borne
Cryptosporidium to infect humans and highlighting the health risks associated with synantropic rodents.

CASE REPORT

25-year-old female who was trapping wild rodents at field

sites and working with rodents under laboratory conditions
became ill and displayed typical clinical signs of cryptosporidiosis,
including nonbloody profuse diarrhea and dehydration (Table 1).
Following the commencement of diarrhea, stool samples were ex-
amined daily for the presence of Cryptosporidium using a standard
aniline-methyl-violet staining method (1). Course of infection in-
dicators, including stool consistency and color, frequency of def-
ecation, and infection intensity, were examined. The diarrhea was
classified according to Chappell et al. (2). Cryptosporidium oocysts
with typical staining characteristics were identified in fecal smears.
Diarrheal illness was characterized by the passage of 124 un-
formed stools in a 168-h period (Table 1). A high defecation
frequency, which peaked at 32 per day, was recorded during the
first week following commencement of disease symptoms.
Oocyst shedding was detected at the commencement of diar-
rhea and subsequently for 14 days (from 2 to 15 days of obser-
vation); however, the prepatent period is not known. No shed-
ding was detected after resolution of symptoms. Oocyst
shedding intensity during the diarrheal period ranged from
2,000 to 70,000 per ml of stool. The combined diarrhea and
anorexia resulted in a loss of 4.5 kg of body weight during a
20-day period. The individual was examined on two occasions
for the presence of exogenous protozoan stages, helminth eggs, Shi-
gella, Salmonella, Campylobacter, Clostridium difficile, amoebas, rota-
viruses, and noroviruses. No other bacterial, viral, or parasitic
pathogens were detected. Tests for HIV before and after the cryp-
tosporidiosis were negative. The study was approved by the ethics
committee of the Institute of Parasitology, Biology Centre Acad-
emy of Sciences of the Czech Republic, Ceské Budéjovice, Czech
Republic (protocol 1/2012).

To identify the Cryptosporidium spp. present, DNA was ex-
tracted and a nested PCR protocol was used to amplify a partial
sequence of the Cryptosporidium 60-kDa glycoprotein (gp60)
gene (3). PCR amplicons were either sequenced directly or were
cloned (pGEM-T easy vector system; Promega, Madison, WI) be-
fore sequencing. Sequencing was carried out in both directions
using an ABI 3130 sequencer analyzer (Applied Biosystems, Foster
City, CA). The identity of obtained sequences was examined by a
BLAST search (www.ncbinlm.nih.gov/blast). Partial gp60 se-
quences recovered from the patient have been submitted to Gen-
Bank under the accession numbers JX445924 (C. tyzzeri IXb sub-
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type), JX445925 (C. tyzzeri 1Xa subtype), and JX445926 (C.
parvum). The gp60 sequences were from C. tyzzeri (IXaA8 and
IXbA6 subtypes) and C. parvum (I1aA13G1R1 subtype). These
subtypes of C. tyzzeri and C. parvum were also detected in the wild
mice that the patient was in contact with (data not shown).

The C. parvum ITaA13G1R1subtype detected in this study was
previously reported in immunocompetent humans, HIV/AIDS
patients, and domestic animals in Malaysia (4). A single case of
human cryptosporidiosis caused by C. tyzzeri (incorrectly re-
ported as the C. parvum IIf family, A6 subtype) was reported pre-
viously in a Kuwaiti child (5); however, the source of the infection
was not identified. In immunocompetent hosts, cryptosporidiosis
is usually a self-limited disease lasting 10 to 14 days, while
infection in immunocompromised hosts may cause severe and
persistent disease. Experimental infections of healthy volun-
teers have been undertaken to address gaps in our understand-
ing of the duration and intensity of infection and oocyst shed-
ding patterns in immunocompetent hosts (2, 6, 7). Adding to
these data, we report a well-characterized natural infection in a
healthy individual. The duration, signs, and symptoms of ill-
nesses are generally similar to previous reports. The median
duration of diarrhea and/or gastrointestinal symptoms in this
case study (144 h of liquid diarrhea) was similar to reports in
volunteers infected with C. parvum (155 h; range, 41 to 336), C.
hominis (137 h; range, 49 to 518), and C. meleagridis (77 h;
range, 50 to 105) (2, 6, 7). However, the total number of un-
formed stools detected in this case study (124) is far greater
than that detected in volunteers infected with C. parvum
(mean, 10; range, 3 to 15), C. hominis (mean, 9; range, 2 to 19),
and C. meleagridis (mean, 8; range, 3 to 15). This higher num-
ber of unformed stools in the present case may be due to the
coinfection of C. parvum with C. tyzzeri.

This report demonstrates that transmission of Cryptospo-
ridium spp. from synanthropic rodents to humans can occur. Our
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TABLE 1 Clinical symptoms during the course of a C. tyzzeri and C. parvum infection in an immunocompetent patient”

Defecation frequency Infection intensity

Day (stools per day) (oocyst per ml) Stool consistency Stool color Symptom

-3 0 ND ND ND No symptoms

-2 1 ND Pellets Brown No symptoms

-1 0 ND ND ND No symptoms

1 2 ND Liquid/paste Brown-gray Diarrhea, nausea, abdominal pain, sweat, trembling
2 32 2,000 Liquid Green-gray Diarrhea, nausea, abdominal pain, fatigue, vomiting
3 26 2,000 Liquid Green-gray Diarrhea, nausea, abdominal pain, fatigue
4 22 4,500 Liquid Gray-green Diarrhea, nausea, abdominal pain, fatigue
5 17 40,000 Liquid Gray-green Diarrhea, nausea, abdominal pain, fatigue
6 15 70,000 Liquid Gray-green Diarrhea, nausea, fatigue

7 10 40,000 Liquid/paste Brown-gray Diarrhea, nausea, fatigue

8 4 40,000 Paste Brown-orange Diarrhea, nausea, fatigue

9 5 50,000 Paste Orange Diarrhea, nausea, fatigue

10 6 25,000 Dense paste Orange Diarrhea, nausea, fatigue

11 4 15,000 Paste with pellets Brown-orange Diarrhea, nausea, fatigue

12 4 25,000 Paste with pellets Brown-orange Diarrhea, nausea, fatigue

13 3 18,000 Paste with pellets Brown-orange Nausea

14 4 10,000 Thinner pellets Brown Nausea, diarrhea

15 3 5,000 Thinner pellets Brown Nausea

16 2 0 Pellets Brown Nausea

17 1 0 Pellets Brown Nausea

18 1 0 Pellets Brown No symptoms

19 0 0 ND ND No symptoms

20 1 0 Pellets Brown No symptoms

4 ND, not determined.

data suggest that Cryptosporidium tyzzeri, which is considered to
have a narrow host range, can be zoonotic.

Cryptosporidium, a ubiquitous protozoan parasite of verte-
brate species, causes cryptosporidiosis, a diarrheal disease that
can become chronic and life threatening in the absence of a
competent immune response. Cryptosporidium hominis and C.
parvum are responsible for most human cases of cryptospori-
diosis. However, at least 17 other Cryptosporidium spp. have
been reported to be infectious to humans (8-10). Most human
cryptosporidiosis is reported to be caused by a single species;
however, it is evident that both humans and animals can have
mixed species and genotypes. Although Cama et al. (11)
showed that mixed Cryptosporidium infections are not uncom-
mon, they noted that mixed infections may be underreported
due to the preferential amplification of the predominant spe-
cies or genotype by PCR.

Cryptosporidium parvum and C. tyzzeri are reported to have
different host ranges. While C. tyzzeri is primarily restricted to
rodents and appears to be adapted to house mice (8), C. parvum is
common in farm animals (12), is zoonotic, and is one of the most
frequent causes of human cryptosporidiosis. Although adult mice
are generally not susceptible to experimental infections with C.
parvum, pet and wild rodents are reportedly susceptible to infec-
tion with this species (8). Although wildlife animals can be reser-
voirs for various zoonotic pathogens, including protozoan para-
sites, it has been suggested that they are not a significant source of
human-pathogenic Cryptosporidium spp. (13). However, the
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commensal relationship that house mice have with humans dis-
tinguishes them from most other wildlife. The evidence from this
study suggests that Cryptosporidium from house mice can cause
disease in an immunocompetent human and shows that C. tyzzeri,
a species considered to be restricted to rodents, can be zoonotic.
Moreover, the detection of both IXa and IXb subtypes of C.
tyzzeri, which appear to be geographically isolated and specific for
Western house mice and Eastern house mice, respectively (un-
published data), suggests that multiple exposures to infection are
possible.
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