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Anotace

Zastupci rodu Cryptosporidium jsou parazititi protist¢ patiici do kmene
Apicomplexa, prevazné infikujici bunky gastrointestindlni  soustavy celé fady
obratlovci (ryb, obojzivelnikli, plaz, ptaki a saved vcetné lidi). Zatimco 0
kryptosporidiovych onemocnénich lidi a hospodatskych zvitat bylo provedeno velké
mnozstvi studii, vyzkum kryptosporidiovych infekci malych savc véetné hlodavel
zaostava. Tato prace je zaméfena na studium diverzity a biologickych vlastnosti
paraziti rodu Cryptosporidium infikujicich hlodavce rodu Apodemus. Dosavadni
znalosti o biologickych vlastnostech jednotlivych druhti a genotypt vyskytujicich se
u hlodavci rodu Apodemus jsou vétSinou velmi malé nebo vibec zadné. Tato prace
by méla utiidit a dophit chybéjici data a tim napomoci k lepSimu porozumeni této

problematiky.
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Apodemus;  Cryptosporidium  spp.; molekularni  analyzy;  multilokusova
genotypizace;  experimetalni  infekce; morfologie oocyst; hostitelska  specifita;
patogenita; prevalence



Annotation

Members of the genus Cryptosporidium are parasitic protist belonging to the
phylum Apicomplexa, which predominantly infects epithelia of the gastrointestinal
tract of a wide range of vertebrates (fish, amphibians, reptiles, birds and mammals
including humans). Although there are number of studies about Cryptosporidium and
cryptosporidiosis ~ within  human population and in the livestock, research
on cryptosporidiosis of small mammals, including rodents, has lagged. This
study is focused on the prevalence, diversity and biological characteristics of
Cryptosporidium in rodents of genus Apodemus. Our current knowledge about the
biological characteristics of individual species and genotypes detected in the mice of
the genus Apodemus is very superficial or even non-existent. This study should sort
and complete data and thus help to better understand this problematic.

Key words:

Apodemus; Cryptosporidium spp.; molecular tools; multilocus genotyping;
experimental infections; oocyst morphology; host specificity; pathogenicity;

prevalence



Souhrn

Tato disertacni prace se zabyva prevalenci, diverzitou a biologi kryptosporidii
mfikujicich hlodavce rodu Apodemus. V letech 2013-2018 bylo mikroskopickymi a
molekularnimi metodami na piitomnost kryptosporidii vySetfeno 946 vzorkd trusu od
mySic — mySice lesni (Apodemus flavicollis), mysice kiovinné (Apodemus sylvaticus)
a mySice temnopasé (Apodemus agrarius) ze 116 lokalit na ‘zemi 16 statd (Belgie,
Bosna a Hercegovina, Bulharsko, Ceska republika, Finsko, Francie, Litva, Lotyssko,
Mad’arsko, Némecko, Nizozemi, Polsko, Rakousko, Rumunsko, Slovensko a
Srbsko). Genotypizace byla provedena na zikladé casteCnych sekvenci gent
kédujicich malou  ribozomdlni  podjednotku rRNA, aktm, COWP a GP60
amplifkovanych pomoci nested PCR. Specificki DNA kryptosporidi byla
detekovana u 130 vzorkid (celkova prevalence v ramci rodu Apodemus — 13,7 %).
Prevalence vramci jednotlivych druhti byla u A. agrarius 16,8 %, A. flavicollis
13,4 %, A. sylvaticus 9,4 % a u ostatnich jedincti bez uréeni druhu — Apodemus spp.
19,0 %. Fylogenetickd analyza prokazala pfitomnost dvou novych druhii
kryptosporidii (C. apodemi a C. ditrichi) a dvou novych genotypi (Cryptosporidium
apodemus genotyp | a Cryptosporidium apodemus genotyp II) specifickych pro
hlodavce rodu Apodemus a n€kolika druhti kryptosporidii specifickych pro jiné
hostitele (C. andersoni, C. hominis, C. microti, C. muris, C. parvum a C. tyzzeri).
Nebyly ziStény zadné rozdily v intenzit€¢ piirozenych infekei mez samci a
samicemi, ani mezi juveninimi a adultnimi jedinci Zadné z piirozené a ani
experimentainé mnfikovanych zvirat nevykazovalo klinické piiznaky
kryptosporidiozy. U izolatd C. apodemi, C. ditrichi, C. microti a C. parvum byla
ovefena hostitelskd specifita a stanovena lokalizace vyvojovych stadii v travicim
traktu pomoci experimentalnich infekci. Molekularni analyzy a histopatologicka
vySetfeni experimentdlné infikovanych mysic prokdzaly piitomnost specifické DNA
ve sttevé — u C. apodemi v jejunu, ileu, caecu a colonu, v piipadé C. ditrichi
a C. parvum v jejunu a ileu. Oocysty C. apodemi o velikosti 3,9-4,7 um x 3,8-4,4
um (pomér mezi délkou a Sitkou je 1,00-1,06) jsou mensi nez oocysty C. ditrichi,
které méti 4,552 um x 4,0-4,6 um (pomér mezi délkou a Sitkou je 1,00-1,20).
Druhem C. microti specifickym pro hrabose se nepodafilo experimentainé
nainfikovat hlodavce rodu Apodemus, ackoliv byl tento druh detekovan u volné

zijicich jedincd A. flavicollis. V pifjpadé C. parvum lze na zikladé vysledkid



experimentalni infekce konstatovat, Ze hlodavci rodu Apodemus nejsou primarnimi
hostiteli tohoto druhu, nicméné mohou byt za urCitych podminek k infekci timto

druhem vnimavi.



Summary

This study deals with the prevalence, diversity and biology of Cryptosporidium
parasitizing in the rodents of genus Apodemus. Faecal samples from mice of the
genus Apodemus, collected in the 116 lokalities of 16 states (Belgium, Bosnia and
Herzegovina, Bulgaria, Czech Republic, Finland, France, Lithuania, Latvia,
Hungary, Germany, the Netherlands, Poland, Austria, Romania, Slovakia and Serbia)
during years 2013-2018, were screened for Cryptosporidium by microscopy and
PCR/sequencing. Isolates were characterized by sequencing and phylogenetical
analyses of the small subunit of ribosomal RNA, actin, Cryptosporidium Oocyst
Wall Protein and 60 kDa glykoprotein genes. Specific DNA of Cryptosporidium was
detected in 130 samples (total prevalence of the genus Apodemus — 13.7 %). The
prevalence among species was 16.8 % for A. agrarius, 13.4 % for A. flavicollis,
9.4 % for A. sylvaticus, and for other individuals unidentified species — Apodemus
spp. was 19.0 %. Phylogenetical analysis revealed the presence of two new species
(C. apodemi and C. ditrichi) and two novel genotypes (Cryptosporidium apodemus
genotype | and Cryptosporidium apodemus genotype II) specific for the genus
Apodemus and several species of Cryptosporidium specific for other hosts
(C. andersoni, C. hominis, C. microti, C. muris, C. parvum and C. tyzzeri). None of
the animals that were naturely or experimentally infected with Cryptosporidium had
clinical signs of cryptosporidiosis. Host specificity and localization of the
developmental stages in the digestive tract of C. apodemi, C. ditrichi, C. microti and
C. parvum was examined experimentally. Molecular analyses and histopathological
examinations of experimentally infected mice showed the presence of specific DNA
C. Apodemi in the intestine — jejunum, ileum, caecum and colon, in the case
of C. ditrichi and C. parvum injejunum and ileum. Cryptosporidium apodemi
oocysts size are 3.9-4.7 um x 3.8-4.4 pm (with length and width ratio 1.00-1.06).
They are smaller than oocysts C. ditrichi with size 4.5-5.2 um x 4.0-4.6 pm (with
length and width ratio 1.00-1.20). Experimental infection by C. microti has been
found to be specific for the voles and has failed to experimentally infect mice of the
genus Apodemus, although this species was detected in  wild individuals
A. flavicollis. According to these results, it was found that C. microti is host specific
for voles but not for rodents of genus Apodemus that are random hosts. Based on the

results of the experimental infection with C. parvum, it can be stated that rodents of



the genus Apodemus are not primary hosts of this Cryptposporidium, however may
under certain conditions be susceptible to infection by this species.
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1. UVOD

Hlodavci pfedstavyji v mnoha ekosystémech jeden z hlavnich zdroji potravy
pro predatory, rychle se mnozi a mohou fungovat i jako vektor mnoha chorob. Jejich
vSudypittomnost ve volné pifrodé¢ a synantropni zplsob Zivota predstavuje vyznamny
zdroj infekEnich agens jak pro hospodarska zvifata, tak predevSim pro Clovéka. Mez
choroby s celosvétovym dopadem na zdravi zvifat a lidi patfi mimo jiné i
kryptosporidie. K popsani prvnich druhii kryptosporidii dosSlo jiz na pocatku 20.
stoleti, ale az na konci tohoto stoleti byly kryptosporidie uznany jako vyznamné
patogeny nejen zvirat, ale 1 Clovéka. Zastupci tohoto rodu jsou jednobunécni,
obligatni parazticti prvoci s epiplazmatickou lokalizaci endogennich vyvojovych
stadii, ktefi prevazné mfikuji bunky gastromtestinalni soustavy celé fady obratloveil
(ryb, obojzivelnikii, plazd, ptak a savcl) véetné lidi (Dubey et al. 2002; Fayer et al
2000; Ziegler et al. 2007). V soucasné dobé je znamo 39 druht kryptosporidii a velké
mnozstvi genotyp (Condlova et al. 2018; Holubova et al. 2016; Hor¢ickova et al.
2018; Jezkova et al. 2016; Kvac et al. 2013a, 2016; Li et al. 2015; Ryan et al. 2015),
jez se mezi sebou krom¢ jiného li§i svou hostitelskou specifitou. Prestoze je Cloveék
hostitelem pouze jednoho lidského, hostitelsky specifického druhu kryptosporidie —
Cryptosporidium hominis (Morgan-Ryan et al. 2002), je vnimavy k n€kolika dalSim
druhtim a genotypum, jmenovit¢ k C. andersoni, C. canis, C. cuniculus, C. ditrichi,
C. erinacei, C. fayeri, C. felis, C. hominis, C. meleagridis, C. muris, C. parvum,
C. scrofarum, C. suis, C. tyzzeri, C. ubiquitum, C. viatorum, C. wrairi,
Cryptosporidium  chipmunk genotypu I, Cryptosporidium horse genotypu,
Cryptosporidium monkey genotypu a Cryptosporidium skunk genotypu (Condlova et
al. 2018; Elwin et al. 2012; Feng et al. 2010; Chalmers et Davies 2010; Koehler et al.
2014; Kvac 2009, 2013a, 2014; Muthusamy et al. 2006; Raskova et al 2013;
Robinson et al. 2008; Waldron et al. 2010; Xiao et al. 2009). U vice nez 1/2 z vyse
uvedenych zoonotickych kryptosporidii jsou pfirozenymi hostiteli voln¢ Zzijici zvirata

a u 1/3 hlodavci.

Kryptosporididoza, onemocnéni zptsobené parazity rodu Cryptosporidium, je
priymové onemocnéni, které mize byt doprovdzeno bolestmi bficha, nechutenstvim,
zvracenim, horeckou a dychacimi problémy. U munokompetentnich jedinci mohou
chronické infekce pretrvavat fadu mesici az let. Patologické procesy ve tkénich

hostitele  zplisobuji vodnaty prijem, u pacientl se snizenou imunitou mohou

18



zpusobovat dehydratyjici chronické prijmy az celkovy kolaps organizmu (Guk et al
2004; Sunnotel et al. 2006). Smrt jedince nebyva vyjimkou.

I pies Casto letdlni pribéh kryptosporidiozy neni v soucasné dobé k dispozici
zadny 100% uCmny Ik. Mezi prvni klinicky testovana Ié¢iva byla zahrnuta
antibiotka (aminoglykosidova a makrolidova antbiotika vcetné jejich kombinaci)
(Denkinger et al. 2008; Healey et al. 1995; Palmieri et al. 2005; Sprinz et al. 1998;
Tali et al. 2011; Tzpori et al. 1995), ackoliv n¢ktera vyznamné zkracuji dobu trvani
prijmi a snizwji mnozstvi vyluCovanych oocyst, neposkytuji komplexni terapeuticky
efekt a ziroven maji i negativni vliv na organismus, toxicky u¢inek nebo zanechavaji
rezidua v zivo¢iSnych produktech (Delafosse et al. 2015; Silverlas et al. 2009).
K potlac¢eni klinickych piiznak kryptosporididozy je u lidi pouzivin paromomycin,
nitazoxanid a azithromycin (Farthing 2006; Gargala 2008), ale terapie doposud

Zistava zaméfena na rehydrataci a iontovou rovnovahu organismu (Fayer et al.

1997).

Co se tyka znalosti kryptosporidii a kryptosporidiozy hlodavet, byla na konci
dvacatétho a pocatku jednadvacatého stoleti provedena ftada studii zabyvajicich
se kryptosporidiozou hlodaveti patticich do celedi Muridae, napiklad u mySice lesni
(Apodemus flavicollis) (Bajer et al. 2001, 2003; DaniSova et al. 2017; Hajdusek et al.
2014; Kulis-Makkowska 2007; Li et al. 2014; Perec-Matysiak et al. 2015; Torres et
al. 2000), mysice vychodni (Apodemus speciosus) (Hikosaka et Nakai 2005;
Murakoshi et al. 2013; Song et al. 2015), nornika rudého (Clethrionomys glareolus)
(Bajer et al. 2002; Hor¢ickova et al. 2018; Chalmers et al. 1997; Laakkonen et al.
1994; Sinski et al. 1993, 1998; Stenger et al. 2018; Torres et al. 2000), hrabose
polniho (Microtus arvalis) (Bajer et al. 2002; Bull et al. 1998; Feng et al. 2007;
Horcickova et al. 2018; Sinski et al. 1998; Stenger et al. 2018; Ziegler et al. 2007),
mySi domaci zapadoevropské (Mus musculus domesticus) (Kvac et al 2013b;
Chalmers et al. 1994, 1995, 1997; Klesius et al. 1986), ondatry pizmové (Ondatra
zibethicus) (Feng et al. 2007; Perz et Le Blancq 2001; Xiao et al. 2002; Zhou et al.

2004b) a potkana obecného (Iseki 1986; Miyaji et al. 1989; Webster et Macdonald
1995; Yamura et al. 1990).

Rada praci zabyvajicich se pfirozenymi infekcemi u rodu Apodemus byla

zpocatku zaloZzena pouze na mikroskopické detekci a morfologickych odliSnostech
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exogennich vyvojovych stadii (Bajer 2008; Bajer et al. 2001; Bednarska et al. 2007,
Sinski et al. 1998), a to zpohledu dneSnich znalosti o rozmanitosti rodu nelze
pokladat za dostatecné. Jedinymi molekularné potvrzenymi kryptosporidiovymi
infekcemi tak do nedavna byly nalezy C. muris u mySice lesni (Apodemus
flavicollis), mySice vychodni (Apodemus speciosus), mySice temnopasé (Apodemus
agrarius) a mysice rolni (Apodemus chejuensis), C. parvum u Apodemus flavicollis
a Apodemus agrarius, C. ubiquitum u Apodemus flavicollis, Apodemus agrarius
a Apodemus speciosus a C. tyzzeri u Apodemus flavicollis (Bajer et al. 2003;
Hikosaka et Nakai 2005; Li et al. 2014; Murakoshi et al. 2013; Perec-Matysiak et al.
2015; Song et al. 2015). Condlova (2013) Ve své praci prokazala, Ze hlodavei rodu
Apodemus jsou hostiteli minimalné dvou genotypt kryptosporidii, u nichZ neni jasna
hostitelska a v€kova specifita nebo pribéh infekce a lokalizace parazita v hostiteli.

Zvyse uveden¢ho je zrejmé, ze neni mozné¢ bez molekuldrnich analyz na Grovni
genotypti a subtypi kryptosporidii porozumét jejich diverzité, epidemiologii a
zoonotickému potencidlu (Xiao et Fayer 2008). Taktéz bez dostate¢ného mnozstvi
epidemiologickych  vyzkumii nebo bez experimentdlnich infekci nelze posoudit
hostitelskou specifitu hostitelsky specifickych druhit  kryptosporidii parazityjicich u
zastupci rodu Apodemus. Cilem piedlozené prace je vyphit nékteré mezery ve
studované oblasti.
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2. CIL PRACE

Ciem disertacni prace bylo popsat diverzitu a biologii kryptosporidii infikujicich
hlodavce rodu Apodemus.

Nasledyjici dilci cile predstavuji jednotlivé kroky vyzkumu nezbytné pro dosazeni
hlavniho cile:

e Zdokumentovat vyskyt a prevalenci kryptosporidii pfirozené¢ nfikyjicich
hlodavce rodu Apodemus.

e Pomoci molekularnich nastrojii  popsat jednotlivé druhy a genotypy
kryptosporidii.

e Vyhodnotit diverzitu a prevalenci kryptosporidi v Zivislosti na druhu
hostitele.

e Popsat lokalizaci infekce v  gastromtestindlnim  traktu pfirozené¢ a
experimentaln¢ infikkovanych hostiteli véetné morfologie vyvojovych stadii
a popisu vyvojovych cykli jednotlivych genotypt kryptosporidii.

e Ovéfit hostitelskou specificitu  jednotlivych genotypli pro dalsi potencidlni
hostitele.

e Charakterizovat prib¢h infekce.
e Vyhodnotit zoonoticky potencial nalezenych druhti a genotypt.

e Na ziklad¢ zskanych wvysledkli piipadné popsat nalezené genotypy jako
samostatné druhy.
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3. LITERARNI PREHLED

3.1. Historie

Prvni druh kryptosporidii byl nalezen v roce 1907 Ernestem Edwardem Tyzzerem
ve sliznici zaludku laboratorni mySi a pojmenovan Cryptosporidium muris (Tyzzer
1907). Vroce 1910 byla popsana morfologie vyvojovych stadii tohoto parazita
a kryptosporidie byly uznany jako samostatny rod Cryptosporidium (Tyzzer 1910). O
dva roky pozd¢ji nalezl stejny autor dalsi druh s vyvojovym cyklem v tenkém stieveé
mysi pojmenovany jako Cryptosporidium parvum (Tyzzer 1912). Dalsim popsanym
drunem, tentokrat u krit, bylo C. meleagridis vroce 1955 (Slavin 1955). Dlouhou
dobu nebyla parazitim rodu Cryptosporidium z lékaiského ani veterinarniho hlediska
vénovana Vetsi pozornost, az do prvniho ndlezu tohoto parazita jako plvodce
prijmovych onemocnéni skotu v roce 1970 a u imunokompromitovanych lidi v roce
1976 (Meisel et al. 1976; Meuten et al. 1974; Nime et al. 1976; Panciera et al. 1971).
Dalli vyzmamné pozornosti se kryptosporidim dostalo v ramci epidemie
V Milwaukee (Wisconsin, USA) zpisobené kontaminaci vodniho zdroje druhem
C. hominis (popsan jako samostatny druh az v roce 2002; Morgan-Ryan et al. 2002).
Celkem bylo postizeno pies 400 000 o0sob, znichz u vice nez 600 byla laboratornimi
metodami  prokézadna kryptosporidiovd infekce. Postizené osoby trpély t&Zkymi
priymy, inapetenci, ubytkem vahy, horeCkou a zvracenim (Mac Kenzie et al. 1994).
V nasledyjicich letech vzrostl pocet kryptosporidiovych onemocnéni zptsobenych
kontaminacemi zdroju pitné a rekrea¢ni vody, ale i pies to se celkovy pocet osob
postizenych kryptosporidiozou nepfiblizii k poctim béhem epidemic v Milwaukee.
V rozmezi let 2000-2010 bylo hldSeno vice nez 200 ohnisek kryptosporidiozy
zpusobené kontaminacemi zdroju pitnych a rekreac¢nich vod v USA, Velké Britanii,
Australii, na Novém Zélandu, Né&mecku, Svédsku, Japonsku, gpanélsku, Norsku,
Dansku, Francii a Irsku (Baldursson et Karanis 2011; Beach 2008; Glaberman et al.
2002; Hlavsa et al. 2011; Chalmers 2012; Karanis et al. 2007; Yorder et al. 2010,
2012).
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3.1.1. Taxonomie

Kryptosporidie se vsoucasné dobé ftadi do celedi Cryptosporidiidae v ramci
kmene Apicomplexa. Diive byly na zikladé vyvojového cyklu v gastrointestinalnim
traktu nespravné tazeny mez kokcidie (Fayer et al. 1997). Pozdé&jsi molekuldrni
analyzy vSak odhalily blizSi pibuznost s gregarinami nez s kokcidiemi (Carreno
et al. 1999). Podobnost s gregarinami lze pozorovat napf. ve stavb¢é organel
slouzicich k pfichyceni k hostitelské buiice (Valigurova et al. 2007). Kromé toho,
Cryptosporidium, ztratlo mnoho de novo biosyntetickych drah, jako je napiiklad
schopnost  syntetizovat aminokyseliny a nukleotidy. Také nedavny prizkum
celogenomové sekvence gregariny (Ascogregarina taiwanensis) potvrzuje blizky

fylogeneticky vztah mezi rody Ascogregarina a Cryptosporidium (Templeton et al.

v

2010). Fylogeneticky vztah s kokcidiemi a skute¢nost, ze Cryptosporidium bylo
nespravné fazeno, potvrzuje idalsi vyzkum (Cavalier-Smith 2014).

Dle Cavalier-Smith (2014) jsou kryptosporidiec taxonomicky fazeny:

nadiiSe: Eukaryota

fiSe: Chromista

podiiSe: Harosa
nadkmen: Alveolata
kmen: Myzozoa
podkmen: Apicomplexa
nadtiida: Apicomonada — Sporozoa
tiida: Gregarinomorphea
podtrida: Cryptogregaria
fad: Cryptogregarida
¢eled: Cryptosporidiidae
rod: Cryptosporidium

V souCasné dobé je znamo 39 platnych druht kryptosporidii (viz tabulka 1)
a velky pocet genotypti.
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Tabulka 1: Piehled platnych druhti rodu Cryptosporidium.

DRUH HOSTITEL LOKALIZACE REFERENCE

C. alticolis hrabosi tenké stievo Hor¢ickova etal. 2018

C. andersoni skot Slez Lindsay etal. 2000

C. apodemi* mySice Stievo Condlova etal 2018

C. avium ptaci stievo, vzdusné vaky, Holubova etal. 2016

ledviny

C. baileyi driibez bursa Fabricii Current et al. 1986

C. bovis skot tenké stfevo Fayer et al. 2005

C. canis psi tenké stfevo Fayer et al. 2001

C. cuniculus kralici stievo Robinson etal. 2010

C. ditrichi* my§ice tenké stievo Condlova etal. 2018

C. ducismarci zelvy stievo Traversa 2010

C. erinacei Jjezci stitevo Kvac et al. 2014

C. fayeri klokani stfevo Ryan et al. 2008

C. felis koc¢ky tenké stievo Iseki 1979

C.fragile zaby zaludek Jirkd etal. 2008

C. galli ptaci Zlazmaty zaludek Ryan et al. 2003

C. homai morcata stievo Zahedi et al. 2017

C. hominis lidé stievo Morgan-Ryan et al. 2002

C. huwi ryby zaludek, tenké stievo Ryan etal. 2015

C. macropodum  klokani stfevo Power et Ryan 2008

C. meleagridis ptaci tenké stfevo Slavin 1955

C. microti hrabosi tlusté stievo Horcickova etal. 2018

C. molnari ryby zaludek, tenké stievo Alvarez-Pellitero et Sitja-
Bobadilla 2002

C. muris hlodavci zaludek Tyzzer 1910

C. occultus potkani tlusté stievo Kvac etal. 2018

C. parvum savci tenké stfevo Tyzzer 1912

C. proliferans hlodavci zaludek Kvac et al. 2016

C. rubeyi veverky stievo Li etal 2015

C.ryanae skot stievo Fayer etal. 2008

C. scophthalmi platyzi stievo Alvarez-Pellitero etal.
2004

C. scrofarum prasata stfevo Kvag etal. 2013a

C. serpentis plazi zaludek Levine 1980

C.suis prasata zaludek, tenké stievo Ryan et al. 2004

C. testudinis zelvy zaludek Jezkova et al. 2016

C. tyzzeri mysi tenké stievo Renet al. 2012

C. ubiquitum ovce, kozy stievo Lietal 2014

C. varanii plazi stfevo Pavlasek et Ryan 2008

C. viatorum lidé stfevo Elwin etal. 2012

C. wrairi Mmorcata tenké stfevo Vetterling etal. 1971

C. xiaoi ovce stievo Fayer et Santin 2009

*Nové druhy kryptosporidii popsané na zakladé této prace.

3.1.2. Vyvojovy cyklus kryptosporidii

Vyvojovy cyklus kryptosporidii je monoxenni a probihd v epitelidlnich bunkach
zazivactho traktu (Current et Blagburn 1990). Dle lokalizace excystace délime
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kryptosporidie na Zalude¢ni a stfevni druhy. Zaludedni druhy kryptosporidii excystuji
vyhradné ve Zlaznatém zaludku, sporozoiti téchto druhli jsou piizptsobeni kyselému
prostiedi, které by u stfevnich kryptosporidii zpisobilo inaktivaci (Widmer et al
2007). Excystace stievnich druht kryptosporidii probthd v duodenu pomoci enzymi
slinivky biisni a Zlu¢i, ale mechanismus vedouci k uvoliovani sporozoitii neni plné
objasnén. Dle vysledkli experimentdlnich studii miize oocystdm k excystaci postacit i
vySsi teplota vodniho prostiedi a zména pH (Smith et al. 2005). Za téchto podminek
dochazi k nfekcim respiracniho traktu (Fayer et al. 1990).

Vyvojovy cyklus za¢ind pozienim Zivotaschopnych oocyst vnimavym jedincem.
Tyto oocysty se dostavaji do gastrointestinalniho (dychactho — C. baileyi) traktu,
kde dochazi k jejich excistaci a uvolnéni sporozoiti aktivné napadajicich bunky
epitelu  (Hijawi et al 2002). Dale dochazi k merogonii (asexudlni mnozeni)
za vzniku dvou typt merontd (Hijawi et al. 2004). Meronti I. typu obsahuji 6-8
merozoitd, pfi¢emz merogonie se opakuje. Nasleduje merogonie Il. typu, pii niz jsou
produkovani jen Ctyfi merozoiti a nastava sexudlni fize vyvojového cyklu —
gametogonie (Sunnotel et al. 2006). Pii gametogonii vznikaji gamonti (mikrogamonti
a makrogamonti), z nichz dochazi ke vznku mikro a makrogamet a po nasledném
oplozeni se formuje zygota (Sunnotel et al. 2006). Zygota prochazi sporogonii
(meiosa) pii které vni vznikaji Ctyfi sporozoiti a vysledkem je zrald oocysta
sporulyjici in situ (Liu etal. 2009).

U druhu C. parvum byla popsana produkce dvou druhii oocyst, tenkosténnych
zpusobujicich ~ autoinfekce hostitele, dochazi k excystaci Vvhostiteli a uvolnéni
sporozoiti napadaji epitelialni bunky (Current et Reese 1986), a sinosténnych oocyst
(zhruba 80 %) uvolovanych do wnéjstho prostiedi se stolici (pfipadné s jinymi
tekutinami u extraintestinalni lokalizace) (Sunnotel et al. 2006). U ostatnich
kryptosporidii nebyla prokdzina piitomnost tenkosténnych oocyst. Zivotni cyklus

je znazornén na obrazku 1.
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Obrazek 1: Vyvojovy cyklus parazita rodu Cryptosporidium (upraveno dle Chiodini et al.
2001).

3.1.3. Prenos infekce

K pfenosu mfekce dochazi nejCastéji pozienim oocyst kontaminovanou pitnou
nebo rekreani vodou, kde jsou si oocysty schopny za vhodnych klimatickych
podminek zachovat svoji infek¢nost az po nékolkk mesicti (Bednarska et al. 2003;
Fayer 2004) a odolavaji i béznym dezinfekénim piipravkiim pouzivanym pii Uprave
vody veetné chlorovani (Dolejs 2004; Domenéch-Sanchez et al. 2008; Yorder
et Beach 2007). Druhd moznost pienosu je kontaminovanou potravou, zejména
Spatn¢ omytou zeleninou nebo ovocem, konzumovanou v syrovém stavu (Monge
et Arias 1996; Robertson et Gjerde 2001; Rzezutka et al. 2010). Mez dalsi méné
Casté pienosy infekce patii i pfenos ze zvitete na Clovéka (Pohjola et al. 1986; Preiser
et al. 2003; Raskova et al. 2013; Stefanogiannis et al. 2001) a z ¢loveéka na Clovéka,
respektive ze zvifete na zvife (Garcia-Presedo et al. 2013; Gong et al. 2017; Hannah
et Riordan 1988; Heijbel et al. 1987; Lee et Greig 2010). Ackoliv jsou oocysty velmi
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odolné, lze je spolehlivé zniCit pomoci vysokych teplot napt. 65 °C po dobu 20
minut, vrouci vodou po dobu 1 minuty (Fayer 2004) nebo pomoci nizkych teplot
-70 °C minimaln¢é po dobu jedné hodiny (Fayer et al. 1996, 1998). Dalsim
spolehlivym fyzikalnim faktorem je UV zifeni (Clancy et al. 1998) a gama zafeni
(Yu et Park 2003).

3.1.4. Klinické priznaky kryptosporidové infekce

Onemocnéni  zplUsobené  zastupci  rodu  Cryptosporidium nazyvame
kryptosporidiéza. Rizikovou skupinou jsou imunodeficientni jedinci, malé déti
a imunokompetentni jedinci (Bushen et al. 2006; Chen et al. 2002; Kosek et al.
2001). Tento parazit mize zpusobovat mirny az vycerpavajici dehydratujici prijem.
Mezi dalsi piiznaky patii bolesti bficha, nechutenstvi, maldtnost, zvraceni, Unava,
horecka, ztrata hmotnosti a dychaci problémy (Fayer 2003; Raskova et al. 2013;
Thompson et al. 2005). Klinické pfiznaky a délka mkubaéni doby je zavisla
na imunitnim stavu a veku jedince, konkrétnim druhu a lokalizaci parazita
(Okhuysen et al. 1999, 2002; Pereira et al 2002). Symptomy typické
pro kryptosporididzu jedinec mit nemusi, pokud je mistem mfekce tlusté strevo
(Vitovec et al. 2006). Bez typickych pfiznaki probiha také onemocnéni zptisobené
7aludeCnimi kryptosporidiemi, kdy jen v nékolka malo piipadech byla popsana
kachexie (Anderson 1987; Kvac et al. 2016; Pospischil et al. 1987). U zdravého
munokompetentniho jedince dojde k nastoleni tolerantntho vztahu mezi hostitlem
a parazitem, pii kterém je hostitel dlouhodobé, n€kdy celozivotné parazitovan,
pficemz infekce probihd subklinicky s nizkou mirou patogenity (Enemark et al.
2003; Higgins 1999; Jezkova et al. 2016; Kvac et al. 2013a, 2014). Priméma doba
nemoci u immunokompetentniho clovéka je nejcastéji 12 dni a piiznaky nemoci

mize jedinec vykazovat po dobu 2—26 dni.

3.1.5. Terapie

Intenzivni  Gsili o nalezeni GO¢inného IKku, trvda od prvntho  vyskytu
kryptosporidiozy u lidi, tedy vice nez 40 let (Nime et al. 1976). Bé¢hem této doby
bylo vyzkouseno velké mnozstvi chemoterapeutik, ale adekvatni terapie stale chybi.

Mezi prvni klinicky testovand [éCiva byla zahrnuta antibiotika. Spiramycin
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(makrolidové antibiotikum) se zpocatku zdal G¢inny, ale pozdéji byla prokazana jeho
vysoka toxicita (Portnoy et al. 1984; Saez-Llorens et al. 1989; Wittenberg et al.
1989). Lécba dalsim makrolidovym antibiotikkem — azithromycinem byla hodnocena
se smiSenymi vysledky. U imunosuprimovanych déti a pacienti s chronickou
kryptosporidiozou byla popsana symptomaticka uleva (Russell et al. 1998; Vargas
et al 1993). Podavani lécebné¢ davky 500 mg denné u pacientd s AIDS bylo vSak
ozna¢ovano jako ucmné (Kadappu et al. 2002), ale i netcinné (Blanshard et al
1997). Obdobné vysledky byly dosazeny 1 pii 1écbé dalsimi makrolidovymi
antibiotiky véetné jejich kombinaci (Denkinger et al. 2008; Palmieri et al. 2005;
Sprinz et al. 1998; Tali et al. 2011). Na zvirecich modelech se vysoké koncentrace
paromomycinu  (ammnoglykosidové antibiotkum) ukdzaly jako UCmné pii l€cbé
sttevnich kryptosporidioz (Healey et al. 1995; Tzipori et al. 1995) a jako profylaxe
u novorozenych telat, jehnat a koz (Fayer et Ellis 1993; Johnson et al. 2000;
Mancassola et al. 1995; Viu et al 2000). U lLdi byly hlaSeny pozitivni odezvy
(snizeni frekvence defekace) pii peroralni 1é¢bé timto antibiotkem v davkach
od 1500 do 2000 mg / den (Flanigan et Soave 1993), ale také i opétovny relaps
mfekce. Ackoliv dalsi klinické studie a statistické analyzy neprokazaly lécivé uCinky
(Abubakar et al. 2007) paromomycin je bézné vywZivan jako terapeutické Cinidlo
ve studiich na zvifatech a in vitro (Benitez et al. 2007; Graczyk et al. 2011; Klein
et al. 2008; Umejiego et al. 2008). Nitazoxanid, 1€k s Sirokym antiparazitarnim
ucinkem, byl G¢inny v bunécnych kulturach, u novorozenych mysi a gnotobiotickych
selat (Blagburn et al. 1998; Gargala et al. 2000; Theodos et al. 1998). Pozdé¢ji vsak
bylo zisténo, ze zpisobuje toxicitu v zavislosti na podané davce (Gargala et al.
2000; Giacometti et al. 1999; Theodos et al. 1998). Ackoliv néktera 1éCiva vyznamné
Zkracuyji dobu trvani priymid a sniayi mnozstvi vyluCovanych oocyst, neposkytuji
komplexni terapeuticky efekt a zaroven maji i negativni vliv na organismus, toxicky
uc¢inek nebo zanechavaji rezidua v zivoéiSnych produktech (Delafosse et al. 2015;
Silverlas et al. 2009). Vsoufasné dobé je kpotlaceni klinickych ptiznakt
kryptosporidiozy u lidi pouzivan paromomycin, nitazoxanid a azithromycin (Farthing
2006; Gargala 2008), ale terapie doposud zistava zaméfena na rehydrataci

a iontovou rovnovahu organismu.
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3.1.6. Hostitelska specifita a zoonoticky potencial

VétSina  druhit  kryptosporidii je povazovana za méné hostitelsky specifické
napi. C. parvum a C. ubiquitum patii mezi druhy, kterymi byla jak pfirozené,
tak experimentaln¢ inflkovana fada hostiteld vCetné clovéka (DuPont et al. 1995;
Fayer 2004; Fayer et al. 2010; Li et al. 2014; Raskova et al. 2013). Naopak za
hostitelsky tizce specifické povazujeme druhy C. canis, C. felis, C. hominis,
C. meleagridis, C. muris, C. suis nebo C. wrairi (Kvac et al. 2013a; Morgan-Ryan et
al. 2002). Zvyse uvedeného vyplyva, Ze i hostitelsky uzce specificky druh mize

vzacné najit vhodné podminky v nespecifickém hostiteli.

Zoonoticky  potencial byl doposud potvrzen unckolka druhi/genotypt
kryptosporidii (C. andersoni, C. canis, C. cuniculus, C. ditrichi, C. erinacei,
C. fayeri, C. felis, C. hominis, C. meleagridis, C. muris, C. parvum, C. scrofarum,
C. suis, C. tyzzeri, C. ubiquitum, C. viatorum, C. wrairi, Cryptosporidium chipmunk
genotypu I, Cryptosporidium horse genotypu, Cryptosporidium monkey genotypu a
Cryptosporidium skunk genotypu) (Condlova et al. 2018; Elwin et al. 2012; Feng et
al. 2010; Chalmers et Davies 2010; Koehler et al. 2014; Kva¢ 2009, 2013a, 2014;
Muthusamy et al. 2006; Raskova et al. 2013; Robinson et al. 2008; Waldron et al.
2010; Xiao etal. 2009).

3.2. Kryptosporidie a kryptosporidiéoza hlodavci rodu Apodemus

Ackoliv bylo Cryptosporidium detekovano jako prvni u laboratornich mysi (Mus
musculus), o kryptosporidiovych infekcich divokych mys$i a hlavné mysi rodu
Apodemus je doposud znamo velmi malo informaci a to zejména 0 prevalenci,
konkrétnich druzich a genotypech kryptosporidii infikyjicich tento rod, jejich
zoonotickém potencidlu, vyvojovém cyklu, patogenité a klinickych ptiznacich.

Velky pocet studii zabyvajici se kryptosporididzou u hlodavcti rodu Apodemus byl
provadén pouze na zdkladé mikroskopické detekce a morfologickych odlisnostech
exogennich vyvojovych stadii (Bajer 2008; Bajer et al. 2001; Bednarska et al. 2007;
Chalmers et al. 1997; Sinski et al. 1998; Torres et al. 2000). Chalmers et al. (1997) se
jako prvni zmityji o pitomnosti C. parvum u A. sylvaticus ve Velké Britanii. Stejny
druh byl popsan i u A. flavicollis v Polsku (Bednarska et al. 2007) a pozdéji byl
mikroskopickymi analyzami nalezen i u A. sylvaticus a A. flavicollis ve Spanglsku
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(Torres et al. 2000). Druhym popsanym druhem u A. sylvaticus bylo C. muris
ve Velké Britanii (Chalmers et al. 1997) a Spanélsku (Torres et al. 2000). Velmi
nizké¢ specifit€¢ a senztivit¢ téchto metod odpovidaji i vyslednd data rozdélyjici

nalezené druhy dle velikosti pouze na stievni a Zalude¢ni kryptosporidie.

S nastupem molekularnich metod byla naplno potwrzena domnénka 0 nepfesnosti
predeslych vysledkd. Hajdusek et al. (2004) pii vyzkumu v Ceské republice popsal
nalez nového genotypu kryptosporidii u A. sylvaticus (AY282699), ktery byl
fylogeneticky nejblize izolatu nalezenému v praseti (popsaném jako C. parvum)
(Xiao et al. 2000). I dalii vyzkum z Ceské republiky poukazal na to, Ze hlodavci rodu
Apodemus  jsou hostiteli dakich dvou novych genotypti  kryptosporidii:
Cryptosporidium apodemus genotyp | u A. sylvaticus i A. flavicollis

a Cryptosporidium apodemus genotyp Il u A. flavicollis (Condlova 2013).

Na tzemi Slovenska byl popsan vyskyt C. ubiquitum u A. flavicollis a A. agrarius
(Li et al. 2014), C. parvum u A. flavicollis (alelicka rodina Ili subtyp A10 a alelicka
rodina lla subtyp A18G3R1) a A. agrarius (alelicka rodina Ili subtyp Al0, alelicka
rodina llc subtyp A5G3a a alelicka rodina lla subtyp A18G3R1), C. scrofarum
u A. flavicollis i A. agrarius, C. suis u A. flavicollis a C. hominis a Cryptosporidium

muscrat genotyp Il u A. agrarius (DaniSova etal. 2017).

Obdobné vysledky ukazaly i studic na tzemi Polska potvrzujici vyskyt
C. tyzzeri u A. flavicollis (Bajer et al. 2003), C. ubiquitum u A. flavicollis, C. parvum
u A. agrarius (Perec-Matysiak et al. 2015) a C. parvum u A. flavicollis (Kulis-
Malkowska 2007).

V Japonsku Hikosaka a Nakai (2005) popsali novy genotyp C. muris Japanese
field mouse genotyp u A. speciosus a Murakoshi et al. (2013) ve své studii poukazali
na nalez C. ubiquitum, C. muris a nového genotypu Cryptosporidium Naruko
genotypu taktéz u A. speciosus. Kryptosporidiozou A. agrarius a A. chejuensis se
zabyvali 1 Song et al (2015) vKoreji, kde jejich vyzkum odhalil pfitomnost
C. ubiqutum (popsano jako cervine genotyp 1), Cryptosporidium bear genotypu
a C. muris u obou zminénych druhi a Cryptosporidium chipmunk genotypu |

vyskytujiciho se pouze u A. agrarius.
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3.2.1. Klinické priznaky kryptosporidiézy u rodu Apodemus

Do soucasné doby nebyly provedeny téméf zidné experimentalni mfekce
hlodavett rodu Apodemus, taktéZ nejsou zadné zminky o vyskytu téchto parazitti
vchovech. Ani u dospélych jedinci ani mladat nebyly doposud prokazany zadné
klinické ptiznaky kryptosporidiovych mfekci.

3.2.2. Vyvojovy cyklus a lokalizace kryptosporidii u rodu Apodemus
O vyvojovém cyklu a lokalizaci jednotlivych druhit kryptosporidi, které byly

u hlodavci rodu Apodemus nalezeny, bylo doposud popsano velmi malo.

U infekce drunem C. parvum se zdavodu Siroké hostitelské specifity
predpoklada, ze vyvojovy cyklus bude u vSech hostitell stejny a je tedy vazan
na tenké stfevo. Nicméné v pracich, které popisyi vyskyt C. parvum u mysic
je zasadnim nedostatekem absence molekuldrnich analyz, a tedy nelze s urCitosti fici,

zda se jednalo skute¢né o C. parvum nebo n&jaky, dosud nepopsany druh/genotyp
Kryptosporidie.

Lokalizace vyvojovych stadii pifi experimentalni infekci druhem C. tyzzeri u A.
flavicollis nebyla popsana. Prepatentni perioda trvala méné nez 7 DPI a patentni
perioda trvala déle nez 56 dni (Bednarska et al. 2003).

Stejné tak nejsou predpokladany odlisnosti ve vyvojovém cyklu C. muris mysi a
mysic. Lokalizace vyvojovych stadii C. muris Japanese field mouse genotypu byla
popsana ve Zaznaté Casti zaludku A. speciosus, Vzadném z dalsich organd (srdce,
plice, ledviny, jatra, slinivka bfisni, tlist¢é a tenké stfevo) nebyla detekovana
vyvojova stadia tohoto druhu (Hikosaka et Nakai 2005). Prepatentni perioda byla 17
dni u dospélych jedincti a 19 dni u mlad’at starych dva tydny. Stejnych poznatki bylo
dosazeno 1 pii experimentdlni infekci timto genotypem u SCID mysi s prepatentni
periodou 11 dni (Hikosaka et Nakai 2005).

3.2.3. Prevalence kryptosporidii u rodu Apodemus
Prevalence kryptosporidii se u volné¢ Zjicich mySic 1i§i vramci jednotlivych druht
a statd. Tyto odliSnosti mohou byt zplisobené riznou hustotou populace a staffim

vySetfenych ~ jedincli, velkou roli hraji 1 pouzit¢ diagnostické metody
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(mikroskopie/molekularni analyzy) a geografické odliSnosti. Promofeni populace
A. flavicollis se pohybuje vrozmezi 868 %, u A. sylvaticus je to 4-26 %
a u A. agrarius 33-61 % (Bajer 2008; Bajer et al. 2001; Bajer et al. 2003; Bednarska
et al. 2007; Condlova 2013; DaniSova et al. 2017; Hajdusek et al. 2004; Chalmers
et al. 1997; Kulis-Malkowska 2007; Li et al. 2014; Perec-Matysiak et al. 2015;
Sinski et al. 1998; Torres et al. 2000). Obdobna prevalence byla zjiSténa také
u dalSich druhti vyskytujicich se v Asii (u A. agrarius 33 %, A. speciosus 8-26 %
a u A. chejuensis okolo 32 %) (Hikosaka et Nakai 2005; Murakoshi et al. 2013; Song
et al. 2015). Prevalence v jednotlivych staitech u konkrétnich druhtt mysic jsou

uvedeny v tabulce 2.

Tabulka 2: Prevalence v jednotlivych statech u konkrétnich druhti mysSic.

Pocet
Stat hg:ﬁsle pozitivnich/vySetfenych Pre(‘f}t')e)”ce Reference
zZvirat
Anglie A. sylvaticus 60/230 26 Chalmers et al. 1997
L A. sylvaticus 271278 9,7 Torres et al. 2000
Spanélsko 4 gavicollis U2 50 Torres et al. 2000
] A. sylvaticus 125 4 Condlova 2013
Ceskd A flavicollis 24/182 132 Condlova 2013
Republika - :
A. flavicollis 2/* - Hajdusek et al. 2004
A. flavicollis 2/* - Li et al. 2014
A. agrarius 2/* - Li et al. 2014
Slovensko 5 favicollis 15/73 205  DaniSovéetal 2017
A. agrarius 34/107 31,8 DaniSova et al. 2017
A. flavicollis - 27,8 Bajer et al. 2001
A. flavicollis 8/9 88,9 Bajer et al. 2003
A. flavicollis 178/638 27,8 Bajer 2008
A. flavicollis 4/9 44,4 Bednarska et al. 2007
Polsko A flavicollis */302 - Kuli§-Matkowska 2007
A. flavicollis 56/82 68,3 Perec-Matysiak et al. 2015
A. agrarius 71115 61,7 Perec-Matysiak et al. 2015
Apodemus sp. - 24 Sinski et al. 1998
A. speciosus 2/25 8 Hikosaka et Nakai 2005
Japonsko A sheciosus 415 267 Murakoshiet al. 2013
A. agrarius 56/169 331 Song et al. 2015
Korea A. chejuensis 6/19 31,6 Song et al. 2015

*Pocet vySetFenych zvifat neuveden.
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3.3. Fylogeneze a rozifeni rodu Apodemus

Rod Apodemus (fad: Hlodavci; Celed: Muridae) zahrnuje 2022 existujicich druhi
(Musser et al. 1993), které obyvaji Palearktické a Indomalajské oblasti Rod
je délen do 4 velkych skupin (Apodemus — podskupiny Agrarius a Draco, Sylvaemus,
Karstomys a skupina Argenteus/Gurkha) na zikladé fylogenetického vyvoje
(tabulka 3 — neni zahrmut druh A. avicennicus vyskytujici se ve velmi malych
poctech) (Filippucci et al. 2002; Liu et al. 2014; Liu et al. 2012; Michaux et al. 2002;
Nemirov et al. 2002; Reutter et al. 2003; Wojcik et al. 2004).

Tabulka 3: Rozdéleni jednotlivych druhi rodu Apodemus do skupin dle fylogenetického
vyvoje.

Podskupina Druh
A. epimelas
Karstomys A. mystacinus
A. alpicola

A. flavicollis (s poddrunem A. ponticus)
A. fulvipectus/witherbyi

A. hermonensis

A. hyrcanicus

A. pallipes/wardi

A. sylvaticus

A. uralensis

Sylvaemus

A. agrarius

A.draco

A. chevreri

A. ilex
Apodemus A. latronum

A. orestes

A. peninsulae

A. semotus

A. speciosus

A. argenteus
Argenteus/ Gurkha A. gurkha

3.3.1. Fylogeneticky vyvoj rodu Apodemus

Oddéleni rodu Apodemus vramci hlodavci je datovano pied 10,84 miliony lety
vramci Neogénu, epocha Miocén (vrchni Miocén), v€k Torén (L et al 2012).
Zhruba pied 9,63 miliony let doSlo k rozdéleni rodu do dvou stézejnich skupin
Sylvaemus a Apodemus, které se od této doby vyvijeji zcela samostatné (Liu et al

2004; Liu et al. 2012). V nasledujicim obdobi doslo k rozlenéni skupiny Apodemus
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na Apodemus a Argenteus/Ghurka skupinu (pfesné ¢asové vymezeni neni znamo)
a poté dale na Apodemus a Karstomys pied zhruba 8,35 miliony let (tedy na druhy
A. mystacinus a A. epimelas — pfesné datovani odd¢leni téchto dvou druhit od sebe
neni znamo) (Filippucci et al. 2002; Liu et al. 2004; Liu et al. 2012; Michaux et al.
2002). Skupina Apodemus prodélala dalsi vyznamné zmény zhruba pied 7,06
miliony let, kdy se rozdé¢lila na podskupiny Agrarius a Draco (Liu et al. 2004; Liu
et al. 2012). Béhem Neogénu, epocha Miocén (vrchni Miocén), vék Mesin, zhruba
pted 6,12 miliony let se v ramci podskupiny Agrarius vyClenil dalsi samostatny druh
A. peninsulae (Liu et al. 2012). Toto vy¢lenéni se stava posledni zménou v ramci
epochy Miocén, ktera trvala pied 23,00-5,30 miliony let.

V ramei Neogénu, epocha Pliocén (trvajici pfed 5,30-2,50 miliony let), vék Zancl
pfed 5,13 miliony let doslo k vyélenéni druhu A. speciosus Vramci podskupiny
Agrarius (Liu et al. 2004; Liu et al. 2012). Vyvoj prodélala i skupina Sylvaemus
vramci niz se vyClenily druhy A. sylvaticus (pfed 3,97 miliony let),
A. uralensis (pted 2,87 miliony let, jiz ve veéku Piacenz) (Liu et al. 2012; Michaux
et al. 2002). Ke zménam doSlo 1 vramci podskupiny Draco, vniz vznikly druhy
A. latronum (pied 4,74 miliony lety) a A. semotus (pted 2,67 miliony let, ve druhém
véku Pliocénu zvaném Piacenz) (L etal 2004; Liu et al. 2012).

K dalsim zméndm a oddélovani druhi vradmci jednotlivych skupin a podskupin
doslo v ramci Kvartéru, epocha Pleistocén (trvajici pred 2,50-0,02 miliony let), kdy
se ve véku Gelas pied 2,25 miliony let od sebe oddélily druny A. draco a A. ilex
patiici do skupiny Apodemus a podskupiny Draco, a také A. flavicollis a A. alpicola
(pted 2,20 miliony let) patiici do skupiny Sylvaemus (Liu et al. 2004; Liu et al. 2012;
Michaux et al. 2002). Za nejmladsi druhy vzniklé pted 1,56 milionem let ve veku
Kalabru jsou povazovany druhy A. chevreri a A. agrarius (Liu et al. 2004; Liu et al.
2012). V dob¢ zhruba pied 1,15 milionem let doSlo vramci jednotlivych druht
k dalsimu odliSovani v ramci haplotypt (Liu et al. 2012). Na obrazku 2 je uvedeno
postupné vyclenovani jednotlivych druhi.
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Obrazek 2: Chronogram rodu Apodemus sestrojeny na zakladé sekvenci MtDNA
cytochromu-b. Délky vétvi znazortiuji ¢as (upraveno dle Liu etal. 2004; Liu et al. 2012).

3.3.2. Fylogeografie jednotlivych druhu hlodaved rodu Apodemus Zjicich
V Evropé

Uzemi Evropy svym vyskytem piekryva osm druhti — mySice lesni (Apodemus
flavicollis), mySice kiovinna (Apodemus sylvaticus), mysice temnopasa (Apodemus
agrarius), mySice malooka (Apodemus uralensis — diive A. microps), mysice krasova
(Apodemus mystacinus), mysice krasova — zapadni (Apodemus epimelas), mysice
alpska (Apodemus alpicola) a mySice stepni (Apodemus fulvipectus/witherbyi),
pficemz nejhojn€j$imi druhy na tomto Uzemi jsou mysice lesni, kfovinnd, temnopdsa
a malookd, které se ziroven vyskytuji i na tizemi Ceské republiky. Béhem poslednich
zhruba 2,40 miliond let podstoupily nékteré Zivo¢isné druhy nékolk zmén v ramci
populaci (zmenSeni a zvétSeni) zplsobenych klimatickymi zménami (Michaux et al
2003). Na zakladé¢ téchto zmén populaci se pomoci nékolika studii zaloZenych
na odlisnostech sekvenci mitochondridlni DNA (mtDNA cytochromu-b) podafilo
postupn¢ ziskat presna fylogeografickd data o nékterych druzich mySic (Chelomina
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et Atopkin 2010; Koh et al. 2014; Michaux et al. 2003, 2004, 2005). U druhi
A. alpicola, A. epimelas a A. fulvipectus/witherbyi nejsou tyto informace
0 fylogeografii vramci jednotlivych druhii dostupné, coz je nejcastéji zpUsobeno
jejich vyskytem pouze na omezeném uzemi nebo velmi malou pocetnosti populace

(Reutter et al. 1999).

3.3.2.1. Fylogeografie druhu Apodemus flavicollis

Rekolonizace timto druhem je datovana vepoSe Holocén tfemi odlisnymi liniemi,
které na riznych lokalitich v italsko-balkanské oblasti ptezily posledni dobu ledovou
(Michaux et al. 2005). Tyto lnie se nasledné¢ rozsitily do zipadni Palearktické
oblasti, Ruska, Rumunska, byvalé Jugoslavie, Estonska, Litvy, Beloruska a ¢asti
Balkanského poloostrova (Recko, Rumunsko a evropskd &ast Turecka) a aZ poté
nasledovalo dalsi rozSitovani do oblasti znamych v dnesni dobé (Michaux et al.
2005). Ptitomnost topografickych piekézek, jako jsou hory, pohoti, feky, jezera
a dalsi zpomalila nebo Upné zabranila expanzi druhu, coz bylo prokdzdno mimo jiné
i u populace v Srbsku, kdy na jih od Dunaje doslo k rozsiteni jedinci prvni linie
(rozsifyjicich se do zipadni Palearktické oblasti), zatimco populace severné
od Dunaje spadd do tfeti linie (rozSifujici se do severni Evropy, Ruska, Estonska,
Litvy, Béloruska, ¢asti Balkanu a evropské casti Turecka) (Bugarski-Stanojevic et al.
2008; Michaux et al. 2004, 2005a). Obrazek 3 znazorfyje jednotlivé linie a jejich

postupné rozSitovani.
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Obrazek 3: Fylogeografie druhu Apodemus flavicollis. Zelené je znazornéna linie
kolonizujici zapadni Palearktické oblasti, modie linie jizntho Ruska, Rumunska, byvalé
Jugoslavie a Zlut& linie severni Evropy, ¢asti Balkanu a evropské &asti Turecka. Cervenou
barvou jsou znazornény nejvyznamnéjsi topografické piekazky (Dunaj a Alpy).

3.3.2.2. Fylogeografie druhu Apodemus sylvaticus

U druhu A. sylvaticus jsou znamé dvé linie podilejici se na rekolonizaci Uzemi
po posledni dobé ledové, a to linie v jihozapadni Evropé (Pyrenejsky poloostrov
a jizni Francie) a italsko-balkanska linie (Gemmeke et al. 1987; Libois et al. 2001;
Michaux et al. 2005a). Linie zjici v jihozapadni Evropé (Pyrenejsky poloostrov
a jizni Francie) rekolonizovala celé hlavni Casti zapadni Palearktické oblasti (severni
a stfedni Evropu). Pyreneje pulsobici jako efektivni bariéra, c¢éastecné omezily
a zpomalily expanzi na sever (Michaux et al. 1998). Tato linie déle nvadovala
do severni Afriky, pravdépodobné ptes Gibraltarskou uzinu (Libois et al 2001;
Michaux et al. 2003). Distribuce druhu A. sylvaticus v zapadni Evropé a severni
Africe je pravdépodobné spojena S jeho mensSimi ekologickymi naroky oproti

A. flavicollis, které mu umoziuji kolonizovat riznorodé regiony (napf. stfedomoiské
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kfoviny a oteviena pole s malymi haji). Druhé italsko-balkanské linii v postglacialni
expanzi do severni a zipadni Evropy zcela zabranily Alpy, které jsou povazovany
za jednu znejvyznamnéjSich topografickych piekazek Vv Evropé (Michaux et al
2005a). Rozsifovani této linie tudiz pokraCovalo smérem na jih do Sicilie, kterd byla
ukrytem stabilni populace odd¢lené od italské populace pied 0,90-0,80 miliony let,
a smérem na jihovychod (Michaux et al. 2003). Casté poklesy hladiny Jadranského
mote béhem kvartérnich dob ledovych (Strahler et Strahler 1989) pravdépodobné
dowvolily italské a balkanské linii A. sylvaticus zistat v kontaktu. Také nepfitomnost
Marmarského mote usnadnila kolonizaci zapadni ¢asti Turecka (Michaux 2003).

Obrazek 4 znazoriiyje jednotlivé linie a jejich postupné rozsitovani.
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Obrizek 4: Fylogeografie druhu Apodemus sylvaticus. Zelené je zndzornéna linie
jihozapadni Evropy a modie italsko-balkanska linie. Cervenou barvou jsou znazornény
nejvyznamnéjsi topografické prekazky (Pyreneje a Alpy).
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3.3.2.3. Fylogeografie druhu Apodemus agrarius

K rozsifeni druhu A. agrarius VIndomalajské a Palearktické oblasti doslo
vV Holocénu béhem klimatického optima (pfed 0,20-0,10 milionem let) smérem
od vychodu na =zipad. Na kolonizaci uzemi se tedy podilely dvé vétve
evropsko-sibitsko-kazachstanska a dain¢ vychodni-¢inskd, které se Stépi na Ctyfi
linie: ¢inskou, korejskou, ruského dainého vychodu a stiedni Asie. Nejvice
polymorfii, a tedy i nejstarsi je vétev ruského dalného vychodu (Atopkin et al. 2007;
Sakka et al. 2010). Rozsifovani probihajici od vychodu se o nckolk let pozdéji
zkomplikovalo naslednou disjunkci aredln  zplsobenou chladnéj$Sim  klimatem
a zvétSenim pousté Gobi, coz vedlo k oddéleni linie ruského dalného vychodu
(Harrison et al. 2001; Zhang et al. 2008; Zhou et al. 2004a). Tato linic dale
kolonizovala centralni a ziapadni Palearktickou oblast, k ¢emuz doslo pomémné
nedavno (Sakka et al. 2010). Dalsi vyznamnou topografickou piekazkou v tomto
ptipadé jsou 1 Himalije, které spolu s pousti Gobi upné zabranily zipadni kolonizaci
¢inskou lnii. Ackoliv se touto problematikou zabyvalo nékolk studi, doposud
nebyla fylogeografie tohoto druhu dopodrobna zcela odhalena (Hildebrand et al.
2013; Koh et al. 2014; Sakka et al. 2010). Obrazek 5 znazoriuje jednotlivé linic

a jejich postupné rozsitovani.
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Obrazek 5: Fylogeografie druhu Apodemus agrarius. Zelené je znazornéna Cinska linie,
modie korejska linie, fialové linie stiedni Asie a Zlut€¢ linie ruského dalného vychodu.
Cervenou barvou jsou zndzornény nejvyznamndj§i topografické piekazky (poust Gobi
a Himalaje).
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3.3.2.4. Fylogeografie druhu Apodemus uralensis

Dv¢ linie druhu A. uralensis podilejici se na rozsitovani do jednotlivych lokalit
mamych vdneSni dobé se od sebe oddélily pibliné pied 1,50 milionem let
(Chelomina et Atopkin 2010). Zéapadni linie se rozsitila do Evropy smérem od Sibire
pres severni ¢ast Uralského pohoii a dale smérem k severnimu Kavkazu odkud doslo
k dalsimu rozSifovani do Turecka a statd ve stfedni Evropé. Vychodni linie tohoto
druhu kolonizovala Asii smérem od Turkmenistinu pies Uzbekistin az do Ciny
(Karamysheva et al 2010). V rozifovani tohoto druhu nehrdly topografické
piekazZky 7adny podstatny vliv (Chelomma et Atopkin 2010; Karamysheva et al

2010). Obrazek 6 znazoriuje jednotlivé linie a jejich postupné rozsifovani.

© Condlova S.

Obrizek 6: Fylogeografie druhu Apodemus uralensis. Zluté je oznatena zipadni linie
rozsifujici se do Evropy smérem od Sibife ptes severni ¢ast Uralského pohotia dale smérem
k severnimu Kavkazu, do Turecka a stati ve stiedni Evropé a zelené¢ vychodni linie
rozsifujici se do Asie smérem od Turkmenistanu pies Uzbekistan azdo Ciny.

3.3.2.5. Fylogeografie druhu Apodemus mystacinus

Na rozsifeni tohoto druhu se podilely dvé zikladni vétve — balkdnska a vétev
sttedntho a blizkého vychodu, které se od sebe oddélily béhem stiedniho Pliocénu
pred 5,10-4,20 miliony let (Michaux et al. 2005b). Ackoliv Marmerské mote bylo

béhem kvartérnich klimatickych zmén casto pouze sousi nebylo prokézano
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vzajemné naruSeni teritorii zpUsobené migracemi téchto dvou vétvi (Vohralk et al
2002). Vétev stiedniho a blizkého vychodu se ptiblizné pied 1,00-0,90 miliony let
rozdélla na linii Kréty a jihozapadntho Turecka a linii stfedntho vychodu (Syrie,
Gruzie, severozapad a vychod Turecka) (Michaux et al. 2005b). Ke kolonizaci Kréty
Zturecké linie pravdépodobné doslo ptes ostrovy Rhodos a Karpathos béhem jedné
kvartérni doby ledové, kdy se hladina mote snizila. KdyZz se hladina znovu zvysila,
jedinci zistali izolovani na ostrové po uréitou dobu, coz vedlo ke vzniku odlisné linie
(Michaux et al. 2005b). Pozd¢ji béhem dalsiho poklesu hladiny mofe nebo pomoci
antropogenniho zavleCeni se tato linie opét dostala do jihozapadniho Turecka
z Kréty, Rhodosu a Karpathosu, coz vysvétlyje piitomnost dvou geneticky
diferencovanych lini mtDNA v Kkontinentalnim Turecku (Michaux et al. 2005b).
Obrazek 7 znazoriiyje jednotlivé vetve a linie.
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© Condlova S.
Obrazek 7: Fylogeografie druhu Apodemus mystacinus. Fialové je oznaena balkanska

vétev a oranzoveé veétev stiedntho a blizkého vychodu rozpadajici se na linii Kréty
a jihozapadniho Turecka a linii stfedniho vychodu.
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4. MATERIAL A METODIKA

4.1. Material

Odchyty zvitat probihaly v letech 2013-2018, vzdy v obdobi duben—zati
(s ohledem na klimatické podminky). Vybér lokalit vychazel ze souhrnu poznatkii
0 bionomii hlodavet rodu Apodemus a dale zvlastnich zkuSenosti Odchyty byly
provadény pomoci dfevénych sklapovacich pasti zplsobyjicich okamztou smrt
jedince pietnutim vazu, které se osvédCily jako nejic¢inngj$i Pasti byly rozmistény
nelinearn¢ v riznych vzdalenostech sohledem na okoli terén. Kontrola pasti byla
provadéna nejdéle po 12 hodmnéch, aby se predeslo ztratam zplsobenym predatory.
U kazdého jedince byl pomoci pitvy odebran obsah z koncové casti tlustého stfeva
Cistymi  pitevnimi  nastroji, vloZzen do sterini mikrozkumavky, konzervovan

dichromanem draselnym a uchovavan v chladu (4 °C).

4.2. Metodika
4.2.1. Mikroskopicka diagnostika oocyst kryptosporidii

4.2.1.1. Barveni dle Mila¢ka a Vitovce (1985)
Odebrané vzorky trusu byly mikroskopicky vySetfeny na piitomnost oocyst

kryptosporidii pomoci barveni anilin-karbol-methyl-violeti dle Milacka a Vitovce
(1985).

Zasobni roztoky

e Roztok anilin-karbol-methyl-violeti
0,6 g methyl violeti
1 ml anilinu
1 g fenolu
30 ml 96% alkoholu
70 ml deionizovné vody
e Roztok tartrazinu — 1% roztok tartrazinu v 1% kyselin¢ octové

e 2% kyselina sirova
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Pracovni postup

e Sklo s natérem fixovat methanolem v plameni.

e Obarvit roztokem anilin-karbol- methyl-violeti, doba barveni 30 minut.
e Omyt pod tekouci vodou.

e Diferencovat v 2% kyselin¢ sirové po dobu 2 minut.

e Omyt pod tekouci vodou.

e Nechat uschnout pii laboratorni teploté. Prohlizet mikroskopem pii zvétSeni

1000x za pouziti imerzniho oleje.

4.2.1.2. Barveni dle Ziehl-Nieelsena v modifikaci podle Henriksena a
Pohlenze (1981)

Zasobni roztoky

e Roztok karbolfuchsinu
2,5 ml rozpuSténych fenolovych krystalti
5 ml 100% ethanolu
0,5 g praskového basického fuchsinu
50 ml deionizované vody
Pted pouzitim pfefiltrovat!
e 1% kysely alkohol
1 ml koncentrované kyseliny soiné¢ (HCI)
100 ml 70% ethanolu
e 0,8% fast green (zelen)
0,8 g prasku light green (svétla zelen)

100 ml deionizované vody

Pracovni postup

e Sklo s natérem fixovat v 95-100% methanolu po dobu 10 minut.

e Obarvit roztokem karbolfuchsinu, doba barveni 2—3 hodiny.
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Odbarvit v1% kyselém alkoholu tak, Ze pii odbarvovani jiz neodtéka roztok
cervené barvy.

Omyt pod tekouci vodou, doba 1 minuta.

Dobarvit svétlou zeleni po dobu 1 minuty.

Omyt pod tekouci vodou.

Nechat uschnout pii laboratorni teplot¢. Mikroskopovat pii zvétSeni 1000x za

pouziti imerzniho oleje.

4.2.1.3. Koncentrace oocyst pomoci cukerného roztoku o hustoté 1,33 kg/m?

Zasobni roztok

Roztok cukru o hustoté 1,33 kg/m®
164 g cukru
100 ml deionizované vody

Rozpoustét na elektromagnetické michacce bez zahtfvani!

Pracovni postup

Navazt 0,04-0,05 g trusu.

Rozmichat $pejli v safe loock mikrozkumavce (2 ml) s 0,9 ml deionizované vody.
Promichat na vortexu.

Pfidat 0,9 ml roztoku cukru o hustoté 1,33 kg/m?.

Promichat na vortexu.

Centifugovat 5—6 minut pti 1000 g.

Odpipetovat vrchni vrstvicku z roztoku a dat znovu do cCisté mikrozkumavky.
Piidat 1-2 ml vody a centrifugovat 1-2 minuty pii 10 000 g.

Odpipetovat supernatant, oocysty rozmichat vcca 80 pl destilované vody (vyuzit
pro zhotoveni nativniho preparatu nebo detekci pomoci specifickych protilatek).
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4.2.1.4. Detekce pomoci specifickych protilatek
Soucasti kitu: Crypto Cel Reagent, Positive Control Slide, Mounting Fluid.

Pracovni postup

e Na podlozni sklo nanést 20 pl vzorku koncentrovaného na cukru o hustoté
1,33 kg/m?® (viz. kapitola 4.2.1.3.).

e Vzorek nechat oschnout pfi laboratorni teplot¢.

e Fixovat po dobu 5 minut v metanolu a nechat oschnout pii laboratorni teploté.

e Pridat 25 u Crypto Cel Reagent k fixaci vzorku a Positive Control Slide dat
do vlhké¢ komirky a inkubovat pii 37 °C po dobu 30 minut.

e Vzorek opatrné oplachnut v destilované vode.

¢ Nechat oschnout.

o Tésné¢ pred mikroskopovanim pfidat kapku Mounting Fluid na vzorek, piikryt
krycim sklem a odstranit bubliny.

e Mikroskopovat mikroskopem s UV lampou a filtrem 520 nm pii zvétSeni 1000x
za pouziti imerzntho oleje (vzorek je mozné uchovavat pii 2-8 °C ve tmé
po dobu 24 hodin).

4.2.1.5.7hotoveni nativniho preparatu

Nejprve byla provedena koncentrace oocyst viz. kapitola 4.2.1.3.

Pracovni postup

e Na podlozni sklo nanést 5 pl vzorku koncentrovaného pomoci cukerného roztoku.

e Zakryt krycim sklem a odstranit bubliny.

e Okraje kryctho skla zalakovat lakem na nehty (zabranéni rychlému vysychani
a ,plavani preparatu).

e Mikroskopovat pii zvétSeni 1000x za pouziti imerzniho oleje.
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4.2.2. Molekularni diagnostika oocyst kryptosporidii
4.2.2.1.1zolace DNA

4.2.2.1.1. lzolace DNA ze vzorku trusu

Genomova DNA byla izolovdna ze vSech zskanych vzorkli pomoci komeréniho

Exgene™ stool DNA mini kitu — GeneAll®; Korea.

Soucasti kitu: FL pufr, EB puft, PB pufr, NW pufr a sady kolon EzPass column (bila

kolona) a Mini spin column (zelena kolona).

Pracovni postup

200 mg trusu dat do safe loock zkumavky, pfidat sklenéné a zirkonové kulicky.
Piipipetovat 1000 pl FL pufru, homogenizovat vortexovanim a rozbit pomoci
FastPrep® 24 (M. P. Biomedicals, CA, USA) 1 minutu pfi rychlosti 5,5 my/s.
Inkubovat 5 minut pfi laboratorni teploté. Centrifuigovat 5 minut pti 14 000 g.
Prepipetovat veskery supernatant na EzPass column (bild kolona).

Centrifugovat 1 minutu pii 14 000 g, wylit odpad ze sbérmné zkumavky.

Na kolonu napipetovat 100 ul EB pufiu, inkubovat 1 minutu pii laboratorni
teploté, centrifugovat 1 mmnutu pii 14 000 g.

Vyhodit bilou kolonu a piipipetovat 500 W PB pufiu do sbémé zkumavky,
promichat pipetovanim.

Vsechen obsah sbémé zkumavky pienést na Mini spin column (zelend kolona).
Centrifugovat 1 minutu pii 14 000 g, vylit odpad ze sbémé zkumavky.

Napipetovat 500 ul NW pufiu na stied kolony.

Centrifugovat 1 minutu pii 14 000 g. Pfenést kolonu na ¢istou eppedortku.
Napipetovat 200 p EB pufru na kolonu, mkubovat 1 minutu a centrifugovat
1 minutu pfi 14 000 g.
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4.2.2.1.2. 1zolace DNA z tkani
Extrakce DNA =z tkani byla provedena pomoci komer¢niho kitu QIAamp®
DNeasy Blood & Tissue Kit (QIAGEN), ktery je uren pro izolaci DNA ze vzorkl

zivo¢isnych tkéni a bunék.

Soucasti kitu: ATL Buffer, proteinase K, 96% EtOH, AL Buffer, AW1 Buffer, AW2
Buffer, AE Buffer.

Pracovni postup

e Do mikrozkumavky dat vzorek 100 mg tkan¢, pfidat sklenéné kulicky o velikosti
0,5 mm a 2-3 zirkoniové kulicky o velikosti 2 mm.

e Piipipetovat 180 pl ATL Bufferu (Tissue Lysis Buffer; QIAGEN) a rozbit pomoci
FastPrep® 24 (M. P. Biomedicals, CA, USA) 1 minutu pfi rychlosti 5,5 ms.

e Centrifugovat vzorek 10 s pti 14 000 g.

e Piipipetovat 20 pl protemase K a inkubovat v termobloku po dobu 60 minut
pii teploté 56 °C a pravidelném promichavani.

e Po 60 mmnutach ptipipetovat 200 pul AL Bufferu a vortexovat.

e Pfidat 200 pl 96% EtOH a vortexovat.

e Centrifugovat 45 s pii 13 400 g.

e Vmikly supernatant pfenést do mini spin column, centrifugovat 1 minutu
pii 8000 g a vylit odpad ze sbémé zkumavky.

e Pridat AWI buffer o objemu 500 pl, opét centrifuigovat 1 minutu pii 8000 ¢
a vylit odpad ze sbérné zkumavky.

e Piipipetovat 500 ul AW2 Buffer, centrifigovat 1 mmutu pii 14 000 g a wylit
odpad ze sbérné zkumavky.

e Kolonu prendat na Cistou mikrozkumavku, ptidat 200 pl AE buffru piimo na stied
kolony a inkubovat 1 minutu pii laboratorni teploté.

e Centrifugovat 1 minutu pii 8000 g. Ziskanou DNA uchovévat pii -20 °C.
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4.2.2.2. Genotypizace

Kryptosporidie byly genotypovany na genech kodujicich malou ribozomalni
podjednotku (SSU rRNA; Jiang et al. 2005), actin (Sulaiman et al. 2000), 60 kDa
glykoprotein (GP60; Alves 2003; Li et al. 2014) a Cryptosporidium oocyst wall
protein (COWP; Pedraza et al. 2001; Spano et al. 1997). Pro tyto analyzy byla
pouzita  vyizolovanA DNA. Samotné reakce byly uskutecnény v PCR
mikrozkumavkdch (Amp ONE HS-Taq premix GeneAll) o objemu reakce 20 ul
a byla provedena nested PCR. Jako poztivni kontrola byla pouzita DNA
C. ubiquitum popf. C. muris a C. parvum a jako negativni kontrola PCR H2O.
Primdrni reakce byla provedena ve 20 pl dle slozeni komeréné proddvaného kitu
Amp ONE HS-Taq premix GeneAll za pouziti 2 ul genomové DNA pro amplifikacCi
SSU, COWP, GP60 a 3 pl genomové DNA pro actin. Sekundarni reakce byla shodna
s predpisem primarni reakce a jako templat byly pouzity 2 pl primarni reakce u SSU,
COWP a GP60 genii a 2,5 ul pro actin gen. Primarni a sekundarni PCR reakce
probihaly ve 35 cyklech (denaturace DNA pii 95 °C po dobu 45 sekund, annealing
pii specifické teplot¢ primeru pro kazdou reakci po dobu 45 sekund, prodluzovani
feté¢zce (extension) pii 72 °C po dobu 1 minuty. Prvnimu cyklu pfedchazela
pocatecni denaturace pii teplot€é 95 °C po dobu 5 minut a posledni cyklus byl
nasledovan findlni extenz pti 72 °C po dobu 10 minut. Pro amplifikaci kazdého genu
byly pouzity specifické primery.

4.2.2.3. Gelova elektroforéza

PCR produkt ze sekundarni reakce byl analyzovin na 1% agar6zovém gelu.
K detekci byl pouzit EtBr, vizualizace byla provedena pomoci UV zafeni
transiluminatorem (Ultra-Lum Inc, USA) a dokumentace pomoci (Gel Logic 112,
program Carestream 1-877-747-HELP, USA).

Chemikalie

o 50x TAE pufr (242 g Tris baze; 47,1 ml ledové kyseliny octové; 100 ml 0,5 M
EDTA o pH 8,00)
e Agarosa (Serva Electrophoresis, Némecko)
e Ethidium bromid (10 mg/ml. Sigma Aldrich, USA)
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e DNA Ladder — 100 bp (Fermentas International Inc., Kanada)

Pracovni postup

o TAE pufr smichat s agarézou (1,2 g agardzy + 120 ml TAE pufiu).

e Pufr s agardzou rozpustit v mikrovinné troub¢ a poté ochladit pod tekouci vodou.

e Do roztoku pfipipetovat EtBr a roztok opatrn€ promichat.

e Gel nalit do pfedem piipravené formy s hiebeny a nechat ztuhnout.

e Po ztuhnuti hiebeny vyndat a gel vlozit do elektroforetické vany s TAE pufrem.

e Do prvni jamky napipetovat Ladder a do daich jamek produkty sekundarni PCR.

e Elektroforézu nechat probihat pii napéti 90 V po dobu potiebnou k separaci
jednotlivych fragmenti DNA.

e Vysledek elektroforézy vizualizovat pomoci UV transiluminatoru.

4.2.2.4.1z0lace z gelu

Produkty z gelové elektroforézy vhodné k osekvenovani byly vyizolovany pomoci
SIGMA-ALDRICH GenElute™ Gel Extraction kitu podle doporuceni od vyrobce.

Soucasti kitu: Gel sublization solution, Column preparation solution, isopropanol,
Wash solution G pufr a sada kolonek Binding column G.

Pracovni postup

o Vyiimi fragment DNA z gelu Cistym skalpelem a dej do pfipravené

mikrozkumavky.

Do mikrozkumavky s fragmentem gelu piipipetuj 500 ul gel sublization solution.

Inkubuj 10 minut pii 50 °C, kontrolyj rozpousténi a promichej kazdé 2—3 minuty
behem rozpousténi.

Dej inkubovat vodu na eluci na 65 °C.

Sestav Binding Column G, napipetyj 500 pl Column Preparation Solution
a centrifugyj 1 minutu pii 13 000 g.
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e Piipipetyj ke vzorku 150 pl isopropanolu a promiche;.

e Piepipetuyj veskery objem na kolonu a centrifigyj 1 minutu pii 13 000 g (kolona
pojme 700 g, vzorky s veétSim objemem nanaSej postupné¢ a postupné
centrifuguyj).

e Vylej odpad ze sbémé zkumavky a opét ji pouzij s kolonou.

e Piipipetyj 700 ml Wash solution G pufru a centrifuguj 1 minutu pii 13 000 g.

e Vylej odpad ze sbérmé zkumavky a opét ji pouzij s kolonou.

e Centrifuguj 1 minutu pii 13 000 g bez ptidani jakychkoli roztoki.

e Oto¢ zkumavku o 180° a centrifuguj znovu 3 minuty pii 13 000 g.

e Kolonu dej do nové 1,5 ml mikrozkumavky a proved eluci napipetovanim 30 pl
PCR vody ptedehraté na 65 °C piimo na stied kolony. Inkubuj 1 minutu a poté
centrifugyj 1 minutu pii 13 000 g.

4.2.2 .5.Sekvenovani

Sekvenovani PCR produkti bylo provedeno pomoci ABI BigDye Terminator
v 3.1 Cycle Sequencing Kit a sekvenatoru ABI123130 za pouzti sekundarnich
primert. Nukleotidové sekvence byly analyzovany pomoci programu Chromas Pro
v 132  (www.technilysium.com.au/chromas.ntml) a  BioEdit porovnany se

sekvencemi uloZzenymi v databazi GenBank.

4.2.3. Fylogeneticka analyza

Ke zisténi fylogenetickych vztahi mez  jednotlivymi druhy a  genotypy
kryptosporidii byly vyuzity metody Neighbor-Joining na Maximum Likelihood
v programu MEGA 6. Bootstrapova analyza byla pouzita pro vyhodnoceni statistické
podpory ziskanych topologii (1000 opakovani).

4.2 .4. Experimentalni infekce

4.2.4.1. Experimentalni zvirata
Pro ziSténi pribé¢hu infekce vyvolané vybranymi druhy kryptosporidii bylo
vywzito dospélych jedinci riznych pohlavi Apodemus flavicollis, BALB/c mysi
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zkomerénich chovii a Microtus arvalis. Pfed zacatkem pokusu byli jedinci
opakovan¢ vySetieni na piitomnost kryptosporidi. Jako kontrolni zvifata byly
vybrany BALB/c mySi VSechna pokusnd zvifata byla chovana v individudlnich
chovnych nadobach za standardnich podminek, krmena sterini komeréni smesi
(TOP - VELAZ Praha) a napajena vodou ad libitum ve zvéfinci BC AVCR, v.v.i v
Ceskych Budgjovicich.

4.2.4.2. Pripravainfekéni davky k experimentalni infekci

Molekularn¢ pozitivni vzorky shodného druhu/genotypu byly zhomogenizovany
ve tfeci misce a zbaveny piimési pies sitko, mikrositko a rozd€leny do 4 zkumavek o
stejném mnozstvi. Nasledovalo pfeCisténi pomoci sachar6zového gradientu a

docisténi na cesium chloridovém gradientu.

4.2.4.2.1. Sacharézovy gradient, Arronood a Sterling (1987)

Zasobni roztoky

e Sheatertiv cukerny roztok
259 ml deionizované vody
405 g cukru

7,29 g fenolu

e 1% PBS Tween - 1% Tween 20 vPBS: 1 1 deionizované¢ vody, 80 g NaCl, 2 g
KCIl, 14,4 g Na2HPO4 x 12 H20, 2,4 g KH2PO4
e Pracovni Sheaterovy roztoky
roztok 1: 1+ 2 (1 dil Sheaterova roztoku + 2 dily 1% PBS Tween)
roztok 2: 1 +4 (1 dil Sheaterova roztoku + 4 dily 1% PBS Tween)

Pracovni postup

e Trus zhomogenizovat ve tfeci misce a vzniklou suspenzi piecedit pres cCajové

sitko. Do silnosténnych centrifuga¢nich sklenénych zkumavek (objem 100 ml)
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navrstvit gradient (1. vrstva 30 ml SheaterGv roztok 1; 2. vrstva 30 ml Sheatertv
roztok 2).

e 15 ml suspenze oocyst v PBS navrstvit na sachar6zovy gradient.

e Centrifugovat 20 minut pii 1370 ga 4 °C.

e (Qdsat horni vrstvu na rozhrani vody a Sheaterova roztoku 1+4 a zbyly supernatant
prenést do Cist¢ zkumavky a doplhit PBS.

e Centrifugovat 20 minut pii 1370 g a 4 °C a opét centrifugovat.

e 1/2 objemu odsat, opét dophit PBS a centrifugovat 20 minut pti 1370 ga 4 °C.

e Pelet s oocystami uchovavat pii 4-8 °C v PBS.

4.2.4.2.2. Cesium chloridovy gradient
Chemikalie
Roztok cesium chloridu

21,07 g CsCl1 (> 99% Cdistota)

100 ml deionizované vody

PBS - pH 7,2

Pracovni postup

e QOocysty po preCisténi na sacharézovém gradientu (viz. kapitola 4.2.4.2.1))
centrifugovat 10 minut pti 1450 ga 4 °C.

e Odebrat supernatant a sediment obsahujici oocysty resuspendovat v PBS.

e Do ¢isté mikrozkumavky napipetovat 1 ml CsCl a navrstvit 0,5 ml roztoku oocyst
v PBS.

e Centrifugovat 3 minuty pii 16 000 g a 20 °C.
e Oocysty kryptosporidii se nachazeji na rozhrani CsCl a PBS.

e Odebrat prstenec s oocystami a natedit v nadbytku PBS.
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Centrifugovat 3 minuty pii 16 000 g a 20 °C.

Znowu dvakrat centrifugovat 3 minuty pii 16 000 g a 20 °C.

Odsat supernatant.

Pelet s oocystami uchovavat pii 4 °C v destilované vodé.

4.2.4.2.3. Zjisténi koncentrace oocyst

Koncentrace oocyst byla zjisténa pomoci Biirkerovy komtrky. Cistd suspense
oocyst byla napipetovana do Biirkerovy komirky. Pomoci mikroskopu bylo pfi
zvétSeni 400x  spocitdno celkové mnozstvi oocyst ve 25 stfednich ctvercich dle
navodu pfiloZzeném k Birkerové komtirce. Zjistény pocet oocyst byl vynasoben

koeficientem 104 a tim byla vypoétena koncentrace oocyst v 1 ml roztoku.

4.2.4.3. Infekce experimentalnich zviiat

Experimentalni  zvitata byla inflkkovana jicnovou sondou vybranymi izolaty
vdavee 5x10% oocyst/zvite v 0,2ml destilované vody a denné odebirdna ve stejny Cas
po dobu 30 dni po infekci Denni vzorky byly vySetfeny mikroskopicky pomoci
barvici metody dle Mild¢ka a Vitovee (1985), z kazdého vzorku byla vyizolovana
DNA a provedena amplifikace ¢asti genu kodujicho malou ribozomalni podjednotku
(SSU rRNA,; Jiang et al. 2005). V pribéhu experimentu byla vybrand zvifata (v den
nejvySstho vylu€ovani oocyst) humanné usmrcena za ucelem odbéru vzorkli riznych
Casti traviciho traktu (Zlaznaty zaludek, duodenum, jejunum, ileum, caecum a colon).
Aby bylo zabranéno kontaminaci vzorkl, byla na kazdy organ zvlast pouzita jedna
sada pitevnich nastrojii, pfedem vysterilnéna autoklavovanim pii 125 °C a nasledné
UV svétlem o vinové délce 254 nm (Uvilink CL 508, UVITEC, UK).

4.2.5. Histopatologické vySetieni

Vzorky byly piipraveny pomoci pitvy z vySe uvedenych casti travictho traktu
a byly fixovany ve 4 % formaldehydu.
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Barveni hematoxylin-eosinem

Pfed samotnym barvenim byly vzorky odvodnény ve vzestupné alkoholové tade,
po odvodnéni byl alkohol nahrazen xylenem. Dale byly vzorky pfeneseny
do tekutého parafinu, ze kterého byly zhotovené blocky mikrotomem nakrajeny
na 4-6 pum tenké histologické fezy. Tyto fezy byly pieneseny na podlozni sklicka,
pred barvenim odparafinovany v xylenu a sestupnou alkoholovou fadou ptevedeny

do vody. Piipravené fezy byly barveny pomoci hematoxylin-eosinu.

Barvivo hematoxylin barvi jaderny chromatin a ribosomy, cosin barvi cytoplasmu
a kolagenni vldkna. Jadra a bazofilni struktury jsou po obarveni modré a ostatni ¢asti

preparatu odstinované cerveng.

Chemikélie

e Eosin
0,5 g eosinu
250 ml deionizované H20
10 ml kyseliny octové

e Hematoxylin
0,5 g hematoxylinu
500 ml deionizované¢ H20
25 g siranu hlinito-amonného
0,1 g jodicnanu sodného

20 ml kyseliny octové.

Pracovni postup

e Odparafinované¢ ftezy na podloznich sklech ponofit do hematoxylinu po dobu
10 minut.

e Oplachnout pod tekouci vodou (10 minut) a nasledné dobarvit v eosinu (5 minut).

e Oplachnut vodou a odvodnit pomoci vzestupné alkoholové fady: 70% ethanol;
80% ethanol; 96% ethanol; karboxylen-xylen-xylen-xylen.

e Zakapnout kanadskym balzimem a prekryt krycim sklickem.
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e Vzorky prohlizet svételnym mikroskopem pii  zvétSeni 1000x s  vyuztim

imerzniho oleje.

4.2.6. Skenovaci elektronova mikroskopie (SEM)
Vzorky vySe uvedenych ¢asti traviciho traktu byly fixovany v glutaraldehydu.

Chemikalie

e 3% glutaraldehyd
e 0,1 M kakodylatovy pufr
o 2% oxid osmicely

e acetonova fada (25%, 75% a 100% roztok)

Pracovni postup

e Vzorky fixovat ptes noc pii 4 °C v glutaraldehydu v kakodylatovém pufru.

e Vzorky promyt v kakodylatovém pufiu tfikrat po sobé po dobu 15 minut.

e Fixovat vzorky v oxidu osmi¢elém v kakodylatovém pufru po dobu dvou hodin
pfi laboratorni teplote.

e Vzorky promyt tfikrat po dobu 15 minut v kakodylaitovém pufiu.

e Po dehydrataci vzestupnou acetonovou fadou vzorky vysusit metodou kritického
bodu (CPD) v tlakové komote pomoci kapalného CO»2.

e VysuSené vzorky nalepit pomoci oboustranné lepici pasky na hlinikkovy tercik.

e Hilnkové terclkky s preparaty pozlatit a prohlizet pomoci elektronového
mikroskopu JOEL JSM-7401F-FE SEM.
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5. VYSLEDKY

5.1. Vyskyt a prevalence kryptosporidiovych infekci u hlodavei rodu
Apodemus

Mezi roky 2013-2018 bylo vramci této prace na vyskyt kryptosporidiovych
mfekci vysSetfeno celkem 946 vzorkti trusu z odchycenych volné Zjicich hlodavet
rodu Apodemus. Ztohoto poctu bylo 759 mysi rodu Apodemus (A. agrarius,
A. flavicollis a A. sylvaticus) réznych vékovych kategorii odchyceno na tzemi Ceské
republiky (46 lokalit) a Slovenska (21 lokalit). Dale bylo zskano 187 vzorkd mysic
(A. agrarius, A. flavicollis a A. sylvaticus) riznych vékovych kategorii z daich
evropskych stati (Belgie, Bosna a Hercegovina, Bulharsko, Finsko, Francie, Litva,
Loty$sko, Mad’arsko, Némecko, Nizozemi, Polsko, Rakousko, Rumunsko a Srbsko)
pro porovnani vyskytu kryptosporidiovych infekci vramci Evropy. Pocty
konkrétnich druhit mySic  odchycenych v jednotlivych —statech jsou uvedeny
v tabulce 4.

Tabulka 4: Pocty konkrétnich druhti mysi rodu Apodemus odchycenych v jednotlivych
statech.

Stat Pocet Odchycené druhy mySic Bezurceni
lokalit A.agrarius A.flavicollis A. sylvaticus druhu*

Belgie 1 - - - 2
Bosna a Hercegovina 1 - 1 - -
Bulharsko 4 5 2 2 1
Ceska republika 46 - 301 36 33
Finsko 2 - 2 - —
Francie 9 - 15 4 1
Litva 1 3 - - -
Lotyssko 2 11 - -

Mad’arsko 2 2 - - 2
Némecko 7 - - — 10
Nizozemi 3 - - - 6
Polsko 7 2 83 - -
Rakousko 4 - 2 3 3
Rumunsko 2 2 1 1 -
Slovensko 21 132 253 4 -
Srbsko 4 4 14 3 —
Celkem 116 161 674 53 58

* Juvenilni jedinci, u kterych se nepodafilo uréit prislu$ny druh.
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Z celkového poctu 946 odchycenych jedincd bylo 130 (13,7 %) vzorku
pozitivnich na kryptosporidie. V Ceské republice byla celkova prevalence 16,2 %
(v ramei konkrétnich druhit mysic to bylo u A. flavicollis 16,6 %, A. sylvaticus 2,8 %
a Apodemus spp. 27,3 %).

Na Slovensku byla zjiSténa celkova prevalence o néco nizsi 11,3 %, odlisné byly 1
prevalence v ramci jednotlivych druhtt mysic, a to u A. agrarius 15,2 %, A. flavicollis
8,7 % a A. sylvaticus 50 %. V daBich statech Evropy jsou jednotliva data
o prevalenci zkreslena malymi a nevyrovnanymi pocCty odchycenych jedincii, a proto

nejsou uvadéna.

Prevalence kryptosporidii v zavislosti na konkrétnim druhu mySic bez ohledu
na misto/stat odchytu byla u A. agrarius 16,8 %, A. flavicollis 13,4 %, A. sylvaticus
9,4 % a u ostatnich jedincti bez urceni druhu — Apodemus spp. 19,0 %.

5.2. Geneticka diverzita kryptosporidii

Provedenim multilokusovych analyz (SSU, aktin, COWP a GP60) byla prokazana
ptitomnost ~ Cryptosporidium  spp., konkrétné byla detekovana piitomnost
C. andersoni, C. apodemi, C. ditrichi, C. hominis, C. microti, C. muris, C. parvum,
C. tyzzeri a Cryptosporidium apodemus genotypu | a Il. Vysledky jednotlivych
fylogenetickych analyz jsou uvedeny v obrazcich 8-11 (SSU — obrazek 8, actin —
obrazek 9, COWP — obrazek 10 a GP60 — obrazek 11).
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86 — C. ryanae (EU410344)

C. bailey (AY954882)

C. fragile (EU162751)

9 C. muris
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Obrazek 8: Kladogram fylogenetickych vztahti izolath kryptosporidii detekovanych v této
praci s ostatnimi druhy a genotypy kryptosporidii na zakladé sekvenci genu kodujiciho
malou ribozomalni podjednotku (SSU) vytvofeny metodou Maximum likelihood a modelem
Tamura 3 T'+l. Ciselné hodnoty v uzlech predstavuji procentualni hodnoty bootstrapt

s podporou vice nez 50 %, bootstrap 1000x.

Sekvence ziskané v této studii jsou zvyraznény,

za Ciselnym oznacenim je uvedena zkratka konkrétniho druhu mysice (pro A. flavicollis AF,

A. agrarius AA, pro A. sylvaticus AS a pro juvenilni jedince bez ur¢eni druhu A spp.), za ni

je uvedena zkratka statu, kde byl piisluiny izolit ziskdn (Belgie (BEL), Ceska republika
(CZE), Francie (FRA), Finsko (FIN), Litva (LTU), Lotyssko (LTA), Némecko (DEU),
Nizozemi (NLD), Polsko (POL), Rumunsko (ROM), Slovensko (SVK) a Srbsko (SRB)).
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Obrazek 9: Kladogram fylogenetickych vztahti izolatd kryptosporidii detekovanych v této
praci s ostatnimi druhy a genotypy kryptosporidii na zakladé sekvenci genu pro actin
vytvofeny metodou Maximum likelihood a modelem General Time Reversible T+, Ciselné
hodnoty v uzlech predstavuji procentualni hodnoty bootstrapti s podporou vice nez 50 %,
bootstrap 1000x. Sekvence ziskané v této studii jsou zvyraznény, za ¢iselnym oznacenim je
uvedena zkratka konkrétntho druhu mysice (pro A. flavicollis AF, A. agrarius AA, pro
A. sylvaticus AS a pro juvenilni jedince bez ur¢eni druhu A spp.), za ni je uvedena zkratka
statu, kde byl piisluiny izolat ziskan (Belgie (BEL), Ceské republika (CZE), Francie (FRA),
Finsko (FIN), Litva (LTU), LotySsko (LTA), Némecko (DEU), Nizozemi (NLD), Polsko
(POL), Rumunsko (ROM), Slovensko (SVK) a Srbsko (SRB)).
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971 Cryptosporidium ferret genotype (AB469366)
C. apodemi tosporidium mink genotype (EU197210)
C. wrairi (U35027)
C. meleagridis (JQ349370)
%4_| C. hominis (MG266047)
C. cuniculus (EU437411)

0.1

C. tyzzeri

Cryptosporidium sp. MNJ-1 (AB102770) C. tyzzeri IXa (JOOT3439)
C. aticolis (MH145318) sa1C. erinacei (KF612327)

C. parvum

~——— Cryptosporidium sp. EGK3 (AY237635)
| C. andersoni (AB514044)

9 ;
C. muris
8

Obrazek 10: Kladogram fylogenetickych vztahti izolati kryptosporidii detekovanych v této
praci s ostatnimi druhy a genotypy kryptosporidii na zakladé sekvenci genu pro
Cryptosporidium oocyst wall protein (COWP) vytvoreny metodou Maximum likelihood
a modelem Tamura 3 T'. Ciselné hodnoty v uzlech piedstavuji procentualni hodnoty
bootstrapti s podporou vice nez 50 %, bootstrap 1000x. Sekvence ziskané v této studii jsou
zvyraznény, za Ciselnym oznaCenim je uvedena zkratka konkrétntho druhu mySice
(pro A. flavicollis AF, A. agrarius AA, pro A. sylvaticus AS a pro juvenilni jedince bez
urceni druhu A spp.), za ni je uvedena zkratka statu, kde byl prislu$ny izolat ziskan (Belgie
(BEL), Ceska republika (CZE), Francie (FRA), Finsko (FIN), Lotyssko (LTA), Némecko
(DEU), Nizozemi (NLD), Polsko (POL), Rumunsko (ROM), Slovensko (SVK) a Srbsko
(SRB)).
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Obrazek 11: Kladogram fylogenetickych vztahti izolath kryptosporidii detekovanych v této
préaci s ostatnimi druhy a genotypy kryptosporidii na zdkladé sekvenci genu GP 60 vytvoreny
metodou Maximum likelihood a modelem Tamura 3 T'+l. Ciselné hodnoty Vv uzlech
predstavuji procentualni hodnoty bootstrapti s podporou vice nez 50 %, bootstrap 1000x.
Sekvence ziskané v této studii jsou zvyraznény, za Ciselnym oznacenim je uvedena zkratka
konkrétniho druhu mySice (pro A. flavicollis AF, A. agrarius AA, pro A. sylvaticus AS a pro
juvenilni jedince bez ur¢eni druhu A spp.), za ni je uvedena zkratka statu, kde byl prislusny
izolat ziskan (Ceska republika (CZE), Loty$sko (LTA), Némecko (DEU), Polsko (POL),
Slovensko (SVK) a Srbsko (SRB)).
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Nejcetngji detekovanym druhem kryptosporidii v ramci této prace bylo C. ditrichi
(53,0 %), které se piirozené vyskytovalo u nékolika druhii vramci rodu Apodemus
(A agrarius, A. flavicollis a A. sylvaticus) na riznych lokalitich v9 z 16 statd
(Belgie, Ceska republika, Finsko, Francie, Némecko, Nizozemi, Polsko, Slovensko
a Srbsko). Dale bylo detekovano v mensim poc¢tu C. apodemi (17,7 %) u tii druht
mysic (A. agrarius, A. flavicollis a A. sylvaticus) na tizemi Ceské republiky, Litvy,
Lotysska, Polska, Rumunska a Slovenska.

Mimo jiz vySe zminéné druhy bylo detekovano nékolk dalich druhi
kryptosporidii — C. andersoni (0,8 %), C. hominis (0,8 %), C. microti (3,0 %),
C. muris (2,3 %), C. parvum (4,6 %) a C. tyzzeri (1,5 %). Konkrétné¢ C. hominis bylo
detekovano pouze u jedné A. agrarius odchycené na vychodnim Slovensku v lokalité
Rozhanovce  (genotyp IbA10G2). Cryptosporidium  muris, Zalude¢ni druh
kryptosporidie, bylo detekovano pouze u tii jedinci A. flavicollis — u dvou jedinct na
Slovensku a jednoho v Polsku. Déle bylo detekovano C. parvum (alelickd rodina lla
— subtyp A16G1R1b) na Slovensku — lokalita Hyl'ov u A. flavicollis a A. agrarius
a vNeémecku u A. flavicollis. Cryptosporidium tyzzeri bylo detekovano u dvou druht,
a to konkrétnd u A. flavicollis vCeské republice (alelickd rodina IXa) a u
A. sylvaticus v Srbsku (alelicka rodina IXc).

U jedné A. flavicollis vCeské republice bylo detekovano i C. andersoni.
Poslednim detekovanym druhem kryptosporidii bylo C. microti. Tento druh byl

detekovan u A. flavicollis a Apodemus spp. (mladi jedinci bez uréeni druhu) na ttech
odlisnych lokalitich v Ceské republice.

Krom¢ jiz jmenovanych druhli vySe byla na zikladé molekularnich analyz
ziskanych v ramci této studie prokdzana 1 pittomnost dvou genotypid blizce
piibuzych k C. ubiquitum, vtéto praci pojmenovanych jako Cryptosporidium
apodemus genotyp | (7,7 %) a Il (8,5 %). Cryptosporidium apodemus genotyp | byl
detekovan u A. flavicollis vCeské republice, Polsku a Slovensku, zatimco
Cryptosporidium apodemus genotyp Il byl detekovan u A. flavicollis v Ceské
republice, u A. agrarius v Lotysskuy, u A. flavicollis v Polsku, u A. agrarius
na Slovensku a u A. flavicollis a A. agrarius v Srbsku. Konkrétni druhy/genotypy
kryptosporidii detekované Vvramci této prace u konkrétnich druhlt mySic Vramei
jednotlivych statd jsou shrnuty v tabulce 5.
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Tabulka 5: Jednotlivé druhy/genotypy detekované v ramci této prace u konkrétnich druhti
mysi rodu Apodemus V jednotlivych statech Evropy.

Pocet Pocet Detekovany druh/genotyp Cryptosporidium spp.
Stat Druh vyﬁe(t:‘()enych pozi(tri]\)/m’ch SSU/ actin/ COWP GP6O

Belgie Apodemus spp.* 2 1 C. ditrichi -
A. agrarius 5 0 - -
A. flavicollis 2 0 - -
Bulharsko A. sylvaticus 2 0 - -
Apodemus spp.* 1 0 - -
Hercsegﬁjna A. flavicollis 1 0 ; -
1 C.andersoni -
1 C. apodemi -
38 C. ditrichi -
Ceska A. flavicollis 301 2 C. microti -

republika 1 C. tyzzeri 1Xa
4 apodemus genotyp | -
1 apodemus genotyp Il -
A. sylvaticus 36 1 C. ditrichi -
6 C. ditrichi -
Apodemus spp.* 33 2 C. microti -
1 apodemus genotyp | -
Finsko A. flavicollis 2 1 C. ditrichi -
Erancie A. flavicc_)llis 15 3 C. d!tr!ch! -
A. sylvaticus 4 1 C. ditrichi -
Apodemus spp.* 1 0 - -
Litva A. agrarius 3 1 C. apodemi -
Loty$sko A. agrarius 11 % apo dgﬁ]ﬁ%gﬁrgtlyp T )

. A. agrarius 2 0 - -
Madarsko Apodemus spp.* 2 0 - -
Némecko  Apodemusspp.* 10 i g g;trr\'lm: 11aA16G1R1b
Niz ozemi Apodemus spp.* 6 1 C. ditrichi -

A. agrarius 2 0 - -
1 C. apodemi -
5 C. ditrichi -
Polsko A. flavicollis 83 1 C. muris -
2 apodemus genotyp | -
1 apodemus genotyp Il -
A. flavicollis 2 0 - -
Rakousko  A.sylvaticus 3 0 - -
Apodemus spp.* 3 0 - -
A. agrarius 2 2 C. apodemi -
Rumunsko _A. flavicollis 1 0 - -
A. sylvaticus 1 0 - -
9 C. apodemi -
1 C. ditrichi -
A.agrarius 132 1 C. hominis IbA10G2
1 C.parvum 11aA16G1R1b
4 apodemus genotyp Il -
Slovensko 6 C. apodemi -
7 C. ditrichi -
A. flavicollis 253 2 C. muris -
4 C.parvum 11aA16G1R1b
3 apodemus genotyp | -
A. sylvaticus 4 2 C. apodemi -
A. agrarius 4 1 apodemus genotyp Il -
A. flavicollis 14 2 C. ditrichi -
Srbsko 2 apodemus genotyp 1 -
A. sylvaticus 3 1 C. tyzzeri 1Xc

* Juvenilni jedinci, u kterych se nepodarilo urcit prislus$ny druh.
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5.3. Biologické vlastnosti kryptosporidii parazitujicich u hlodaved rodu
Apodemus a popis novych druhi

Znalosti 0 biologickych vlastnostech, mezi které patii hostitelska specifita, pribéh
infekce (prepatentni a patentni perioda, patogenita a intenzita infekce), lokalizace

v hostiteli nebo morfometrie oocyst, jsou velmi vyznamné nejen z pohledu odliSeni

jednotlivych druhg, ale také v ramci porozuméni interakci parazit — hostitel,

5.3.1 Experimentalni infekce
5.3.1.1. Experimentalni infekce zpisobené druhem Cryptosporidium apodemi

K experimentalni infekci byli pouziti jedinci druhu A. flavicollis (juvenilni
a adultni jedinci), Microtus arvalis a BALB/c myS. VSechna pokusna zvifata byla

pfed pokusem molekularné  vySetfena na  piftomnost  specifické DNA

Cryptosporidium spp., zadné z nich nebylo pozitivni.

Prepatentni perioda u A. flavicollis byla 7-9 DPI a patentni perioda trvala déle nez
30 DPI. mtermitentni vyluCovani bylo detekovano v dennich vzorcich az do 30 DPI
(obrazek 12). Molekularni analyzy prokazaly pittomnost specifické DNA C. apodemi
ve stfevé mySic (jejunum, ileum, caecum a colon), zatimco pomoci histologickych
metod a elektronové mikroskopie nebyla endogenni vyvojova stddia detekovana
VZidném vySetfovaném organu. Analyza histologickych fezli neprokazala Zadné
patologické zmény. U pokusnych zvifat nebyly pozorovany zadné klinické ptiznaky.

Jedince druhu Microtus arvalis ani BALB/c myS se nepodafilo nainfikovat.
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Obrazek 12: Prubéh infekce Cryptosporidium apodemi zaloZzeny na mikroskopické
a molekularni detekci oocyst u A. flavicollis, Mus Musculus (BALB/c my$) a Microtus
arvalis. Kruhy oznacuji detekei specifické DNA C. apodemi (bily kruh ozna¢uje molekularni
detekci oocyst) (Condlova et al. 2018).

5.3.1.2. Experimentalni infekce zpusobené druhem Cryptosporidium ditrichi

K experimentalni infekci byli pouzti jedinci druhu A. flavicollis (juvenilni
a adultni jedinci), Microtus arvalis a BALB/c mySi. VSechna pokusna zvirata byla
pied pokusem molekularn¢  vySetfena na  piitomnost  specifické < DNA

Cryptosporidium spp., Zadné z nich nebylo pozitivni.

Jedna BALB/c myS byla molekuldarn¢ poztivni 5-13 DPI. Prepatentni perioda u
A. flavicollis byla 6 DPI, intermitentni vyluCovani bylo detekovano v dennich
vzorcich az do 30 DPI (obrazek 13). Patentni perioda trvala déle nez 30 DPI.
Intenzita infekce u A. flavicollis byla 4000-50000 oocyst/g trusu. Zvifata byla
odebirdna denné¢ po dobu 30 dni. U pokusnych zvifat nebyly pozorovany zidné
klinické ptiznaky. Pomoci histologického vySetfeni a elektronové mikroskopie byla
endogenni vyvojova stadia detekovana v jejunu a ileu (obrazek 14 a 15). Analyza
histologickych fezli neprokazala Zzadné patologické zmény. Jedince druhu Microtus

arvalis se nepodatilo nainfikovat.
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Obrazek 13: Prub¢h infekce Cryptosporidium ditrichi zalozeny na mikroskopické
a molekularni detekci oocyst u A. flavicollis, Mus Musculus (BALB/c mys) a Microtus
arvalis. Kruhy oznacuji detekci specifické DNA C. ditrichi (Cerny kruh oznacuje
mikroskopickou a molekularni detekci oocyst a bily kruh oznacuje jen molekularni detekci
oocyst) (Condlova et al. 2018).

Obrazek 14: Histologicky ftez epitelem ilea A. flavicollis s vyvojovymi stadii

Cryptosporidium ditrichi (oznacena $ipkou); jedinec usmrcen 10. DPI; méfitko 25 pm
(Condlové etal. 2018).
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Obrazek 15: Skenovaci elektronova mikrofotografie epitelu jejuna A. flavicollis s

vyvojovymi stadii Cryptosporidium ditrichi; jedinec usmrcen 10. DPI; métitko uvedeno
v obrazku (Condlova et al. 2018).

5.3.1.3. Experimentalni infekce zpisobené druhem Cryptosporidium microti

K experimentalni infekci byli pouzti dva adultni jedinci druhu A. flavicollis
a jeden jedinec druhu Microtus arvalis (druh K infekci vnimavy dle Hor¢ickové et al.
(2018)). VsSechna pokusna zvifata byla pfed pokusem molekularné vySetfena na
piitomnost specifické DNA Cryptosporidium spp., Zzadné z nich nebylo pozitivni.

Microtus arvalis byl molekularné pozitivni na C. microti 4-16 DPI, zvifata byla
odebirana denné po dobu 30 dni (obrazek 16). U pozitivniho jedince druhu Microtus
arvalis nebyla provadéna detekce vyvojovych stadii v travicim traktu (molekularni
detekce, histologie ani elektronova mikroskopie). Mikroskopickym vySetienim trusu
jedinci A. flavicollis nebyly detekovany 2zadné oocysty, ani molekularni
a histologické metody neprokdzaly piitomnost specifické DNA, respektive
vyvojovych stadii C. microti v inokulovanych A. flavicollis. Zvifata byla odebirana
denné po dobu 30 dni. Zadné zinfikovanych zvifat nevykazovalo klinické piiznaky
infekce.
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Obrazek 16: Prub¢h infekce Cryptosporidium microti zalozeny na mikroskopické
a molekularni detekci oocyst u A. flavicollis a Microtus arvalis. Kruhy oznacuji detekci
specifické DNA C. microti (bily kruh oznacuje molekularni detekci oocyst).

5.3.1.4. Experimentalni infekce zpisobené druhem Cryptosporidium parvum
K experimentalni infekci byli pouzti tii adultni jedinci druhu A. flavicollis.
VsSechna pokusnd zvirata byla pfed pokusem molekularné vySetfena na piitomnost

specifické DNA kryptosporidii, zadné z nich nebylo pozitivni.

Prepatentni perioda byla 4 dny a u zvitat nebyly pozorovany zadné klinické
piiznaky. Zvirata byla odebirana denné po dobu 30 dni (obrazek 17). Mikroskopicka
detekce a molekularni analyzy prokazaly piitomnost specifické DNA C. parvum
pouze u jednoho jedince usmrcené¢ho 8. DPIl v castech tenkého stfeva (jejunum
a ileum), pii vySetfeni pomoci histopatologie a elektronové mikroskopie byla
prokazana pittomnost endogennich vyvojovych stadii ve stejnych castech tenkého
stteva (obrazek 18 a 19). Analyza histologickych fezi neprokazala Zadné patologické
zmény. Intenzita infekce byla 2000-5000 oocyst/g trusu.

1..'5,”.1.0'..'1.5.”.2.0.,”2.5.'..3.0
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Obrazek 17: Prubéh infekce Cryptosporidium parvum zalozeny na mikroskopické
a molekularni detekci oocyst u A. flavicollis. Kruhy oznacuji detekci specifické DNA
C. parvum (Cerny kruh oznacuje mikroskopickou a molekularni detekci oocyst a bily kruh

oznacuje jen molekularni detekci oocyst).
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Obrazek 18: Histologicky ftez epitelem ilea A. flavicollis s vyvojovymi stadii
Cryptosporidium parvum (oznac¢ena $ipkou); jedinec usmrcen 8 DPI; métitko 25 pm.

Obrazek 19: Skenovaci elektronova mikrofotografie epitelu ilea A. flavicollis s vyvojovymi

stadii Cryptosporidium parvum; jedinec usmrcen 8 DPI; méfitko uvedeno v obrazku.

5.3.2. Morfometrie oocyst

Oocysty C. apodemi (obrazek 20A; 20B; 20C), které jsou z hostitele vylu¢ovany
pln€¢ vysporulované o velikosti 3,9—4,7 um (x + SD = 4,2 + 0,1 um) x 3,8-4,4 um
(x = SD = 4,0 £ 0,1 pum), pomér mez délkou a sitkou 1,00— 1,06 (x + SD = 1,03
+ 0,03), jsou mensi nez oocysty C. ditrichi (obrazek 20D; 20E; 20F), které mgéti
4552 ym (x = SD =4,7 £ 0,2 pm) x 4,0-4,6 um (x = SD = 4,2 + 0,2 pm), pomer
mezi dékou a Sfikou 1,00-1,20 (x + SD = 1,12 + 0,02), a jsou také vyluCovany plné
vysporulované.
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Obrazek 20: Oocysty C. apodemi a C. ditrichi zobrazené riznymi technikami:

A) oocysty C. apodemi v diferencialnim interferene¢nim kontrastu; B) oocysty C. apodemi
barvené metodou dle Milacka a Vitovce (1985); C) oocysty C. apodemi znacené
anti-Cryptosporidium FITC konjugovanou protilitkou; D) oocysty C. ditrichi
v diferencialnim interfereneénim kontrastu; E) oocysty C. ditrichi barvené metodou
dle Milacka a Vitovce (1985); F) oocysty C. ditrichi zna¢ené anti-Cryptosporidium FITC
konjugovanou protilatkou. Méfitko: 5 um (Condlova etal. 2018).

5.4. Cryptosporidium apodemi sp. n. a Cryptosporidium ditrichi sp. n.

Cryptosporidium apodemi a C. ditrichi jsou geneticky odlisné od dosud
popsanych platnych druht rodu Cryptosporidium.

Cryptosporidium apodemi sdili na lokusu kodujicim SSU gen 97,0%, 95,1%
a 93,0% sekvencni identity s izolatem C. canis, Cryptosporidium muskrat genotypem
I, respektive C. felis. Na lokusu kodujicim aktin je tato shoda 89,3% a 83,8%
s izolatem C. canis a C. felis a na lokusu kodyjicim COWP je to 93,9% a 87,2%
s Cryptosporidium giant panda genotypem a C. ubiquitum. SSU sekvence jedné
zn€kolka riznych variant C. ditrichi je na 100 % totoma s izolitem UK E6
(No. GQ183527) zskanym ze vzorku vody. Pro vSechny varianty C. ditrichi byla
sekvencni identita 98,9 — 100%. Na Ilokusu kodujicim aktin je sekvencni shoda
95,9% a 91,9% s Cryptosporidium bear genotypem a C. canis a na lokusu kodujicim
COWP je to 939% a 854% s Cryptosporidium giant panda genotypem
a C. ubiquitum. Tato data pfispéla k popsani novych druhti C. apodemi a C. ditrichi
v ramei rodu Cryptosporidium.
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6. DISKUZE

6.1. Vyskyt a prevalence

Do soutasné doby bylo publikovano 19 praci provedenych v Ceské republice,
Japonsku, Koreji, Polsku, Slovensku, Spanélsku a Velké Britanii, které se zabyvaji
prevalenci a diverzitou kryptosporidi u hlodavci patiicich do rodu Apodemus.
Procento zvifat poztivnich na kryptosporidie se v jednothvych studich 1isi
sohledem na pouzty zplisob detekce, konkrétni druh mySic a druh/genotyp
Kryptosporidie. Molekularni metody pro detekci kryptosporidii u voln¢ Zjicich zvirat
jsou senzitivnéjSi nez mikroskopickd detekce, rozdily ve vysledcich zskanych
molekuldarnimi  a  mikroskopickymi metodami ovlivnéné  druhem/genotypem  byly
zaznamenany u hlodavcd rodu Apodemus piirozené infikovanych druhem C. ditrichi,
kdy bylo 65 % zvirat mikroskopicky pozitivnich, ale zadné zvife infikované
C. apodemi nevyluGovalo mmnozstvi oocyst detekovatelné pomoci mikroskopickych
technik. Obdobné rozdily byly popsany pii infekcich, naptiklad: C. scrofarum
a C. suis u selat (vice jsou vylu¢ovany oocysty C. scrofarum (Jenikova et al. 2011;
Kvac et al. 2012, 2013a) nebo C. parvum, C. andersoni, C. bovis a C. ryanae u skotu,
kdy jsou vice vyluCovany oocysty C. parvum, jedna-li se o tele, nebo C. andersoni,
jedna-li s o mlady a dospély skot (Kva¢ et Vitovec 2003; Santin et al. 2004; Fayer
et al. 2005; Kvac et al. 2006).

Obecné lze konstatovat, Z¢ se promofeni populace A. agrarius pohybuje
vrozmezi 33-61 %, A. flavicollis 8-68 % a A. sylvaticus 4-26 % (Bajer 2008; Bajer
et al. 2001; Bajer et al. 2003; Bednarska et al. 2007; Condlova 2013; Dani$ova et al
2017; Hajdusek et al. 2004; Chalmers et al. 1997; Kulis-Malkkowska 2007; Li et al
2014; Perec-Matysiak et al. 2015; Sinski et al. 1998; Torres et al. 2000). Obdobna
prevalence byla zjisténa také u druhd vyskytujicich se v Asii (A. agrarius 33 %,
A. speciosus 8-26 % a A. chejuensis okolo 32 %) (Hikosaka et Nakai 2005;
Murakoshi et al. 2013; Song et al. 2015). Oproti tomu data o celkové prevalenci
jednotlivych druhti zjisténa vramci této prace jsou nizsi — u A. agrarius 16,8 %,
A. flavicollis 13,4 % a A. sylvaticus 9,4 %.

Konkrétni prevalence zskané vramci jednotlivych stath se 1iSi v zavislosti na
poétu odchycenych jedinct. V Ceské republice byla celkova prevalence 16,2 %
(u A. flavicollis 16,6 %, A. sylvaticus 2,8 % a Apodemus spp. 27,3 %). Tato data jsou
srovnatelnd s vysledky Condlové (2013), ktera zmifuje celkovou prevalenci okolo
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12 % (v ramci druhu A. flavicollis 13,2 % a A. sylvaticus 4,0 %). Na Slovensku byla
vramci této prace zisténa celkova prevalence 11,3 % a prevalence v ramci
jednotlivych druhi A. agrarius 15,2 %, A. flavicollis 8,7 % a A. sylvaticus 50 %.
Naopak vyssi celkovou prevalenci na Slovensku 27 % a vySsi prevalenci tedy i
vramci jednotlivych druhi A. agrarius 31,8 % a A. flavicollis 20,5 % uvadi
DaniSova et al. (2017).

Prevalence vramci dalich stati Evropy byla v dostupnych studiich stanovena
pfevazné na zakladé mikroskopické detekce (Bajer 2008; Bajer et al. 2001;
Bednarska et al. 2007; Chalmers et al. 1997; Sinski et al. 1998; Torres et al. 2000).
V Anglii byla prevalence u vySetfenych jedincd 26 % (pouze jedinci druhu
A. sylvaticus; Chalmers et al. 1997), ve Spanélsku 10 % (A. sylvaticus 9,8 %,
A. flavicollis 50 %; Toress et al. 2000), v Polsku se pohybovala v rozmezi 24—64,5 %
(Bajer 2008; Bajer et al. 2001; Bednarska et al. 2007; Perec-Matysiak et al. 2015;
Sinski et al. 1998). Prevalence zskané v dalsich statech Evropy Vtéto praci nejsou
vzhledem Kk malym a nevyrovnanym poctim odchycenych jedincti uvedeny a nejsou
ztohoto divodu pokladany za vhodné ke srovnadni s vySe uvedenymi daty zskanymi

V ramci jinych studii.

6.2. Geneticka diverzita kryptosporidii

U hlodavet rodu Apodemus byla vramci této studie detekovana piitomnost
riznych druhi/genotyptt kryptosporidii — C. andersoni, C. apodemi, C. ditrichi,
C. hominis, C. microti, C. muris, C. parvum, C. tyzzeri a Cryptosporidium apodemus

genotypu lall.

Nejcetnéji detekovanym druhem kryptosporidii bylo C. ditrichi (detekovano u
53,0 % poztivnich jedinct, u ti druhi mySic (A. agrarius, A. flavicollis
a A. sylvaticus), na tzemi 9 z 16 statd Evropy (v Belgi, Ceské republice, Finsku,
Francii, Némecku, Nizozemi, Polsku, Slovensku a Srbsku)), i kdyz tato data
vypovidaji o rozsiteni C. ditrichi v nékolika evropskych statech, vyskyt tohoto druhu
u hlodavet rodu Apodemus byl doposud popsan jen vramci této prace a studie
Condlové (2013). Studie zabyvajici se kryptosporidiovymi infekcemi u hlodavci
rodu Apodemus na tzemi Belgie, Finska, Francie, Némecka, Nizozemi a Srbska

pn& chybi, zatimco v ostatnich statech (Ceské republice, Polsku a Slovensku) bylo
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studii ~ provedeno  velmi malé mmozstvi.  VéEtSina  studii  zabyvajicich se
kryptosporidiovymi infekcemi u rodu Apodemus Vv Polsku byla zaloZena pouze na
mikroskopické detekci oocyst (Bajer 2008; Bajer et al. 2001; Bednarska et al. 2007,
Sinski et al. 1998), vzhledem K nizké senzitivit¢ mikroskopické detekce a nemoznosti
odlisit od sebe jednotlivé druhy stfevnich kryptosporidii pouze na zikladé velikosti,
nebylo momé odIisit ani tento druh. Ani vramci studii Perec-Matysiak et al. (2015)
a Bajer et al. (2003) na tzemi Polska, které byly provadény pomoci molekularnich
analyz, nebyl tento druh detekovan. Lokality, na kterych byla provadéna studie u
druhti A. agrarius a A. flavicollis Perec-Matysiak et al. (2015), jsou vzdalené 100 km
a vice (severnin smérem) od odchytovych lokalit ze kterych pochdzeji vzorky
vySetiené Vtéto praci. Lokality, na kterych byla provadéna studie u druhu
A. flavicollis Bajerem et al. (2003), jsou vzdalené dokonce 500 km a vice rovnéz
severnim smérem, coz by mohlo ¢aste¢né souviset s fylogenezi druhu Apodemus
flavicollis a byt jednim znckolika doposud neobjasnénych divodi, kwili kterym
nebylo C. ditrichi detekovano v téchto piipadech. V ramei studii provadénych na
uzemi Slovenska taktéz vyskyt C. ditrichi u mySic nebyl detekovan (DaniSova et al.
2017 a Li et al. 2014). Li et al. (2014) ve své studii neuvadéji celkovy pocet
vySetienych jedincd, ale pouze pocet jedincii poztivnich (n=2). Naopak DaniSova
et al. (2017) tyto pocty uvadéji a provadély vyzkum na shodnych lokalitach
(2 lokality) nebo se jejich lokality nachazely ve velmi blizké vzdalenosti (1 lokalita)
od odchytovych lokalit vyuZivanych vramci této prace. Ackoliv vyuzivané lokality
byly shodné nebo velmi blizké DaniSova et al. (2017) C. ditrichi nedetekovali, i ptes
to, ze bylo nékolik jedincti poztivnich na C. ditrichi na shodnych/blizkych lokalitich
vramei této prace detekovano (Ctyfi jedinci druhu A. flavicollis). Neni zcela jasné
pro¢ se C. ditrichi nepodafilo DaniSové et al. (2017) detekovat. V ramci studie
provadéné na uzemi Ceské republiky Hajduskem et al. (2004) nebylo C. ditrichi
detekovano, autofi neuvadéji celkovy pocet vySetiovanych hlodavet rodu Apodemus
a zmifuji se jen o poztivnich jedincich (n=2). Condlova (2013) v ramci své prace
jako prvni tento druh detekovala u 96 % poztivnich jedinci a pojmenovala ho
vramci své prace jako Cryptosporidium Apodemus genotyp I. Druh C. ditrichi byl
detekovan také v pfirozenych vodnich zdrojich v Norsku (KU892579; nepublikovana
data) a Velké Britanii (GQ183527) (Chalmers et al. 2010).
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Cryptosporidium apodemi bylo detekovano u 17,7 % poztivnich jedinct, u ti
druhtt mysic (A. agrarius, A. flavicollis a A. sylvaticus) na tzemi Ceské republiky,
Litvy, LotySska, Polska, Rumunska a Slovenska. Studie zabyvajici se
kryptosporidiovymi infekcemi u hlodaveti rodu Apodemus na tzemi Litvy, LotySska
a Rumunska Uplé& chybi, zatimco v ostatnich statech (Ceské republice, Polsku
a Slovensku) nebyl doposud tento druh vibec detekovan (Bajer 2008; Bajer et al.
2001; Bednarska et al. 2007; Condlova et al. 2013; DaniSova et al. 2017; Hajdusek
et al. 2004; Li et al. 2014; Perec-Matysiak et al. 2015; Siski et al. 1998) a to ani pres
to, z¢ DanSova et al. (2017) provadeli odchyty na nékolika shodnych lokalitich
(3 lokality). Pro¢ se C. apodemi nepodaiilo DaniSové et al. (2017) detekovat neni
zcela jasné. Detekovat C. apodemi se nepodafilo ani vramci studie provadéné v
Ceské republice Condlovou (2013), coz by mohlo byt zptisobeno velmi malym
zastoupenim druhu C. apodemi vramci Ceské republiky, které bylo detekovano u
jednoho jedince (tedy u 0,3 % poztivnich jedincti). Nebo i detekci tohoto druhu na
lokalité, na které vyzkum Condlové (2013) neprobihal. Tento druh byl tedy poprvé

detekovan Vv ramci této prace.

Dale bylo vramci této prace detekovano Cryptosporidium hominis (subtyp
IbA10G2) u A. agrarius na lokalit¢ Rozhanovce; Slovensko — stejny subtyp
C. hominis byl detekovan vramci studie DaniSové et al. (2017) u stejného druhu
mysSic V KoSicich, taktéz na Slovensku (vzdalenost lokalit Rozhanovce-Kosice je 12
km). Tento subtyp IbA10G2, byl detekovan v ramci nékolika pifpadi znecisténi
vodnich tokii nebo pii epidemiich pifenasenych potravinami zaznamenanych po
celém svéte (Ng et al. 2010). Dale byl také detekovan na Slovensku u sourozencti —
sedmiletého chlapce a dvouleté divky (Ondriska et al. 2013). Cryptosporidium
hominis, druh povazovany za hostitelsky specificky pro lidi, je spolu s C. parvum
nejcastéji detekovanym druhem zplisobujicim kryptosporidiozu lidi (Morgan-Ryan
et al. 2002; Muthusamy et al. 2006; Xiao et al. 2009; Xiao et Feng 2008).

Cryptosporidium muris, zalude¢ni druh kryptosporidie, bylo detekovano u
A. flavicollis — u dvou jedinci na Slovensku a jednoho v Polsku. V ramci studii
provadénych na tizemi Polska nebylo C. muris detekovano (Bajer 2008; Bajer et al.
2001, 2003; Bednarska et al. 2007; Kulis-Matkowska 2007; Perec-Matysiak et al.
2015; Sinski et al. 1998) a detekovano nebylo ani vramci studie DaniSové et al

(2017) provadéné na Slovensku — i pfes to, ze studie probihala na shodné lokalit¢, na
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které byl odchycen pozitivni jedinec v ramci této prace. Pro¢ se nepodafilo detekovat
C. muris i DaniSové et al. (2017) neni zcela jasné. O detekci druhu C. muris u
A. sylvaticus se ve svych studiich provadénych ve Velké Britanii zmifuji Chalmers et
al. (1997) a ve Spanélsku Torres et al. (2000), ale oba vyzkumy byly zaloZeny pouze
na mikroskopické detekci oocyst, takze nelze s jistotou fici, zda se opravdu jednalo o
tento druh nebo o jiny druh Zaludecnich kryptosporidii. Vyskyt C. muris u druht
A. speciosus a A. chejuensis v Japonsku a Koreji detekovali v ramci svych praci
zalozenych na molekularnich analyzach mezi prvnimi Hikosaka a Nakai (2005),
Murakoshi et al. (2013) i Song et al. (2015). Cryptosporidium muris je jednim z
nejcastéjSich druhti kryptosporidii infikujicich mysi (Mus musculus musculus a Mus
musculus domesticus), dale bylo detekovano i u zraf, pst, koc¢ek a lidi (Fayer 2010;
Feng et al. 2011; Kvac et al. 2013b).

Dallim detekovanym druhem bylo C. parvum (llaA16G1R1b) na Slovensku —
lokalita Hyl'ov u A. flavicollis a A. agrarius a vNémecku u A. flavicollis. Studie
zabyvajici se kryptosporidiovymi infeckcemi u hlodavci rodu Apodemus na tzemi
Némecka zcela chybi. Jedinci druhu A. flavicollis a A. agrarius pozitivni na
C. parvum, byli odchyceni na Slovensku (na lokalit¢ Rozhanovce vzdalené 25 km od
HyTova) i DaniSovou et al. (2017), ale vtomto piipadé se jednalo o odlisné alelické
rodiny/subtypy C. parvum detekované u jedenacti jedinct (I111A10; 11a18G3R1 u
druhu A. flavicollis a I1iA10; lIcA5G3a; 11aA18G3R1 u A. agrarius). O nalezu
C. parvum vPolsku u A. flavicollis a A. agrarius se ve svych studiich zminuji
1 Kulis-Matkowska (2007) a Perec-Matysiak et al. (2015), ale blize neuvadéji
konkrétni alelické rodiny ani subtypy. Subtyp detekovany vramci této prace je
subtypem bém¢ detekovanym u skotu a ovci (Imre et al. 2013; Kva¢ et al. 2011;
Ondrackova et al. 2009; Plutzer et Karanis 2007; Silverlas et al. 2013).

Cryptosporidium tyzzeri bylo vramci této prace detekovano u A. flavicollis
v Ceské republice (alelickd rodina IXa) a u A. sylvaticus v Srbsku (alelicka rodina
IXc). Tento druh byl detekovan také Bajerem et al. (2003) u A. flavicollis, M. arvalis
a C. glareolus, ale i u laboratornich mysi a potkani (Lv et al. 2009). Alelicka rodina
IXa byla detekovana u M. m. musculus v Ceské republice (vychodné od centra
takzvané hybridni zony) v ramei studie Kvade et al. (2013b) a u M. musculus v Cing
(Ren et al. 2012). Oproti tomu alelicka rodina IXb byla detekovana u vzorkl z
Némecka (zapadné od centra takzvané hybridni zony) (Kva¢ et al. 2013b). Nizka
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prevalence vyskytu C. tyzzeri u mySic mize byt ovlivnéna hostitelskou specifitou
tohoto druhu (Ren et al. 2012; Kva¢ et al. 2013b). Alelickd rodina IXc nebyla

doposud detekovana.

U jedné A. flavicollis v Ceské republice bylo detekovano C. andersoni, které patii
mezi zaludeCni kryptosporidie a je zndmo jako plvodce kryptosporidiovych mnfekci
skotu — bylo nalezeno také u koni, velblouda dvouhrbého (Camelus bactrianus) nebo
takina zlat¢tho (Budorcas taxicolor bedfordi) (Anderson 1987; Lindsay et al. 2000;
Liu et al. 2014; Liu et al. 2015; Zhao et al. 2015). Infekce timto druhem byla popsana
také u krysy malé (Mastomys coucha) (Kvac et al. 2007). Cryptosporidium andersoni
se ukazalo jako pIn¢ infekéni i pro laboratorni mysi (Matsubayashi et al. 2005) a bylo
detekovano iu lidi v jiznim Assamu — Indie (Hussain etal. 2017).

Poslednim detekovanym druhem kryptosporidii bylo C. microti. Pozitivita na
tento druh byla prokazana pouze u ¢ty jedinci A. flavicollis na trech odlisnych
lokalitich v Ceské republice. Cryptosporidium microti je nejéastdji detekovanym
druhem u M. arvalis (tvofi 63,5 % =z vSech kryptosporidiovych infekci tohoto
druhuv Ceské republice) (Hor¢ickova et al 2018), na zakladé vysledkt
experimentalni infekce Ize hlodavce rodu Apodemus povazovat za nahodné hostitele,
ktefi castecné sdili lokality s hraboSem polnim nebo pfes tyto lokality migruji,
shodné vysledky uvadi ve své praci i Horcickova et al. (2018).

Krom¢ jiz jmenovanych druhii vySe byla na zikladé molekuldrnich analyz
ziskanych v ramci této studie prokazana i ptitommost dvou druhii Cryptosporidium
spp. Dblizce pibumych s C. ubiquitum, vtéto praci pojmenovanych jako
Cryptosporidium apodemus genotyp | a Il. Cryptosporidium apodemus genotyp | byl
diive detekovan v ramci studie Perec-Matysiak et al. (2015) u A. flavicollis v Polsku
(uvadény jako C. ubiquitum izolait 4-O-10 (KC962124)) a Cryptosporidium
apodemus genotyp Il byl diive detekovan v povrchové vodé v Japonsku (AB694733;
nepublikovana data) (uvadény jako Cryptosporidium cervine genotyp). Nukleotidové
sekvence GP60 genu Cryptosporidium apodemus genotypu | a Il jsou identické se
sekvencemi izolati detekovanymi u A. agrarius a A. flavicollis na Slovensku
(uvadéné jako C. ubiquitum Xlle a XIIf) (Li et al. 2014). Vzhledem k ziskanym
vysledkim multilokusovych a genotypovych dat vramci této prace a k souladu s
nomenklaturou pro rodiny GP60 (Lv et al. 2009; Sulaiman et al. 2005) by bylo
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vhodné nasledné pouziti oznac¢eni — Cryptosporidium apodemus genotyp I a II, které
je odvozeno od zatim jedinych popsanych hostiteli rodu Apodemus. Na zikladé
ziskanych dat se lze dommnivat, Ze oba tyto genotypy jsou druhové specifické pro
hlodavce rodu Apodemus.

6.3. Hostitelska, vékova a pohlavni specifita

Na zikladé¢ wvysledki této prace povazujeme C. apodemi, C. ditrichi
a Cryptosporidium apodemus genotyp | a Il za hostitelsky uzce specifické druhy pro
hlodavce rodu Apodemus. V ramci prace se nepodafilo experimentalnimi infekcemi
prokazat, ze druh C. microti je infekéni pro mysice, ale bylo prokazano, ze C. microti
je druh uzce hostitelsky specificky pro Microtus arvalis. Tento vysledek je shodny
s vysledky prace Horc¢ickové et al (2018), kterd prokazala uzkou hostitelskou
specifitu tohoto druhu pro hrabose (Microtus arvalis a Microtus pensylvanicus).
Noapak druhem C. parvum, se podafilo mysici nainflkkovat, coz odpovida i
vysledkim experimentalnich infekci druhem C. parvum u A. flavicollis, M. arvalis
a C. glareolus uspésné provedenych Bednarskou et al. (2003) a Siroké hostitelské
specifit¢  tohoto druhu, ktera je povazovana za jednu znejSirSich wvibec.
Cryptosporidium parvum bylo detekovano a experimentalné preneseno na celou fadu
hostiteld v¢etné c¢lovéka a utohoto druhu je pifedpokladana vnimavost vSech savcu
(Fayer 2004; Ng-Hublin et al. 2013; Tyzzer 1912; Xiao et Ryan 2008; Xiao et al.
2012).

Vzhledem k vyslednym datim této prace, lze také konstatovat, Ze druhy nejCastéji
detekované u mySic patii mezi druhy kryptosporidii bez vékové a pohlavni specifity
— mez pozitivnimi jedinci Vramci pirozenych infekci se nachazeli jak adultni, tak 1
juvenini jedinci, sam¢iho 1 sami¢tho pohlavi, tento vysledek se podafilo prokazat i u
C. apodemi a C. ditrichi experimentalnimi infekcemi A. flavicollis, kdy se podafilo
nainfikovat rizna pohlavi vramci riznych vekovych kategorii. Vlv véku a pohlavi
na kryptosporidiové infekce u mysic ve své praci neprokdzala ani Condlova (2013).
Obdobnych vysledkll bylo dosazeno i v jinych studiich (Bajer et al. 2001; Kvac et al
2008; Torres et al. 2000). Ke stanoveni hostitelské, v€kové a pohlavni specifity u
ostatnich druhti kryptosporidii detekovanych vramci této prace by bylo potiebné

provést nckolik dalich experimentdlnich infekeci zaméfenych na tuto problematiku.
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Ziskanymi vysledky nebyla tedy potvrzena ani obecné akceptovana hypotéza, ze

samci jsou vice parazitovani nez samice (Klein 2004).

6.4. Pribéh infekce a lokalizace vyvojovych stadii

Pribéh infekce je blize specifikovan prepatentnim obdobim, které trva od pozreni
infek¢énich oocyst po vylouceni do wvn&jstho prostiedi, je zavisly na druhu/genotypu
kryptosporidii, momentdlnim imunitnim stavu hostitele a dalSich faktorech (Hijjawi
et al. 2002; Lindsay et Blagburn 1990). Za mezni hodnotu tohoto obdobi je
povazovana doba 3-24 dnu (Fayer et al. 2005). Primérna prepatentni perioda
sttevnich druhli kryptosporidii infikujicich savce trva zhruba okolo jednoho tydne,
naopak prepatentni perioda zaludeCnich kryptosporidii je vice variabilni (Enemark et
al. 2003; Iseki 1979; Kvac et al. 2013b, 2014; Tzipori 1983).

Do soucasné doby bylo provedeno velmi malé mnozstvi studii zabyvajicich se
experimentalnimi  infekcemi u  hlodaved rodu Apodemus. Ve veétSiné studii
zabyvajicich se mfekcemi druhem C. parvum u mysic je zdsadnim nedostatekem
absence molekularnich analyz, a tudiz nelze tato data srovnavat s dosazenymi
vysledky. Molekularnimi analjzami bylo u mySic potvrzeno C. tyzzeri ve studii
Bajera et al. (2003) a nasledné byl tento izoldit pouzit k experimentalni infekci
vrameci studie Bednarske et al. (2003), které na sebe navazuji. Experimentalni
infekce druhem C. apodemi a C. ditrichi nebyly doposud provadény v ramci zadné

studie.

Délka prepatentni periody u mysic pii infekci druhem C. apodemi byla 7-9 DPI,
u C. ditrichi 6 DPI a C. parvum 4 DPI. Prepatentni perioda u M. musculus pfi infekci
druhem C. ditrichi byla 5 DPI a u M. arvalis pii infekci druhem C. microti byla
4 DPI. Tyto doby jsou v souladu s dobou potiebnou k ukon¢eni vyvojového cyklu
veétSiny sttevnich druhlt kryptosporidii. Pro srovnani byla napf. prepatentni perioda
popsana pii infekei C. parvum u M. musculus 3-4 DPI, pii infekci druhem C. tyzzeri
u A. flavicollis, C. glaerolus a M. arvalis krat$i nez 7 DPI a pii infekci druhem
C. microti u M. arvalis 4 DPI (Bednarska et al. 2003; Horc¢ickova et al. 2018; Tzipori
1983), coz jsou data podobnd ziskanym datim béhem experimentalni infekce Vv ramci
této prace u A. flavicollis, M. arvalis i M. musculus.
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Délka infekce druhem C. apodemi a C. ditrichi u A. flavicollis trvala déle nez
30 DPI a druhem C. ditrichi u M. musculus 5-13 DPI. Bednarska et al. (2003) ve své
studii uvadéji délku infekce druhem C. tyzzeri u A. flavicollis dei nez 60 DPI, coz je
vysledek podobny délce infekce druhy C. apodemi a C. ditrichi u A. flavicollis
stanovené¢ vramci této prace. Délka infekce druhem C. microti u M. arvalis trvala
4-16 DPI, shodnou délku infekce popsala i Horc¢ikova et al (2018) u druhd
C. alticolis a C. microti u hrabost. Délka infekce drunem C. parvum u A. flavicollis
nebyla vramci této prace stanovena, vzhledem k uptfednostnéni stanoveni lokalizace
vyvojovych stadii a pifpadnému doladéni pracovnich postupli prvné vyuzivanych u
hlodavct rodu Apodemus.

Beéhem infekce ani jednim ztéchto druhti nebyly pozorovany zidné klinické
piiznaky. Tato data se shoduji S absenci klinickych piiznaka C. alticolis
a C. microti u hrabost, C. scrofarum u prasat ale i C. tyzzeri u mysi, mySic, hrabost
a nornikti (Bednarska et al. 2003; Horc¢ickova et al. 2018; Kvac et al. 2013a; Ren et
al. 2012). Bez klinickych pfiznakd probihaly i infekce zaludecnimi druhy C. muris
(Japanese field mouse genotyp) u A. speciosus a SCID mysi a C. proliferans u
mastomy$i a SCID mysi (Hikosaka et Nakai 2005; Kvac et al 2016).
Kryptosporidiové infekce byvaji doprovazeny klinickymi ptiznaky u zvifat jen
vzacné, pokud se vSak klinické piiznaky vyskytuji, jsou podobné¢ t€ém u ldi (Fayer
2004).

Vzhledem k lokalizaci kryptosporidii v trdvicim traktu lze jednotlivé druhy
a genotypy rozdelit na stfevni a ZzaludeCni. Druhy nami vyuzivané k experimentadinim
mfekcim patii k druhtim stfevnich kryptosporidii, coz bylo prokézano 1 lokalizaci
vyvojovych  stddii u  experimentdlnich zvifat pomoci molekularnich analyz,
histologie, popi. skenovaci elektronové mikroskopie. Vyvojova stadia C. apodemi
byla detekovana ve stievé — jejunum az colon. VétSina studii zabyvajicich
se lokalizaci stfevnich kryptosporidii popsala vyskyt vyvojovych stadii Vtenkém
nebo tlustém strevé (Fayer et al. 2001, 2005; Kva¢ et al. 2018; Ren et al. 2012;
Robinson et al. 2010; Tyzzer 1912). Lokalizaci vyvojovych stadii v tenkém 1 tlustém
sttevé uvadi u druhu C. scrofarum Kvac et al. (2013a). V tomto piipadé lze fici, Ze se
jedna o prvni zminku o lokalizaci vyvojovych stadii v tenkém 1 tlistém stfevé u

¢eledi Muridae vibec.
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Lokalizace vyvojovych stadii C. ditrichi a C. parvum byla detekovana Vv tenkém
sttevé (jejunu a ileu). Lokalizace dvou poslednich druhti se podoba vysledkim
experimentalnich infekci C. tyzzeri u BALB/c mysi, kdy bylo detekovano vétsi
mnozstvi vyvojovych stadii vileu nez v jejunu, také lokalizaci druhu C. alticolis
Vjejunu a ileu u hrabosd, ale i popisu lokalizace C. parvum u mysi (Hor¢ickova
et al.; Renet al. 2012; Tyzzer 1912).

6.5. Morfologie amorfometrie

Morfometrie oocyst C. apodemi a C. ditrichi je typicka pro stfevni druhy
kryptosporidii. I kdyz je pruméma velikost oocyst C. apodemi mensi, nez je tomu u
oocyst C. ditrichi, neni mozné od sebe spolehlivé tyto dva druhy odliit pouze, na
zakladé¢ mikroskopickych analyz. Stejn¢ jako je nemozné odliit tyto druhy od sebe,
je nemozné 1 jejich odliSeni od dalSich stfevnich druhii pouze na zakladé velikosti
oocyst. Oocysty C. apodemi (3,94,7 um x 3,8-4,4 um, pomér mezi délkou a Sitkou
je 1,00- 1,06) a C. ditrichi (4,5-5,2 um x 4,0-4,6 pm, pomér mez délkou a $itkou je
1,00-1,20) se svou velikosti prekryvaji s n€kolika stfevnimi kryptosporidiemi
a mohly by byt snadno zaménény na zakladé velikosti oocyst napiiklad s druhy
C. parvum (4,5-5,4 um x 4,2-52 um), C. tyzzeri (4,5-4,7 um x 4,1-4,3 um) nebo
C. ubiquitum (4,9-5,6 um x 4,5-55 um) (Fayer et al. 2010; Ren et al. 2012; Tyzzer
1912). Proto je dulezité tato data vzdy dophit o dalsi znimé poznatky o daném druhu
Kryptosporidie, tak aby nemohlo dojit k zamén¢.

6.6. Zoonoticky potencial

O zoonotickém potencialu druhigenetypti kryptosporidii detekovanych u mysic
je zamo velmi malo informaci S ohledem na danou problematiku a detekci
nékolika riznych druh@i S moznym zoonotickym potencidlem u volné Zjicich mysSic

pouze Vv ramci této prace, je velmi komplikované vyvodit jednozna¢ny zivér.

Obecné Ize konstatovat, ze druhy detekované v této praci patiici k C. hominis —
Ib, C. parvum — lla a C. tyzzeri — IXa byly v n¢kolika studiich oznaceny za ptivodce
lidské kryptosporidiozy (Cama et al. 2007, 2008; Insulander et al. 2013; Jex et al.
2007, 2008; Kinross et al. 2015; Ng et al. 2010; Ondriska et al. 2013; Petrincova
et al. 2015; Raskova et al 2013; Zintl et al. 2011) a tudiz by mohly za urcitych
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podminek predstavovat ohrozeni lidské populace. S upfesnénim detekovanych

subtypti V ramci jednotlivych druhii jiz nelze toto tvrzeni zcela podpofit.

v

Lze vSak konstatovat, z2 C. parvum Ila AI6GIRI1b detekované v této praci u
A. flavicollis je subtypem vyskytujicim se predev$im u skotu a ovci (Imre et al. 2013;
Kvac¢ et al. 2011; Ondrackova et al. 2009; Plutzer et Karanis 2007; Silverlas et al
2013). Tento subtyp (A16G1lR1b) C. parvum byl detekovan jako plvodce
prijmovych onemocnéni studentd veterindrni mediciny ve Svédsku (pfedpokladany
zdroj infekce — telata s prijmovym onemocnénim), kontakt s nemocnymi zviraty,
kontaminovanymi piedméty, zanedbdni hygienickych navykli a konzumace jidla
cestou zfarem vedly kptenosu této infekce na studenty (Kinross et al. 2015).
Kalinova et al. (2017) tento subtyp C. parvum detekovali ve vodni nadrz SlepCany
(okres Nitra, Slovensko). Doménka o pienosu této infekce zmysic na Clovéka je
Vtomto piipadé podpofena mozmym pienosem ztelat na Cloveka. Ale zohlednénim
velmi nizké pravdépodobnosti kontaktu inflkované mySice s clovékem a dalSich
faktord, které by mohly hrdt vyznamnou roli, nelze moZnost pienosu infekce
jednoznacné potvrdit, ale ani zcela vyvratit. Prenos mfekce kontaminovanou vodou

vyuZivanou k rekreacnim Ucelim by mohl byt hrozbou pro cloveka.

Obdobné poznatky byly popsany i u C. hominis (IbA10G2), které bylo poprvé
popsano jako puvodce lidské kryptosporididzy ve studii na Slovensku u sedmiletého
chlapce a jeho dvouleté sestry, pfesny zdroj infekce nebyl urCen — je spojovan
s pobytem chlapce Vv laznich (Ondriska et al. 2013). Infekce timto druhem byla
popsana i v Australi (1141 piipadi), kde zdrojem infekce byla voda zbazénu
(Waldron et al. 2011). Totozny Subtyp detekovany Vtéto praci u A. agrarius na
Slovensku pochazi z lokality Rozhanovce. V tomto piipadé neni zcela jednoznacné,
zda by byl pfenos mnfekce zmySice na Cloveka mozny. Ale na zdkladé studie

Waldrona et al. (2011) je zcela ztejmé, Ze pienos infekce rekreacnimi vodami je pro

élovéka hrozbou.

V piipadé C. tyzzeri - Raskova et al. (2013) popsali infekci Zeny pracujici nejen
S laboratornimi hlodavei, ale 1 podilejici se na odchytech jedincii ve volné pifrode.
I kdyZz se jednalo o pienos zmysSi domaci na cClovéka, zajimavé je, ze k tomuto
piipadu doglo vramci Ceské republiky a detekce vzorkil trusu prokézala smienou

infekci subtypy C. parvum lla A13G1R1 a C. tyzzeri IXa a IXb. Cryptosporidium
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tyzzeri IXa bylo detekované vramci této prace u A. flavicollis v Ceské republice
(okres Cesky Krumlov). Moznost pienosu tohoto druhu z mysice na &lovéka lze na
zakladé prenosu zmySi na cClovéka povazovat za pravdépodobnou, vzhledem
K pitomnosti  nékolka  vyzkumnych  pracovist a  probihajicim  vyzkumim
I vterénnich podminkach. I vtomto piipadé by byl pienos infekce ovlivnén n€kolika
faktory.

Vramci Cryptosporidium ditrichi byla vyznamni data ziskana detekci druhu
C. ditrichi u ¢lovéka ve Svédsku (Swec449 isolate; KU892562; podrobna data k této
infekci nebyla do dne$sniho dne publikovana), Vv pfirozenych vodnich zdrojich
v Norsku (KU892579; nepublikovana data) a Velké Britani (GQ183527) (Chalmers
et al. 2010). Vzhledem Kk zohlednéni experimentalnfho pfenosu na M. musculus
Vv laboratornich podminkadch a vyse uvedenym datlim, lze moznost pifenosu tohoto
druhu piedpokladat za pomérné pravdépodobnou, i vtomto pifpadé by byl pienos
ovlivnén nékolika faktory.

Cryptosporidium andersoni a C. muris bylo detekovano v n€kolika malo
ptipadech, a t0 u pacientll s prijmy ve Velké Britani, u déti mladSich 5 let v Malawi,
u HIV/AIDS pacientd VIranu, Indii a u dobrovolnika v USA (Agholi et al. 2013;
Leoni et al. 2006; Hussain et al. 2017; Morse et al. 2007; Tosini et al. 2010).
Vzhledem k malé Cetnosti infekci u lidi se Ize piiklanét k domnénce, Ze ani hlodavci
rodu Apodemus nebudou vtomto piipadé hrat vyznammnou roli v pienosu infekce na

¢lovéka.

Vyse uvedena data veétSinou podporyji doménky o mozném pienosu
diskutovanych druhti kryptosporidii na Clovéka, ale zjednotlivych poznatkl, je také
zZiejmé, Z¢ by se jednalo o piipady vétSinou ojedinélé, které by byly ovlivnény
nékolika dalsimi faktory. I kdyz hlodavci mohou byt rezervodry riznych
zoonotickych patogeni, Simpson (2002) se domniva, Ze vyznamnym zdrojem
lidskych patogennich druhi kryptosporidii nejsou. S touto jeho domnénkou nelze na
zakladé vyse uvedeného souhlasit.
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7. ZAVERY

Pomoci multilokusovych analyz bylo prokazano, Ze hlodavci rodu Apodemus
mohou byt pfirozené parazitovani deseti riznymi druhy a genotypy
Kkryptosporidii.

e Nejcastéji se vyskytujicim druhem kryptosporidii je C. ditrichi.

e Dalsi druhy/genotypy detekované u mySic ve veétSich poctech byly

C. apodemi a Cryptosporidium apodemus genotyp | a ll.

e U odchycenych jedinci byly detekované ve velmi malych poctech druhy
C. andersoni, C. hominis, C. microti, C. muris, C. parvum a C. tyzzeri.

Morfometricka, genetickd a biologicka data ziskana prii této praci vedla

k popisu dvou novych druhti kryptosporidii v ramei rodu Cryptosporidium.

e Byly popsany dva nové druhy pojmenované Cryptosporidium apodemi sp. n.
a Cryptosporidium ditrichi sp. n.

Vysledky prace prokazuji, Ze Kryptosporidie hostitelsky specifické pro
hlodavce rodu Apodemus nejsou vékové a pohlavné specifické.

e Nebyl prokdzin rozdil v prevalenci detekovanych druhti a genotypa
kryptosporidii v zavislosti na véku nebo pohlavi.

e Experimentalné nebyl ziSten rozdil ve vnimavosti juvenilich/adultnich
jedincti ani samct/samic K infekci C. apodemi a C. ditrichi.

Vysledky prace prokazaly, Ze zastupci rodu Apodemus obyvajici Evropu jsou
parazitovani stejnymi hostitelsky specifickymi druhy/genotypy kryptosporidii.

e Cryptosporidium apodemi bylo detekovano Vv n€kolika statech Evropy

(Ceska republika, Litva, Loty$sko, Polsko, Rumunsko a Slovensko).

e Cryptosporidium ditrichi bylo detekovano v Belgi, Ceské republice, Finsku,
Francii, Némecku, Nizozemi, Polsku, Slovensku a Srbsku.
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e Cryptosporidium apodemus genotyp | byl detekovan v Ceské republice, Polsku
a Slovensku.

e Cryptosporidium apodemus genotyp 1l byl detekovan v Ceské republice,
Lotyssku, Polsku, Slovensku a Srbsku.

Data ziskana pomoci terénniho sledovani a experimentalnimi infekcemi
ukazuji, Ze infekce druhy/genotypy Kkryptosporidii parazitujicimi u hlodavca
rodu Apodemus nejsou spojeny s Klinickymi pfiznaky, ani patologickymi

zménami v infikovanych ¢astech zazivaciho traktu hostitele.

e Nebyla prokazana souvislost mezi kryptosporidiovymi infekcemi a zménami
konzistence trusu u piirozené infikovanych jedinct.

e Experimentalné infikovani jedinci vpribéhu infekce nevykazovali Zadné

klinick¢é pftiznaky onemocnéni.

e Nebyly zjistény zadné makroskopické ani histopatologické zmény v zazivacim

traktu infikovanych hostiteld.

Na zakladé vySetieni 946 vzorki lze konstatovat, Ze u hlodavca rodu
Apodemus bylo detekovano nékolik druhii Kkryptosporidii se zoonotickym
potencidlem. Nékteré tyto druhy by mohly za urcitych podminek predstavovat
riziko v ohroZeni zdravi lidské populace.

e Z detekovanych druhtVgenotypii kryptosporidii popsanych v této praci bylo
u lidi detekovano C. andersoni, C. ditrichi, C. hominis, C. muris, C. parvum
a C. tyzzeri.

e Experimentalné bylo prokazano, ze hlodavei rodu Apodemus jsou vnimavi

k infekci drunem C. parvum.

e Doposud nebyl prokazan ptenos Zadného druhu kryptosporidii z hlodaveti rodu
Apodemus na ¢loveka.
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8. PUBLIKACE, Z NICHZ VYCHAZi TATO PRACE
8.1. Publikace I

Cryptosporidium apodemi sp. n. and Cryptosporidium ditrichi sp. n.
(Apicomplexa: Cryptosporidiidae) in Apodemus spp.

Condlova S., Hor¢ickova M., Sak B., Kvétotiova D., Hlaskova L., Koneény R.,
Stanko M., McEvoy J., Kva¢ M. 2018. Eur. J. Protistol. 63: 1-12.
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Abstract

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

© 2018 Elsevier GmbH. All rights reserved.

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

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

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

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

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

Material and Methods
Specimens studied

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

Molecular characterisation and phylogenetic
analysis

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

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

Source of oocyst for morphometric and
transmission studies

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

Morphological evaluation

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

Experimental infection

To study the course of infection and host specificity, puri-
fied oocysts were used to infect 8-week-old yellow-necked
mice, BALB/c mice (Mus musculus), and common voles
(Microtus arvalis). To prevent environmental contamina-
tion with oocysts, laboratory rodents were housed in plastic
cages and supplied with a sterilized diet (TOP-VELAZ,
Prague, Czech Republic) and sterilized water ad libitum.
Each experimental animal was inoculated orally by stom-
ach tube with 50,000 purified oocysts of appropriate taxa
suspended in 200 pl of distilled water. Animals serving as
negative controls were inoculated orally by stomach tube with
200 .l of distilled water. Faecal samples of all animals were
screened daily for the presence of Cryptosporidium oocysts
using ACMYV staining, and the presence of Cryptosporidium-
specific DNA was confirmed using nested PCR targeting the
SSU gene. All experiments were terminated 30 days post
infection (DPI). Infection intensity was reported as OPG,
as previously described by Kvac et al. (2007). In addition,
faecal consistency and general health status were examined
daily. To study site of infection, a susceptible host was euth-
anized during the patent period and tissue specimens of the
digestive tract (oesophagus, stomach, duodenum, jejunum,
ileum, cecum, and colon) and other organs (liver, kidney,
spleen and lungs) were processed for PCR detection, histol-
ogy and electron microscopy. Animal caretakers wore new

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

Histopathological and scanning electron
microscopy examinations

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

Statistical analysis

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

Ethics statement

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

Results

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

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

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

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

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

morphology and experimental infectivity of isolates from

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

had oocysts detectable by microscopy (Table 1).
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Fig. 1. Maximum likelihood tree based on partial small subunit ribosomal RNA gene sequences of Cryptosporidium (n=40), including

Cryptosporidium ditrichi sp. n. and Cryptosporidium

apodemi sp. n. Sequences from this study are bolded. The alignment contained 550

base positions in the final dataset. The Tamura 3-parameter method modelled by using a discrete Gamma distribution was used. Numbers at
the nodes represent the bootstrap values with more than 50% bootstrap support from 1000 pseudoreplicates. Branch length scale bar indicate

number of substitution per site.

Molecular characterization and phylogenetic

analysis

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

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

Experimental host transmissions

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

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

Taxonomic summary

Cryptosporidium apodemi sp. n.

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

Type host: striped field mouse (Apodemus agrarius)
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C. macropodum [EU124664) Fig. 3. Maximum likelihood tree based on partial sequences of
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100 C. huwi [AY524772] values with more than 50% bootstrap support from 1000 pseu-
) o ) ) doreplicates. Branch length scale bar indicate number of substitution
Fig. 2. Maximum likelihood tree based on partial actin gene per site.

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

Other host: yellow-necked mouse (Apodemus flavicollis)

Site of infection: intestine

Material deposited: Slides with oocysts and DNA are
deposited at the Institute of Parasitology, Biology Cen-
tre of the Czech Academy of Sciences, Czech Republic.
Partial sequences of SSU, actin and COWP genes were
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1 5 10 15 20 25 30

Day post infection

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

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

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

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

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

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

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

Molecular characterization and phylogenetic
analysis

Sequences of C. ditrichi formed a well-supported clade that
included Cryptosporidium SSU sequences from raw water
and a human in Sweden and from raw water in the UK.
Three variants of the C. ditrichi SSU gene shared 98.9-100%
similarity with each other. All variants were detected in the
Czech Republic (Acc. Nos. MG266030-MG266033), but
only one was detected in Slovakia (Acc. No. MG266032;
Fig. 1). Two variants of the C. ditrichi actin sequence dif-
fered by a single synonymous substitution. Both actin variants
were detected in the Czech Republic (Acc. Nos. MG266039
and MG266040), but only one was found in Slovakia (Acc.
No. MG266040; Fig. 2). COWP gene sequences did not dif-
fer among isolates of C. ditrichi. Phylogenetic analyses of



8 S. Condlovi et al. / European Journal of Protistology 63 (2018) 1-12
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Fig. 6. Course of infection of Cryptosporidium ditrichi sp. n. based on coprological and molecular examination of faeces. Circles indicate
detection of specific DNA, black circle indicates microscopic detection of oocysts.

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

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

Experimental host transmissions

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

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

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

Taxonomic summary

Cryptosporidium ditrichi sp. n.

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

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

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

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

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

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

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

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

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

Discussion

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

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

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

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

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

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

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

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

Introduction

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

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

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

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

Material and methods
Area and specimens studied

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

Molecular characterization

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

Michaela Horcic¢kova et al.

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

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

J, juvenile; A, adult.

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

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

The primary PCR mixtures contained 2 yL of template DNA,
25U of Tag DNA Polymerase (Dream Taq Green DNA
Polymerase, Thermofisher Scientific, Waltham, MA, USA), 0.5x
PCR buffer (SSU) or 1x PCR buffer (actin, COWP and HSP70;
Thermofisher Scientific), 6 mm MgCl, (SSU) or 3 mm MgCl,
(actin, COWP and HSP70), 200 um each deoxynucleoside triphos-
phate, 100 mM each primer and 2 yL non-acetylated bovine serum
albumin (BSA; 10 mg ml™"; New England Biolabs, Beverly, MA,
USA) in 50 yL reaction volume. The secondary PCR mixtures
were similar to those described above for the primary PCR,
with the exception that 2 yL of the primary PCR product was
used as the template, the MgCl, concentration was 3 mm and
no BSA was used. DNA of C. parvum and molecular grade
water were used as positive and negative controls, respectively.
Secondary PCR products were detected by 2% agarose gel electro-
phoresis, visualized by ethidium bromide staining and extracted
using GenElute™ Gel Extraction Kit (Sigma-Aldrich, St. Louis,
MO, USA). Purified secondary products were sequenced in
both directions with an ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) using the secondary PCR pri-
mers and the BigDyel Terminator v3.1 cycle sequencing kit
(Applied Biosystems) in 10 L reactions.

Phylogenetic analysis

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

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

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

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

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

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

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

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

Origin of specimens for transmission studies

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

indicates the number of substitutions per site.

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

Transmission studies

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

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

Histopathological and scanning electron microscopy
examinations

The gastrointestinal tract of one animal from each group was
examined following necropsy at 6 DPI (this time was selected
based on preliminary results; data not shown). The entire small
and large intestine was divided into 1 cm sections and samples
were processed for histology, scanning electron microscopy
(SEM) and PCR/sequencing. Specimens for histology were fixed
in 4% buffered formalin and processed by the usual paraffin
method. Histological sections (5 ym) were stained with haema-
toxylin and eosin and periodic acid-Schiff stains. The specimens
for SEM were fixed overnight at 4 °C in 2.5% glutaraldehyde in
0.1 M phosphate buffer, washed three times for 15 min in the
same buffer, post-fixed in 2% osmium tetroxide in 0.1 M phos-
phate buffer for 2 h at room temperature and finally washed
three times for 15 min in the same buffer. After dehydration in
a graded acetone series, specimens were dried using the critical
point technique, coated with gold and examined using a JEOL
JSM-7401F-FE SEM.

Oocyst morphometry

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

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

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

Animal care

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

Statistical analysis

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

Results
Prevalence and infection intensity of Cryptosporidium

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

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

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

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

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

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

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

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

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

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

Cryptosporidium alticolis sp. n.

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

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

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

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

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

s

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

Taxonomic summary

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

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

Description: Oocysts are shed fully sporulated with four sporo-

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

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

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

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

etry of other developmental stages are unknown.

Type host: common vole (M. arvalis)

Type locality: Dacice (Czech Republic)

Other localities: Masdkova Lhota and Vsechov (Czech Republic)

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

Distribution: Czech Republic

Type material/hapanotype: Tissue samples in 10% formaldehyde

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

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

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

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

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

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

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

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

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

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

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

Cryptosporidium microti sp. n.

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

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

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

Taxonomic summary

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

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

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

Type host: common vole (M. arvalis)

Type locality: Radimovice (Czech Republic)

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

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

Distribution: Czech Republic

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

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

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

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

Discussion

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

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

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

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

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

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

Michaela Horcic¢kova et al.

the submucosal colonic lymphoglandular complexes in pigs
(Vitovec et al., 2006).

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