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Anotace

Zastupci rodu Cryptosporidium (Apicomplexa) parazituji v télech poikilotermnich
1 homoiotermnich obratlovci vcetné¢ clovéka. Jednd se o jednohostitelskeé,
jednobunééné a epicelularni parazity. Zatimco kryptosporidiim lidi a hospodarskych
zvifat byla vénovana celd tada studii, vyzkum na dalSich obratlovcich vcetné
synantropnich hlodavcii zaostava. Znalosti o biologickych vlastnostech jednotlivych
druhti a genotypu jsou ve vétSin€¢ piipadd nedostatecné nebo zcela chybéjici.
Do soucasné doby bylo popsano 51 platnych druht kryptosporidii a byly detekovany
niz8i stovky genotypt, o kterych neexistuje dostatecné mnozstvi tdaji, aby bylo
mozné je povazovat za platné druhy. Tato diserta¢ni prace vyrazné rozsifuje znalosti
0 kryptosporidiich specifickych pro synantropni hlodavce, zaméfuje se na jejich
vyskyt a diverzitu v ramci tfi ¢eledi a 12 rodd, hostitelskou a organovou specifitu,
morfologii vyvojovych stadii, patogenitu a jejich pienos. Mimo jiné, vysledky
ziskané Vv této praci prispély Kk popisu péti druhtt a 14 genotypu specifickych

pro synantropni hlodavce.



Annotation

Representatives of the genus Cryptosporidium (Apicomplexa) parasitize the bodies
of poikilothermic and homoeothermic vertebrates, including humans. They are
single-host, unicellular and epicellular parasites. While a number of studies have
been devoted to cryptosporidia of humans and livestock, research on other
vertebrates, including synanthropic rodents, has lagged behind. Knowledge
of the biological characteristics of individual species and genotypes is in most cases
inadequate or completely lacking. To date, 51 valid species of cryptosporidia have
been described and lower hundreds of genotypes have been detected for which there
is insufficient data to consider them as valid species. This dissertation significantly
advances the knowledge of cryptosporidia specific to synanthropic rodents, focusing
on their occurrence and diversity within three families and 12 genera, host and organ
specificity, developmental stage morphology, pathogenicity and transmission.
Among others, the results obtained in this work contributed to the description of five

species and 14 genotypes specific to synanthropic rodents.



Souhrn

Predmétem predlozené disertacni prace je studium vyskytu a diverzity kryptosporidii
synantropnich hlodavci. V prubéhu studia bylo vysetfeno pomoci mikroskopickych
a molekularnich metod 1256 vzorkid trusu synantropnich hlodavct ze 3 celedi
a 12 rodd z péti zemi. Z toho 743 vzorkt z Ceské republiky, 136 ze Slovenska,
63 z Filipin, 47 z Kambodzi a 267 z Thajska. Pouze 13 vzorkt bylo mikroskopicky
pozitivnich na pfitomnost oocyst kryptosporidii. Specificka DNA kryptosporidii byla
detekovana ve 176 pripadech. Fylogenetickymi analyzami ¢astecnych sekvenci gent
kodujicich malou podjednotku rRNA (SSU), heat shock protein (HSP70), aktin,
Cryptosporidium oocyst wall protein (COWP), thrombospondin-related adhesive
protein (TRAP-C1) a 60 kDa glykoprotein (gp60) byla prokazana piitomnost
29 ruznych kryptosporidii. Bylo detekovano pét jiz difive popsanych druhd
(C. andersoni, C. muris, C. parvum, C. ubiquitum a C. ryanae) a 29 genotypu. Z nich
13 bylo detekovano vibec poprvé, konkrétné 9 genotypi z hlodavet z Thajska
(Cryptosporidium sp. THA1-9) a 4 genotypy ze sysli z Ceské republiky
(Cryptosporidium sp. Sc01-04). Soucasné byl detekovan dosud nepopsany druh
specificky pro nutrie — C. myocastoris. Na zaklad¢ biologickych a molekularnich
odlisnosti byly z dfive znamych genotypt ustanoveny samostatné druhy: C. occultus
(dtive znamo jako Cryptosporidium suis-like, Cryptosporidium sp. RTA368,
Cryptosporidium sp. W20486, Cryptosporidium sp. P156, Cryptosporidium sp.
K4515, Cryptosporidium sp. AQ7 a Cryptosporidium parvum VF383), C. ratti (dfive
znamo jako Cryptosporidium sp. rat genotyp 1), C. sciurinum (dfive znamo jako
Cryptosporidium sp. ferret genotyp) a C. mortiferum. (dfive znamo jako
Cryptosporidium sp. chipmunk genotyp ). Velikost oocyst nové popsanych druht
kryptosporidii se od sebe do jist¢ miry liSila. Oocysty C. occultus méfily
520 x 4,94 um, C. ratti 490 x 4,60 um, C. myocastoris 502 x 4,85 um,
C. sciurinum 5,54 x 522 pum a C. mortiferum 5,64 x 5,37 um. Studium tkanové
specifity prokazalo vyvoj C. occultus v tlustém stfevé potkant. Predilekénim mistem
C. ratti stejné jako C. myocastoris bylo jejunum a ileum potkand, respektive nutrii.
Lokalizace infekce C. sciurinum nebyla v nasi studii prokazana a C. mortiferum,
parazitujici u veverek, bylo detekovano ve slepém a tlustém strevé. Druh C. occultus

byl infekéni pro potkany, mysi a piskomily. Druhy C. ratti a C. myocastoris se zdaji



byt uzce hostitelsky specifické a byly infekéni pouze pro potkany, respektive
pro nutrie. Obdobné druh C. sciurinum specificky pro veverky obecné nebyl infekéni
pro zadného jiného modelového hostitele. U druhu C. mortiferum byla prokazana
obecné a veverky popelavé. V ramci této prace byla popsana patogenita u vSech nami
popsanych druhti. V pfipadé¢ druhtt C. occultus, C. ratti, C. myocastoris
a C. sciurinum nebyly pozorovany zadné klinické pfiznaky infekce u zadného
z infikovanych hostiteli. Pouze u druhu C. mortiferum byla pozorovana
kryptosporidioza s vysokou virulenci pro veverky obecné.

Vysledky prace ukéazaly, ze kryptosporidie detekované u synantropnich hlodavct
nepiedstavuji vyznamné riziko pro ¢lovéka a jim chovana doméci a hospodaiska

zvirata.



Summary

The subject of the present dissertation is the study of the occurrence and diversity
of cryptosporidia of synanthropic rodents. In the course of the study, 1256 faecal
samples of synanthropic rodents from 3 families and 12 genera from five countries
were examined using microscopic and molecular methods. Of these, 743 samples
were from the Czech Republic, 136 from Slovakia, 63 from the Philippines,
47 from Cambodia and 267 from Thailand. Only 13 samples were microscopically
positive for the presence of cryptosporidia oocysts. Cryptosporidium-specific DNA
was detected in 176 cases. Phylogenetic analyses of partial sequences of the genes
encoding small subunit rRNA (SSU), heat shock protein (HSP70), actin,
Cryptosporidium oocyst wall protein (COWP), thrombospondin-related adhesive
protein (TRAP-C1) and 60 kDa glycoprotein (gp60) revealed the presence
of 29 different cryptosporidia. Five previously described species (C. andersoni,
C. muris, C. parvum, C. ubiquitum and C. ryanae) and 29 genotypes were detected.
Of these, 13 were detected for the first time, namely 9 genotypes from rodents
from Thailand (Cryptosporidium sp. THA1-9) and 4 genotypes from gophers
from the Czech Republic (Cryptosporidium sp. Sc01-04). At the same time,
a previously undescribed species specific to nutria, C. myocastoris, was detected.
On the basis of biological and molecular differences, the previously known
genotypes were established as separate species: C. occultus (formerly known
as Cryptosporidium suis-like, Cryptosporidium sp. RTA368, Cryptosporidium sp.
W20486, Cryptosporidium sp. P156, Cryptosporidium sp. K4515, Cryptosporidium
sp. AQ7 and Cryptosporidium parvum VF383), C. ratti (formerly known
as Cryptosporidium sp. rat genotype 1), C. sciurinum (formerly known
as Cryptosporidium sp. ferret genotype) and C. mortiferum (formerly known
as Cryptosporidium sp. chipmunk genotype 1). The oocyst size of the newly
described Cryptosporidium species differed to some extent from each other. Oocysts
of C. occultus measured 5.20 x 4.94 um, C. ratti 4.90 x 4.60 um, C. myocastoris
5.02 x 4.85 pum, C. sciurinum 5.54 x 5.22 um, and C. mortiferum 5.64 x 5.37 um.
Tissue specificity studies demonstrated the development of C. occultus in the colon
of rats. The predilection sites of C. ratti as well as C. myocastoris were the jejunum

and ileum of rats and nutria, respectively. The localization of C. sciurinum infection



was not demonstrated in our study, and C. mortiferum, parasitizing squirrels, was
detected in the caecum and colon. The species C. occultus was infectious to rats,
mice and gerbils. The species C. ratti and C. myocastoris appeared to be narrowly
host specific and were infective only for rats and nutria, respectively. Similarly,
the species C. sciurinum specific to red squirrels was not infectious to any other
model host. C. mortiferum species showed the broadest host specificity and was
infectious to mice, ferrets, gerbils, red squirrels and eastern gray squirrels.
Pathogenicity has been described for all species described in this work. In the case
of the species C. occultus, C. ratti, C. myocastoris and C. sciurinum, no clinical signs
of infection were observed in any of the infected hosts. Only C. mortiferum was
observed to have cryptosporidiosis with high virulence for red squirrels.

The results of the work showed that cryptosporidia detected in synanthropic
rodents do not pose a significant risk to humans and their domestic and livestock

animals.
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1 CILE PRACE

Cilem této prace bylo studovat prevalenci, diverzitu a biologii kryptosporidii

u synantropné zijicich hlodavcu.

Nasledujici konkrétni dil¢i cile predstavuji jednotlivé kroky vyzkumu nezbytné

pro dosaZeni hlavniho cile:

e Vyhodnotit vyskyt a prevalenci kryptosporidiovych infekci u synantropné

cey

zijicich hlodavcu.

e Prokazat hostitelskou specifitu a infektivitu ziskanych izolata kryptosporidii

pomoci experimentalnich infekei.
e Popsat biologii ziskanych druhti a genotypt kryptosporidii, zejména prib¢h
infekce, patogenitu a lokalizaci vyvojového cyklu v€etné popisu vyvojovych stadii.

cey

e Popsat diverzitu kryptosporidii synantropné Zijicich hlodavci pomoci

multilokusové genotypizace a fylogenetickych analyz.
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2 LITERARNI PREHLED

2.1 Cryptosporidium a kryptosporidiéza — obecny avod

Cryptosporidium  Tyzzer, 1907 je rod mikroskopickych jednobunéénych
jednohostitelskych epicelularnich paraziti, jejichz hostiteli mohou byt zastupci vSech
tiid obratlovct (O'donoghue 1995, Ziegler et al. 2007). Je tomu jiz vice nez 100 let,
kdy byly kryptosporidie poprvé pozorovany v zaludku a nasledné ve stievé mysi
(Tyzzer 1910, 1912). Od té doby bylo popsano vice nez 50 druhti kryptosporidii
a stovky genotypli detekovanych v gastrointestinalnim traktu, pfipadné i dalSich
organech svych hostitelti (Current et al. 1986, Goodstein et al. 1989, Xiao et al. 2002,
Holubova et al. 2016). Kryptosporidie byvaji detekovany nejen v definitivnich
hostitelich a jejich trusu, ale i v pitné vodé, v odpadnich vodach, v pidé, na zeleniné
a celkové na vSech ptredmétech a prostiedi, které piisly do styku s trusem, respektive
stolici obsahujici oocysty kryptosporidii (Kvaé¢ et al. 2013c¢, Striepen 2013, Abbas
et al. 2022).

Souziti kryptosporidii a jejich hostiteld se postupem ¢asu vice a vice ptizpisobuje
a ve vetSing€ pripadu se zda, Ze je vztah parazita a hostitele v rovnovaze. V poslednich
letech byla provedena fada studii, ve kterych bylo zjiSténo, Ze vétSina druhd
kryptosporidii nezpusobuje zadné klinické ptiznaky (Turkcapar et al. 2002, Houpt
et al. 2005, Vitovec et al. 2006, Kvac et al. 2014c, Ryan et Xiao 2014, Segura et al.
2015). Nicméné n&které druhy mohou vyvolat onemocnéni kryptosporididozu
doprovazené fadou klinickych ptiznaku (Current et Garcia 1991, Chalmers et Davies
2010). Z pohledu ¢lovéka patii mezi nejvyznamnéjsi druhy C. parvum a C. hominis,
které vyvolavaji infekci u imunodeficitnich, ale i imunokompetentnich jedinct
(Johansen et al. 2015). U imunodeficitnich jedinct mohou infekci vyvolat i dalsi
druhy kryptosporidii a mohou se rozsifit téméf do vSech tkani svého hostitele
(Macher 1988, Reina et al. 2016, Wesetowska et al. 2016). V zemich tretiho svéta je
kryptosporididza druhé nejCastéjsi prijmové onemocnéni, na které umiraji zejména
déti do 5 let véku, k jejichz nakaze dochazi obvykle z kontaminované vody (Striepen
2013).

Kryptosporidie  jsou z evoluéniho hlediska velmi dobfe adaptovany
K parazitickému zpusobu zivota. Zejména odolnost oocyst jim umoziuje piezivat

v ruznych podminkach vné&jsiho prostfedi a Gspé€$né odolavaji i dezinfekénim
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prostiedkim (Uguen et al. 1997, Dumetre et al. 2012, Adeyemo et al. 2019,
Chalmers et al. 2019, Zahedi et Ryan 2020).

2.1.1. Klasifikace a fylogeneze kryptosporidii

Z tylogenetického hlediska jsou kryptosporidie fazeny do kmene Apicomplexa
(Cavalier-Smith 2014). Pavodné byly kryptosporidie fazeny mezi kokcidie, nicméné
jiz Tyzzer pti popisu prvnich druht kryptosporidii upozornil na nekteré odlisnosti
kryptosporidii od kokcidii, pfesto je vSak ke kokcidiim pritadil (Tyzzer 1910).
Mezi kryptosporidiemi a kokcidiemi lze nalézt né€kolik odli$nosti: (i) endogenni
stadia kryptosporidii nejsou lokalizovana v cytoplazmé, ale jsou lokalizovana
na povrchu bunky (epicelularni lokalizace), ii) kryptosporidie jsou na hostitelskou
bunku pfipojeni tzv. feeder organelou, iii) u kryptosporidii nenalezneme
morfologické struktury, jako jsou sporocysta, mikropyle a polova ¢epicka, které jsou
typické pro oocysty kokcidii, iv) v ramci zivotniho cyklu dochazi u kryptosporidii
ke vzniku dvou odlisnych typti oocyst, v) kryptosporidie maji na rozdil od kokcidii
schopnost autoinfekce hostitele (Ryan et al. 2014). Na pielomu tisicileti byly
provedeny prvni fylogenetické studie, jejichz zavérem bylo, Ze kryptosporidie maji
nejen z biologického, ale iz fylogenetického hlediska blize ke gregarinam (Fayer
et al. 1997, Carreno et al. 1999). Mezi spolecné biologické znaky kryptosporidii
a gregarin patii morfologickd stavba organel, které slouzi k pfichyceni k hostitelské
burice a nepiitomnost plastidového genomu (Valigurova et al. 2007, Cavalier-Smith
2014).

V roce 2014 byla publikovana fylogeneticka studie, ve které byly kryptosporidie
zarazeny do tiidy Gregarinomorphea, a do skupiny Cryptogregarina (Cavalier-Smith
2014). V roce 2019 Adl et al. (2019) tuto tfidu rozsifili na podtiidu
Cryptogregarinorida v ramci Gregarinasina. Nicméné v poslednich ¢étyfech letech
bylo publikovano nékolik fylogenomickych analyz zahrnujici Kkryptosporidie
a gregariny, které¢ vyvraci validitu skupiny Cryptogregarina (Janouskovec et al. 2019,
Mathur et al. 2019, Salomaki et al. 2021). Ukazuje se, Ze kryptosporidie
pravdépodobné predstavuji samostatnou monofyletickou skupinu v rdmci kmene
Apicomplexa a je zjevné nutna dal§i taxonomicka revize (Obrazek 1). Rod

Cryptosporidium byl také navrZzen jako nejstar$i divergujici linie Vv ramci
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Apicomplexa (Salomaki et al. 2021), zatimco jiné studie naznacuji vice nezavislych
puvoda (Mathur et al. 2019).

Obrazek 1. llustrace postaveni kryptosporidii v ramci kmene Apicomplexa.
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Theileria
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Leucocytozoon
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Chromera

Apicomplexa

2.1.2 Vyvojovy cyklus a morfologie kryptosporidii

Vyvojovy cyklus kryptosporidii zahrnuje vzdy pouze jednoho hostitele a d€li se
na Ctyti faze: excystace, merogonie, gametogonie a sporogonie, vV ramci nichz parazit
prodélava asexualni (merogonie) a sexualni (gametogonie) rozmnozovani (Obrazek
2). Aby mohl cely cyklus uspé€$né prob&hnout, je nezbytné pozieni infekce
schopnych oocyst kryptosporidii vnimavym hostitelem. V ptipadé€, Ze oocystu pozie

netypicky hostitel, dojde bud’ k excystaci a pokusu sporozoitii o infekci hostitele,
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ktery vsak kon¢i nezdarem, nebo oocysty projdou zazivacim traktem tohoto hostitele
bez ztraty zivotaschopnosti (Graczyk et al. 1996, 1998). Mnozstvi infekce schopnych
oocyst neni pro infekci rozhodujici (Zambriski et al. 2013, Melicharova et al. 2014).
Uvadi se, ze nizsi desitky oocyst jsou dostate¢né pro vyvolani infekce (Okhuysen
et Chappell 2002).

Obrazek 2. Grafické znazornéni vyvojového cyklu Cryptosporidium parvum (Dhal
et al. 2022, upraveno).
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Po pozieni oocyst hostitelem dojde k excystaci. To znamena, Zze z 00CySty jsou
uvolnéni Ctyfi sporozoiti, ktefi napadaji bunky epitelu traviciho traktu pfipadné jiné
organy. Kazdy sporozoit obsahuje haploidni jadro s osmi chromozomy (Blunt et al.
1997). Obvykle kryptosporidie infikuji gastrointestinalni trakt, konkrétné zaludek
a stfevo, nicméné byly detekovany i V jinych organech, a to zejména u ptakd,
kde se druh C. baileyi mize vyskytovat v plicich, ledvinach a Fabriciové burze
(Current et al. 1986). Dalsi odlisnost ve vyvojovém cyklu byla popsana u druht
C. molnari a C. huwi parazitujicich u kostnatych ryb. Vyvojova stadia kryptosporidii
téchto druhti byly detekovany uvnitf Zaludecni sliznice, ptfipadné uvnitt bunék

sttevniho epitelu. Cést vyvojového cyklu téchto druhii tedy probiha uvnitf bundk a ne
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epicelularné, jak je tomu obvykle u kryptosporidii ostatnich obratlovcu (Sunnotel
et al. 2006, Ryan et al. 2015).

Uvolnéni sporozoiti z excystovanych oocyst se aktivné pohybuji, vyhledavaji
a napadaji hostitelskou buitku (Wetzel et al. 2005). Zaludeéni druhy kryptosporidii
jsou adaptovany na kyselé pH zaludku, zatimco sporozoiti stfevnich druhd nejsou
schopni prezivat pfi takto nizkém pH (Widmer et al. 2007). Pfi kontaktu sporozoita
s hostitelskou buitkou dochazi k vychlipeni plazmatické membrany hostitelské bunky
a prodluzovani mikrovili, které postupné obklopuji sporozoita az do samotného
vzniku parazitoforniho vaku. S hostitelskou butikou je sporozoit propojen pomoci
tzv. feeder organely (Goebel et Braendler 1982, Yoshikawa et Iseki 1991,
Valigurova et al. 2007, Melicharova et al. 2014).

Nésledujici faze vyvojového cyklu je nazyvana merogonie, béhem niz se jadro
trofozoita asexudlné¢ rozmnozuje. Vznika meront 1. typu, ktery obsahuje
6-8 merozoiti. Tito merozoiti I. typu napadaji dalsi buiikky a opét davaji vzniknout
merontim [. typu, pfipadné merontiim II. typu obsahujicim jiz pouze 4 merozoity
(Aydin 1997). Pouze z merozoiti II. typu se vyviji mikrogamonty a makrogamonty.
Nicméné nezbytnost a pfitomnost merozoitu II. typu byla zpochybnéna pfi in vitro
experimentech (English et al. 2022). Mikrogamonti se mnohonasobn¢ déli a davaji
vzniknout az 16 pohyblivym mikrogametadm (samci pohlavni buiiky). Makrogamonti
jsou jednojaderni a vyviji se pouze v jednu makrogametu (samici pohlavni bunka),
ktera byva aktivné vyhleddvdna mikrogametami. Mikrogameta penetruje
do makrogamety a tim dojde k oplodnéni. Takto oplodnéna makrogameta se vyviji
a dozrava v oocystu (Current et al. 1986, Fayer et Ungar 1986, Current et Reese
1987, Valigurova et al. 2008).

VSechny oocysty kryptosporidii obsahuji ¢tyfi sporozoity a jedno velké rezidualni
télisko (Uni et al. 1987). U druhu C. parvum byl prokazan vznik dvou typt oocyst.
Tenkosténné oocysty zpusobujici autoinfekci a silnosténné oocysty, které jsou
vylu¢ovany trusem do vnéjsiho prostiedi, kde jsou schopné okamzité infekce nového
hostitele (Current et Reese 1987, Blunt et al. 1997, Sunnotel et al. 2006, Widmer
et al. 2007). Diky robustni stavbé bunécné stény jsou silnosténné oocysty velmi
dobfe adaptovany na pieziti ve vné&j$im nepiiznivém prostiedi (Jenkins et al. 2010).

Morfologické rozdily ve tvaru a velikosti oocyst jsou u vétSiny kryptosporidii
natolik malé, Ze je nelze vyuzit jako spolehlivy diferencidlni znak pro rozliSeni
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jednotlivych druht (Jex et al. 2008, Kvac et al. 2013a, Kvac et al. 2014a, Holubova
et al. 2016, Holubova et al. 2019). Oocysty stfevnich druhti kryptosporidii jsou
sférického tvaru s velikosti 4,0-6,5 um (Tyzzer 1912, Fayer et al. 2008), oocysty
Zaludec¢nich druht jsou pak ovalné o velikosti 6,5-9,0 um (Ryan et Xiao 2014).

2.1.3 Zdroj kryptosporidii, jejich Sifeni a prevalence

Kryptosporidie jsou do Vnéj§ih0 prostf*edi Vyluéovény trusem, respektive stolici
si svoji infektivitu pro dalsi potencialni hostitele, napiiklad pomoci hlodavct,
¢i dalsich zivo¢ichu (Obrazek 3). Zdrojem kryptosporidii je v prvni fadé
jiz zminovany trus, ¢i stolice a dale vSechny typy vod, do kterych se oocysty dostaly,
puda a dalsi kontaminované pfedméty a potraviny, jako zelenina a ovoce (Li et al.
2020c, Daraei et al. 2021, Abbas et al. 2022).

Obrazek 3. Cesty zvysujici riziko pfenosu patogentt prenaSenych hlodavci (Ecke

et al. 2022, upraveno).
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Z 24 druht a genotypu kryptosporidii infekénich pro ¢lovéka je pouze C. hominis
hostitelsky specificky pro lidi, pét jich je specifickych pro hospodarska zvirata
a sedm pro volné zijici hlodavce (Ortega et Kvac¢ 2013, Zajaczkowska et al. 2022). K
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ptfenosu kryptosporidii mezi hlodavci a ¢lovékem dochézi nejcastéji dvéma zplisoby.
V prvnim piipad¢ dochdzi k pfenosu z druhii, které¢ pronikaji do lidskych obydli
a jejich okoli (Obrazek 3a), nebo lidé se vydavaji do pfirozenych stanovist’ hlodavci,

nebo vyuzivaji hlodavce jako ptirodni zdroj (Obrazek 3b).

Télesna hmotnost hlodaved mutze dichotomicky zvySovat riziko pfenosu
patogenti. Zatimco hlodavci s vysokou télesnou hmotnosti jsou casto loveni
pro kozeSinu nebo maso, mnoho hlodavct s nizkou télesnou hmotnosti méd méné
vyvinuté strategie imunitni obrany a vykazuji velké populac¢ni vykyvy, coz ma
za nasledek vznik nakazovych ohnisek. Obdobi vysoké populacni hustoty hlodavci
jsou c¢asto spojovana S hojnym Sifenim hlodavct do prostiedi obyvanych ¢lovékem.
Vzhledem k tomu, Ze patogeny jsou cCasto spojovany se synantropnimi hlodavci
a shlodavci obecné, je riziko nakazy ¢lovéka kvuli blizkému vztahu s hlodavci

zvySeno (Jones et al. 2008, Shrivastava et al. 2017).

Daraei et al. (2021) proved| studii, ve které vyuzil data vSech dostupnych
publikaci a prokdzal celkovou prevalenci kryptosporidii ve vodé 36 %. Nejvyssi
prevalence byla odhalena v odpadnich vodach (46,9 %), dale v povrchovych vodach
(45,3 %), v ptirodnich vodach (31,6 %), v pitné vode (25,5 %), ve vod¢ z nadrzi
(24,5 %), v podzemnich vodach (18,8 %), v bazénové vodé (7,5 %) a v motské vodé
0,2 %). Zjisténa prevalence kryptosporidii ve vodé ovSem nemusi znamenat,
ze se z vody miiZze nékdo nakazit, jelikoz fada pouzivanych detekénich metod neni
schopna odhalit, zda se ve vod¢ vyskytuji zivotaschopné a tim padem infekce
schopné oocysty. Mlize se jednat o neinfekéni oocysty, pfipadné mize byt zachycena

pouze specificka DNA (Efstratiou et al. 2017, Daraei et al. 2021).

2.2 Diverzita kryptosporidii

Pojem hostitelska specifita 1ze chapat jako rozmezi zivociSnych druhti, které je
parazit schopen vyuzivat jako své hostitele. Druhy kryptosporidii se od sebe lisi
v hostitelském spektru. Nékteré druhy kryptosporidii jsou Uzce, jiné zase Siroce
C.parvum a C. ubiquitum, které jsou snejvétsi pravdépodobnosti infekéni

pro vSechny savce vcetné ¢loveka (Dupont et al. 1995, Fayer 2004, Raskova et al.
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2013, Li et al. 2014a). Mezi druhy s tzkou hostitelskou specifitou patii C. wrairi,
C. hominis, C. ryanae, C. scrofarum, C. suis a fada dalsich (Morgan-Ryan et al.
2002, Kvag et al. 2013a, Ifeonu et al. 2016). I uzce hostitelsky specifické druhy
mohou pfilezitostné¢ parazitovat v nespecifickém hostiteli. Jako piiklad lze uvést
infekci druhem C. erinacei, kterym byl infikovany imunokompetentni ¢lovek.
Nicméné¢ typickym hostitelem tohoto druhu kryptosporidie je jezek (Kvac et al.
2014c). Koevoluce parazita s hostitelem a hostitelsko-geograficka segregace vedly
ke vzniku riznych druhti a subtypi, které se vyskytuji v riznych ¢astech svéta (Chen
et al. 2023b). Prikladem je vyskyt riznych subtypt druhu C. parvum. Neékteré
subtypy se vyskytuji celosvétove, zatimco jiné byly detekovany pouze Vv Severni
Americe (subtypy 11aR2) nebo v Evropé (subtyp I11) (Hijjawi et al. 2022, Chen et al.
2023Db).

Diverzita kryptosporidii je obrovskd, mnohem vétsi, nez bylo ptredpokladdno
a kazdy dalsi novy popis posouva nase znalosti. Zatimco na konci 20. stoleti bylo
znamo jen nékolik desitek druht a genotypt do této doby bylo popsano 51 platnych
druhd kryptosporidii a byly detekovany stovky genotypti, které byly od platnych
druhti odliseny na zaklad¢ odlisnosti v sekvenci genu kodujiciho malou podjednotku
rRNA a ¢aste¢né podle hostitelské specifity (Obrazek 4) (Kvac et al. 2014b).

Jest¢ vnedavné dobé se predpoklddalo, ze geneticka diverzita a populacni
struktura kryptosporidii v daném hostiteli je omezena na 1-4 specifické druhy (Feng
et al. 2018), nicméné nedavné studie, véetné této prace ukazuji, ze jeden hostitel
mize byt parazitovan i desitkami riznych kryptosporidii (Condlova et al. 2018,
Holubova et al. 2020, He et al. 2022, Jia et al. 2022, Wang et al. 20223, Huang et al.
2023). Zasadni ptekazku pii detekci téchto multi-infekci predstavuje problém
odliseni kolonizujicich/replikujicich se paraziti od pasaze/kontaminace (Feng et al.

2018).
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Obrazek 4. Druhy kryptosporidii infikujici jednotlivé skupiny obratlovci k roku
2023.
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2.2.1 Tkanova specifita

Tkanova specifita je az na vyjimky specifickou vlastnosti daného druhu a genotypu
kryptosporidie. U vnimavych imunokompetentnich hostitelti je predilekéni misto
infekce neménné a jednotlivé kryptosporidie se od sebe lisi svou tkanovou specifitou.
Zminéna vyjimka nastava u imunodeficitnich a oslabenych hostitelti, u kterych mutize
dochazet k $ifeni infekce i do dalSich tkani a organti (Current et al. 1986, Macher
1988, Wang et al. 2014, Wesetowska et al. 2016).

Podle lokalizace infekce v travicim traktu lze kryptosporidie rozdélit do dvou
monofyletickych, morfologicky odliSnych linii, a to na stfevni a zalude¢ni
kryptosporidie (Xiao et al. 2002, 2004, Kvag¢ et al. 2013c). V ramci stievnich druht
odliSujeme druhy s afinitou k tenkému, slepému a tlustému stievu. U fady druht
kryptosporidii, kde je zndméa lokalizace v travicim traktu, bylo zjisténo,
7e se nejéastéji vyviji v tenkém stfevé, konkrétng v duodenu a jejunu (Condlova et al.
2018, Horc¢ickova et al. 2019, Jezkova et al. 2021b). U mensi ¢asti kryptosporidii byl
zjistén vyvoj ve slepém nebo tlustém stievé (Condlova et al. 2018, Hor¢ickova et al.
2019). U ptacich kryptosporidii byla zjisténa multiorganova lokalizace. Piestoze byla
u nekterych druhti kryptosporidii detekovéana lokalizace mimo travici trakt, vSechny

druhy a genotypy kryptosporidii parazituji primarn€ v travicim traktu svych hostiteli
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(O'donoghue 1995, Thompson et al. 2005). Tyto druhy se mohou vyjma zazivaciho
traktu vyskytovat v plicich, ledvinach, mo¢ovodech a Fabriciové burze (Current et al.
1986, Curtiss et al. 2015, Holubova et al. 2016). Lokalizace v hostiteli je obvykle
odvozovana dle pfislusnosti k dané fylogenetické linii — stfevni nebo Zaludecni,
nicméné fylogeneticka pozice v ramci linie stievnich kryptosporidii nekoresponduje
s tkaflovou specifitou této skupiny (Condlova et al. 2018, Kvag et al. 2018,
Hor¢ickova et al. 2019, Jezkova et al. 2021a, 2021b).

2.3 Synantropie a synantropni Zivo¢ichové

Za synantropii je obecn¢ z biologického hlediska povazovan stav, kdy volné zijici
zivoCich, ptipadné rostlina, zije v tésné blizkosti ¢lovéka, nebo v krajin€, ktera je
do jist¢ miry clovékem modifikovdna a ma z toho prospéch. Takovi Zivocichové
¢i rostliny ziji obvykle uprostfed mést, vesnic a dalSich sidel, ktera jsou do jisté miry
udrzovana Clovékem. Lze sem zahrnout parky, zahrady, rybniky, krajnice silnic
i smetisté (Petrackova et Kraus 2000, Johnson et Klemens 2005). Synantropni
zivocichové vyuzivaji lidskych sidel zejména k ochrané proti jejich pfirozenym
predatorim, piipadné¢ i1 odlovu ¢lovékem, jelikoz na nehonebnich pozemcich
nemohou byt loveni. Prikladem takovych zivocichid, ktefi odlovu touto cestou
unikaji, jSOu na naSem uzemi naptiklad vrany, holubi, nutrie a zajici (Gade 2010,

Dipineto et al. 2013).

Obecné Ize synantropni Zivo€ichy rozdélit na eusynantropni, ktefi jsou pifimo
vazani na lidskd obydli a na hemisynantropni, kteti Ziji ve volné pfirodé,
ale v pripadé kontaktu s ¢lovékem se stavaji potencialné synantropnimi (Rosicky et

Weise 1951).

Jak vyplyva z vyse uvedeného rozdélni, tak i hlodavce lze rozdélit do dvou
skupin, a to na eusynantropni, tzv. pravé synantropni hlodavce, kam patii potkani,
krysy a mySi. Druha skupina hemisynantropnich hlodavet, tzv. prilezitostni
synantropni hlodavci jsou tvofeni hraboSi, mySicemi, hryzci a norniky. Za urcity
druh synantropie lze povazovat i souziti dalSich hlodavctl, jako veverek, nutrii
a sysld, ktefi nejsou na Clovéka vyznamné vazani, ale mohou ptilezitostné z lidské

pfitomnosti a ¢innosti profitovat (Rosicky et Weise 1951, Dubinsky et al. 1995).
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2.3.1 Synantropni hlodavci jako zdroj zoonotickych patogenii

Hlodavci predstavuji z hlediska evoluce nejvétsi a zaroven nejmladsi skupinu savcd
zahrnujici 2000-2700 druht, jejichz predkové se ziejme podobali kieckiim. Piiblizné
40-42 % vsech savcl je kategorizovano pravé jako &lenové této skupiny. Celed’
Muridae zahrnuje dokonce vice nez 1100 druhd, coz predstavuje asi ¢tvrtinu vSech
savcu (Aplin et al. 2003, Witmer 2005, Wolff 2007). Vyskytuji se zejména v Africe,
Eurasii, Australii a nékteré druhy byly pomoci ¢lovéka introdukovany po celém svéte
(Harrison et Bates 1991, Wilson 2005, Amr et al. 2018). Navzdory morfologické
a ekologické rozmanitosti, sdileji vSichni hlodavci jeden spolecny znak a tim je
diprotodontni chrup, ktery je specializovan k hlodani, pii némz se protistojné fezaky
vzajemn¢ obruSuji. Toto samoostfeni je jednim z faktori ohromného evolu¢niho

uspéchu hlodavcu (Wolff 2007).

Hlodavci, ktefi jsou hojni, celosvétove rozsifeni a zijici v blizkosti clovéka mohou
predstavovat jeden z moznych rezervoari kryptosporidii pro ¢lovéka a domadci
¢i hospodaiska zvifata. Vzhledem Kk tzkému vztahu, ktery synantropni hlodavci
vykazuji s lidskou populaci a domacimi zvifaty, jsou povazovani za vyznamné
pfenasece pavodci Dbakteridlnich, virovych ¢i parazitdirnich onemocnéni.
Z bakterialnich pivodct Ize jmenovat leptospiry, salmonely, listerie, rickettsie, dale
pivodce tularémie (Francisella tularensis), tuberkulozy (Mycobacterium
tuberkulosis) nebo moru (Yersinia pestis), pivodce virovych onemocnéni
jako hantaviry, virus lymfatické choriomeningitidy (LCMV), a dale parazity
jako naptiklad Trichinella spiralis, Toxoplasma gondii a v neposledni fadé jsou

i ptivodci kryptosporidiozy (Meerburg et al. 2009, Battersby 2015).

2.3.2 Kryptosporidie synantropnich hlodavci

Kryptosporidiim hlodavcti obecné byly dosud vénovany stovky studii (PubMed,
www.ncbi.nlm.nih.gov). Zatimco nékteré rody/Celedé¢ hlodavci jsou studovany
Castgji, naptiklad mysi, krysy, potkani, mysice, hrabosi a kiecci (Lv et al. 2009,
Raskova et al. 2013, Mohebali et al. 2017, Stenger et al. 2017, Condlova et al. 2018,
Zhao et al. 2018, Condlova et al. 2019, Garcia-Livia et al. 2022, Hancke et Suarez
2022), u jinych jsou k dispozici jen ojedinéla sdéleni nebo neexistuji zadné dostupné

informace (Pacini et al. 2023). Piikladem posledni skupiny mohou byt hlodavci
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obyvajici africky kontinent. Bohuzel neexistuje dostatek informaci o globalnim
vyskytu kryptosporidii pravé u synantropnich hlodavct. Jaka je tedy skute¢na
prevalence a diverzita kryptosporidii u synantropnich hlodavcl z celosvétového
hlediska je stale otevienou otazkou. Vysledky metaanalytické studie Taghipour et al.
(2020) wukazaly, Ze v Americe hlodavci hraji vyznamnou roli rezervoard
kryptosporidii s moznosti infekce cloveka. V souCasné dobé bylo celosvétove
u hlodavct detekovano 17 druhti a 57 genotypu kryptosporidii (Tabulka 1).
Z této podmnoziny zastupcu rodu Cryptosporidium byl u osmi prokazan pienos
na Cloveka (Tabulka 2).

Tabulka 1. Druhy a genotypy kryptosporidii detekované u hlodavca.
Druh/genotyp Typicky hostitel

Cryptosporidium (latinsky ndzev) Synantropie Citace
. Nutrie o

C. myocastoris (Myocastor coypus) Ano Jezkova et al. (2021a)

C. ratti Potkan Ano Jezkové et al. (2021b)
(Rattus norvegicus)

C. microti _ Hrabo§ Ano  Horcickovi et al. (2019)
(Microtus arvalis)

C. alticolis _ Hrabo§ Ano Horgickova et al. (2019)
(Microtus arvalis)

Potkan .
C. occultus (Rattus norvegicus) Ano Kvac et al. (2018)
. Mysice * .
C. apodemi (Apodemus agrarius) Ano Condlova et al. (2018)
S Mysice * ,

C. ditrichi (Apodemus flavicollis) Ano Condlova et al. (2018)

C. homai .Morce Ne Zahedi et al. (2018)
(Cavia porcellus)

. Hlodoun .
C. proliferans (Tachyoryctes splendens) Ne Kvac et al. (2016)
. Sysel .

C. rubeyi (Spermophilus beecheyi) Ano Li et al. (2015)

C. sciurinum . Veverka . Ano Prediger et al. (2021)
(Sciurus vulgaris)

C. viatorum Clovék a hlodavci ND Elwin et al. (2012)

. Mys
C. tyzzeri (Mus musculus) Ano Ren et al. (2012)
C. ubiquitum Skot a hlodavci Ano Fayer et al. (2010)
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Tabulka 1. Druhy a genotypy kryptosporidii detekované u hlodavct (pokracovani).

et omwope_ciae
C. wrairi (Cavig/[p())cr)iellus) Ne Vetterling et al. (1971)
C. muris (Mus Ir\n/[gfculus) Ano Tyzzer (1907, 1910)
C. mortiferum (Sciu\r/S;/s/[JITSaris) Ano Tamova et al. (2023)
Bamboo rat genotyp | (Rhizrn!?/gzlijgensis) Ne Wei et al. (2019)
Bamboo rat genotyp |1 (Rhiz?r!]?/g?slij:ensis) Ne Wei et al. (2019)
Bamboo rat genotyp Il (Rhiz?r!]?/gc;lij:ensis) Ne Li et al. (2020a)
Beaver genotyp | (CastorE(;:gﬁ; densis) Ne Feng et al. (2007)
Beaver genotyp |1 ( Ap|}388;1tli§<’:ll(?ufa) Ne Li et Atwill (2021)
Beaver genotyp 111 ( Aplﬁggrrwtliéell(arlufa) Ne Li et Atwill (2021)
Chipmunk genotyp 11 (Tan?iigsms?;lil;tus) Ano Stenger et al. (2015a)
Chipmunk genotyp I1 (Euta?nl;;l;ns?g:(ricus) Ano Lv et al. (2009)
Chipmunk genotyp IV (Tan?iigsfr;atlﬁl;tus) Ano Stenger et al. (2015a)
Chipmunk genotyp V (Phodolgjse,iitlj(nqorus) Ne Chen et al. (2021b)
C. ubiquitum-like (Rhiz?nlwc))/goslijr?ensis) Ne Li et al. (2020b)
Deer mouse genotyp | (Perfmfjsgtlrs 5. Ne Xiao et al. (2002)
Deer mouse genotyp Il (Perfmfjsgtlrs 5. Ne Feng et al. (2007)
Deer mouse genotyp |11 (Per;r(nf;scjgtlj(s 5. Ne Feng et al. (2007)
Deer mouse genotyp IV (Per;r(nf;scjgtlj(s 5. Ne Feng et al. (2007)
ngor ',:I/l Xuse isolate 1543 (Peréﬁwr;scgtljs sp.) Ne Stenger et al. (2017)
Bi‘?r Mouse 1799 Pero (Perfmfjsgtlrs sp.) Ne Stenger et al. (2017)
Hamster genotyp (Pho doIp)(lfseZg(ngorus) Ne Lv et al. (2009)
Mouse genotyp Il (Mus dlt\)/lnylisticus) Ano Foo et al. (2007)
Mouse genotyp (Naruko Mysice Ano Murakoshi et al. (2013)

genotyp)

(Apodemus speciosus)
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Tabulka 1. Druhy a genotypy kryptosporidii detekované u hlodavca (pokracovani).

ettt sypmrope o
Mouse genotyp (KSFM) ( Apé\ggs]i:j: 5. Ano Song et al. (2015)
Mouse genotyp (CR Mys . Ano Garcia-Livia et al.

159) (Mus musculus domesticus) (2020)
Mouse genotyp (CR 72) (Mus muscu%?domesticus) Ano (C;%r;(i)?-Livia el
Muskrat genotyp | (W7) (On dat?gdz?tt)ghicus) Ne Xiao et al. (2002)
Muskrat genotyp 1l (©n dat?gdz?tt)ghicus) Ne Zhou et al. (2004)
Rat genotyp Il (Rattulzgfl?ezumi) Ano Lv et al. (2009)
Rat genotyp |11 (Rattulggzizumi) Ano Lv et al. (2009)

Krysa Ng-Hublin et al. _
Rat genotyp 1V (Rattus tanezumi) Ano g_o(lzsz)al)étl)\;g_HUb“n et
Rat genotyp BR8 (RattusI,D?\tokr?/r;gicus) Ano Kimura et al. (2007)
Rat genotyp (CR72) (Ratgrsyrsgttus) Ano g%rzc(i)a)l—Livia etal.
Rat genotyp (CR159) (Ratgrsyrsgttus) Ano g%rzc(i)a)l—Livia etal.
Shrew genotyp (Blarin:\zijrsg\ll(icau da) Ne Feng et al. (2007)
(Ssqgjé;rg:lggenotyp | (Spermop%iil beecheyi) Ano Atwill etal. (2004)
(Ssqgjé;rg:lgg)enotyp ! (Spermop%iil beecheyi) Ano Atwill et al. (2004)
(Ssqgjlgge;ag)enotyp " (Spermop?])illzes! beldingi) Ano Pereira et al. (2010)
(Ssqgjlgge;d%enotyp v (Spermop?])illsues! beldingi) Ano Pereira et al. (2010)
(Ssqgjé;rﬂeg)enotyp Y (Spermopﬁﬁzesl beecheyi) Ano Lietal. (2015)
Vole genotyp (Microtuslézar?r%illvanicus) Ano Feng et al. (2007)
Vole genotyp 1 (MicrIc:Itruasb givalis) Ano gg:cgliigtv: Iét(isl(?dw)
Vole genotyp I (MicrI(;Itrua: gfvalis) Ao e Iét(igl(?dm
Vole genotyp 11 (Micr(})Itrua: givalis) Ao e Iét(igl(;)dw)
Vole genotyp IV (Micrgtrua:gfvans) Ano Horcickova et al. (2019)
Vole genotyp V Hrabos$ Ano Stenger et al. (2017),

(Microtus arvalis)
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Druh/genotyp
Cryptosporidium

Typicky hostitel
(latinsky ndzev)

Synantropie

Tabulka 1. Druhy a genotypy kryptosporidii detekované u hlodavcl (pokracovani).

Citace

Vole genotyp VI

Vole genotyp VII

Vole genotyp 1947 Mipe
NA

Vole genotyp 1962
Mipe-NA

Vole genotyp 1763 Mipe
NA

Vole genotyp Mrb001

Vole isolate 12438 Mygl|
EU
Vole isolate 10482 Mygl|
EU
Vole isolate 2035 Myga
NA

Qinghai vole genotyp

Cryptosporidium sp.
Sc01
Cryptosporidium sp.
Sc02
Cryptosporidium sp.
Sc03
Cryptosporidium sp.
Sco4

Hrabos
(Microtus arvalis)
Hrabos
(Microtus arvalis)
Hrabos
(Microtus pennsylvanicus)
Hrabos
(Microtus pennsylvanicus)
Hrabos
(Microtus pennsylvanicus)
Hrabos

(Myodes rufocanus bedfordiae)

Nornik
(Myodes glareolus)
Nornik
(Myodes glareolus)
Hrabos
(Myodes gapperi)
Hrabos
(Microtus fuscus)
Sysel
(Spermophilus citellus)
Sysel
(Spermophilus citellus)
Sysel
(Spermophilus citellus)
Sysel
(Spermophilus citellus)
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Ano

Ano

Ano

Ano

Ano

Ano

Ano

Ano

Ano

Ano

Ano

Ano

Ano

Ano

Stenger et al. (2017),
Hor¢ickova et al. (2019)

Hor¢ickova et al. (2019)
Stenger et al. (2017)
Stenger et al. (2017)
Stenger et al. (2017)
Nepublikovano
Stenger et al. (2017)
Stenger et al. (2017)
Stenger et al. (2017)
Zhang et al. (2018)
Jezkova et al. (2023)
Jezkova et al. (2023)
Jezkova et al. (2023)

Jezkova et al. (2023)



Tabulka 2. Druhy a genotypy kryptosporidii hlodavcii s prokdzanym zoonotickym

potencialem.

Druh/genotyp
Cryptosporidium

Typicky hostitel

Citace

C. occultus

C. ditrichi

C. viatorum

C. tyzzeri
C. ubiquitum

C. muris

C. mortiferum

C. parvum

Cryptosporidium sp.
mink genotyp

Potkan obecny (Rattus norvegicus)

Mysice lesni (Apodemus flavicolis)

Clovék a hlodavei®

Mys (Mus musculus

Skot (Bos taurus), hlodavci,
primati

Mys (Mus musculus) a dalsi
hlodavci

Veverka (Sciurus vulgaris) a dalsi
hlodavci

Skot (Bos taurus)

Norek americky (Mustela vison)

* Typicky hostitel neni dosud znam
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Ong et al. (2002), Xu et al. (2020)

Beser et al. (2020), Lebbad et al.
(2021)

Elwin et al. (2012), Wu et al.
(2020), Xu et al. (2020), Sardar et
al. (2021)

Sulaiman et al. (2005), Raskova et
al. (2013), Garcia et al. (2020)
Fayer et al. (2010), Kifleyohannes
et al. (2022), Alderisio et al. (2023)
Petrincova et al. (2015), Ayinmode
et al. (2018), Guy et al. (2021)
Feltus et al. (2006), Insulander et al.
(2013), Lebbad et al. (2013), Guo
et al. (2015), Xu et al. (2019),
Bujila et al. (2021), Lebbad et al.
(2021), Tamova et al. (2023)

Robertson et al. (2014)

Ng-Hublin et al. (2013b)



3 KOMENTAR K VYSLEDKUM

Veskeré ziskané vysledky (obrazky, grafy a tabulky), pouzity material a metodiky je

mozné nalézt v ptilozenych publikacich.

3.1 Prevalence kryptosporidii synantropnich hlodavci

V ramci doktorského studia bylo ziskdno a vySetfeno 1256 vzorkd synantropnich
hlodavc z 5 zemi (Ceska republika, Slovensko, Filipiny, KambodZa a Thajsko).
Vsichni vySetfeni hlodavci patii do fadu Rodentia a dale jsou diverzifikovani
do tii Geledi a 12 rodt (Tabulka 3). Z toho 743 vzorki pochazelo z Ceské republiky,
136 ze Slovenska, 63 z Filipin, 47 z Kambodzi a 267 z Thajska. Pocet pozitivnich
vzorkt na kryptosporidie byl u potkant a krys 131 (18,2 %), u veverek 26 (10 %),
u sysli osm (6,3 %) a u nutrii 11 (7,3 %), Tyto vysledky odpovidaji praimérné
promoienosti volné zijicich hlodavci pro dany rod (Deng et al. 2020, Ni et al. 2021,
Garcia-Livia et al. 2022).

Tabulka 3. Pocet vysetfenych synantropnich hlodavei a na Kryptosporidie
pozitivnich vzorki trusu v rdmci vSech provedenych studii, které jsou podkladem

této prace.

x ) Pocet Pocet
Celed Rod vySetfenych pozitivnich
Rattus (588), Apomys (10), Bandicota (19),
Muridae Mus (51), Berylmys (5), Niviventer (21), 720 131
Cannomys (2), Maxomys (16), Leopoldamys (8)
Sciuridae Sciurus (258), Spermophilus (128) 386 34
Myocastoridae Myocastor (150) 150 11
Celkem 1256 176

Procento infikovanych synantropnich hlodavci se napfi¢ rliznymi studiemi
do zna¢né miry 1isi a to od nuly az po 63 % pozitivnich jedinci (Kellnerova et al.
2017, Deng et al. 2020, Garcia-Livia et al. 2020, Spencer et Irwin 2020, Garcia-Livia
et al. 2022, Hancke et Suarez 2022). Zna¢né rozdily v prevalenci, ve srovnani nasich
a publikovanych dat, mohou byt ovlivnény fadou faktord. NejcastéjSi pii¢inou
je stanoveni prevalence z rizn¢ velkych skupin vysetiovanych jedinct. Velké rozdily
jsou zpiisobeny studiemi, které jsou zaloZzené na vySetfeni pouze malého mnoZstvi
jedinct, coz celkovou prevalenci do jisté miry mize znaéné zkreslit, obzvlast’ pokud

ey

se jedna skupiny zvifat Zijicich v zajeti nebo z omezeného mnozstvi lokalit. Nase
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i predeslé studie ukdazaly, ze lokalita mé& vliv na celkové promoteni populace
hostitelti (Kellnerova et al. 2017, Deng et al. 2020, Taghipour et al. 2020, Chen et al.
2021a, Lv et al. 2022). Jako ptiklad lze uvést distribuci kryptosporidii u syslu
obecnych v Ceské republice. Kryptosporidie byly detekovany pouze na péti
z 39 vySetiovanych lokalit (pFiloha V1).

Dalsimi vyznamnymi faktory, které ovliviiuji prevalenci, jsou metody detekce
(mikroskopicka vs. molekularni detekce) a vybér studované populace. Rada praci je
zamé&fena pouze na zvifata s klinickymi pifiznaky (Xiao et Feng 2008, Paparini et al.
2012, Wang et al. 2022b). Zvirata, ktera jsou v klinické fazi infekce, vylucuji
dostatecné mnozstvi oocyst, které je mozné detekovat pomoci mikroskopickych
metod, jejichz spodni hranice senzitivity se pohybuje okolo 2000-5000 oocyst
na 1 gram trusu (Hijjawi et al. 2023). Nase vysledky ukazaly, ze prib¢h
kryptosporidiové infekce u studovanych synantropnich hlodavci byl chronicky
s velmi nizkou intenzitou infekce. Ze 176 molekularné pozitivnich zvitat vylucovalo
oocysty pouze 13. Tyto vysledky zcela koresponduji s diive publikovanymi nélezy
u jinych skupin hlodavci, ale i dal$ich voln¢ zijicich obratlovet (Jezkova et al. 2016,

Condlova et al. 2018, Hor¢ickova et al. 2019, Kvag et al. 2021, Mensah et al. 2023).

3.2 Diverzita kryptosporidii synantropnich hlodavci

V pribéhu nasich studii bylo detekovano u potkanti, krys, mysi, veverek, nutrii
a syslu devét druhti a 19 genotypt kryptosporidii (Tabulka 4, Obrazek 5). Vysledky
nasich praci potvrzuji teorii o obrovské druhové rozmanitosti rodu Cryptosporidium.
Bylo detekovano 13 novych genotypt kryptosporidii (Tabulka 4). VétSina
nalezenych druhti a genotypt kryptosporidii byla popsana u dosud mélo nebo viibec
studovanych skupin hostiteld. Devét novych genotypu (TH1-9) bylo nalezeno
u hlodavet rodu Rattus, Mus a Bandicota v Thajsku a ¢tyii (Sc01-04) byly popsany
ze sysli obecnych v Ceské republice. Vyskyt jednotlivych druhi a genotypt
kryptosporidii v zavislosti na hostitelich a geografickém vyskytu je uveden v tabulce
4 a schematicky znazornén na obrazku 5. Vysledky nasich praci (pFilohy 1-V)
ukazuji, ze jak nové detekované, tak drfive publikované druhy a genotypy
kryptosporidii parazitujici u hlodavcti se vyznacuji tzkou hostitelskou specifitou

(Obrazek 5). Vyjimku tvoii druhy a genotypy, které jsou hostitelsky specifické
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pro jiné obratlovce, jejichz pfitomnost ve vysetiovanych vzorcich lze vysvétlit
kontaminaci potravy a vody nebo predaci ptirozenych hostiteld. Piikladem mize byt
ptitomnost specifické DNA C. ryanae a C. andersoni u potkanti odchycenych
na farmach skotu, ktery je pfirozenym hostitelem téchto druhti kryptosporidii
nebo Cryptosporidium sp. 1665 jehoz prirozenym hostitelem jsou gekoncici,
kteti se bézn€ vyskytuji v mistech odchytu studovanych hlodavcti a mohli se stat
kofisti asijské krysy doméci, ve které byla tato kryptosporidie detekovana. Obdobné
nalezy nejsou V literatuie ojedinélé. Spoleénym znakem téchto zachyti byva casta
absence oocyst ve vySetfovaném vzorku a nizka prevalence (Al-Abedi et al.,

Yimming et al. 2016, Myskova et al. 2019, Kvac et al. 2021, Guy et al. 2022).

Obrazek 5. Hostitelskd specifita druht a genotypl kryptosporidii detekovanych

v ramci predlozené disertacni prace.

Rad
Rodentia
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Tabulka 4. Prehled detekovanych druhii a genotypt kryptosporidii u vysetfenych

synantropnich hlodavc.

Hostitel

(védecké jmeéno) Zemé Druh/genotyp (poéet zachyti) Publikace
C. muris (4), C. andersoni (3),
C. ryanae (1), C. occultus (3), o
, cz C. ratti (23), rat genotyp 1V (16), Priloha I1
Potkan obecny
(Rattus norvegicus) rat genotyp V (5)
C. ratti (6), rat genotyp 1V (15),
- Dosud
TH  C. parvum (1), C. proliferans (2), nepublikovéno
C. occultus (1), C. muris (3) p
rat genotyp 1l (2), C. occultus (1),
Asijska krysa domaci T™H C. muris (1), Dosud
(Rattus tanezumi) Cryptosporidium sp. 1665 (1), nepublikovano
Cryptosporidium sp. THA8 (1)
KH C. occultus (1), rat genotyp 11 (1), Dosud
Krysa ostrovni rat genotyp 1V (1) nepublikovano
(Rattus exulans) - Dosud
TH  Cryptosporidium sp. THA8 (1) nepublikovéno
Krysa sikkimska Dosud
(Rattus andamanensis) TH  C.oceultus (1) nepublikovano
Krysa Dosud
(Rattus sp.) PH  rat genotyp Il (2), rat genotyp Il (1) nepublikovano
Krysa ostnita . Dosud
(Maxomys surifer) TH  civetgenotyp I (1) nepublikovano
Hlodoun mensi - Dosud
(Cannomys badius) TH  Cryptosporidium sp. THAS (1) nepublikovano
Cryptosporidium sp. THA7 (3),
Krysa kaStanova TH Cryptosporidium sp. THAS (1), Dosud
(Niviventer fulvescens) Cryptosporidium sp. THA9 (1), nepublikovano
C. muris (1)
Krysa bélozuba : Dosud
(Berylmys bowersi) TH C.muris (1) nepublikovano
Bandikota indicka Dosud
(Bandicota indica) TH  ratgenotyp IV (2), rat genotyp I11 (1) nepublikovano
Krysa Dosud
(Apomys sp.) PH  ratgenotyp IV (1) nepublikovano
Mys ryukyu - Dosud
(Mus caroli) TH  Cryptosporidium sp. THA4 (4) nepublikovéno
Cryptosporidium sp. THA1 (11),
« < 1. Cryptosporidium sp. THA4 (3),
Sl 1y Coposoridunp THAL )
Cryptosporidium sp. THA6 (1), p
rat genotyp 11 (1)
Nutrie Fi¢ni Cz  C.parvum (1), C. myocastoris (2) Piiloha 111
(Myocastor coypus) SK  C. ubiquitum (5), C. myocastoris (3) Piiloha 111
Veverka obecna Cz  C.sciurinum (20) Piiloha IV
(Sciurus vulgaris) SK  C. sciurinum (6) Piiloha IV
C. sciurinum (1),
, Cryptosporidium sp. Sc01 (2),
Sysel obecny CZ  Cryptosporidium sp. Sc02 (2), Piiloha VI

(Spermophilus citellus)

Cryptosporidium sp. Sc03 (2),
Cryptosporidium sp. Sc04 (2)

CZ: Ceska republika; KH: Kambodza; PH: Filipiny; SK: Slovensko; TH: Thajsko

41



Jednotlivé genotypy popsané V této praci (priloha VI, nepublikovano) se od sebe
fylogeneticky vyrazné odliSuji a na zakladé¢ dosavadnich znalosti se domnivame,

Ze predstavuji samostatné druhy (Obrazek 6).

Obrazek 6. Fylogenetické vztahy mezi druhy a genotypy Cryptosporidium spp.
ziskanymi v této praci (zvyraznéno tuén€¢) na =zakladé analyzy maximalni
vérohodnosti (ML) odvozenych z konkatenovanych sekvenci vytvofenych z ¢aste¢né
DNA sekvenci lokust koédujicich malou podjednotku rRNA a aktinu. Hostitelska

specifita jednotlivych izolatl je barevné znazornéna.

C. microti
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. rub
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sp. 1665

C. andersoni

C. scrofarum

V souladu s piedeslymi studiemi provedenymi na savcich a ptacich jsme prokazali
vysokou diverzitu kryptosporidii u synantropnich hlodavcu a geografickou distribuci
nékterych druhti/genotypt kryptosporidii (Kimura et al. 2007, Lv et al. 2009, Feng
et al. 2011, Stenger et al. 2017, Hor¢ickova et al. 2019, Wei et al. 2019, Li et Atwill
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2021, Liao et al. 2021). Studie (p¥ilohy II, VI, dosud nepublikovano) zamétené
na hlodavce z ¢eledi mysoviti a rodu Spermophilus ukazaly, ze tito hlodavci jsou
hostitelé¢ nejméne 17 druhové-specifickych kryptosporidii (Obrazek 5, priloha 11, VI
a dosud nepublikovano), znichz né&které se vyskytovaly napii¢ studovanymi
lokalitami (Tabulka 4), zatimco jiné byly detekovany pouze u hostitelti v ramci jedné
geografické lokality. Nové popsané genotypy Cryptosporidium sp. THAL-THA9
byly popsany vyhradné u hlodavci v Thajsku. Cryptosporidium sp. genotyp rat Il
a III byly dosud popsany u potkanu a krys v Asii, severni Australii, na Korsice
a Kanarskych ostrovech. V nasem piipad¢é byl Cryptosporidium sp. genotyp rat 11l
nalezen u bandikoty indické (Thajsko). V ostatnich ¢astech svéta, kde byly obdobné
studie provadény, vetné nasi prace, nebyly tyto genotypy detekovany (Paparini et al.
2012, Garcia-Livia et al. 2022). Obdobné bylo zjisténo, ze syslové rodu
Spermophilus v Ceské republice jsou parazitovani odlisnymi genotypy kryptosporidii
nez jejich piibuzni obyvajici Severni Ameriku (pFiloha VI). Takovato geograficka
diverzita v ramci rodu Cryptosporidium neni neobvykla a byla jiz u volné Zijicich
hostitelti v minulosti popsana (Kva¢ et al. 2013b, Stenger et al. 2015b, Stenger et al.
2017).

3.3 Biologicka  charakterizace  kryptosporidii  synantropnich

hlodavcu

3.3.1 Morfologie a morfometrie oocyst kryptosporidii synantropnich hlodavci
popsanych v ramci disertacni prace

Morfologie a morfometrie je jednou ze zékladnich podminek popisu nového druhu.
Nicméné vzhledem Kk malé variabilit¢ nelze tuto biologickou charakteristiku
povazovat za spolehlivy diagnosticky znak pro identifikaci druhu ¢i1 genotypu
kryptosporidii (Tabulka 5, Obrazek 7). Za spolehlivé druhové uréeni je tedy

povazovana molekularni charakterizace vybranych geni.

V souladu s pfedeSlymi studiemi jsme prokazali, Ze velikost a tvar oocyst
jednotlivych druht kryptosporidii je vlastnosti druhu bez vlivu hostitele (Ryan et al.
2003, Ryan et al. 2004, Holubova et al. 2016).
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Tabulka 5. Velikost oocyst druhl kryptosporidii popsanych v ramci této prace.

Velikost oocyst (um) . .
Druh - Ty Hostitel Citace
Délka Sirka
Coocoultus 520 (466-559) x 4944454y ovEr KEEA

C. ratti 4,90 (440-540) x 460 (430-510) Eg;l;i; Jez(kz%v;l Et) al.
C.myocastoris  502(480-52) x 485470500 g oA
C. sciurinum 5,54 (5,12—6,00) x 5,22 (4,77-5,66) \(/)le)\éiﬂ;a Pre(élz%ezrle)t al.
: Cipmank Tamova et al.

C. mortiferum 5,64 (550-5,89) x 5,37 (4,86-5,60) vjchodni (2023)

Cryptosporidium occultus

Oocysty C. occultus pochazejici z ptirozené¢ infikovanych potkani (Rattus
norvegicus) byly morfometricky shodné s oocystami, které byly ziskany
z experimentdlné¢ infikovanych potkani a které méfily 4,66-5,33 pm
(praimér = 5,20 um) x 4,47-5,44 pm (primér = 4,94 pum) a indexu tvaru
1,05 (1,00-1,17). Oocysty C. occultus nelze morfometricky odlisit od oocyst dalsich
hlodav¢ich druht a genotypi kryptosporidii jako naptiklad C. alticolis a C. ditrichi
(Condlova et al. 2018, Horgi¢kova et al. 2019). Podrobny popis a fotodokumentace

oocyst C. occultus je k dispozici v priloze 1.

Cryptosporidium ratti

Oocysty C. ratti z pfirozené infikovanych potkant (Rattus norvegicus) métily
4454 ypum (primér = SD = 49 £ 02 pum) x 4351 pum
(praimér £ SD = 46 £+ 0,2 um) s pomérem délky k Sifce 1,0-1,1
(pramér £ SD = 1,1 £ 0,1) a shodovaly se velikosti s oocystami ziskanymi
z experimentalné infikovanych potkani. Oocysty C. ratti jsou mens$i nez oocysty
C. parvum nebo C. occultus (Jezkova et al. 2021b). Podrobny popis
a fotodokumentace oocyst C. ratti je k dispozici v p¥iloze 1.

Cryptosporidium myocastoris

Oocysty C. myocastoris pochazejici z ptirozené infikovanych nutrii (Myocastor

coypus) byly morfometricky shodné soocystami, kter¢é byly ziskany
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z experimentdlné infikovanych nutrii a které¢ méfily 4,8-5,2 um (primér = 5,02 um)
x 4,7-50 um (pramér = 4,85 um) a indexu tvaru 1,04 (1,00-1,08). Oocysty
C. myocastoris jsou mensi nez oocysty C. parvum a C. ratti, nicméné tyto rozdily
nemaji prakticky vyznam pro identifikaci (JeZkova et al. 2021a). Podrobny popis
a fotodokumentace oocyst C. occultus je k dispozici v priloze I11.

Cryptosporidium sciurinum

Ooocysty C. sciurinum ziskané z ptirozené infikované veverky (Sciurus vulgaris)
(izolat 45901) métily 5,12—6,00 pm (pramér £ SD = 5,54 + 0,20 pm) x 4,77-5,66
um (primér £ SD = 522 £+ 0,18 um) s pomérem délky k Sifce 1,00-1,26
(praimér =+ SD = 1,07 = 0,05). Podrobny popis a fotodokumentace oocyst

C. sciurinum je k dispozici v priloze 1V.

Cryptosporidium mortiferum

Oocysty C. mortiferum byly ziskany z ptirozené infikovaného c¢lovéka (Homo
sapiens) a mé&fily 5,50-5,89 um (pramér £ SD = 5,64 + 0,19 um) x 4,86-5,60 um
(pramér = SD = 537 £ 0,17 um) s pomérem délky k Sifce 1,01-1,14
(pramér £ SD = 1,05 + 0,05). Velikost oocyst C. mortiferum se nelisila od oocyst
vylucovanych experimentalné infikovanymi hostiteli (Sciurus vulgaris, Sciurus
carolinensis, Mus musculus a Mustela putorius furo). Podrobny popis

a fotodokumentace oocyst C. mortiferum je k dispozici v priloze V.
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Obrazek 7. Tvar a morfologie Cryptosporidium occultus, Cryptosporidium ratti,
Cryptosporidium myocastoris, Cryptosporidium sciurinum a Cryptosporidium

mortiferum. Typicky hostitel je uveden pod druhem kryptosporidie (p¥ilohy 1-V).

C. sciurinum
stromové
veverky

C. myocastoris C. ratti
nutrie potkani

3.3.2 Hostitelska specifita kryptosporidii synantropnich hlodavcu

Na zékladé provedenych experimentalnich infekci, byla prokazovana hostitelska
a tkanova specifita. Jedna se o dilezité¢ biologické vlastnosti jednotlivych druht
a genotypll kryptosporidii. Experimentalni infekce byly provedeny pro pét nové
popsanych druhti kryptosporidii. Jednotlivé druhy byly testovany vzdy na pivodnim
hostiteli vyjma druhu C. sciurinum, u kterého nebylo z logistickych divodi mozné
provést experimenty s timto izolatem na veverkach obecnych. Déle byla hostitelska
specifita testovana na modelovych laboratornich, hospodarskych a volné Zzijicich
zvifatech (mysi, potkani, piskomilové, morcata, fretky, veverky, telata, selata, kufata,
andulky). Podrobnosti k jednotlivym experimentim jsou uvedeny V piislusnych
publikacich (p¥ilohy 1-V). Druh C. occultus byl infekéni pro potkany, mysi
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a piskomily (pFiloha I). Druhy C. ratti a C. myocastoris se zdaji byt uzce hostitelsky
specifické a byly infekéni pouze pro potkany, respektive pro nutrie (priloha II a I11).
Obdobn¢ druh C. sciurinum specificky pro veverky obecné nebyl infekéni
pro zadného jiného modelového hostitele (pFiloha IV). U druhu C. mortiferum byla
veverky obecné a veverky popelavé (priloha V). Hostitelska specifita je znazornéna

na obrazku 8.

Obrazek 8. Hostitelska specifita Cryptosporidium occultus, Cryptosporidium ratti,
Cryptosporidium myocastoris, Cryptosporidium sciurinum a Cryptosporidium
mortiferum. Typicky hostitel je uveden pod druhem kryptosporidie. Tmava barva
ptidélena druhu kryptosporidie znazorfiuje vnimavé hostitele a svétla barva hostitele

nevnimavé (prilohy 1-V).

morcata
C. sciurinum
stromové

selata
veverky
andulky telata
kurata
Oeloyi hostite\®
~ C. myocastoris C. ratti
' nutrie potkani
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3.3.3 Tkanova specifita kryptosporidii synantropnich hlodavci

Detekce predilekéniho mista infekce v gastrointestindlnim traktu hostitelti, muize
napomoci pii odliSeni jednotlivych druhd kryptosporidii (Holubova et al. 2020,
Jezkova et al. 2021a). Nicmén¢ je tento piistup zna¢né naro¢ny, zahrnuje podrobné
zkoumani kazdého hostitele z hlediska infekce jednotlivych tkani. Z tohoto divodu
se jedna o casové i1 finanén¢ narocnou studii zahrnujici rGzné typy barveni,
histologické zpracovani jednotlivych tkani a piipadné i1 elektronovou mikroskopii.
Pii bézné diagnostice tyto metody nenachéazi uplatnéni, nicméné pro popis novych

druhti je tento postup zadouci (Kvac et al. 2014a, Jezkova et al. 2021Db).

Radou studii bylo prokdzano, Ze jednotlivé druhy, piipadné genotypy
kryptosporidii jsou obvykle charakterizovany uzkou tkénovou specifitou. Ptislusny
druh kryptosporidii se poutd k jednomu danému predilekénimu mistu infekce
(Lindsay et al. 2000, Ryan et al. 2008, Kva¢ et al. 2018, Holubova et al. 2020).
Lokalizace infekce spole¢né s morfologickou charakterizaci oocyst mize napomoci
pfi determinaci druhu ¢i genotypu. Nicméné bylo jiz prokazano nékolik ptipadi,
kdy se lokalizace a morfologie oocyst odliSnych druht miize piekryvat. Takovym
piikladem mohou byt druhy C. alticolis a C. ditrichi vyskytujici se u mySic v jejunu
a ileu (Condlové et al. 2018, Hor¢ickova et al. 2019). Obdobn¢ se v tenkém stieve
prasat vyskytuji druhy C. parvum a C. scrofarum (Kvac et al. 2013a, Li et al. 2013).
V tlustém stievé potkanu lze nalézt C. occultus, ale pfilezitostné mize byt osidleno

i druhem C. meleagridis (Kimura et al. 2007, Kvac et al. 2018).

Na zaklad¢é provedenych experimenti byla prokdzana tkanova specifita u nami
popsanych druhii. C. oocultus, jak jiz bylo zminéno, Se vyskytuje v tlustém stieve
potkantd. C. ratti bylo detekovano u potkant Vv jejunu a ileu. Predilekénim mistem
C. myocastoris parazitujicim u nutrii je posteriorni ¢ast jejuna a ileum. Lokalizace
infekce C. sciurinun nebyla v nasi studii prokazana a C. mortiferum, parazitujici

u veverek, bylo detekovano ve slepém a tlustém stievé (Obrazek 9).
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Obrazek 9. Tkanova specifita Cryptosporidium occultus, Cryptosporidium ratti,
Cryptosporidium myocastoris a Cryptosporidium mortiferum. Typicky hostitel je
uveden pod druhem kryptosporidie. * Tkanova specifita Cryptosporidium sciurinum

nebyla zjisténa (pFilohy 1-V).
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Pro prikaz hostitelské a tkanové specifity je nezbytnd infekéni davka
zivotaschopnymi oocystami. Pfi nesplnéni této podminky muze byt cely experiment
negativné ovlivnén. Dale je tfeba sledovat imunitni stav a vék hostitele,
které v experimentech mohou sehrat vyznamnou roli (Fayer et al. 2007, Kvac et al.
2013a, Holubova et al. 2016). Vhodné pro experimentalni infekce je pouzivat
Cerstvé, maximalné dva mésice staré oocysty, které byly skladovany
pfi chladnickové teploté 4-8 °C (Kvac et al. 2018, Horc¢ickova et al. 2019, Jezkova
et al. 2021a). U imunosuprimovanych a imunodeficitnich jedinci, ktefi jsou vice
vnimavi k infekci kryptosporidiemi, mize byt vyrazné prodlouzena prepatentni

perioda (Kva¢ et al. 2011). Je nezbytné vzit tento fakt v potaz, aby nebyly
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experimenty predCasné¢ ukonceny (Kvac et al. 2008). Experimentalni zvitata,
ktera se jiz v minulosti setkala s kryptosporidiemi mohou byt k opakované infekci
mén¢ vnimava, piipadné zcela rezistentni (Jalovecka et al. 2010). Tuto problematiku
je tieba vzit v potaz pfi vyuziti volné zijicich, pfipadné konvencné chovanych zvirat

pro experimentéalni infekce.

3.3.4 Patogenita kryptosporidii synantropnich hlodavcu

Kryptosporidiové infekce jsou obecné spojovany se zavaznym klinickym
onemocnénim, kryptosporidiozou, s typickymi prijmovymi epizodami, které mohou
mit fatalni konec (Matsuura et al. 2017, Bartley et al. 2023, Ootawa et al. 2023).
Nicméné ne vSechny druhy kryptosporidii vyvolavaji klinické onemocnéni.
Lze dokonce fici, Ze infekce zptsobené vétsinou druht a genotypu kryptosporidii
probihaji asymptomaticky (p¥ilohy 1-V) (Jezkova et al. 2016, Holubova et al. 2019,
Hor¢ickova et al. 2019, Holubova et al. 2020).

V ramci této prace byla popsana patogenita u vSech nami studovany/popsanych
druht. V piipadé druhta C. occultus, C. ratti, C. myocastoris a C. sciurinum nebyly
pozorovany zadné klinické priznaky infekce u zadného z infikovanych hostiteld
(prilohy 1-1V). Histologické analyzy a vysSetfeni pomoci skenovaci elektronové
mikroskopie neprokdzalo vyrazné patologické zmény u Zadného ze studovanych
hostitelt. Jedinym spoleénym prvkem vSech infekci bylo prodluzovani klki
mikrovilarni vrstvy infikovanych epitelialnich bunék (p¥ilohy 1-1V). Pouze u druhu
C. mortiferum byla pozorovana kryptosporidiéza s vysokou (fatalni) virulenci
pro veverky obecné (pFiloha V). Zatimco u veverek popelavych, které jsou
ptirozenymi hostiteli C. mortiferum, byla pozorovana v prubéhu infekce jen mirna
apatie, projevujici se snizenym zajmem o okoli a potravu a se zmé&nou konzistence
trusu z pevné na pastovitou, infekce stejnym druhem kryptosporidie zpusobila
u veverek obecnych ztratu kondice, zdjem o potravu S ndstupem prujmového
onemocnéni s fatdlnimi ndsledky. Veverky travily vétSinu dne v ukrytu, byly
letargické a nereagovaly na vnéjsi stimuly jako potravu, vodu, manipulaci a ¢iSténi
klece. Pii vyskytu zavaznych klinickych pfiznakii byly humanné usmrceny
(priloha V). Vysledky této prace ukazuji, ze stejny izolat kryptosporidie mize mit
riznou patogenitu a virulenci pro rizné druhy hostiteld.
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3.3.5 Molekularni detekce a diferenciace kryptosporidii

Vzhledem k tomu, ze dle morfologie oocyst nelze piesné uréit o jaky druh
kryptosporidii se jedna, k rozliSeni jednotlivych druhti se obvykle vyuziva
molekularnich metod. Citlivost téchto metod se pohybuje mezi 1 az 10 oocystami
ve vySettovaném vzorku (Smith et al. 2006, Thompson et Ash 2016).
Pro genotypizaci jsou pouzivany rodové specifické primery amplifikujici rizné geny,
nejéastéji gen kodujici malou podjednotku rRNA (Sulaiman et al. 1999). Nicméné
vyhodnocovéni evolu¢nich vztahti pouze na zakladé rRNA miize vést k chybnym
zavéram (Li et al. 2014b, Stenger et al. 2015a, Jezkova et al. 2021a). Z tohoto
divodu byvaji vyuzivany i dalsi lokusy jako gen kodujici heat shock protein 70
(HSP70), aktin, Cryptosporidium oocyst wall protein (COWP), 60 kDa glykoprotein
(gp60) a thrombospondin-related adhesive protein (TRAP-C1) (Morgan-Ryan et al.
2001, Tang et al. 2016). Pii studiu vnitrodruhové variability, nebo v piipadé
smiSenych infekci, je nezbyné opakované sekvenovani PCR  produktd,
dale klonovani PCR produkti s naslednym sekvenovanim, piipadné sekvenovani

nové generace (Grinberg et al. 2013, Paparini et al. 2015, Stenger et al. 2015a).

V soucasné dobé masivné pouzivané Sangerovo sekvenovani piinasi zésadni
nevyhodu, kterou je nizna pravdépodobnost detekce smiSenych infekci. Z principu
metody vyplyva, ze ve vzorku je pirednostné amplifikovana DNA druhu,
ktery je v hostiteli dominantné zastoupen (Grinberg et al. 2013). Vysledky naSich
1 pfedchozich studii jednoznacné potvrzuji, ze vétSina obratlovcid, synantropni
hlodavce nevyjimaje, je parazitovana celou fadou druhli a genotypl kryptosporidii
(Wang et al. 2021, Hancke et Suarez 2022, Lu et al. 2022, Feng et al. 2023, Chen
et al. 2023a). Jen u syslu sledovanych v ramci této prace byly detekovany étyfi nové

genotypy kryptosporidii (pFiloha V1).

Pti zpracovni prace jsme si byli védomi limiti pouzivanych molekuldrnich metod
a proto u vsech vySetfovanych vzorku byla provedena genotypize rDNA lokusu
v kombinaci s dalsimi vySe uvedenymi geny. Pro popis nového druhu byly
sekvenovany nejméné tfi rizné geny. Konkrétni popis jednotlivych metodik

je podrobné popsan v piilozenych publikacich (pFilohy I-V1).
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3.4 Synantropni hlodavci jako potencialni zdroj zoonotickych
kryptosporidii a zdroj infekce pro hospodarska zvirata

Prestoze jsou synantropni hlodavci parazitovani pievazné hostitelsky specifickymi
genotypy, mohou byt hostiteli cel¢ fady dalSich, casto zoonotickych druha
kryptosporidii (Kimura et al. 2007, Bahrami et al. 2012, Ng-Hublin et al. 2013a).
Vzhledem k tomu, Ze oocysty kryptosporidii si i po prichodu zazivacim traktem
nevnimavého hostitele mohou zachovavat svou infektivitu (Graczyk et al. 1996),
mohou piedstavovat synantropni hlodavci s ohledem na jejich celosvétové rozsifeni

a zpusob zivota idealni pasivni pfenasece pro Sifeni kryptosporidii (Zhao et al. 2018).

Z nasich a diive publikovanych dat 1ze vyvodit zavér, ze prestoze synantropni
hlodavci sdili prostfedi s lidmi a jimi chovanymi zvifaty, nedochdzi k zésadnimu
pfenosu kryptosporidii ve sméru hlodavec—hospodaiské zvife, hospodaiské

zvife—hlodavec, ¢lovék—hlodavec (Kilonzo et al. 2013, Li et al. 2020a).

Z pohledu zoonotického ptenosu kryptosporidii pfedstavuji synantropni hlodavci
relativné malé riziko a zalezi vzdy na konkrétnim druhu a genotypu Kryptosporidie.
Z kryptosporidii specifickych pro hlodavce piestavuji potencialni zoonotické riziko
druhy C. occultus, C. muris, C. ditrichi, C. tyzzeri, C. viatorum a C. mortiferum.
Nicméné s ohledem na dosud zjistény zanedbatelny podil lidskych infekci zpisobeny
druhy C. occultus, C. muris, C. ditrichi, C. tyzzeri je riziko pfenosu zanedbatelné.
U druhd C. parvum a C. ubiquitum, které jsou v ramci lidské populace zodpoveédné
za vysoké procento ndkaz, jsou u synantropnich hlodavcii detekovany ojedinéle
a lze pfedpokladat, Ze studovani synantropni hlodavci hraji minoritni roli v pfenosu
téchto druht kryptosporidii. Posledni a sou¢asné rizikovou skupinu pro ¢loveka tvori
druhy C. viatorum a C. mortiferum. Podil lidskych infekci zptisobenych témito
dvéma druhy postupné vzristad. Zejména V pfipadé¢ druhu C. mortiferum dochazi
rychlému naristu poctu lidskych infekei. Ptic¢inu 1ze hledat pravé v kontaktu ¢loveka
s volné zijicimi druhy adaptujicimi se na synantropni zpusob Zivota (Guo et al. 2015,
Wau et al. 2020, Xu et al. 2020, Bujila et al. 2021, Sardar et al. 2021, Alderisio et al.
2023).
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4 ZAVERY

e Byla prokazana obrovskd druhova rozmanitost kryptosporidii infikujicich
studované synantropni hlodavce. Na zékladé¢ multilokusové genotypizace bylo
detekovano 9 druhi a 19 genotypt Cryptosporidium spp.

e Bylo popsano pét novych genotypti rodu Cryptosporidium.

e Na ziklad¢ studia genetickych a biologickych odlisnosti bylo ustanoveno pét
novych druhti rodu Cryptosporidium, jmenovit¢ C. occultus, C. ratti,
C. myocastoris, C. sciurinum a C. mortiferum.

e Rozsifili jsme znalosti o tkanové specifité kryptosporidii.

e Infekce zplisobené vétSinou detekovanych druhii a genotypi kryptosporidii
synantropnich hlodavci nejsou provazeny klinickymi ptiznaky.

e Velikost oocysty nelze pouzit jako diferencialni znak.

e Intenzita kryptosporidiovych infekci je u synantropnich hlodavct vétSinou nizka,
pod limitem mikroskopickych metod.

e Experimentalné byla prokazana 100% letalita C. mortiferum pro veverky obecné,
zatimco u veverek Sedych byly pozorovany jen mirné klinické ptiznaky
onemocnéni.

e Syslové obecni (CR) nesdileji identické Cryptosporidium spp. se sysly
obyvajicimi tizemi Severni Ameriky.

e Kryptosporidie detekované u synantropnich hlodavcl nepfedstavuji vyznamné

riziko pro ¢lovéka a jim chovana domaci a hospodaiska zvitata.
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Abstract

Cryptosporidium parvum VF383 has been reported in humans, domesticated ruminants, and wild rats worldwide and described
under several names including Cryptosporidium suis-like, based on its close phylogenetic relationship to C. suis. Unlike C.
suis, however, it has never been detected in pigs. In the present work, C. parvum VF383 originating from wild brown rats was
not infectious for piglets or calves but was infectious for laboratory brown rats, BALB/c mice, and Mongolian gerbils. The
prepatent period was 4-5 days for all rodents. The patent period was longer for rats (>30 days) than other rodents (<20 days).
None of the rodents developed clinical signs of infection. In all rodents, life cycle stages were detected in the colon by histology
and electron microscopy. Oocysts were morphometrically similar to those of C. parvum and smaller than those of C. suis,
measuring 5.20 x 4.94 wm. Phylogenetic analyses of 18S rRNA, actin, and HSP70 gene sequences revealed C. parvum VF383
to be genetically distinct from, C. suis, and other described species of Cryprosporidium. Morphological, genetic, and biological
data support the establishment of C. parvum VF383 as a new species, and we propose the name Cryptosporidium occultus sp. n.

Published by Elsevier GmbH.

Keywords: Histology; Molecular phylogeny; Morphometry; New species; Transmission studies

2010). In 2002, Ong et al. (2002) used a partial sequence
of the small ribosomal subunit rRNA (18S rRNA) gene
to identify a novel Cryptosporidium sp. in humans, and
they named the genotype C. parvum VF383. In 2007, iso-
late K4515, which had an identical 18S rRNA sequence

Introduction

Protist parasites belonging to the genus Cryptosporidium
primarily infect the gastrointestinal tract of their vertebrate
hosts (Fayer 2010). There are currently about 35 valid

species of Cryptosporidium in fish, amphibians, reptiles,
birds, and mammals, most of which have been described
from morphological, biological, and molecular data. Many
more Cryptosporidium genotypes, which lack the biological
and morphological data necessary for species designation,
have been reported in vertebrates and the environment (Fayer
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E-mail address: kvac@paru.cas.cz (M. Kvac).
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to C. parvum VF383, was reported from the faeces of cat-
tle (Bos taurus) in Denmark. This isolate was named C.
suis-like to reflect its close relationship to Cryptosporidium
suis (Langkjer et al. 2007). Since 2010, genotypes identi-
cal to C. parvum VF383 have been reported from cattle,
water buffalo (Bubalus bubalis), domestic yaks (Bos grun-
niens), humans (Homo sapiens), and wild brown rats (Rattus
tanezumi) worldwide and published under different names
including C. suis-like, Cryptosporidium sp. RTA368, Cryp-
tosporidium sp. W20486 and Cryptosporidium sp. AQ7 (see
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Table 1 for details). Respecting the principle of priority, we
will hereafter refer to the genotype as C. parvum VF383. Bio-
logical properties of C. parvum VF383 are not yet known, but
we hypothesized that its major host would be one of the previ-
ously reported hosts. In accordance with established rules for
describing new species of the genus Cryptosporidium (Fayer
2010; Jirka et al. 2008; Xiao et al. 2004a) and ICZN nomen-
clature rules, we described the morphology of oocysts, natural
and experimental infectivity, and multi-locus sequence data
for C. parvum VF383. Outcomes from the study lead us to
conclude that C. parvum VF383 is genetically and biolog-
ically distinct from previously described Cryptosporidium
species and we therefore propose that it be named a new
species, Cryptosporidium occultus.

Material and Methods
Specimens studied

Isolates of C. parvum VF383 were obtained from four wild
brown rats (Rattus norvegicus) trapped at four locations in the
Czech Republic. Locations were 60—100 km apart. Oocysts
of C. parvum VF383 from these rats were pooled and used to
infect a single 8-week-old laboratory rat (rat 0). Oocysts from
rat 0 were purified using cesium chloride gradient centrifu-
gation (Arrowood and Donaldson 1996) and used to infect
other animals (see below). Faecal samples were examined for
the presence of oocysts and specific DNA following aniline-
carbol-methyl violet (ACMV) staining (Milacek and Vitovec
1985) and PCR (see below), respectively.

Molecular analysis

DNA was extracted from 200 mg of faeces by bead dis-
ruption for 60s at 5.5m/s using 0.5 mm glass beads in a
Fast Prep® 24 Instrument (MP Biomedicals, Santa Ana, CA,
USA) followed by isolation/purification using a commer-
cially available kit in accordance with the manufacturer’s
instructions (ExgeneTM Stool DNA mini, GeneAll Biotech-
nology Co. Ltd, Seoul, Korea). Purified DNA was stored at
—20°C prior to being used for PCR. A nested PCR approach
was used to amplify aregion of the 18S rRNA (~830 bp; Jiang
etal. 2005; Xiao etal. 1999), actin (~1066 bp; Sulaiman et al.
2002) and heat shock protein 70 genes (HSP70; ~1950 bp;
Sulaiman et al. 2000). The primary PCR mixture contained
2 ul of template DNA, 10 pl of 2 x AmpONETM HS-Tag
premix (GeneAll Biotechnology Co., Ltd.), 200nM each
primer and molecular grade water up to a volume of 20 .l
The reaction conditions for secondary PCR were similar to
those described above for the primary PCR, with the excep-
tion that 2 pl of the primary PCR product was used as the
template. A negative (molecular grade water) and positive
control (DNA of C. parvum strain HA subtype Ila) were
included in each PCR amplification. PCR cycling conditions

were identical to original reports. Secondary PCR products
were visualized by ethidium bromide staining (0.2 pg/ml)
and extracted using GenElute Gel Extraction Kit (Sigma, St.
Louis, MO). Sequencing was carried out in both directions
using an ABI 3130 sequencer analyser (Applied Biosystems,
Foster City, CA). Amplification and sequencing of each locus
were repeated two times. The nucleotide sequences of each
gene obtained in this study were manually edited using the
program ChromasPro 2.1.4 (Technelysium, Pty, Ltd., South
Brisbane, Australia), and aligned with previously published
sequences using the MAFFT version 7 online server using the
Q-INS-i algorithm. Phylogenetic analyses were performed
and the best DNA/Protein phylogeny models were selected
using MEGAG6 (Tamura et al. 2013). Phylogenetic trees were
inferred by the maximum likelihood (ML) method, with the
substitution model that best fits the alignment selected using
the Bayesian information criterion. The Tamura 3-parameter
model (Tamura 1992) was selected for 18S rDNA and HSP70
alignments, and the general time reversible model (Tavaré
1986) was selected for the actin alignment. Bootstrap support
for branching was based on 1000 replications. Phylograms
were drawn using MEGA6 and were manually adjusted using
CorelDraw X7. Sequences of 18S rDNA, actin, and HSP70
derived in this study have been deposited in GenBank under
accession numbers MG699168-MG699179.

Morphological evaluation

Faecal smears were fixed with 100% methanol and oocysts
of C. parvum VF383 were examined using brightfield
microscopy, following ACMV staining in accordance with
Milacek and Vitovec (1985), and fluorescence microscopy,
following labeling with genus-specific FITC-conjugated
antibodies in accordance with manufacturer’s instructions
(IFA; Cryptosporidium IF Test, Crypto cel, Cellabs Pty Ltd.,
Brookvale, Australia). Morphometry was measured 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 oocysts (n=30) were measured at 1000x magnifi-
cation and the shape index of each oocyst was calculated. As
a control, the morphometry of C. parvum strain HA (n=30)
from a naturally infected 25-day-old calf (Bos taurus), main-
tained in SCID mice at Institute of Parasitology of BC CAS,
v.v.i., Czech Republic, was measured by the same person
using the same microscope.

Transmission study

Six 8-week-old rats (Rattus norvegicus), including rat 0,
five BALB/c mice (Mus musculus), five Mongolian ger-
bils (Meriones unguiculatus), five 4-week-old piglets (Sus
scrofa), and five 12-week-old calves (Bos taurus) were used
for experimental infection studies with C. parvum VF383.
Two weeks prior to experimental infections, animals were
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screened daily for the presence of specific DNA and oocysts
of Cryptosporidium. To prevent environmental contamina-
tion with oocysts, laboratory rodents were housed in plastic
cages and supplied with a sterilized diet and sterilized water
ad libitum. Piglets and calves were kept in an experimen-
tal stable with sterilized bedding and were supplied with
sterilized food and water ad libitum. Each animal was inoc-
ulated orally with 5000 purified oocysts suspended in 200 .l
(rodents) or 20ml (piglets and calves) of distilled water.
Shedding of oocysts and presence of specific DNA were indi-
vidually screened in each animal daily from 3 to 30 days post
infection (DPI). Faecal consistency and colour and general
health status of animals were examined daily. The infection
intensity was determined from the microscopic examina-
tion as a number of oocysts per gram (OPG) according to
Kvac et al. (2007). Animal caretakers wore disposable cov-

eralls, shoe covers, and gloves every time they entered the
facility rooms. All wood-chip bedding, faeces, and dispos-
able protective clothing were sealed in plastic bags, removed
from the buildings, and incinerated. All housing, feeding,
and experimental procedures were conducted under protocols
approved by the Institute of Parasitology, Biology Centre of
the Academy of Sciences of the Czech Republic and Insti-
tute and National Committees (Protocol No. 114/2013 and
52/2014).

Histology and electron microscopy

The complete examination of all gastrointestinal organs
of two animals from each group (at 6 and 15 DPI) was con-
ducted at necropsy. Tissue specimens from the stomach, small
intestine, and large intestine were sampled and processed

Fig. 1. Oocysts of Cryptosporidium occultus sp. n. visualized by microscopy (A) under differential interference contrast, (B) following
aniline—carbol-methy! violet staining, and (C) following labeling with FITC-conjugated anti-Cryptosporidium antibody. Bar=5 pm.
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for histology and scanning electron microscopy (SEM). The
specimens for histology were fixed in 4% buffered formalin
and processed by the usual paraffin method. Histology sec-
tions (5 wm) were stained with hematoxylin and eosin (HE)
and Periodic Acid-Schiff (PAS) stains. The specimens for
SEM were fixed overnight at 4°C in 2.5% glutaraldehyde
in 0.1 M phosphate buffer, washed 3 times for 15 min in the
same buffer, postfixed in 2% osmium tetroxide in 0.1 M phos-
phate buffer for 2 h at room temperature, and finally washed
3 times for 15 min in the same buffer. After dehydration in a
graded acetone series, specimens were dried using the criti-
cal point technique, coated with gold and examined using a
JEOL JSM-7401F-FE SEM.

Results

Oocysts of C. parvum VF383 from four naturally infected
wild brown rats were morphometrically identical to those
from experimentally infected rats and similar in size to C.
parvum from a naturally infected 25-day-old calf. Micro-
scopic examination of oocysts in faecal smears showed
typical Cryptosporidium ACMYV staining characteristics and
typical apple green fluorescence following labeling with
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the FITC conjugated anti-Cryptosporidium oocyst wall anti-
body (see Fig. 1 for representative images of ACMV
stained and FITC-labeled oocysts). At the 18S rDNA, actin
and HSP70 loci, all four isolates from wild rats shared
100% identity with each other and with C. parvum VF383
[DQ182599, HQ822148, and DQ182598] from ruminants,
rats, and humans (Table 1, Fig. 2). Maximum likelihood
trees (Fig. 2) showed that C. parvum VF383 is most closely
related to C. suis, sharing 99.7%, 98.0%, and 97.9% sim-
ilarity at 18S rDNA (718 bp), actin (833 bp), and HSP70
(1847 bp) loci, respectively. Experimentally inoculated pigs
and calves did not shed Cryptosporidium that was detectable
by microscopy or PCR. These animals also had no endoge-
nous stages detectable by histology or electron microscopy.
Inoculated rats, gerbils and mice shed C. parvum VF383 that
was detectable by PCR at 4-5 days post infection (DPI), but
only rats shed oocysts detectable by microscopy (Fig. 3). Rats
shed oocysts/specific DNA until the conclusion of the exper-
iment (30 DPI). Gerbils and mice stopped shedding between
6 and 19 DPI (Fig. 3). Infection intensity in rats ranged from
2000 to 370,000 OPG, and ‘was greatest between 11 and
17 DPI, with a daily mean of 120,000 OPG. Examination
of gastrointestinal tract tissue from susceptible rodents by
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Fig. 2. Phylogenetic relationships among isolates of Cryptosporidium occultus sp. n. in this study (bolded) and other Cryptosporidium spp.
by a maximum likelihood of (A) the partial actin gene (733 base positions in the final dataset, GTR + G +1 model, ML LogL = —5132.48),
and (B) the partial HSP70 gene (287 base positions in the final dataset, T92 + G model, ML LogL = —2061.88), and (C) the partial 18S rRNA
gene (519 base positions in the final dataset, T92 + G model; ML LogL. = —2114.91). Numbers at the nodes represent the bootstrap values
with more than 50% bootstrap support from 1000 pseudoreplicates. ML trees were rooted with sequences from Plasmodium falciparum (actin

[M22719], HSP70 [NC_004328.2], and 18S rDNA [JQ627151]).
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Fig. 3. Course of infection of Cryptosporidium occultus sp. n. in rats (Rattus norvegicus), BALB/c mice (Mus musculus) and Mongolian
gerbils (Meriones unguiculatus) based on molecular and microscopical examination of faeces. An open circle indicates the detection of a
specific DNA fragment; a closed circle indicates the detection of oocysts by microscopy.

Fig. 4. Cryptosporidium life cycle stages (indicated by boxes with
a dashed line) in the mucosal glandular epithelium from the colon
of a laboratory rat (Rattus norvegicus) experimentally infected with
5000 oocysts of Cryptosporidium occultus sp. n., sacrificed 15 days
post infection. The section was stained with hematoxylin and eosin.
Bar=50 pm.

histology, electron microscopy and PCR analysis revealed
the presence of Cryptosporidium developmental stages only
in the colon (Figs. 4 and 5). No macroscopic lesions were
observed in internal organs. Compared to rats, where epithe-

lial cell infection was massive (Fig. 5), only sporadic infection
was observed in mice and gerbils. In rats, the luminal epithe-
lium throughout the large intestine was densely covered with
developmental stages (Fig. 5) and infected epithelial cells
were slightly dilated. Inflammatory changes were not found
in the lamina propria of the infected large intestine. None of
the faecal samples were diarrheal. Sequences of individual
genes obtained from susceptible hosts shared 100% identity
with the inoculum (from rat 0) and original isolates from
wild rats (Fig. 2). Morphological, experimental and molec-
ular analyses support the description of C. parvum VF383
as a new Cryptosporidium species, which we name Cryp-
tosporidium occultus. A description of C. occultus follows.

Taxonomic summary

Cryptosporidium occultus sp. n.

Description. Oocysts are shed fully sporulated
with 4 sporozoites and oocyst residuum inside.
Sporulated oocysts (n=30) measure 4.66-5.53 um

Fig. 5. Scanning electron photomicrograph of the colon epithelium of a laboratory rat (Rattus norvegicus) infected 5000 oocysts of Cryp-
tosporidium occultus sp. n. and sacrificed 15 days post infection. (A) Colon epithelium covered by developmental stages of Cryptosporidium
occultus sp. n. (arrowhead). (B) Ruptured parasitophorous sac releasing Type I merozoites (m). (C) Site of parasitophorous sac interaction

with the host cell (arrow). Bar included in each figure.
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(mean=5.20 pm) x 4.47-5.44 pm (mean=4.94 pm)
with a length-to-width ratio of 1.05 (1.00-1.17) (Fig. 1).
The morphology and morphometry of other developmental
stages is unknown.

Type host: brown rat (Rattus norvegicus)

Type localities: Ceské Bud&jovice, Cizkrajov, Lidéfovice,
and Tel¢ (Czech Republic)

Site of infection: colon

Other hosts: Tanezumi rat (Rattus tanezumi), domestic
mouse strain BALB/c (Mus musculus), Mongolian gerbils
(Meriones unguiculatus), cattle (Bos taurus), yak (Bos
grunniens), water buffalo (Bubalus bubalis), and human
(Homo sapiens)

Distribution: Australia, Brazil, Canada, China, Denmark,
England, India, and Philippines

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 18S rRNA, actin, and HSP70 genes were
deposited at GenBank (Acc. Nos. MG699168-MG699179).

Etymology: The species name is derived from the adjective
occultus, in the nominative singular, meaning hidden, for its
previously unclear host specificity.

Differential diagnosis. Vitovec et al. (2006) demonstrated
that the size difference between C. suis and C. parvum
oocysts is statistically significant (P<0.01). Since C.
occultus is very similar in size to C. parvum, oocysts of
C. occultus are morphologically indistinguishable from
those of C. parvum but distinguishable from those of C.
suis. Oocysts of C. occultus have similar ACMV staining to
other Cryptosporidium spp. and cross react with antibodies
developed primarily for C. parvum. This species can be
differentiated from other Cryptrosporidium spp. based on
sequences of 18S rRNA, actin, and HSP70 genes.

Discussion

This study has shown that C. occultus, which was named
C. suis-like in some earlier reports, is not infectious for pigs
under experimental conditions. These data, and the absence
of reports on natural infections in pigs, lead us to con-
clude that C. occultus is not infectious for pigs, despite its
close phylogenetic relationship to the pig-adapted species C.
Suis.

In contrast to previous reports describing the natural occur-
rence of C. occultus in bovids (16 cattle, 2 yaks, and 1
water buffalo) on four continents (Europe, Asia, Australia,
and South America), we found that this species was not
infectious for calves under experimental conditions. In con-
trast, C. occultus caused a prolonged (>30 days) infection in
the colon of rats under experimental conditions. Consistent

with the findings of a previous study on pigs infected with
C. suis, a species that also infects the colon (Vitovec et al.
20006), rats infected with C. occultus shed fewer oocysts than
would be predicted from the massive infection of the colonic
epithelium. This contrasts with studies on Cryptosporid-
ium species infecting the small intestine, where the intensity
of oocyst shedding matched the intensity of developmental
stages observed in the epithelium (Kvac et al. 2016; Kvac
etal. 2014a; Renetal. 2012; Vitovec and Koudela 1992). Evi-
dence from studies on experimental and natural susceptibility
to C. occultus (this study, Ng-Hublin et al. 2013) supports the
conclusion that rats are a primary host.

The finding that mice and gerbils also are susceptible
under experimental conditions suggests that C. occultus may
infect a broad range of rodents, although there is no evi-
dence of natural infections in rodents other than rats (Kvac
et al. 2014b). Reports of C. occultus in cattle, yak and water
buffalo could have been due to these bovids ingesting rat
faeces in contaminated feed or water. Similarly, previous
reports of C. muris and C. tyzzeri in the faeces and slurry
of pigs (Chen and Huang 2007; Jenkins et al. 2010; Kvac
et al. 2009; Xiao et al. 2006), despite the non-susceptibility
of pigs under experimental conditions, was likely the result
of wild rodents living in the close proximity to pigs on farms
(Kvac et al. 2012). Mechanical passage of non-host-specific
Cryptosporidium sp. has been reported in mammals, birds
and reptiles (Crawshaw and Mehren 1987; Graczyk et al.
1996; Xiao et al. 2004b). We cannot rule out the possibility
that C. occultus isolates reported previously in domesticated
ruminants were a ruminant-adapted subtype. Those ruminant
isolates were identical to isolates from the present study at
the 18S rRNA and HSP70 loci; however, more discrimina-
tive loci, such as gp60, were not examined. The variability
in host range of different Cryptosporidium subtypes within
one taxon has been reported previously in C. parvum (most
strains infect calves and humans but subtype IIc only infects
humans), C. andersoni (only the Kawatabi strain is infec-
tious for mice), and C. ubiqutium (subtype XIla seems to be
specific for ruminants while XIIb-e appears to be rodent spe-
cific) (Li et al. 2014; Matsubayashi et al. 2005; Nichols et al.
2014).

Although C. occultus has been reported from a case of clin-
ical cryptosporidiosis in humans (Ong et al. 2002), extending
the number of human-pathogenic Cryptosporidium species,
infections in humans are likely to be rare.

The morphometry of C. occultus oocysts is typical of
intestinal Cryptosporidium spp. (Fayer 2010), and oocysts
cannot be distinguished microscopically from other species
and genotypes infecting rats (Lv et al. 2009). However,
C. occultus has smaller oocysts (5.2 um x 4.9 um) than
the closely-related C. suis (6.2 pm x 5.5 pm; Vitovec et al.
2006).

Phylogenetic analyses show that C. occultus is genetically
distinct from known Cryptosporidium species, including C.
suis. At the 18S rDNA, actin, and HSP70 loci, C. occul-
tus Exhibits 0.3%, 2.0%, and 2.1% sequence divergence,
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respectively, from C. suis. These differences are similar
to those between closely related Cryptosporidium species
such as C. tyzzeri and C. parvum (0.6%, 1.3%, and 0.6%,
respectively) and C. cuniculus and C. hominis (0.40%, 0.0%,
and 0.6%, respectively). While sequences of 18S rDNA
and HSP70 are monomorphic, 1-3 synonymous SNPs were
found in actin sequences from some C. occultus isolates
originating from the Philippines (Ng-Hublin et al. 2013).
Similarly, actin polymorphisms have been observed in other
Cryptosporidium species, such as C. hominis [KU892570
and KT948749] and C. tyzzeri [JQ073395, JQ073408, and
JQ073413].

The results of this study demonstrate the necessity of using
biological data as part of a multidisciplinary approach to
understand the diversity of Cryptosporidium.
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6.2 Priloha II
Cryptosporidium ratti n. sp. (Apicomplexa: Cryptosporidiidae) and genetic
diversity of Cryptosporidium spp. in brown rats (Rattus norvegicus) in the Czech

Republic.

Jezkova J., Prediger J., Holubova N., Sak B., Kone¢ny R., Feng Y., Xiao L., Rost
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Abstract

The diversity and biology of Cryptosporidium that is specific for rats (Rattus spp.) are not well
studied. We examined the occurrence and genetic diversity of Cryptosporidium spp. in wild
brown rats (Rattus norvegicus) by microscopy and polymerase chain reaction (PCR)/sequen-
cing targeting the small subunit rDNA (SSU), actin and HSP70 genes. Out of 343 faecal sam-
ples tested, none were positive by microscopy and 55 were positive by PCR. Sequence analysis
of SSU gene revealed the presence of Cryptosporidium muris (n=4), C. andersoni (n=3),
C. ryanae (n=1), C. occultus (n=3), Cryptosporidium rat genotype I (n=23), Cryptosporidium
rat genotype IV (n=16) and novel Cryptosporidium rat genotype V (n=5). Spherical oocysts
of Cryptosporidium rat genotype I obtained from naturally-infected rats, measuring 4.4-5.4
um x 4.3-5.1 um, were infectious to the laboratory rats, but not to the BALB/c mice (Mus mus-
culus) nor Mongolian gerbils (Meriones unguiculatus). The prepatent period was 3 days post
infection and the patent period was longer than 30 days. Naturally- and experimentally-infected
rats showed no clinical signs of disease. Percentage of nucleotide similarities at the SSU, actin,
HSP70 loci between C. ratti n. sp. and the rat derived C. occultus and Cryptosporidium rat geno-
type IL, III, IV, and V ranged from 91.0 to 98.1%. These genetic variations were similar or greater
than that observed between closely related species, i.e. C. parvum and C. erinacei (93.2-99.5%).
Our morphological, genetic and biological data support the establishment of Cryptosporidium
rat genotype I as a new species, Cryptosporidium ratti n. sp.

Introduction

The genus Cryptosporidium comprises obligate protozoan parasites that predominantly
inhabit the gastrointestinal epithelium of humans and other vertebrate animals (Fayer,
2010). Cryptosporidium has been under intensive investigation for more than 40 years and
the enormous diversity in the genus has been revealed by genotyping studies conducted
over the past 20 years. Studies on Cryptosporidium in humans and livestock have predomi-
nated due to the clinical and economic importance of cryptosporidiosis in these hosts
(Robertson et al., 2014; Kvac et al., 2014b). Research on Cryptosporidium spp. in wild animals
has increased significantly in the last decade, expanding our knowledge of genetic diversity in
the genus, but the biological properties of these parasites in wildlife remain poorly studied
(Ren et al., 2012; Li et al, 2015; Kva¢ et al., 2018; Tan et al, 2019; Wei et al., 2019).
Recent studies indicate that rodents, which represent about 40% of the mammalian diversity,
are predominantly parasitized by host-specific Cryptosporidium spp. with unknown biology
(Lv et al, 2009; Feng et al, 2011; Ng-Hublin et al, 2013; Stenger et al., 2017; Condlova
et al.,, 2019). Today, 45 valid Cryptosporidium species and a similar number of genotypes
have been reported (Holubova et al., 2020). Cryptosporidium muris and C. proliferans have
a broad host range in the order Rodentia. In contrast, a narrow host specificity has been
reported for C. alticolis and C. microti in voles, C. apodemi and C. ditrichi in apodemus
mice, C. homai and C. wrairi in guinea pigs, C. tyzzeri in house mice, C. rubeyi in ground
squirrels and C. occultus in rats (Tyzzer, 1910; Vetterling et al., 1971; Ren et al., 2012; Li
et al., 2015; Kva¢ et al., 2016, 2018; Zahedi et al., 2017; Condlové et al., 2018; Horcickova
et al., 2018). Additionally, a large number of Cryptosporidium genotypes have been reported
in rodents (Kvac et al., 2014b).

Representatives of the genus Rattus, which are globally distributed, with the exception of
the polar region (Reid, 2007; Thomson et al., 2018), have been reported as hosts of several
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Cryptosporidium spp. (Table 1). The recently described C. occultus
is specific for rat hosts (Kva¢ et al., 2018). Other species, C. muris,
C. parvum, C. tyzzeri, C. scrofarum, C. meleagridis, C. erinacei,
C. ubiquitum and C. viatorum, reported in rats are host-specific
for other hosts. Rats probably represent minor host or the presence
of these Cryptosporidium species is the result of the mechanical
transmission of oocysts through the digestive tract (Kvac et al,
2009; Lv et al, 2009; Ng-Hublin et al., 2013; Tan et al., 2019).
Rats are frequently parasitized with Cryptosporidium rat geno-
types I-IV, which have been reported in rats in Asia, Australia
and South America (Table 1). As yet, there is no comprehensive
genotyping study from Europe or North America and there is no
knowledge of their biological properties including oocyst size,
course and location of infection, or pathogenicity, etc. In the
course of the study, we obtained an isolate of Cryptosporidium
rat genotype I and examined its biological, morphological and gen-
etic characteristics in detail. Our data showed that Cryptosporidium
rat genotype I is genetically and biologically distinct from valid
Cryptosporidium species and we propose to name it as a
Cryptosporidium ratti n. sp.

Materials and methods
Area and specimens studied

A total of 343 wild rats (Rattus norvegicus) were trapped using
metal pedal or life traps at 16 localities in the Czech Republic
over the period 2016-2019 (Fig. 1). Traps were checked every 3
hours and trapped animals were removed and transported to
the Institute of Parasitology, Biology Centre CAS (PaU). Faecal
samples from deceased rats were collected from the rectum during
dissection. Live rats were individually housed with sterilised bed-
ding, food and water. The feces of alive rats were collected indi-
vidually for several days, each sample was individually examined
for the presence of Cryptosporidium oocysts by the aniline-car-
bol-methyl violet staining (Mila¢ek and Vitovec, 1985) followed
by microscopic examination at 1000 x magnification (light micro-
scope Olympus BX51, Tokyo, Japan), and specific DNA, by poly-
merase chain reaction (PCR)/sequencing targeting the small
subunit ribosomal RNA gene (SSU) (below). If at least one sample
was Cryptosporidium positive, the rat was considered positive.
Alive rats that were negative for Cryptosporidium spp. were sacri-
ficed humanly. Cryptosporidium positive rats were kept for several
weeks and their feces were collected daily.

Molecular characterization

Total genomic DNA was extracted from 200mg of feces or
100-200 mg of tissue specimens using a PSP spin stool DNA Kit
(Invitek, Stratec, Berlin, Germany) followed by bead disruption
for 60s at 5.5m s~' using 0.5 mm glass beads in a FastPrep®-24
Instrument (MP Biomedicals, CA, USA). Purified DNA was stored
at —20 °C prior to amplification by PCR. Fragments of the SSU,
actin and the 70 kDa heat shock protein (HSP70) genes were amp-
lified by nested PCR using published protocols and primers (Xiao
et al., 1999; Sulaiman et al., 2000, 2002; Jiang et al., 2005). Some
PCR conditions were slightly modified from their original publica-
tions as previously described by Holubova et al. (2019). DNA of C.
proliferans and molecular grade water were used as positive and
negative controls, respectively. The secondary PCR products were
separated by electrophoresis on a 1.5% agarose gel and visualized
following staining with ethidium bromide. Amplicons were puri-
fied using the GenElute™ Gel Extraction Kit (Sigma-Aldrich,
St. Louis, MO, USA) and sequenced in both directions using the
secondary PCR primers at a commercial laboratory (SEQme,
Dobiis, Czech Republic).
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Phylogenetic analysis

The nucleotide sequences of each gene obtained from naturally-
and experimentally-infected animals were verified by BLAST
analysis (https:/blast.ncbi.nlm.nih.gov/Blast.cgi), edited using
Chromas Pro 2.1.4 (Technelysium, Pty, Ltd., South Brisbane,
Australia) and aligned with reference sequences obtained from
GenBank using BioEdit v.7.0.5 (Hall, 1999). The alignments
were end-trimmed and used in the phylogenetic analyses.
Phylogenetic trees were inferred using the maximum likelihood
(ML) method, with the substitution model that best fits the
alignment selected using the Bayesian information criterion in
MEGAX software. The robustness of the phylogeny was tested
with 1000 bootstraps. Phylograms were edited for style using
CorelDrawX7. Sequences have been deposited in GenBank under
the Accession Numbers (Acc. nos.): MT504538-MT504544
for SSU, MT507482-MT507485 for HSP70, and MT507486-
MT507491 for actin.

Origin of Cryptosporidium ratti n. sp. isolate

An isolate of C. ratti n. sp. was obtained from a wild-caught rat
(isolate 29 356; Rat 0) trapped at locality no. 16 (Tel¢). The rat
was individually housed with sterile bedding and provided with
sterile food and water. The bedding was changed every second
day. Oocysts were purified using cesium chloride gradient centri-
fugation (Arrowood and Donaldson, 1996) and used for morph-
ometry and phylogenetic analysis (SSU, actin and HSP70 genes).
Oocysts obtained from Rat 0 were used to infect a single 1-week-
old rat (Rat 1). Oocysts of C. ratti n. sp. obtained from Rat 1 were
purified using cesium chloride gradient centrifugation and their
viability was examined using propidium iodide (PI) staining by
a modified assay of Sauch et al (1991). They were used for
morphometry and phylogenetic analysis and for experimental
infection of other animals (see the transmission studies section).
The oocysts were stored in PBS at 4-8 °C for a maximum of 3
weeks.

Transmission studies

Five 1-week-old and 8-week-old severe combined immunodefi-
ciency (SCID) mice (strain C.B-17), BALB/c mice (Mus muscu-
Ius), Mongolian gerbils (Meriones unguiculatus) and laboratory
rats (Rattus norvegicus, strain Wistar Han) were used for trans-
mission studies. Three animals from each host species/strain
were used as negative controls. All experimental 1-week- and
8-week-old animals were inoculated by oesophageal tube with
10 000 purified oocysts of C. ratti n. sp. (Rat 1 origin) suspended
in 50 and 200 uL of sterile PBS, respectively. Animals used as
negative controls were inoculated with the same volume of sterile
PBS. For a week prior to infection, faecal samples from all experi-
mental animals were screened daily for the presence of
Cryptosporidium oocysts and DNA using aniline—carbol-methyl
violet staining and nested PCR targeting the SSU gene, respect-
ively. To prevent environmental contamination 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. Starting on the second-day post
infection, faecal samples from each animal were screened daily
for the presence of Cryptosporidium oocysts and DNA using anil-
ine-carbol-methyl violet staining and nested PCR targeting the
SSU gene, respectively. One animal from each experimental
group was euthanatized at 10 and 20 days post infection (DPI).
Tissue specimens from the oesophagus, stomach, small intestine
and large intestine (the entire tract was divided into 1 cm-long
sections), trachea, lungs, liver and kidney were sampled and
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Table 1. Diversity of Cryptosporidium spp. in rat (Rattus sp.), brown rat (Rattus norvegicus), Asian house rat (Rattus tanezumi), Australian swamp rat (Rattus
lutreolus), and Malayan black rat (Rattus rattus diardii) based on microscopic and molecular detection

Species/genotype of Detection Reference sequence
Cryptosporidium Host method (SSU) GenBank Country Reference
C. parvum R. norvegicus Microscopy - Japan Iseki (1986)
R. norvegicus Microscopy - England Webster and Macdonald
(1995)
R. norvegicus PCR AB271070 Japan Kimura et al. (2007)
Rattus sp. PCR-RFLP HQ651732 Iran Bahrami et al. (2012)
R. norvegicus PCR AB986579-81 Iran Saki et al. (2016)
R. tanezumi PCR EU331237° China Zhao et al. (2015)
R. norvegicus
C. muris R. norvegicus Microscopy - Japan Iseki (1986)
R. tanezumi PCR JX485397 Philippines Ng-Hublin et al. (2013)
R. norvegicus
R. rattus PCR JQ313975 Brazil Silva et al. (2013)
R. tanezumi PCR EU245045° China Zhao et al. (2015)
R. norvegicus
R. norvegicus PCR AB697054° China Zhao et al. (2019)
C. tyzzeri R. tanezumi PCR GQ121024 China Lv et al. (2009)
R. norvegicus
C. scrofarum R. tanezumi PCR JX485403 Philippines Ng-Hublin et al. (2013)
R. norvegicus
C. occultus R. tanezumi PCR JX485388 Philippines Ng-Hublin et al. (2013)
R. norvegicus PCR MG699179 Czechia Kvac et al. (2018)
R. norvegicus PCR HQ822146 China Zhao et al. (2018)
R. tanezumi PCR MG6991797 China Zhao et al. (2019)
R. norvegicus
C. meleagridis R. norvegicus PCR AB271063 Japan Kimura et al. (2007)
C. erinacei R. tanezumi PCR KF612324° China Zhao et al. (2019)
C. ubiquitum R. norvegicus PCR KC962124° China Zhao et al. (2018)
C. viatorum R. lutreolus PCR MG021320 Australia Koehler et al. (2018)
Rat genotype | R. norvegicus PCR JX485398 Philippines Ng-Hublin et al. (2013)
R. norvegicus PCR FJ205699° China Zhao et al. (2018)
JN172971°
KP883289°
Q1835172
R. norvegicus PCR AB271061 Japan Kimura et al. (2007)
AB271062
AB271066
AB271068
R. rattus PCR KP883292 KP883289 Iran unpublished
Rat genotype Il R. tanezumi PCR GQ121025 China Lv et al. (2009)
R. rattus PCR JX294358 Australia Paparini et al. (2012)
R. tanezumi PCR JX485400 Philippines Koehler et al. (2018)
R. norvegicus
Rat genotype IlI R. tanezumi PCR GQ121026 China Lv et al. (2009)
R. norvegicus
R. rattus PCR JX294361 Australia Paparini et al. (2012)
R. tanezumi PCR JX485389 Philippines Ng-Hublin et al. (2013)
R. norvegicus
R. rattus PCR KF176349 Brazil Silva et al. (2013)
R. tanezumi PCR JX2943712 China Song et al. (2015)
R. norvegicus
Rat genotype IV PCR JX485394 Philippines Ng-Hublin et al. (2013)

(Continued)
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Species/genotype of Host Detection Reference sequence Country Reference
Cryptosporidium method (SSU) GenBank
R. tanezumi
R. norvegicus
R. norvegicus PCR JN172970 China Zhao et al. (2018)
MG9176707
MG917671%
R. tanezumi PCR JN1729707 China Zhao et al. (2019)
R. norvegicus KY483983?
MG9176707
AYT737584%
R. norvegicus PCR AB271067 Japan Kimura et al. (2007)
AB271071
AB271072
Isolate BR8 R. norvegicus PCR AB271064 Japan Zahedi et al. (2017)
Cryptosporidium sp. Rattus sp. Histology - Korea Seoki et al. (2005)
R. norvegicus Microscopy - Iran Gholipoury et al. (2016)
R. rattus Microscopy - Indonesia Prasetyo (2016)
R. rattus Microscopy - Japan Yamaura et al. (1990)
R. norvegicus
R. rattus Microscopy - Iran Mirzaghavami et al. (2016)
R. norvegicus
R. norvegicus Microscopy - Malaysia Tijjani et al. (2020)
R. rattus
diardii

?Indicates the sequence obtained in the paper has not been stored in the GenBank database and was identical to a sequence published previously.

Germany

Poland

Czech Republic

N

o @ Slovakia

Austria

Fig. 1. Sampling locations across the study area in the Czech Republic. Sample site
numbers indicate the name of locations and coordinates are in brackets: (1) Breznice
(49.556628, 13.954390), (2) Chysna (50.545694, 13.437376), (3) Cizkrajov (49.0303555,
15.390124), (4) Ceské Budéjovice (48.974749, 14.453704), (5) Cesky Krumlov
(48.813194, 14.321542), 6) Hodé&tin (49.251090, 14.547873), (7) Kardasova Recice
(49.18.2636, 14.848994), (8) Lidéfovice (49.064462, 15.373599), (9) Praha (50.074130,
14.522609), (10) Protivin (49.196654, 14.216850), (11) Pribyslav (49.580047,
15.739454), (12) Pysely (49.875659, 14.680111), (13) Revnov (49.475599, 14.632047),
(14) Tel¢ (49.184339, 15.472545), (15) Vézovata Plané (48.776780, 14.408550) and
(16) Zmiovice (49.496220, 15.188810).

processed for PCR targeting the SSU gene, histology and scanning
electron microscopy. Specimens for histology and electron
microscopy were processed according to Holubova et al. (2019).
All experiments were terminated at 30 DPI. Faecal consistency,
faecal colour and animal behaviour were examined daily.
Animals received standard care at the Institute of Parasitology
(IP) (Holubova et al., 2019). All housing, feeding and experi-
mental procedures were conducted under protocols approved
by the IP and the Central Commission for Animal Welfare,
Czech Republic (protocol nos. 55/2014, 35/2018 and MZP/
2019/630/1411).

Morphometric analysis

Oocyst size was determined using digital analysis of images
(Olympus cellSens Entry 2.1 software, Olympus Corporation,
Shinjuku, Tokyo, Japan) collected using an Olympus Digital
Colour Camera DP73 (Olympus). The length and width of
C. ratti n. sp. oocysts from naturally- (Rat 0) and experimentally-
infected animals (20 oocysts from each isolate) were examined
using differential interference contrast (DIC) microscopy at
1000 x magnification (Olympus IX70, Tokyo, Japan). These mea-
surements were used to calculate the length-to-width ratio.
Samples containing purified C. parvum oocysts (calf origin) were
used as a size control. Oocyst size was measured using the same
microscope and by the same person. Each slide was screened
using a meandering path to prevent repeated measurement of an
oocyst. Additionally, faecal smears with oocysts of C. ratti n. sp.
and C. parvum (data not shown) were stained by modified
Ziehl-Neelsen (ZN; Henriksen and Pohlenz, 1981) and labelled
with a Cy3-labeled mouse monoclonal antibody targeting the
Cryptosporidium oocyst outer wall antigenic sites (A400Cy2R-20X,
Crypt-a-Glo, Waterborne, Inc, New Orleans, LA, USA).

Statistical analysis

Differences in Cryptosporidium spp. oocysts size were tested using
Hotelling’s multivariate version of the 2 sample t-test, package
ICSNP: Tools for Multivariate Nonparametrics (Nordhausen
et al, 2018) in R 4.0.0. (R Core Team, 2019). The hypothesis
tested was that two-dimensional mean vectors of measurement
are the same in the two populations being compared.

Results

A total of 343 faecal samples were obtained from trapped brown rats
at 16 localities were tested for the presence of Cryptosporidium spp.
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Genotyping at the loci

Locality Number examined/positive Isolate ID Microscopically positive (OPG) Ssu Actin HSPT70
1 4/0 = = = =
2 39/11 15824 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
15825 No Rat genotype V NA NA
15826 No C. ratti n. sp. NA NA
15828 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
15832 No C. ratti n. sp. NA NA
16 108 No Rat genotype V C. ryanae NA
16 109 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
16115 No C. ratti n. sp. C. ratti n. sp. NA
16116 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
16 858 No C. ratti n. sp. C. ratti n. sp. NA
16 863 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
3 13/2 30870 No C. occultus C. occultus C. occultus
29 340 No C. ryanae C. ryanae NA
4 52/9 22929 No C. occultus C. occultus C. occultus
21353 No Rat genotype IV Rat genotype IV NA
21364 No C. occultus C. occultus C. occultus
25724 No C. muris C. muris C. muris
25725 No C. muris C. muris C. muris
25727 No Rat genotype IV Rat genotype IV NA
25728 No Rat genotype IV Rat genotype IV NA
25729 No C. muris C. muris C. muris
25730 No C. muris C. muris NA
5 30/0 - - - - -
6 4/0 - - - - -
7 2/0 - - - - -
8 30/13 29 300 No Rat genotype IV Rat genotype IV NA
29301 No Rat genotype IV NA NA
29302 No Rat genotype IV NA NA
29303 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
29307 No Rat genotype IV NA NA
29 309 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
29311 No C. andersoni C. andersoni C. andersoni
29312 No Rat genotype IV NA NA
29315 No Rat genotype IV Rat genotype IV NA
29321 No Rat genotype IV NA NA
29330 No C. ratti n. sp. NA NA
30591 No C. ratti n. sp. C. occultus NA
30593 No Rat genotype IV NA NA
9 52/1 16 360 No C. andersoni C. andersoni C. andersoni
10 1/0 - - - - -
11 10/2 24 650 No C. ratti n. sp. NA NA
24651 No C. ratti n. sp. C. ratti n. sp. NA
12 16/1 16978 No C. andersoni C. andersoni C. andersoni
(Continued)
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Locality Number examined/positive Isolate ID Microscopically positive (OPG) Genotyping at the loci
SSU Actin HSP70
13 4/2 23492 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
26 823 No Rat genotype IV NA NA
14 57/10 29 344 No Rat genotype V NA NA
29353 No C. ratti n. sp. NA NA
29354 No Rat genotype IV Rat genotype IV NA
29 355 No C. ratti n. sp. NA NA
29 356° No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
29 359 No C. ratti n. sp. NA NA
29 364 No Rat genotype IV NA NA
29 366 No C. ratti n. sp. C. ratti n. sp. NA
30592 No Rat genotype V NA NA
30576 No Rat genotype V NA NA
15 1/0 = = = = =
16 28/4 15461 No C. ratti n. sp. Rat genotype IV NA
15571 No C. ratti n. sp. C. ratti n. sp. C. ratti n. sp.
21654 No Rat genotype IV Rat genotype IV NA
21655 No Rat genotype IV Rat genotype IV NA

Oocysts were quantified by microscopy and reported per gram of feces (OPG). Fragments of the small subunit rDNA (SSU), actin and heat shock protein 70 (HSP70) genes were amplified by

PCR. NA indicates PCR amplification failure.
alsolate of Cryptosporidium rat genotype | used for experimental studies.

(Table 2). Cryptosporidium-specific DNA was detected in 55 sam-
ples by nested PCR targeting the SSU gene. None of the samples
was positive for Cryptosporidium oocysts by microscopy. Out of
the 55 Cryptosporidium-positive rats, 55, 36 and 19 were genotyped
by sequence analysis of the SSU, actin and HSP70 genes, respect-
ively. The remaining positive samples failed to amplify at the
actin (n=19) and HSP70 (n=36) loci (Table 1). ML trees con-
structed from SSU sequences showed the presence of C. muris
(n=4), C. andersoni (n=3), C. ryanae (n=1), C. occultus (n=3),
C. ratti n. sp. (n=23) and Cryptosporidium rat genotype IV
(n=16). Five isolates clustered in a novel group, which we have
named Cryptosporidium rat genotype V. This group was closely
related to C. ratti n. sp. and Cryptosporidium rat genotypes II and
III (Fig. 2, Table 2). For the actin gene, isolates of C. occultus, C. rya-
nae, C. muris, C. andersoni, C. ratti n. sp. and Cryptosporidium rat
genotype IV shared 100% sequence identity with sequences of
Cryptosporidium spp. previously reported (Fig. 3). Actin sequences
were not detected in any of the samples that were positive for
Cryptosporidium rat genotype V at the SSU locus. A mixed infection
was detected in three samples — isolate 16 108 was positive for C.
ryanae at actin and for Cryptosporidium rat genotype IV at SSU; iso-
late 30 591 was positive for C. occultus at actin and for C. ratti n. sp.
at SSU; and isolate 15461 was positive for Cryptosporidium rat
genotype IV at actin and for C. ratti n. sp. at SSU (Table 1,
Fig. 3). None of the samples with mixed infection were successfully
sequenced at the HSP70 locus. At the HSP70 gene, none of the iso-
lates positive for Cryptosporidium rat genotype IV or V was ampli-
fied. Likewise, 13 of the 23 positive for C. ratti n. sp. and one of the
four positive for C. muris failed to be amplified at the HSP70 gene
(Table 2, Fig. 4). The sequences of individual Cryptosporidium spe-
cies and genotypes detected in this study were identical to each
other (Figs 2-4).

Purified oocysts of C. ratti n. sp. from Rat 0 (isolate 29 356)
trapped at locality no. 14 did not infect 8-day-old BALB/c mice

(n=3); whereas, an 8-day-old rat (Rat 1) was successfully
infected. The oocysts purified from experimentally-infected
1-week- and 8-week-old rats (below) were morphometrically
identical to oocysts recovered from RAT 0 and RAT 1. The
sequences of the SSU, actin and HSP70 genes obtained from
Rat 1 were identical to those of Rat 0 (isolate 29 356).
Oocysts recovered from Rat 1 were used for the description
of oocyst morphometry, as well as transmission and molecular
studies.

Cryptosporidium ratti n. sp. oocysts (Rat 1 origin) were only
infectious for 1-week- and 8-week-old rats (Fig. 5). All rats
started to shed Cryptosporidium oocysts detectable by PCR at
4-5 DPI. Microscopically detectable infection was not observed
in any rat. The presence of specific C. ratti n. sp. DNA in faecal
specimens was more often detected in rats infected at 1-week-
old (21 times during the experiment) compared to rats infected
at 8-weeks-old (16-18 times, Fig. 5). All rats remained infec-
tious until the end of the experiment (Fig. 5). Examination of
the gastrointestinal tract tissue of 1-week- and 8-week-old
rats at 10, 20 and 30 DPI by PCR, histology and electron
microscopy revealed the presence of specific DNA and develop-
mental stages of C. ratti n. sp. in the jejunum and ileum.
Developmental stages were scattered on an isolated villus
(Fig. 6). The lamina propria in the jejunum was sporadically
slightly edematous, but these changes were probably not related
to the Cryptosporidium infection. A slight multiplication of
goblet cells on infected villi was observed in the posterior
part of the ileum. One-week- and 8-week-old BALB/c and
SCID mice, as well as gerbils experimentally inoculated with
oocysts of C. ratti n. sp. (Rat 1 origin), did not develop infec-
tions detectable in feces by microscopy or PCR. These animals
also had no endogenous stages detectable by histology or elec-
tron microscopy. All groups of rats, mice and gerbils used as
negative controls remained uninfected.
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C. parvum [AF161857]

57 C. tyzzeri [JQ073523]

C. erinacei [KF612324]
C. hominis [GQ183514]
C. cuniculus [KC157561]
C. wrairi [U11440]

C. meleagridis [HM485432]

—

C. viatorum [JX978271]

C. varanii [KM870593]
C. macropodum [KP730304]
C. ubiquitum [JN247403]
C. suis [KJ790244]
culltus [MG699172]
64, 22929, 30870
C. fayeri [KP730318]

Cryptosporidium
occultus [MT504544]

C. rubeyi [KT027470]
C. canis [KR999986]

Cryptosporidium
rat genotype IV
[MT504540]
97
C. felis [KT749819]
90i rat genotype |1l [GQ121026]
rat genotype Il [GQ121025]
97_{ 16108, 15825, 30592 Cryptosporidium
29344, 30576 rat genotype V [MT504543]
94 rat genotype | [JX485398]
experimentally infected one-week-old rats (1-5)
72 experimentally infected eight-week-old rats (1-5)
78 RAT 1
24651, 29356, 29366
29359, 30591, 29353 Cryptosporidium
98|29355, 15828, 23492 ratti n. sp.
16858, 16863, 16116 [MT504541]
16115, 15461, 15824
o 15826,15571, 29309
0.01 o 15832, 29303, 29330
24650, 16109
C. scrofarum [KJ790202]
79— C. bovis [DQ991389]
96 C. xiaoi [FJ896050]
] 85| C. ryanae [KX668207] Cryptosporidium
99'29340 ryanae [MT504539]
— C. avium [KU058878]
C. baileyi [L19068]
— C. serpentis [KF240618]
8r C. fragile [EU162754]
99 L—— C. galli [GU734647]
97, C. andersoni [KF826314]  cryptosporidium
65 16360, 16978, 29311 andersoni [MT504542]
30 C. proliferans [KR090615]
C. muris [KJ469984] .
96| 25724, 25725 fiiosporidium
25729, 25730 muris [MT504538]

Fig. 2. Maximum likelihood tree based on partial sequences of the gene encoding the small subunit rRNA (SSU), including sequences obtained from naturally- and
experimentally-infected hosts in this study. Tamura’s 3-parameter model was applied, using a discrete Gamma distribution and invariant sites. The robustness of
the phylogeny was tested with 1000 bootstraps and the numbers at the nodes represent the bootstrap P values with more than 50% bootstrap support. The branch
length scale bar, indicating the number of substitutions per site, is included. Sequences obtained in this study are identified by isolate number (e.g. 29 356). The
GenBank Accession number is in the bracket. Cryptosporidium species and genotypes detected in this study are colour-coded. The tree was rooted with the SSU
sequence of Plasmodium falciparum (JQ627151) and the root was removed from the figure.

Taxonomic summary

Family Cryptosporidiidae Léger, 1911

Genus Cryptosporidium Tyzzer, 1907

Cryptosporidium ratti n. sp.

Syn: Cryptosporidium rat genotype 1 ex Rattus norvegicus of
Zhao et al. (2018), Japan Kimura et al. (2007) and Philippines
Ng-Hublin et al. (2013); Cryptosporidium sp. rat genotype
rat193 ex Rattus norvegicus (Gen Bank no. JN172971, un-
published); Cryptosporidium environmental sequence clone
ECUST628 from wastewaters of Feng et al (2009);
Cryptosporidium sp. 2162 ex Boa constrictor subsp. ortoni of
Xiao et al. (2004); Cryptosporidium sp. rat genotype from raw
water of Chalmers et al. (2010), Cryptosporidium sp. 18 and 23
ex Rattus rattus (Gen Bank no. KP883292 and KP883289, respect-
ively, unpublished).

Type-host: Rattus norvegicus (Berkenhout, 1769) (Rodentia:
Muridae), brown rat.

Other natural hosts: Rattus rattus (Linnaeus, 1758), black rat.
Type-locality: Tel¢ (49.184339N, 15.472545E), Czech Republic.
Other localities: Chy$na (50.545694N, 13.437376E), Czech
Republic; Lidéfovice (49.064462N, 15.373599E), Czech Republic;
Pribyslav (49.580047N, 15.739454E), Czech Republic; Revnov
(49.475599N,  14.632047E), Czech  Republic; ZmiSovice
(49.496220N, 15.188810E), Czech Republic.

Type-material: Histological sections of infected jejunum (nos.
181-183/2016) and ileum (nos. 184-189/2016); scanning electron
microscopy specimens of infected jejunum (nos. 181-183/2016)
and ileum (nos. 184-189/2016); genomic DNA isolated from
faecal samples of naturally- (isolate 29 356) and experimentally-
(isolate 16 848) infected rats; genomic DNA isolated from
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C. parvum [AF382342]

C. hominis [KP314262]

98| C. cuniculus [KM366138]
52 C. erinacei [KU892572]

C. tyzzeri [JQ073414]

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

C. fayeri [KP730322]

C. viatorum [JX978269]

C. rubeyi [KT027534]

C. ubiquitum [KT027512]

55 C. suis [AB852579]
100 ccultus [MN177696] R o= poridlium
08 , 22929 occultus [MT507491]
1, 30870

5411]
100 Cryptosporidium
rat genotype IV
[MT507488]
C. felis [AF382347]
— C. canis [AF382340]
80

68

91

—_—
0.05 1007 rat genotype Il [JX294376]
| 50 rat genotype 1l [JX485416]
rat genotype | [JX485414]
100 experimentally infected one-week-old rats (1-5)
experimentally infected eight-week-old rats (1-5)
16863, 29303, 29309
62| 100 24651, 23492, 29356 Cryptosporidium
15824, 15828, 16109 ratti n. sp.
16115, 16116, 16858 ID07489]
RAT 1, 29366, 15571
C. varanii [AF382349]
50] — C. scrofarum [AB852580]
C. ryanae [EU410345 idi
88 = 161’](;8, 29:£4o ] rfarl};gtteo[sldljggzgl
82 [ C. bovis [AY741307] Fig. 3. Maximum likelihood tree based on partial sequences of
_ 100— C. xiaoi [GQ337964] the actin gene. The General Time Reversible model was applied,
C. avium [KU058882] using a discrete Gamma distribution and invariant sites. The
_100‘:0. baileyi [AF382346] robustness of the phylogeny was tested with 1000 bootstraps
C. galli [AY163901] and the numbers at the nodes represent the bootstrap P values
C. serpentis [AF382353] ‘gith .m(tj)'re t.han EO% bogtstrafp SLIJJPPOFt: The bran.ch lfzngthl s;:a(lje
. . ar, indicating the number of substitutions per site, is included.
100 fé:::e::t;:/s[Dz(;z??S?S] anggséﬁﬁ\%!g(l)g’:%] Sequences obtained in this study are identified by isolate num-
' ’ ber (e.g. 29356). The GenBank Accession number is in the
9‘ proliferans [KT731194] bracket. Cryptosporidium species and genotypes detected in
C. muris [AF382350] G idi this study are colour-coded. The tree was rooted with the
100]25724, 25725 muryrfs?:n’-)r%g-,%a actin sequence of Eimeria maxima (XM013478337) and the root

125729, 25730

jejunum and ileum of experimentally-infected rat (isolate 44 331);
faecal smear slides with oocysts stained by ACMV and ZN stain-
ing (nos. 6/16848 and 15/16853). Specimens deposited at the
Institute of Parasitology, Biology Centre of the Czech Academy
of Sciences, Czech Republic.

Site of infection: Jejunum and ileum (present study, Fig. 6).
Distribution: As Cryptosporidium rat genotype I ex Rattus norve-
gicus: China (Zhao et al., 2018), Japan (Kimura et al., 2007)
and Philippines (Ng-Hublin et al, 2013); Cryptosporidium
sp. 2162 ex Boa constrictor subsp. ortoni in USA (Xiao et al.,
2004); Cryptosporidium sp. 18 and 23 ex Rattus rattus in Iran;
Cryptosporidium sp. rat genotype from raw water in the UK
(Chalmers et al., 2010).

Prepatent period: Rattus norvegicus: 4-5 DPI.

Patent period: At least 30 DPI in all experimentally infected rats
(Rattus norvegicus)

Representative DNA  sequences: Representative nucleotide
sequences of SSU (MT504541), actin (MT507489) and HSP70
(MT507483) genes were saved in the GenBank database.

was removed from the figure.

ZooBank registration: To comply with the regulations set out in
Article 8.5 of the amended 2012 version of the International
Code of Zoological Nomenclature (ICZN, 2012), details of the
new species have been submitted to ZooBank. The Life
Science Identifier (LSID) of the article is urn:lsid:zoobank.org:
pub:59E724AA-5CBB-4E81-96C3-397D858E782D. The LSID
for the new name Cryptosporidium ratti is urn:lsid:zoobank.org:
act:C42A2AFD-7DB1-4B2E-AA37-3FACOB069A26.

Etymology: The species name ratti is derived from the Latin noun
“rattus” (meaning rat).

Description: Oocysts obtained from fresh feces specimens ex
Rattus norvegicus (isolate 29 356) were spherical measuring 4.4-
5.4 x4.3-5.1um (4.9 £0.2 x 4.6 + 0.2 um) with a length to width
ratio of 1.0-1.1 (1.1 +0.1) (Fig. 7). The oocyst wall was smooth
and colourless, composed of a single layer. Micropyle and polar
granule were absent, oocyst residuum was present, composed of
numerous small granules and one spherical globule. Four sporo-
zoites were present within each oocyst. Morphology and morph-
ometry of other developmental stages are unknown.
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96" horse genotype [KU892577]
C. tyzzeri [AF221530]
|\ C. parvum [xM_625373]
C. erinacei [KF612325]
C. hominis [XM661662]
C. cuniculus [GU097646]
C. wrairi [AF221536]
C. meleagridis [AF221537]
Cryptosporidium sp. CHB-01 [EF428198]
bamboo rat genotype Il [MK731969]
C. fayeri [AF221531]
chipmunk genotype | [JX978276]
skunk like genotype [LC011444]
100! cryptosporidium sp. 1170 [AY120917]
vole genotype V [MH145325]
100§ giant panda genotype [JN588571]

masked palm civet genotype [LC194520]

99
—— C. ditrichi [MN065793]
| 98 — chipmunk genotype Il [KC954247]
98

_|: C. felis [AF221538]
70 C. canis [EU754843]

100 Gits MG699175]  cryptosporidium
100 64, 22929, 30870  occultus [MT507485]
C. suis [DQ898164]

] ﬁ: bamboo rat genotype | [MK731968]

99 C. ubiquitum [DQ898163]
vole genotype VII [MH145327]
QEE chipmunk genotype IV [KC954250]
99~ vole genotype VI [MH145326]
—
0.02 experimentally infected one-week-old rats (1-5)
g9 experimentally infected eight-week-old rats (1-5)
RAT 1 o .
ryptosporidium
100 15824, 15828, 16109 rattin. sp.
16116, 16863, 29303 [MT507483]
29309, 23492, 29356
78 15571
[ | —— Cryptosporidium sp. #691 [AF221540]
63| [ deer genotype [LC019009]
Fig. 4. Maximum likelihood tree based on partial sequences of the 100‘—|:C' XI?OI_[I_(F907826]
Heat Shock Protein 70 (HSP70) gene. The General Time Reversible _ 86 100 C. xiaoi like [MK095943]
model was applied, using a discrete Gamma distribution. The robust- E Cryptosporidium sp. YS-2017 [LC310797]
ness of the phylogeny was tested with 1000 bootstraps and the num- 100 C. avium [KU058883]
bers at the nodes represent the bootstrap P values with more than c tis [AF221541
50% bootstrap support. The branch length scale bar, indicating the - serpentis |. ) ]
number of substitutions per site, is included. Sequences obtained in ~ — 100 100 C. andersoni [FJ463200] Cryptosporidium
this study are identified by isolate number (e.g. 29356). The 16360, 16978, 29311  andersoni [MT507484]
GenBank A i ber is in the bracket. Crypt idi i N 2
e e LSS coptesporiu
rooted with the HSP70 sequence of Eimeria maxima (Z46964) and o 99 [SENEST25, 25729 REEEIIMT507452]
the root was removed from the figure. ——— C. baileyi [AF221539]

Remarks: Oocysts of Cryptosporidium ratti n. sp. showed typical
Cryptosporidium ACMV and ZN staining characteristics and cross- Group Animal

react with immunofluorescence reagents developed primarily for g 1
C. parvum. There were no statistically significant size differences g wesk 3 ]
between oocysts from naturally infected rat and oocysts obtained £ 4
from experimentally infected rat which measured 4.5-5.4 x 4.5- H .
50um (49+0.3%x4.7+0.2um) with a length/width ratio of 1.0- g eight 2 -
1.1 (1.1+0.1) (T*>=4.26, df, =2, df, = 35.62, P=0.1408). Oocysts 5 ]
of C. ratti n. sp. are smaller than those of C. parvum (T =18.88, °]

dfy =2, df, =27.88, P=0.009) and C. occultus (T*=30.38, dh =2, Day post infection
df, =28.24, P <0.0001). Cryptosporidium ratti n. sp. can be differ-
entiated genetically from other Cryptosporidium species based on ! . " -wee
. rats (Rattus norvegicus) based on microscopic and molecular (SSU) examination of

the sequences of SSU, actin and HSP70 genes. Percentage of o ) ; o

L R X feces. Grey circle indicates the detection of oocysts by microscopy, black circle indi-
nucleotide similarities at the SSU locus between C. ratti n. sp.  (ates the detection of specific DNA by PCR. Grey line represents absence of rat due to
and the rat derived C. occultus and Cryptosporidium rat genotype  sacrificing at 10 or 20 days post infection.

Fig. 5. Course of infection of Cryptosporidium ratti n. sp. in 1-week- and 8-week-old
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Fig. 6. Presence of developmental stages of Cryptosporidium ratti n. sp. (arrow) on jejunal mucosal epithelium in rat (Rattus norvegicus) infected at 1-week-old and sacri-
ficed 10 days post infection. (A) and (B) histological sections stained by hematoxylin eosin, (C) scanning electron microphotograph. Scale bar is included in each figure.

IT, I, IV and V was 94.4, 96.1, 96.8, 94.2 and 98.1%, respectively
(Table 3). At the actin locus, C. ratti n. sp. shared 89.3, 94.0, 94.1
and 84.4% sequence identity, respectively, with C. occultus and rat
derived Cryptosporidium genotype II, III and IV (Table 3). At the
HSP70 locus, C. ratti n. sp. exhibited 91.0% sequence identity with
C. occultus (Table 3).

Discussion

At least 17 Cryptosporidium spp. has been detected in rats world-
wide (Kimura et al., 2007; Lv et al., 2009; Ng-Hublin et al., 2013;
Zhao et al., 2015; Koehler et al., 2018; Kvac et al., 2018). The high

number of detected species and genotypes in rats compared to
other vertebrates may be explained by the frequent presence of
non-rat-host-specific Cryptosporidium spp. It is possible that in
cases of the presence of non-rat-host-specific Cryptosporidium
spp., we detected only DNA from the mechanical transmission,
as has been previously reported in other studies (Crawshaw and
Mehren, 1987; Graczyk et al., 1996; Kvac et al., 2012). This pre-
sumption is supported by the fact that most of the
non-rat-host-specific species come from either farm animals or
from animals that are the prey of rats. In this study, we found
C. ryanae and C. andersoni in rats trapped on dairy farms (data
not shown). Similarly, Ng-Hublin et al. (2013) consider the
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Fig. 7. Oocysts of Cryptosporidium ratti n. sp. (A) differential interference contrast microscopy, (B) aniline-carbol-methyl violet staining, (C) Ziehl-Nielsen staining,
(D) labelling with antibody reagent consisting of a Cy3-labeled mouse monoclonal antibody made against Cryptosporidium oocyst outer wall antigenic sites. Bar=5

um.

occurrence of C. scrofarum in rats in the Philippines to be mech-
anical transmission, as pig entrails are present at the markets and
pigs are raised in the villages close to the rice fields where the rats
were trapped. Also, detection of C. ratti n. sp., rat-specific
Cryptosporidium, in Boa constrictor subsp. ortoni by Xiao et al.
(2004) probably represent mechanical passage after the snake
caught the infected rat. It is worth noting that all non-rat-
host-specific Cryptosporidium species — C. meleagridis, C. erina-
cei, C. ubiquitum, C. tyzzeri and C. viatorum - have only been
found in some studies and rarely to a high degree within them.

For the most part, one to three positive rats were detected, as in
this study (Kimura et al., 2007; Koehler et al., 2018; Zhao et al.,
2018, 2019). These results show a random distribution of these
Cryptosporidium spp. rather than adaptation to the host (Tan
et al., 2019). The presence of C. parvum in most of the studies
is not surprising, as it lacks host specificity. This shows that rats
are susceptible, although not the typical hosts, which are livestock
(Nydam et al., 2001). Comparable to previous studies, we found a
low occurrence of C. muris, a species with broad host specificity
within rodents, which suggests, as in the case of C. parvum,
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Table 3. Percentage of nucleotide similarities between Cryptosporidium ratti
n. sp. and selected closest and furthest Cryptosporidium species and
Cryptosporidium rat genotypes II-V at small subunit ribosomal RNA (SSU),
actin and 70 kDa heat-shock protein (HSP70) genes

Gene locus
Species/genotype SSuU Actin HSP70
C. andersoni 89.0 80.5 81.5
C. avium 92.4 80.3 84.3
C. baileyi 92.0 81.0 85.1
C. bovis 91.1 82.9 NC
C. canis 93.7 89.3 84.0
C. felis 92.1 83.9 82.9
C. galli 88.6 80.1 NC
C. hominis 94.3 83.1 93.2
C. muris 89.1 80.3 81.9
C. occultus 94.4 89.3 91.0
C. parvum 92.4 83.1 92.4
C. rubeyi 92.6 84.7 91.0
C. ryanae 92.4 82.7 NC
C. scrofarum 91.0 82.5 NC
C. suis 94.4 84.2 90.9
C. ubiquitum 94.2 84.7 90.3
C. xiaoi 91.4 82.7 86.5
Rat genotype I 96.1 94.0 NA
Rat genotype I 96.8 94.1 NA
Rat genotype IV 94.2 84.4 NA
Rat genotype V 98.1 NA NA

NA, sequences are not available; NC, partial sequence does not cover sequence of C. ratti n. sp.

that rats are natural but not typical hosts. The frequent occurrence
and high prevalence of Cryptosporidium ratti n. sp. (previously
known as Cryptosporidium rat genotype I) and Cryptosporidium
rat genotypes II-IV in previous as well as this study and the fact
that these Cryptosporidium spp. have very rarely or never been
detected in other hosts could imply that this species is
host-specific for rats (Kimura et al, 2007; Lv et al, 2009;
Paparini et al., 2012; Ng-Hublin et al., 2013; Silva et al., 2013;
Kvac et al, 2018; Zhao et al, 2018). Additionally, the finding
that rats are susceptible to C. ratti n. sp. infection under experi-
mental conditions, while mice and gerbils are not, supports the
narrow host specificity of this species.

In contrast to other studies from Asia, Australia and South
America, we did not detect any Cryptosporidium rat genotypes 11
and III (Lv et al, 2009; Paparini et al., 2012; Ng-Hublin et al.,
2013; Silva et al., 2013; Zhao et al., 2019). Given that this work
is the first comprehensive study from Europe, it would not be
appropriate to draw conclusions regarding the absence of these
genotypes in the Czech Republic. Further studies are needed.
Similarly, Condlové et al. (2019) detected Cryptosporidium apode-
mus genotypes I and II across Europe, including the Czech
Republic, in a 2019 study, although both genotypes were missing
in their study performed in the Czech Republic in 2018
(Condlova et al, 2018). On the other hand, the absence of
Cryptosporidium rat genotypes II and III may be suggestive of pat-
terns of geographical distribution of these genotypes.

The novel Cryptosporidium rat genotype V, which we found in
five animals from two locations, has never been detected in other
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hosts or wastewater. Repeated detection in independent samples
more than t2 years apart (data not shown) may indicate that
Cryptosporidium rat genotype V is infectious to rats. More studies
are needed to confirm that this genotype is specific for rats and to
explain why it was not detected in previous studies.

Although the diagnostic methods using microscopy are still fre-
quently used for differentiation among species due to their simpli-
city and low cost, it is difficult to distinguish among the various
Cryptosporidium species and genotypes because the size variability
of the oocysts is small and the oocyst size of most Cryptosporidium
genotypes is unknown. Although, oocyst size of C. ratti n. sp. dif-
ference from other C. occultus (5.2 x 4.9 um), C. parvum (5.3 x 4.7
um), it would be difficult to differentiate it microscopically from
these and other Cryptosporidium species reported in rats. For
example, C. tyzzeri (4.6x4.2um), C. meleagridis (5.2 x 4.6 um),
C. erinacei (4.9 x 4.4 um), C. ubiquitum (5.0 x 4.7 um) and C. via-
torum (5.4 x4.7pum) have morphometrically similar oocysts
(Lindsay et al., 1989; Fayer et al, 2010; Elwin et al, 2012; Ren
et al., 2012; Kvac et al., 2014a; Kvac et al., 2018).

Cryptosporidium ratti n. sp. is genetically distinct from valid
Cryptosporidium species at SSU, actin and HSP70 and did not
exhibit sequence heterogeneity. At the SSU locus, C. ratti n. sp.
formed a separate cluster with Cryptosporidium rat genotype II,
III and V and was closely related to C. felis with nucleotide simi-
larities of 96.2, 96.0, 98.1, and 92.1%, respectively. These genetic
variations were greater than that observed between close related
species, i.e. C. occultus and C. suis (99.5%) or C. muris and
C. andersoni (99.0%), and similar to that observed between dis-
tinct related species, ie. C. parvum and C. erinacei (93.2%) or
C. alticolis and C. ditrichi (96.1%). At actin locus, C. ratti n. sp.
clustered together with C. canis, C. felis, and Cryptosporidium
rat genotypes II and III with nucleotide similarity of 89.3, 83.9,
94.0 and 94.1%, respectively. These genetic variations are greater
than those between ie. C. parvum and C. eriancei (99.5%) and
similar to those between C. ryanae and C. bovis (88.9%). There
are missing nucleotide sequences of several Cryptosporidium spe-
cies at the HSP70 locus. Analyses of the HSP70 locus indicate that
C. ratti n. sp. and C. occultus, the rat-specific Cryptosporidium
species, shared a nucleotide similarity of 91.0%. In comparison,
ie. C. parvum and C. erinacei share 99.2% similarity and i.e.
C. parvum and C. andersoni 88.0%.

The prepatent period of C. ratti n. sp. was 4-5 DPI, which is
consistent with C. occultus in rats (4-5 DPI) and other intestinal
Cryptosporidium spp.: for example, C. alticolis in voles (3-4 DPI),
C. parvum in calves (2-7 DPI), C. tyzzeri in mice (4-7 DPI),
C. xiaoi in sheep (7-8 DPI), and C. scrofarum in pigs (4-6 DPI)
(Tzipori et al., 1983; Fayer and Santin, 2009; Ren et al., 2012;
Kvéc et al., 2013, 2018; Hord&ickova et al., 2018). Unlike C. occcul-
tus, which causes a massive infection of the colonic epithelium
but low shedding of oocysts, C. ratti n. sp. causes a weak infection
of the small intestine and the intensity of oocyst shedding matches
the intensity of the developmental stages observed in the epithe-
lium (Kvac et al, 2018). A similar relationship between oocyst
secretion and gastrointestinal involvement has been observed in
other Cryptosporidium species infecting the small intestine (Ren
et al, 2012; Kva¢ et al, 2013; Li et al, 2015; Condlov4 et al,
2018; Holubova et al., 2019).

Cryptosporidium spp. are often considered to be a cause of
diarrheal diseases of humans and animals (Naciri et al, 1999;
Morgan-Ryan et al., 2002; Raskova et al., 2013; Chappell et al,
2015). The faecal samples from trapped wild rats and from
those experimentally infected with C. ratti n. sp. had solid consist-
ency and none of the animals exhibited gastrointestinal symptoms
related to Cryptosporidium infection. This is consistent with the
results of previous studies that have found that rats and other
wild animals rarely develop clinical cryptosporidiosis (Kimura
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et al., 2007; Ren et al., 2012; Ng-Hublin et al., 2013; Silva et al,,
2013; Li et al, 2015; Song et al., 2015; Jezkova et al, 2016;
Stenger et al., 2017).

Based on the results of this and previous studies, it has been
shown that Cryptosporidium rat genotype I is biologically and
molecularly different from other Cryptosporidium species and
represents a separate species within the genus Cryptosporidium.
Therefore, we propose the name Cryptosporidium ratti n. sp.
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Abstract: Cryptosporidium spp., common parasites of vertebrates, remain poorly studied in wildlife.
This study describes the novel Cryptosporidium species adapted to nutrias (Myocastor coypus). A total
of 150 faecal samples of feral nutria were collected from locations in the Czech Republic and Slovakia
and examined for Cryptosporidium spp. oocysts and specific DNA at the SSU, actin, HSP70, and gp60
loci. Molecular analyses revealed the presence of C. parvum (n = 1), C. ubiquitum subtype family XIId
(n = 5) and Cryptosporidium myocastoris n. sp. XXIla (n = 2), and XXIIb (1 = 3). Only nutrias positive
for C. myocastoris shed microscopically detectable oocysts, which measured 4.8-5.2 x 4.7-5.0 um,
and oocysts were infectious for experimentally infected nutrias with a prepatent period of 5-6 days,
although not for mice, gerbils, or chickens. The infection was localised in jejunum and ileum without
observable macroscopic changes. The microvilli adjacent to attached stages responded by elongating.
Clinical signs were not observed in naturally or experimentally infected nutrias. Phylogenetic
analyses at SSU, actin, and HSP70 loci demonstrated that C. myocastoris n. sp. is distinct from other
valid Cryptosporidium species.

Keywords: adaptation; prevalence; biology; course of infection; infectivity; oocyst size; phy-
logeny; parasite

1. Introduction

Cryptosporidium is a protist genus that infects the gastrointestinal and respiratory tract
of vertebrate hosts [1]. Cryptosporidiosis, the disease caused by members of this genus,
frequently results in diarrhoea, which can be severe and fatal [2]. However, many species
and genotypes of Cryptosporidium, particularly those infecting wild animals, do not cause
clinical signs [3,4]. Genetic and biological studies have shown a high diversity within the
genus Cryptosporidium, with much of this diversity observed in wildlife hosts [5-10]. To
date, 47 valid species [11-13] and more than 100 genotypes, which are distinguished from
valid species on the basis of molecular differences and probably represent separate species,
have been described [2]. However, much remains to be discovered about the diversity of
the genus Cryptosporidium and its host range.
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Concerning host specificity, some species of Cryptosporidium have a broad host range
(e.g., C. parvum, C. meleagridis, C. baileyi and C. ubiquitum), whereas others are restricted to
a narrow group of hosts (e.g., C. muris and C. andersoni) or a single host (e.g., C. wrairi) [14].

The nutria (Myocastor coypus), also called coypu, is a native rodent of South America
and has been introduced to several countries through meat and fur-farming [15]. In many
of the regions where farming of nutria is popular, escaped individuals have established a
local feral population. Feral nutrias occur on all continents, and they are included as one
of the Top 100 Invasive Alien Species of Union Concern in Europe [16]. Parasites of wild,
feral, and farmed nutrias are poorly studied [17-19], and there have been only four reports
of Cryptosporidium infections.

Cryptosporidium sp., which based on oocyst size were reported as C. parvum, were first
identified in the faeces of farmed nutrias in Poland [20]. The occurrence of Cryptosporidium sp.
in wild nutrias was first described in Argentina in 2012 [15], but similarly to Pavlasek
and Kozakiewicz [20], isolates were not genetically characterised and therefore the species
remains unknown. Cryptosporidium copro-antigens were not detected in faeces from feral
nutrias from Italy, and a study in the Czech Republic did not find Cryptosporidium DNA
in faeces from farmed nutrias [18,21]. However, we later identified C. ubiquitum and the
novel Cryptosporidium sp. coypu genotype in feral nutrias in Slovakia.

Building on our earlier findings, we performed a comprehensive study of
Cryptosporidium in feral nutrias in the Czech Republic and Slovakia. We obtained an isolate
of Cryptosporidium sp. coypu genotype and determined its biological properties, including
oocyst size, host specificity, course and location of infection, and pathogenicity. Based
on these data and data from our previous study, we conclude that the Cryptosporidium sp.
coypu genotype is genetically and biologically distinct from valid Cryptosporidium
species and is adapted to nutrias. We propose that it be named as a new species,
Cryptosporidium myocastoris n. sp.

2. Materials and Methods
2.1. Area and Specimens Studied

Faecal samples from feral nutrias were collected from 7 and 11 localities in the Czech
Republic and Slovakia, respectively, during the period 2016-2019 (Figure 1). Faecal samples
were individually collected from the rectum of hunted nutria post-mortem or from the
ground on riverbanks, placed into a sterile plastic tube, and delivered to the laboratory
for processing. A faecal smear was prepared, stained with aniline—carbol-methyl violet
(ACMV), and examined for the presence of Cryptosporidium spp. oocysts using light
microscopy [22]. Infection intensity was expressed as the number of oocysts per gram of
faeces (OPG) [23]. The OPG was estimated from the total number of oocysts on the slide
and the mass of the faecal smear (approximately 0.015 g). Total genomic DNA (gDNA) was
isolated and screened for the presence of Cryptosporidium-specific DNA by PCR/sequence
analysis of the small subunit ribosomal RNA (SSU) gene (described below).
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‘ Cryptosporidium myocastoris n. sp.
O Cryptosporidium ubiquitum

. Cryptosporidium parvum

@
Czech Republic

O Cryptosporidium spp. negative

Slovakia

Figure 1. Sampling localities in the Czech Republic and Slovakia. For each site, the number indicates the name of
locations (1) Plana nad LuZnici (N 49°21.11527/, E 14°42.08325’); (2) Praha (N 50°4.78070’, E 14°24.81330'); (3) Jihlava
(N 49°23.09785', E 15°36.37422); (4) Trebi¢ (N 49°12.58360', E 15°52.28832'); (5) Bieclav (N 48°46.34147', E 16°52.68835');
(6) Tynec (N 48°46.31570’, E 17°0.66778'); (7) Lanzhot (N 48°43.41558', E 16°58.30782); (8) Nové Zamky (N 48°0.76540’,
E 18°11.75573'); (9) Komarno (N 47°45.04053/, E 18°8.98083'); (10) Sala (N 48°9.08273/, E 17°52.49152); (11) Dony
Ohaj (N 48°4.33237', E 18°14.81102'); (12) Topolniky (N 47°57.61112/, E 17°45.37918’); (13) Palédrikovo (N 48°2.15190,
E 18°2.70193'); (14) Nitriansky Hradok (N 48°3.62700', E 18°12.56517'); (15) Dunajska Streda (N 47°55.90470/, E 17°28.42662');
(16) Vieny (N 48°2.69967’, E 17°57.72202'); (17) Diakovce (N 48°8.02725', E 17°50.48138'); and (18) Lipové (N 47°50.41113/,
E 17°51.33057"). The colour indicates the presence of Cryptosporidium spp.

2.2. Molecular Study

Total gDNA was extracted from 200 mg of faecal samples and 100 mg of tissue
specimens using a GeneAll® Exgene™ Stool DNA mini Kit (GeneAll Biotechnology, co.,
Ltd.; Seoul, South Korea) and DNeasy Blood & Tissue kits (QIAGEN, Hilden, Germany),
respectively, followed by bead disruption for 60 s at 5.5 m/s using 0.5 mm glass beads in a
FastPrep®-24 Instrument (MP Biomedicals, Santa Ana, CA, USA). The acquired gDNA was
stored at —20 °C.

Nested PCR protocols were used to amplify a partial sequence of the SSU, actin, 70 kDa
heat shock protein (HSP70), and 60 kDa glycoprotein (gp60) genes using previously pub-
lished protocols [24-29]. For the SSU fragment, the primers 5 TTCTAGAGCTAATACATG
CG3' and 5'CCCATTTCCTTCGAAACAGGA3' were used in the primary reaction, and the
primers 5 GGAAGGGTTGTATTTATTAGATAAAG3' and 5’ AAGGAGTAAGGAACAACC
TCCA3' were used in the secondary reaction. For the actin fragment, the primers 5’ ATCRG
WGAAGAAGWARYWCAAGC3' and 5 AGAARCAYTTTCTGTGKACAAT3 were used in
the primary reaction, and the primers 5 CAAGCWTTRGTTGTTGAYAA3' and 5’ TTTCTGT
GKACAATWSWTGGS3' were used in the secondary reaction. For the HSP70 fragment, the
primers 5’ GCTCGTGGTCCTAAAGATAA3' and 5’ ACGGGTTGAACCACCTACTAAT3
were used in the primary reaction, and the primers 5 ACAGTTCCTGCCTATTTC3' and
5'GCTAATGTACCACGGAAATAATC3' were used in the secondary reaction. For the gp60
fragment, the primers 5 ATAGTCTCCGCTGTATTC3' and 5 GGAAGGAACGATGTATCT3'
were used in the primary reaction and the primers 5 TCCGCTGTATTCTCAGCC3' and
5'GCAGAGGAACCAGCATC3' were used in the secondary reaction.
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Some PCR conditions were modified from the original publications, as previously
reported [11]. Molecular grade water and DNA of C. occultus were used as negative and
positive controls, respectively, for the amplification of SSU, actin, and HSP70 genes. DNA
of C. hominis subtype family Ib was used as a positive control for amplification of the
gp60 fragment of C. parvum and Cryptosporidium myocastoris n. sp. DNA of C. ubiquitum
subtype family XIla was used as a positive control for the amplification of C. ubiquitum.
The secondary PCR products were separated by electrophoresis on an agarose gel, stained
with ethidium bromide and visualised under UV illumination. All amplicons were purified
using the GenElute™ Gel Extraction Kit (Sigma-Aldrich, St. Louis, MO, USA) and directly
sequenced using the secondary PCR primers at Eurofins (Prague, Czech Republic).

Chromatogram analysis was performed using Chromas Pro 2.1.4 (Technelysium,
Pty, Ltd., South Brisbane, Australia), and sequences were verified by BLAST analysis
(https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 20 February 2021). The sequences
obtained in this study and reference sequences obtained from GenBank were aligned using
the MAFFT version 7 online server (http://mafft.cbrc.jp/alignment/server/; accessed on
20 February 2021) using the E-INS-i multiple alignment method. The alignments were
manually trimmed and edited in BioEdit v.7.0.5 [30]. Phylogenetic analysis was performed
using the maximum likelihood (ML) method, using evolutionary models selected by
MEGAX [31]. Bootstrap supports were calculated from 1000 replications. Phylogenetic
trees were produced by MEGAX and further edited for visualisation purposes with Corel
DrawX7 (Corel Corporation, Ottawa, Ontario, Canada). Species-specific divergences were
identified from proportional distances (%) which were calculated in the program Geneious
v11.0.3 [32] based on the SSU, actin, and HSP70 datasets of all sequences under study. All
nucleotide sequence data were deposited in GenBank, Accession Numbers (Acc. nos.):
MW274645-MW274661 for SSU, MW280959-MW280975 for actin, MW280976-MW280992
for HSP70, and MW280993-MW281009 for gp60.

2.3. Source of Oocysts of Cryptosporidium myocastoris n. sp.

Oocysts of C. myocastoris n. sp., recovered from naturally infected nutrias (isolate
31132) using sucrose [33] and caesium chloride gradient centrifugation [34], were used to
experimentally infect a Cryptosporidium-negative nutria (nutria 0) and for morphometric
study (described below).

2.4. Animals for Transmission Studies

Six adult nutrias (nutria 0 and nutrias 1-5; Myocastor coypus), five one-week- and
eight-week-old gerbils (Meriones unguiculatus), five one-week- and eight-week-old SCID
mice (Mus musculus; strain C.B-17), five one-week- and eight-week-old BALB/c mice, and
five one-day-old chickens (Gallus gallus f. domestica) were used for transmission studies.
Three animals from each group were used as negative controls. All nutrias used for the
transmission study were screened daily for the presence of specific DNA and oocysts of
Cryptosporidium for two weeks prior to experimental inoculation. Mice and gerbils, which
were bred under laboratory conditions, were screened for the presence of specific DNA
and oocysts of Cryptosporidium one week prior to experimental inoculation. One-day-old
chickens, which were hatched under laboratory conditions, were screened on the day
of hatching.

2.5. Animal Care

To prevent environmental contamination with oocysts, mice and gerbils were individ-
ually housed in ventilated cages (Tecniplast, Buguggiate, Italy), and chickens were housed
in plastic boxes that were disinfected at 80 °C for one hour before being used. Nutrias were
kept in boxes with secured walls. The individual boxes were disinfected with pressurized
steam before use. Cages and boxes were sized in accordance with European and Czech
Republic regulations on the protection of animals against cruelty. An external source of
heat was used in the first five days for chickens. Each animal was supplied with a sterilized
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diet and sterilized water ad libitum. Animal keepers wore disposable protective equipment
during care of the animals. Woodchip and straw bedding and disposed protective clothing
were removed from the experimental room and incinerated. All experimental procedures
complied with the law of Czech Republic (Act No. 246/1992 Coll., on the protection of
animals against cruelty). The study design was approved by ethical committees at the
Biology Centre of CAS, the State Veterinary Administration, and the Central Commission
for Animal Welfare under Protocol No. 35/2018 and 60/2019.

2.6. Design of Transmission Studies

Nutria 0 was inoculated orally with 5,000 purified oocysts of C. myocastoris n. sp.
recovered from naturally infected nutria (described above) and suspended in 500 pL of
distilled water. Oocysts of C. myocastoris n. sp., recovered from experimentally infected
nutria 0, were molecularly characterised and used to infect other experimental animals
(above). Other animals were inoculated with 20,000 purified oocysts of C. myocastoris n.
sp. suspended in 500 pL (nutria), 200 pL (mice, gerbils, and chickens) of distilled water.
Animals serving as negative controls were inoculated orally with 500 pL (nutria), 200 pL
(mice and gerbils) or 20 puL (chickens) of distilled water. Faecal samples from each animal
were screened daily for the presence of Cryptosporidium oocysts (ACMYV staining) and
Cryptosporidium-specific DNA (SSU gene amplification and sequencing). All experiments
were terminated 30 days post-infection (DPI). The course of infection was evaluated based
on the presence of C. myocastoris n. sp. specific DNA and the number of oocyst per gram of
faeces as previously described by Kvac et al. [23]. Consistency and colour of faeces and
health status were determined daily for each sample and animal, respectively. From each
experimentally infected animal, PCR-positive samples from the beginning, middle, and
end of the infection were additionally examined at the actin, HSP70 and gp60 genes to
verify the identity of the C. myocastoris n. sp. with the inoculum and the original isolate.

2.7. Morphological Evaluation

The oocysts of Cryptosporidium myocastoris n. sp., which originated from naturally
infected nutrias (isolates 31132 and 31459, Table 1) and experimentally infected nutrias
(nutria NO and nutria N1), were purified using sucrose and caesium chloride gradient
centrifugation and examined using differential interference contrast (DIC) microscopy,
bright field microscopy following ACMV and modified Ziehl-Neelsen (ZN) staining [35],
and fluorescence microscopy following labelling of the Cryptosporidium oocyst wall with
genus-specific FITC-conjugated antibodies (IFA; Cryptosporidium IF Test, Cryptocel, Cellabs
Pty Ltd., Brookvale, Australia). Images of oocysts were collected using an Olympus Digital
Colour camera (DP73) and Olympus cell SensEntry 2.1 software (Olympus Corporation,
Shinjuku, Tokyo, Japan). Length and width of oocysts (n = 30) from naturally and ex-
perimentally infected nutrias were measured under DIC at 1000x magnification. The
length-to-width ratio was calculated for each oocyst. As a control, the morphometry of
C. parvum from naturally infected calfs (Bos taurus; n = 30) and C. ratti from experimentally
infected rats (Rattus novegicus; n = 30) was used. Photomicrographs of Cryptosporidium
myocastoris n. sp. oocysts under DIC, ACMYV, ZN and IFA are part of this publication, and
have been deposited as a phototype at the Institute of Parasitology, Biology Centre of the
Czech Academy of Sciences, Czech Republic.
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2.8. Clinical and Pathomorphological Examinations

A complete necropsy of two animals from each experimental group was performed at
10 and 20 DPI. Tissue specimens (oesophagus, stomach, duodenum, proximal, central and
distal jejunum, ileum, caecum, colon, liver, spleen, kidney, bladder, and lung) from each
animal were obtained using different sterile dissection tools for each location. Specimens
from each organ were collected for PCR/sequencing, histology, and scanning electron mi-
croscopy (SEM). Histology sections were processed as reported by Kva¢ and Vitovec [36],
and SEM sections were processed as described by Holubova et al. [11]. Histology sections
were stained with haematoxylin and eosin (HE) and periodic acid-Schiff (PAS), examined
at 100400x magnification and documented using Olympus cell Sens Entry 2.1 (Olympus
Corporation, Shinjuku, Tokyo, Japan) equipped with a digital camera (Olympus DP73).
Specimens for SEM were examined using a JEOL JSM-7401F-FE scanning electron mi-
croscope equipped with a digital camera ETD Detector A PRED (Termo Fisher Scientific,
Waltham, MA, USA).

2.9. Statistical Analysis

Differences in oocyst sizes were tested using Hotelling’s multivariate version of the
2 sample t-test, package ICSNP: Tools for Multivariate Nonparametrics [37] in R 4.0.0. [38]. The
hypothesis tested was that two-dimensional mean vectors of measurement are the same in
the two populations being compared.

3. Results

In total, 72 and 78 faecal samples were examined from the Czech Republic and
Slovakia, respectively (Table 1). None of the faecal samples had a consistency that would
indicate diarrhoea. Examination of faecal smears revealed the presence of Cryptosporidium
sp. oocysts in three samples, and infection intensity ranged from 10,000 to 25,000 OPG
(Table 1). Cryptosporidium-specific DNA was detected in 11 samples by nested PCR targeting
the SSU gene (Figure 2). From these positive samples, partial sequences of the genes
encoding actin, HSP70 and gp60 were amplified /sequenced. ML trees constructed from
SSU, actin and HSP70 sequences showed the presence of C. parvum (n = 1), C. ubiquitum
(n = 5) and Cryptosporidium myocastoris n. sp. (n = 5). Cryptosporidium myocastoris n. sp.,
previously known as the Cryptosporidium coypu genotype, is described in detail as a new
species later in this publication (Figures 2—4). There was no intraspecies variability in
SSU, actin, and HSP70 sequences from this study. Subsequent subtyping of C. parvum and
C. ubiquitum at the gp60 gene showed the presence of subtype families [laA16G1R1 and
XIId, respectively (Table 1, Figure 5). All gp60 sequences from C. ubiquitum were identical
(Figure 5). Two novel subtype families, which we have named XXIla (n = 2) and XXIIb
(n = 3), were detected within C. myocastoris n. sp. (Table 2, Figure 5).

Oocysts of C. myocastoris n. sp. recovered from naturally infected nutria (isolate 31132)
were infectious for Cryptosporidium-free farmed nutria (nutria NO), which shed oocysts that
were genetically and morphometrically identical to the inoculum, from five DPI (Table 2;
Figures 2-5).
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Figure 2. Maximum likelihood tree based on partial small subunit ribosomal RNA gene sequences
of Cryptosporidium spp., including sequences obtained in this study (bolded and highlighted). The
alignment contained 770 base positions in the final dataset. Numbers at the nodes represent the boot
strap values with more than 50% boot strap support from 1000 pseudo replicates. The branch length
scale bar, indicating the number of substitutions per site, is given in the tree. Sequences from this
study are identified by an isolate number (e.g., 32247). Black circles and squares indicate natural and
experimental infections, respectively.
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Figure 3. Maximum likelihood tree based on actin gene sequences of Cryptosporidium spp., including
sequences obtained in this study (bolded and highlighted). The alignment contained 990 base
positions in the final dataset. Numbers at the nodes represent the boot strap values with more
than 50% boot strap support from 1000 pseudo replicates. The branch length scale bar, indicating
the number of substitutions per site, is given in the tree. Sequences from this study are identified
by an isolate number (e.g., 32247). Black circles and squares indicate natural and experimental
infections, respectively.



Microorganisms 2021, 9, 813 10 of 24

@ 29639 [MW280976]
@ 29370 [MW280977]
@ 31472 [MW280978]
@ 31459 [MW280979]
@ 31132 [MW280980]
Il 32209 [MW280981]
[l 32235 [MW280982]
[l 32239 [MW280983]
W 32242 [MW280984]
W 32247 [MW280985]
Il 32248 [MW280986]
99 | C. wrairi [AF221536]

C. cuniculus [KC157562]
C. hominis [KU892578]
70 9|} horse genotype [KU892577]

96_[oo]|f - erinacei [KF612325]
Bl —

ECryptosporidium sp. CHB-04 [EF428201]
99|92 C. meleagridis [AF402284]
C. viatorum [JX978273]
skunk-like genotype [LC011444]
99

chipmunk genotype | [JX978275]
[ 995 C. suis [DQ898164]
L ¢. occultus [MG699172]

99— chipmunk genotype IV [KC954250]
52
19741 vole genotype VI [MH145326]
C. microti [MH145323]
Y5 vole genotype VII [MH145327]
99 C. ubiquitum [XM 029017438]
6 @ 31123 [MW280988]

99

Cryptosporidium
myocastoris n. sp.

5

B

@ 31129 [MW280989]
99| @ 31135 [MW280990] C. ubiquitum
@ 31136 [MW280991]
@ 31467 [MW280992]
vole genotype V [MH145325]

C. alticolis [MH145324]
L| C. ditrichi [MN065793]
97 chipmunk genotype |l [KC954244]
@“mm
99 C. felis [AF221538]
deer genotype [LC019009]
A%EC. xiaoi [KF907826)
99 C. xiaoi-like [MK095943]
99'_— C. avium [KU058883]
C. ornithophilus [MN973934]

99— avian genotype | [MK311175]
56 —l
C. baileyi [AY954895]

78 [ C. serpentis [AF221541]
99]_J C. andersoni [DQ989576]
99 C. muris [AF221542]

Figure 4. Maximum likelihood tree based on 70 kDa heat shock protein (HSP70) gene sequences
of Cryptosporidium spp., including sequences obtained in this study (bolded and highlighted). The
alignment contained 1172 base positions in the final dataset. Numbers at the nodes represent the
boot strap values with more than 50% boot strap support from 1000 pseudo replicates. The branch
length scale bar, indicating the number of substitutions per site, is given in the tree. Sequences from
this study are identified by an isolate number (e.g., 32247). Black circles and squares indicate natural
and experimental infections, respectively.
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Figure 5. Maximum likelihood tree based on 60 kDa glycoprotein (gp60) gene sequences of Cryp-
tosporidium spp., including sequences obtained in this study (bolded and highlighted). The alignment
contained 1206 base positions in the final dataset. Numbers at the nodes represent the boot strap
values with more than 50% boot strap support from 1000 pseudo replicates. The branch length
scale bar, indicating the number of substitutions per site, is given in the tree. Sequences from this
study are identified by an isolate number (e.g., 32247). Black circles and squares indicate natural and
experimental infections, respectively.
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Table 2. Size of Cryptosporidium myocastoris n. sp. oocysts recovered from naturally * and experimen-
tally # infected nutrias (Myocastor coypu).

Isolate Length (um) Width (um) Length/Width Ratio
Range (Mean + SD)  Range (Mean = SD)  Range (Mean + SD)

Nutria 31132 * 4.8-5.2 (5.02 £ 0.13) 4.7-5.0 (4.85 £ 0.10)  1.00-1.08 (1.04 & 0.02)
Nutria 31459 * 4.8-5.3 (5.01 £+ 0.14) 4.7-5.0 (4.81 £0.10)  1.00-1.06 (1.04 £ 0.01)
Nutria NO# 4.8-5.2 (5.00 £ 0.12) 4.7-5.0 (479 £0.09)  1.02-1.09 (1.04 + 0.02)
Nutria N1# 4.8-5.3 (5.02 £ 0.14) 4.6-5.1 (4.85+0.14)  1.02-1.07 (1.03 & 0.01)

Note: Length and width of 30 oocysts from each isolate were measured under differential interference contrast at
1000 x magnification, and out of these the length-to-width ratio of each oocyst was used to calculate.

Oocysts of C. myocastoris n. sp. from nutria NO were infectious for five farmed nutrias
(nutrias N1-N5), but not for one-week- and eight-week-old BALB/c and SCID mice, gerbils,
or one-day-old chickens. All groups of nutrias, mice, gerbils, and chickens used as negative
controls remained uninfected. Experimentally infected nutrias N1-N5 started to shed
oocysts of C. myocastoris n. sp., detectable by light microscopy and PCR, at 5-6 DPI, and all
animals remained infected until the end of the experiment (Figure 6). The infection intensity
ranged from 2000 to 62,000 OPG. The highest infection intensity, 20,000-62,000 OPG, was
observed from 6 to 11 DPL Beginning on day 12 post-infection, all animals shed fewer
than 10,000-15,000 OPG (Figure 6). None of the animals showed signs of cryptosporidiosis,
and faecal consistency was appropriate to the age of the animal and the food intake.
Cryptosporidium myocastoris n. sp. DNA and Cryptosporidium developmental stages were
detected exclusively in posterior jejunum and ileum (Figures 7 and 8). Histology and SEM
showed low infection intensity, with one or two developmental stages typically observed
on an isolated villus in the posterior jejunum and ileum (Figures 7 and 8). This low infection
intensity was consistent throughout the posterior jejunum and ileum. The brush border
microvilli adjacent to attached developmental stages responded by elongation (Figure 8).
The area of elongated microvilli increased with the size of the developmental stage, and
the microvilli were elongated by up to 2 um (Figure 8). The lamina propria in the jejunum
and ileum was occasionally observed to be slightly oedematous, but these changes were
probably not related to the Cryptosporidium infection.
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Figure 6. Course of infection of Cryptosporidium myocastoris n. sp. in experimentally inoculated nutria
(Myocastor coypu). (A) Infection intensity expressed as number of oocysts per gram of faeces (OPG),
and (B) detection of oocysts is based on molecular and microscopic examinations of faecal samples.
Black squares indicate the presence of oocysts and specific Cryptosporidium myocastoris n. sp.; grey
squares indicate the detection of specific DNA only without oocyst detection. Hatched rectangles
indicate a missing animal due to sacrifice and dissection.
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Figure 7. Histological sections stained by periodic acid-Schiff showing developmental stages of
Cryptosporidium myocastoris n. sp. (arrow) on (a) jejunal and (b,c) ileal mucosal epithelium in
experimentally infected adult nutria (Myocastor coypu) which was sacrificed 10 days post infection.
Scale bar is included in each figure.

Figure 8. Scanning electron microphotograph showing developmental stages of Cryptosporidium
myocastoris n. sp. (arrow) on (a) jejunal and (b) ileal mucosal epithelium in experimentally infected
adult nutria (Myocastor coypu) which was sacrificed 10 days post infection. Elongation of the microvilli
around attached developmental stage (arrowhead). Scale bar included in each figure.
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Oocysts of C. myocastoris n. sp. recovered from experimentally infected nutrias (nutria
NO and N1) were morphometrically identical to those recovered from naturally infected
nutrias (isolates 31132 and 31459; Table 2).

Taxonomic summary:

Family Cryptosporidiidae Léger, 1911

Genus Cryptosporidium Tyzzet, 1907

Cryptosporidium myocastoris n. sp.

Synonym: Cryptosporidium sp. coypu genotype ex Myocastor coypus of Kvac et al. [39], Slovakia.
Type-host: Myocastor coypus (Molina, 1782), nutria.

Other natural hosts: No other natural hosts are known.

Type-locality: Dunajska Streda (N 47°55.90470', E 17°28.42662’), Slovakia.

Other localities: LanZzhot (N 48°43.41558/, E 16°58.30782'), Czech Republic; Sal'a
(N 48°9.08273/, E 17°52.49152’), Slovakia.

Type-material: Faecal smear slides with oocysts stained by ACMV and ZN staining (nos.
MV1/31132 and ZN2/31132); scanning electron microscopy specimens of infected jejunum
(no. SEM23/2017) and ileum (no. SEM27/2017); histological sections of infected jejunum
(no. H23/2017) and ileum (no. H27/2017); gDNA isolated from faecal samples of naturally
(isolate 31132) and experimentally (isolate 32235) infected nutrias; gDNA isolated from
jejunum and ileum of experimentally infected nutrias (isolates 32235 and 32236). All
specimens are deposited at the Institute of Parasitology, Biology Centre of the Czech
Academy of Sciences, Czech Republic.

Site of infection: Posterior jejunum and ileum (present study, Figures 7 and 8).
Distribution: As Cryptosporidium sp. coypu genotype ex Myocastor coypus: Slovakia [39].
Prepatent period: Myocastor coypus 5-6 days (present study).

Patent period: At least 30 days in experimentally infected nutrias (Myocastor coypus;
present study).

Representative DNA sequences: Representative nucleotide sequences of SSU [MW274649],
actin [MW280963], HSP70 [MW280980] and gp60 [MW280997 and MW280994] genes were
saved in the GenBank database.

ZooBank registration: To comply with the regulations set out in Article 8.5 of the amended
2012 version of the International Code of Zoological Nomenclature (ICZN) [40], details of
the new species have been submitted to ZooBank. The Life Science Identifier (LSID) of the
article is urn:lIsid:zoobank.org:pub:FCADOED3-2DD0-4A79-93DD-DOC206EC6ACE. The
LSID for the new name Cryptosporidium myocastoris n. sp. is urn:lsid:zoobank.org:act:E447
F777-5495-4613-8447-D015339F6B32.

Etymology: The species name myocastoris is derived from the Latin noun myocastor,
meaning nutria.

Description: Oocysts of C. myocastoris n. sp. (isolate 31132) are spherical, measuring
4.8-52 x 4.7-5.0 (5.02 £ 0.13 x 4.85 £ 0.10) with a length-to-width ratio of 1.00-1.08
(1.04 £ 0.02) (Figure 9). The oocyst wall is smooth and colourless (Figure 9a). The oocyst
residuum is composed of numerous small granules and one spherical globule is clearly
visible; a suture is not noticeable. Four sporozoites are clearly visible within oocysts. The
morphology and morphometry of other developmental stages is unknown.

Remarks. Oocysts of C. myocastoris n. sp. are well stained by ACMV and ZN staining
methods, similarly to other Cryptosporidium spp. (Figure 9b,c), and their oocyst walls cross-
react with immunofluorescence reagents developed primarily for C. paroum (Figure 9d).
Oocysts from naturally and experimentally infected nutrias did not differ in size (T? = 0.16,
df1 =2, df, =121, p = 0.8506; Table 2). Oocysts of C. myocastoris n. sp. are smaller than
those of C. paroum (T? = 33.11, dfy = 2, df, = 48.15, p = p < 0.001) and C. ratti (T? = 33.22,
df1 =2, df, = 45.96, p < 0.001), but these differences are not of practical significance
for identification (Table Al in Appendix A). Cryptosporidium myocastoris n. sp. can be
differentiated genetically from other Cryptosporidium species based on sequences of SSU,
actin, and HSP70 genes. At the gp60 locus, C. myocastoris n. sp. develops two well-
supported clades. Pairwise distances between Cryptosporidium myocastoris n. sp. and the
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selected closest and furthest Cryptosporidium species at SSU, actin, and HSP70 genes are
shown in Table A2.

- -
.

—

Figure 9. Oocysts of Cryptosporidium myocastoris n. sp. (a) in differential interference contrast
microscopy, (b) stained by aniline—carbol-methyl violet staining, (c) stained by Ziehl-Nielsen staining,
and (d) labelled with anti-Cryptosporidium FITC-conjugated antibody. Bar = 5 pm.

4. Discussion

The work presented here represents the most comprehensive study to date on
Cryptosporidium infecting feral nutrias, and a novel, nutria-adapted Cryptosporidium species
is described. The prevalence of Cryptosporidium in nutrias was relatively low (7.3%). In a
study of 108 wild nutrias in Argentina, the prevalence of Cryptosporidium infection was
similarly low (3.7%), although oocysts were detected by microscopy, which is less sensitive
than PCR [15]. The prevalence of Cryptosporidium in other aquatic rodents also appears to
be low. A study of 145 capybaras (Hydrochoerus hydrochaeris) in Brazil reported a prevalence
of 5.5% [41]. Zhou et al. [42] did not detect Cryptosporidium in any of the 84 North American
beavers (Castor canadensis) they tested in the United States, but they did report that almost
12% of 237 muskrats (Ondatra zibethicus) were positive. Paziewska et al. [43] reported that
7.7% of 22 European beavers (Castor fiber), sampled in Poland, had Cryptosporidium antigen
in their faeces. Considering that Cryptosporidium infections are frequently associated with
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transmission through contaminated water [44,45], the low prevalence in nutrias and other
water rodents might be surprising. Future studies should address how Cryptosporidium spp.
are transmitted in aquatic mammals: is waterborne transmission important, or is it some
other route such as contaminated food or direct contact among individuals? In this context,
it is noteworthy that C. myocastoris n. sp. has not been reported in any of the studies on the
occurrence of Cryptosporidium spp. in surface water [46]. This absence may be explained
by (i) the low prevalence within the population of nutrias together with the low infection
intensity; or (ii) the limited number of studies reporting water contamination in the areas
where nutrias occur.

This is the first study to genotype Cryptosporidium from nutrias. Martino et al. [15]
found Cryptosporidium sp. oocysts (4 to 4.5 x 4.0 um) in faecal samples from the colon
and rectum of wild nutrias in Argentina. An earlier study reported C. parvum in nutrias
based on oocyst morphology [15,20]. Given that C. parvum has a broad host specificity, is
reported infrequently in wildlife species [5,6,47-50], and was found in a single nutria in
the present study, it is possible that Pavldsek and Kozakiewicz [20] correctly identified the
species. In support, they found that oocysts from naturally infected nutria were infectious
for four-day-old laboratory mice under experimental conditions, a characteristic of C.
parvum but not C. myocastoris (as we have shown in the present study). However, based on
our current knowledge, oocyst morphology cannot reliably distinguish among intestinal
species of Cryptosporidium [51], and the size of oocysts reported by Pavlasek and Koza-
kiewicz [20] (5.0 x 4.75 um) is similar to C. myocastoris n. sp. (5.02 x 4.85 um) and
C. ubiquitum (5.04 x 4.66 um), two species that we found to be more prevalent than
C. paroum (5.19 x 4.9 um) in nutrias.

The finding of C. ubiquitum and C. myocastoris n. sp. in several animals at different
localities suggests that these species are common in feral nutrias. Cryptosporidium ubiquitum,
a species with broad host specificity, has been reported in domestic and wild ruminants,
rodents, carnivores, and human and non-human primates [52-56]. The C. ubiquitum gp60
subtype family XIId in nutrias has been reported in humans, macaques, red deer, raccoons,
woodchucks, chinchillas, and mink [18,29,56-59], suggesting that it is broadly specific. In
contrast, C. myocastoris n. sp. appears to have a narrow host specificity. The origin of
C. myocastoris n. sp. in nutria in central Europe is difficult to elucidate without further
studies, but it may have been introduced into Europe with imported nutrias, similarly to
the Cryptosporidium skunk genotype, which was likely introduced to Europe with eastern
grey squirrels [60]. The specificity of C. myocastoris n. sp. for nutrias is supported by its
presence in geographically isolated nutrias, its infectivity for nutrias under experimental
conditions, and the absence of any record of this species in any of the thousands of
molecular epidemiological studies published in last two decades [46,51,61,62]. For these
reasons, it is most likely that nutrias are the major host of C. myocastoris n. sp., although we
cannot exclude the possibility that other host species have a role as major or minor hosts.

Adaptation to one host species is not unique within the genus Cryptosporidium, and
several mammalian Cryptosporidium spp. have been reported almost exclusively in a single
host. Examples include C. wrairi and C. homai in guinea pigs (Cavia porcellus), C. scrofarum
and C. suis in pigs (Sus scrofa), C. bovis in cattle (Bos taurus), C. occultus in rats (Rattus
spp.), and C. macropodum in kangaroos [63—67]. The findings of these species in other hosts
represent rare cases or mechanical passage rather than host adaptation [68-70].

The prepatent period (5-6 DPI) is consistent with other intestinal Cryptosporidium spp.
that are specific for rodents, such as C. ratti (4-5 DPI) in rats, C. alticolis in voles (3—4 DPI),
C. tyzzeri in mice (4-7 DPI), or other mammals, such C. parvum in calves (2-7 DPI) and
C. scrofarum in pigs (4-6 DPI) [6,12,63,66,71,72].
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Nutrias positive for C. parvum or C. ubiquitum did not have detectable oocysts in their
faeces, suggesting a low level of infection, which is consistent with our previous find-
ing [39]. Three out of five nutrias naturally infected with C. myocastoris n. sp. shed oocysts
at levels between 10,000 and 20,000 OPG, and similar numbers were detected in experimen-
tally infected nutrias. No macroscopic changes in the intestinal mucosa were observed at
necropsy of C. myocastoris positive nutrias. The low level of oocyst shedding was consistent
with the intensity of developmental stages detected in the intestinal epithelium and the
absence of clinical symptoms. A similar relationship between intestinal involvement and
oocyst shedding has been observed in other Cryptosporidium spp. infecting the small intes-
tine [6,12,73-76]. Examination by scanning electron microscopy shows the elongation of the
microvilli around the C. myocastoris developmental stages, which has also been previously
observed in SCID mice infected with C. paroum [77]. Borowski et al. [78] reported the
elongation of microvilli on the gliding trails of C. parvum sporozoites between an excysted
oocyst and newly formed trophozoites. While the extending of microvilli in Borrowski’s
study was up to 15 um, we observed much less extension. Clinical symptoms are rarely, if
ever, observed in wild animals infected with host-specific Cryptosporidium species [79-81].

Equivalently to the host specificity, most Cryptosporidium species are characterized by
adaptation to a different part of the digestive tract. Gastric Cryptosporidium of mammals
exclusively infect the glandular part of the glandular stomach, whereas intestinal species are
adapted to different parts of the small or large intestine. Similar organ adaptation has been
reported in Eimeria spp. [82]. AS with C. ratti or C. scrofarum, the life cycle of C. myocastoris
n. sp. is located in the posterior jejunum and ileum [12,66]. No developmental stages were
found in the large intestine where the life cycle of, e.g., C. occultus, C. suis or C. ornithophilus
is located [63,65,81].

For species-level differentiation of Cryptosporidium, the SSU marker has served well
for more than 20 years [83]. However, Cryptosporidium, similarly to the related apicom-
plexans Plasmodium and Eimeria, has divergent paralogous copies of the SSU gene [84-88].
Our previous work has shown that only using sequences of SSU to infer evolutionary
relationships of Cryptosporidium may lead to erroneous conclusions [5,29,89]. Therefore,
it is necessary to use other polymorphic loci, such as HSP70, actin, or COWP genes, in
phylogenetic analyses [5,85]. Although bootstrap support for the SSU tree was lower
than for the actin and HSP70 trees in this study, C. myocastoris n. sp. formed a separate
clade in SSU, actin and HSP70 ML trees, with the most closely related group comprising
species such as C. parvum, C. cuniculi, and C. wrairi. At the SSU locus, the pairwise distance
between C. myocastoris n. sp. and C. parvum (0.014) or C. cuniculi (0.018) is similar to that
between C. apodemi and C. occultus (0.016) or C. andersoni and C. serpentis (0.019). At the
actin locus, the distance between C. myocastoris n. sp. and C. parvum/C. cuniculi (0.039)
is similar to that between C. meleagridis and C. erinacei (0.034). Comparably, at the HSP70
locus, the distance between C. myocastoris n. sp. and C. paroum/C. cuniculi (0.035/0.031) is
similar to the distance between C. meleagridis and C. erinacei (0.041) or C. ornithophilus and
C. avium (0.035). These results support the genetic uniqueness of C. myocastoris n. sp. and
their status as a separate species of genus Cryptosporidium.

5. Conclusions

In summary, the findings that Cryptosporidium sp. coypu genotype is genetically
distinct from all described Cryptosporidium species and specific for nutrias under natural
and experimental conditions support its description as a new species, and we propose that
it be named Cryptosporidium myocastoris n. sp.
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Appendix A

Table A1. Oocyst sizes of valid species of the genus Cryptosporidium.

Species Oocyst Size (um) Length/Width Ratio  Reference
Cryptosporidium myocastoris 4.8-5.2 x 4.7-5.0 1.00-1.08 This study
Cryptosporidium abrahamseni ~ 3.82 £+ 0.22 x 3.16 £+ 0.18 1.22 [13]

Cryptosporidiumalticolis 49-57 x 4.6-5.2 1.00-1.20 [6]
Cryptosporidiumandersoni 6.0-8.1 x 5.0-6.5 1.07-1.50 [90]
Cryptosporidiumapodemi 3.9-4.7 x 3.8-4.4 1.00-1.06 [76]
Cryptosporidiumavium 5.3-6.9 x 4.3-5.5 1.14-1.47 [91]

Cryptosporidiumbaileyi 6.0-7.5 x 4.8-5.7 1.05-1.79 [92,93]
Cryptosporidium bollandi 2.82-3.11 unknown [94]
Cryptosporidiumbovis 4.76-5.35 x 4.17-4.76 1.06 [64]
Cryptosporidiumcanis 3.68-5.88 x 3.68-5.88 1.04-1.06 [95]
Cryptosporidiumcichlidis 4.0-4.7 x 2.5-3.5 unknown [96]
Cryptosporidiumcuniculus 5.55-6.40 x 5.02-5.92 1.11 [97]
Cryptosporidiumditrichi 4.5-5.2 x 4.0-4.6 1.0-1.2 [76]
Cryptosporidiumducismarci 44-54 x 43-53 1.1 +0.03 [98]
Cryptosporidiumerinacei 4.5-5.8 x 4.0-4.8 1.02-1.35 [73]
Cryptosporidiumfayeri 4.5-5.1 x 3.8-5.0 1.02-1.18 [99]
Cryptosporidium felis 5.0 x 45 unknown [100]
Cryptosporidiumfragile 5.5-7.0 x 5.0-6.5 1.0-1.3 [101]
Cryptosporidiumgalli 8.0-8.5 x 6.2-6.4 1.3 [102]
Cryptosporidiumhominis 44-54 x 44-59 1.01-1.09 [103]
Cryptosporidiumhuwi 44-49 x 4048 0.92-1.35 [9]
Cryptosporidiummacropodum 4.5-6.0 x 5.0-6.0 11 [67]
Cryptosporidiummeleagridis 4.5-6.0 x 42-5.3 1.00-1.33 [93,104]

Cryptosporidiummicroti 3.9-47 x 3.8-4.4 1.00-1.06 [6]
Cryptosporidiummolnari 3.23-5.45 x 3.02-5.04 1.00-1.17 [105]
Cryptosporidiummuris 6.6-7.9 x 5.3-6.5 1.1-15 [106]
Cryptosporidiumnasoris 3.6 unknown [107]
Cryptosporidiumoccultus 4.66-5.53 x 4.47-5.44 1.00-1.17 [63]
Cryptosporidiumornithophilus 5.24-6.77 x 4.68-5.50 1.06-1.36 [81]
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Table A1. Cont.
Species Oocyst Size (um) Length/Width Ratio  Reference
Cryptosporidiumparoum 45-54 x 45-5.4 1.0-1.3 [108]
Cryptosporidiumproliferans 6.8-8.8 x 4.8-6.2 1.48 [109]
Cryptosporidiumproventriculi 6.70-8.40 x 5.10-6.3 1.08-1.41 [11]
Cryptosporidium ratti 44-54 x 43-5.1 1.0-1.1 [12]
Cryptosporidiumreichenbachklinkei 2.4-3.18 x 2.4-3.0 unknown [96]
Cryptosporidiumrubeyi 4.4-5.0 x 4.0-5.0 1.08 [110]
Cryptosporidiumryanae 2.94-4.41 x 2.94-3.68 1.18 [111]
Cryptosporidiumscophthalmi 3.7-5.03 x 3.03-4.69 1.05-1.34 [112]
Cryptosporidiumscrofarum 4.81-5.96 x 4.23-5.29 1.07 £ 0.06 [66]
Cryptosporidiumserpentis 6.3 x 5.5 1.14 £ 0.11 [113]
Cryptosporidiumsuis 6.0-6.8 x 5.3-5.7 1.14 [65]
Cryptosporidiumtestudinis 5.8-6.9 x 5.3-6.5 1.1£0.05 [98]
Cryptosporidium tyzzeri 4.64 +0.05 x 4.19 £ 0.06 1.11 £+ 0.06 [71]
Cryptosporidiumubiquitum 4.71-5.32 x 4.33-4.98 1.08 [79]
Cryptosporidiumvaranii 4851 x 44-4.8 1.03 £ 0.03 [114]
Cryptosporidiumviatorum 4.87-5.87 x 4.15-5.20 1.03-1.32 [115]
Cryptosporidiumwrairi 4.0-5.0 x 4.8-5.6 unknown [61]
Cryptosporidiumxiaoi 2.94-4.41 x 2.94-4.41 115 [116]

Table A2. Pairwise distances between Cryptosporidium myocastoris n. sp. and selected closest and

furthest Cryptosporidium species at small subunit ribosomal RNA (SSU), actin, and 70 kDa heat- shock

protein (HSP70) genes.

Gene Locus

Species/Genotype Ssu Actin HSP70
C. andersoni 0.090 0.231 0.268
C. avium 0.045 0.175 0.215
C. baileyi 0.051 0.181 0.202
C. bovis 0.042 0.202 0.180
C. canis 0.043 0.167 0.213
C. cuniculi 0.018 0.039 0.031
C. felis 0.054 0.222 0.212
C. galli 0.094 0.206 0.252
C. hominis 0.023 0.044 0.031
C. muris 0.090 0.209 0.268
C. occultus 0.021 0.122 0.031
C. paroum 0.014 0.039 0.035
C. rubeyi 0.033 0.098 0.085
C. ryanae 0.045 0.222 0.186
C. suis 0.023 0.118 0.095
C. ubiquitum 0.035 0.108 0.109
C. xiaoi 0.048 0.205 0.201
C. wrairi 0.018 0.036 0.028
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Abstract: Cryptosporidium spp. are common protozoan pathogens in mammals. The diversity and
biology of Cryptosporidium in tree squirrels are not well studied. A total of 258 Eurasian red squirrels
(Sciurus vulgaris) from 25 and 15 locations in the Czech Republic and Slovakia, respectively, were
examined for Cryptosporidium spp. oocysts and specific DNA at the SSU, actin, HSP70, TRAP-C1,
COWP, and gp60 loci. Out of 26 positive animals, only juveniles (9/12) were microscopically positive
(18,000 to 72,000 OPG), and molecular analyses revealed the presence of Cryptosporidium sp. ferret
genotype in all specimens. Oocysts obtained from naturally-infected squirrels measured 5.54-5.22 pm
and were not infectious for laboratory mice (BALB/c and SCID), Mongolian gerbils, Guinea pigs,
Southern multimammate mice, chickens, or budgerigars. None of naturally infected squirrels showed
clinical signs of disease. The frequency of occurrence of the ferret genotype in squirrels did not vary
statistically based on host age, gender or country of capture. Phylogenetic analysis of sequences from
six loci revealed that Cryptosporidium sp. ferret genotype is genetically distinct from the currently
accepted Cryptosporidium species. Morphological and biological data from this and previous studies
support the establishment of Cryptosporidium sp. ferret genotype as a new species, Cryptosporidium
sciurinum n. sp.

Keywords: occurrence; biology; course of infection; infectivity; oocyst size; phylogeny; Cryptosporid-
ium sp. ferret genotype

1. Introduction

Cryptosporidium is a genus of single-cell protist parasites that infect the gastrointestinal,
respiratory, and/or the urogenital tract of most vertebrates, including humans, causing the
disease cryptosporidiosis [1]. The course of infection and severity of the disease depends
on a host factors such as age, competence and maturity of the immune system, condition,
the presence of secondary infections, and on the characteristics of the Cryptosporidium
species or genotype [2]. Most of the species validly described so far (48) are narrowly host
specific, and only a small number, including C. parvum, C. ubiquitum, and C. baileyi, have a
broad host range [3,4]. In addition to the validly described species, dozens of genotypes
have been described that lack sufficient data to justify a species designation. Genotypes
are typically named for the host from which the novel Cryptosporidium DNA sequence is
first identified. For example, C. suis was originally described as the Cryptosporidium pig
genotype because it was first identified in a pig [5]. New genotypes are most frequently
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described from partial sequences of the small subunit rRNA gene. The squirrel, family
Sciuridae, is one of the most diverse and widely distributed families of mammals, and they
host several species and genotypes of Cryptosporidium, some of which are infectious to
humans and can cause severe and life-threatening diarrhoea [6].

Tree squirrels diverged from ground squirrels about 30 million years ago, and this
polyphyletic tribe comprises hundreds of extant species. Cryptosporidium was first reported
in a tree squirrel in 1982, when Sundberg et al. [7] isolated oocysts from an eastern grey
squirrel (Sciurus carolinensis). Current [8] subsequently reported Cryptosporidium oocysts
in a fox squirrel (Sciurus niger). Both authors identified the isolates as C. parvum, but
this was likely incorrect, based on our present knowledge. We now know that several
distinct Cryptosporidium species and genotypes with overlapping oocyst sizes infect tree
squirrels. Four species and five genotypes of Cryptosporidium have been described in
tree squirrels inhabiting North America: C. ubiquitum, Cryptosporidium sp. chipmunk
genotype I, deer mouse genotype III, and skunk genotype in the American red squirrel
(Tamiasciurus hudsonicus); C. baileyi, C. muris, C. ubiquitum, Cryptosporidium sp. chipmunk
genotype I, deer mouse genotype III, and skunk genotype in the Eastern grey squirrel
(Sciurus carolinensis); C. ubiquitum in the Fox squirrel (Sciurus niger) [7,9-12]. Fewer studies
have reported on Cryptosporidium in tree squirrels outside of North America. In China,
C. parvum, C. wrairi, and Cryptosporidium sp. rat genotype Il have been detected in wild
Pallas’s squirrels (Callosciurus erythraeus), and C. parvum, C. ratti, Cryptosporidium sp. rat
genotype II, ferret genotype, and chipmunk genotype III have been reported in Eurasian
red squirrels [13-15]. In Europe, native Eurasian red squirrels are almost exclusively
infected with Cryptosporidium sp. ferret genotype [16,17], although other Cryptosporidium
species and genotypes, such as C. ubiquitum, Cryptosporidium sp. skunk genotype, and
chipmunk genotype I, have been reported in areas where the Eurasian red squirrel is
threatened by invasive, non-native species from Asia and North America [16,17]. It can be
concluded from the literature that Eurasian red squirrels primarily host Cryptosporidium sp.
ferret genotype, whereas the C. ubiguitum and Cryptosporidium skunk genotypes are most
common in North American squirrels [7,9-17].

This study aimed to describe the biological, morphological, and genetic characteristics
of Cryptosporidium sp. ferret genotype from Eurasian red squirrels in Central Europe.
Our data show that the ferret genotype is the major Cryptosporidium species infecting
Eurasian red squirrels in this region, and it is genetically and biologically distinct from
valid Cryptosporidium species. We therefore propose that it be named Cryptosporidium
sciurinum n. sp.

2. Materials and Methods
2.1. Ethics Statement

Traps were checked at least twice per day and handling time was minimized to reduce
animal stress; all applicable international, national, and institutional guidelines for the care
and use of animals were followed. Permits for trapping and handling squirrels and for
the transmission study complied with the laws of the Czech Republic (Act No. 246/1992
Coll., on the protection of animals against cruelty). The study design was approved by the
ethical committees at the Biology Centre of CAS, the State Veterinary Administration, and
the Central Commission for Animal Welfare under protocol Nos. MZP/2019/603/1411
and 35/2018.

2.2. Trapping and Specimen Collection

Faecal samples were collected between June 2019 and June 2021 from Eurasian red
squirrels at 25 locations, including seven rescue stations in the Czech Republic and 15
locations in Slovakia (Figure 1). A total of 265 faecal samples were obtained from 258
Eurasian red squirrels. Of these, 147 samples were from squirrels trapped in the wild and
111 were from animals housed at rescue stations. Two squirrels kept at a rescue station
(nos. 45901 and 51489) were screened repeatedly. Wild squirrels were live-captured in a
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Sherman box baited with a mixture of nuts and seeds. Each trapped squirrel was placed
into a wire-mesh handling cone to minimize stress during handling and the sex, age, and
body condition were recorded following [18]. The presence of any faecal material on the fur
around the rectum was also recorded. After release of the trapped animal, faecal samples
were collected from traps and individually placed in a sterile plastic tube, which was stored
at 4-8 °C until subsequent processing. The consistency of faecal samples was recorded at
the time of collection. A faecal smear was prepared from each sample, stained with aniline-
carbol-methyl violet (ACMV) [19], and examined for the presence of Cryptosporidium spp.
oocysts. Oocysts were quantified and the infection intensity was estimated using the
method described by Kvac et al. [20]. Briefly, the slide was weighed to the nearest 0.001 g
before and after preparation of the smear to determine the mass of faecal material added
to the slide. After ACMV staining, all oocysts on the slide were counted and the number
of oocysts per gram of faeces was calculated. Oocysts were enumerated from triplicate
smears prepared from each sample. All samples were subsequently screened in triplicate
for the presence of Cryptosporidium-specific DNA by PCR/sequencing of a fragment of the
small subunit rRNA gene (SSU). If Cryptosporidium-specific DNA was detected, genotyping
at other loci was performed as described below.

O red squirrel - wild

O red squirrel - rescue station

Figure 1. Sampling localities in the Czech Republic and Slovakia: For each site, the number in-
dicates the name of locations (1) T¥ebi¢; (2) Brandlin; (3) Ceské Budéjovice; (4) Plzen; (5) Brno;
(6) Stary Plzenec; (7) Chocenice; (8) Strakonice; (9) Marianské Lazné; (10) Usti nad Labem; (11) Praha;
(12) Liberec; (13) Jihlava; (14) Bfeclav; (15) Jaroméf; (16) Svitavy; (17) Bruntdl; (18) Valasské Mezifi¢i;
(19) Jinonice; (20) Makov; (21) Praha; (22) Vlasim; (23) Ttebon; (24) Plzery; (25) Brno; (26) Zvolen;
(27) Nitra; (28) Povazska Bystrica; (29) Tren¢in; (30) Handlova; (31) Prievidza; (32) Turcianské Teplice;
(33) Ziar nad Hronom; (34) Banovce nad Bebravou; (35) Kremnica; (36) Martin; (37) Gabéikovo;
(38) Pezinok; (39) Bratislava; (40) Kosice.

2.3. Source of Oocysts of Cryptosporidium sp. Ferret Genotype

An isolate of Cryptosporidium sp. ferret genotype was obtained from a juvenile Eurasian
red squirrel at a rescue station (isolate 45901, locality no. 23). Faecal samples from this
squirrel were individually collected into sterile 50 mL vials with a few drops of dH,O and
stored at 4-8 °C. Oocysts were purified using caesium chloride gradient centrifugation [21]
and used for morphometry and transmission studies (described below). Oocyst viability
was examined following propidium iodide (PI) staining by a modified assay of Sauch
et al. [22]. The oocysts were stored in PBS at 4-8 °C for a maximum of 4 weeks.
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2.4. Molecular Characterization

Total genomic DNA (gDNA) was extracted from 5000 purified oocysts, 200 mg of
faeces or 200 mg of tissue (see Clinical and Pathomorphological Examinations) by bead
disruption (all sample types) for 60 s at 5.5 m/s using 0.5 mm glass beads in a FastPrep®24
Instrument (MP Biomedicals, CA, USA) followed by isolation/purification using Exgene™
Stool DNA mini (GeneAll Biotechnology Co. Ltd., Seoul, Korea) or DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s instructions. Purified
DNA was stored at —20 °C prior to amplification by PCR. Nested-PCR protocols were
used to amplify partial sequences of genes encoding SSU, actin, the 70 kDa heat shock
protein (HSP70), the thrombospondin-related adhesive protein of Cryptosporidium-1 (TRAP-
C1), Cryptosporidium oocyst wall protein (COWP), and the 60 kDa glycoprotein (gp60)
using previously published protocols and primers [23-29]. Negative (molecular grade
water) and positive controls (DNA of C. tyzzeri subtype family XIa) were included in each
PCR amplification.

2.5. Sequence and Phylogenetic Analysis

Secondary PCR products were purified using Gen Elute Gel Extraction Kit (Sigma,
St. Louis, MO, USA) and sequenced in both directions using an ABI Prism™ Dye Termi-
nator Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA) using secondary
PCR primers according to the manufacturer’s instructions in a commercial laboratory
(SEQme, Dobftis, Czech Republic). Sanger sequencing chromatogram files were edited
using the ChromasPro 2.1.8 software (Technelysium, Pty, Ltd., South Brisbane, Australia),
the obtained nucleotide sequences of each gene were aligned with each other and with
reference sequences from GenBank (https://www.ncbi.nlm.nih.gov, accessed on 9 August
2021) using MAFFT version 7 online server (http:/ /mafft.cbrc.jp/alignment/software/,
accessed on 9 August 2021) and manually edited and trimmed using BioEdit v.7.0.5 [30].
Maximum likelihood (ML) and Neighbor-joining (N]J) trees were constructed using the
Molecular Evolutionary Genetics Analysis (MEGAX) software after computing the most
appropriate evolutionary models and values of all parameters for each model. Bootstrap
support for branching was based on 1000 replications. Estimates of pairwise distances
between species as the number of base substitutions per site from between sequences were
calculated in MEGAX. Sequences have been deposited in GenBank under the accession
numbers MZ726453-MZ726454 (SSU), MZ772035-MZ772036 (actin), MZ772046-MZ772047
(HSP70), MZ772037-MZ772038 (TRAP-C1), MZ772044-MZ7772045 (COWP), and MZ772039-
MZ772042 (gp60).

2.6. Oocyst Morphometry

The length and width of Cryptosporidium sp. ferret genotype oocysts (n = 50) was de-
termined using a digital analysis of images (Olympus cellSens Entry 2.1 software, Olympus
Corporation, Shinjuku, Tokyo, Japan) collected using an Olympus Digital Colour Camera
DP73 (Olympus), using differential interference contrast (DIC) microscopy at 1000x mag-
nification (Olympus IX70, Tokyo, Japan). These measurements were used to calculate the
mean length, width, and the length-to-width ratio. Oocyst size was measured using the
same microscope and by the same person. Faecal smears with oocysts of Cryptosporidium
sp. ferret genotype were stained by modified ACMV, Ziehl-Neelsen (ZN; [31]) and labelled
with a Cy3-labelled mouse monoclonal antibody targeting the Cryptosporidium oocyst
outer wall antigenic sites (A400Cy2R-20X, Crypt-a-Glo, Waterborne, Inc., New Orleans,
LA, USA) and with genus-specific, FITC-conjugated antibodies (IFA; Cryptosporidium IF
Test, Crypto cel, Cellabs Pty Ltd., Brookvale, Australia). Type microphotographs of oocysts
were taken from each staining/labelling.

2.7. Transmission Studies

All animals used in transmission studies were screened every day for the presence
of oocysts of Cryptosporidium spp. and specific DNA (SSU) a week prior to transmission
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studies. Five seven-day-and-eight-week-old SCID (strain C.B-17) and BALB/c mice (Mus
musculus), five seven-day-and-eight-week-old Mongolian gerbils (Meriones unguiculatus),
five seven-day-and-eight-week-old guinea pigs (Cavia porcellus), five seven-day-and-eight-
week-old Southern multimammate mice (Mastomys coucha), five seven-day-old chickens
(Gallus gallus f. domestica), and five adult budgerigars (Melopsittacus undulatus) were used
for transmission studies. Three animals from each strain/species were used as a negative
control. To prevent environmental contamination with Cryptosporidium spp., animals were
housed in plastic cages/aviaries and supplied with a sterilized diet for appropriate host-
species and sterilized water ad libitum. Seven-day-and-eight-week-old animals were each
inoculated orally by stomach tube with 5000 purified viable oocysts suspended in 50 puL
and 200 pL of distilled water, respectively. Faecal samples from all inoculated and control
animals were collected daily for 20 days. All samples were screened for the presence of
Cryptosporidium oocysts and specific DNA using microscopy (following ACMYV staining)
and PCR amplification of the SSU gene, respectively (methods described above). Animals
were housed under conditions in accordance with Czech legislation (Act No 246/1992
Coll., on protection of animals against cruelty). Animal caretakers always wore sterile shoe
covers, disposable coveralls, and disposable gloves when they entered the experimental
room. Woodchip bedding and disposable protective clothing were removed from the
experimental room and incinerated.

2.8. Clinical and Pathomorphological Examinations

All animals were sacrificed in accordance with Czech legislation (Act No 246/1992
Coll) at 20 days post-infection (DPI), and the complete examination of all gastrointestinal
organs was conducted at necropsy. Tissue specimens from the oesophagus; stomach; duo-
denum; proximal, central and distal jejunum; ileum; caecum; colon; liver; spleen; kidney;
bladder and lung were collected using different sterile dissection tools for each location
and processed for histology [32], scanning electron microscopy (SEM) [33], and PCR am-
plification of the SSU gene. Histology sections (5 um) were stained with hematoxylin and
eosin (HE) and periodic acid-Schiff (PAS) and were examined at 100400 x magnification
(Olympus IX70). Specimens for SEM were examined using a JEOL JSM-7401F-FE scanning
electron microscope (Jeol, Tokyo, Japan).

2.9. Statistical Analysis

For the evaluation of difference in relative frequency in positivity between groups
(country, age, gender), we used the two sample test for equality of proportions without
continuity correction. Differences in oocyst sizes were tested using Hotelling’s multivariate
version of the 2 sample t-test, package ICSNP: Tools for Multivariate Nonparametrics
(Nordhausen et al. 2018) in R 4.1.0. [34]. The hypothesis tested was that two-dimensional
mean vectors of measurement are the same in the two populations being compared.

3. Results

Cryptosporidium-specific DNA was identified in 26 squirrels by nested PCR targeting
the SSU gene (Table 1). Of these 26 squirrels, nine (34.6%) were microscopically positive
for the presence of Cryptosporidium oocysts, with an infection intensity ranging from 18,000
to 72,000 OPG. Microscopically detectable infection was observed exclusively in juvenile
squirrels. However, the occurrence of infection detected by PCR did not differ between
juveniles (8.9%) and adults (11.8%; x% =0.52991, d.f. =1, p-value = 0.4666). Similarly, the
occurrence of infection was not affected by host gender (x?= 0.2966, d.f. = 1, p-value = 0.5860)
or country of capture (x> = 0.0028, d.f. = 1, p-value = 0.9388; Table S1). Phylogenetic trees
(ML, NJ) constructed from SSU sequences showed the presence of Cryptosporidium sp.
ferret genotype in all samples (Figure 2). Out of the 26 Cryptosporidium-positive squirrels,
26,26, 19, 16, 15, and 26 were genotyped by sequence analysis of the SSU, actin, HSP70,
TRAP-C1, COWP, and gp60 genes, respectively. For the remaining samples, either the
PCR product was not amplified or the sequencing failed. For the actin, HSP70, TRAP-C1,
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99/58

E. maxima

[EF122251]

and COWP genes, isolates of Cryptosporidium sp. ferret genotype in this study shared
100% identity with each other and 99.8-100% identity with previously reported sequences
(Figures 51-54). Sequences of the gp60 gene were obtained from all 26 isolates and were
identified as Cryptosporidium sp. ferret genotype subtype families VIIIb (n = 12) and VIlc
(n = 14; Figure 3).

ferret genotype [MF41071]
48358, 50030, 47183, 47189, 47193
47200, 38512, 40736, 40737, 40738
40739, 40741, 41839, 41840, 45526
45901, 51489, 53289, 51295, 4647
45562, 45560, 45561
53942, 53943, 53044 [MZ726454]
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C. tyzzeri [AF112571]
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-— C. varanii [EU553556]

N C. ubiquitum [EU827424]
C. suis [AF108861]
C. occultus [MG699176]
56/62 C. microti [KY644604]
C. ratti [MH940286]
C. alticolis [KY644657]
C. apodemi [MG266033]
-/6 C. canis [AF112576]
69/85= C. ditrichi MG266030]
C. felis [AF159113]
52/6 e C. homai [MF499136]
C. scrofarum [JX424840]
99/88 C. ryanae [EU410344]
gs/88Ly C. bovis [AY741305]
92/89L C. xiaoi [GQ337962]
82/52 C. baileyi [AF093495]

C. sciurinum n. sp.

73/97 [MZ726453]

68/55

96/85Lr C. ornithophilus [MN969954]
95/98' C. avium [KU058875]

C. testudinis [X345065]
98/62| C. fragile [EU162751]
L——— C. galli [HM116388]

52/5% C. serpentis [AF151376]
L— C. proventriculi [MK311134]
C. andersoni [KF826312]
94/9a1y C. muris [KR090624]
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| 99/86————— C. bollandi [MT169961]
L_r—— C. molnari [HM243547]

69/94————— C. abrahamseni [MW075511]

Figure 2. Evolutionary relationships of Cryptosporidium spp. at the small subunit rRNA (SSU) locus inferred by Maximum

Likelihood (ML) and Neighbor-Joining (N]J) analyses using a General Time Reversible model with a gamma distribution:

Percentage support (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated next to

supported node. The -

indicates support value <50%. The tree is drawn to scale, with branch lengths in the same units

as those of the evolutionary distances used to infer the phylogenetic tree. The analysis involved 70 nucleotide sequences

and there were a total of 771 positions in the final dataset. The tree was rooted with the SSU sequence of Eimeria maxima

[EF122251]. Sequences obtained in this study are identified by isolate number (e.g., 45901). The GenBank Accession number

is in parenthesis. Isolates detected in this study are colour-coded.
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Figure 3. Evolutionary relationships of Cryptosporidium spp. at 60 kDa glycoprotein (gp60) locus inferred by Maximum
Likelihood (ML) and Neighbor-Joining (NJ) analyses using a General Time Reversible model with a gamma distribution:
Percentage support (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated next to
supported node. The ‘-" indicates support value <50%. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The analysis involved 58 nucleotide sequences
and there were a total of 1134 positions in the final dataset. The tree was rooted with the gp60 sequence of Cryptosporidium
viatorum [MK796004]. Sequences obtained in this study are identified by isolate number (e.g., 45901). The GenBank
Accession number is in parenthesis. Isolates detected in this study are colour-coded.
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Infection intensity (OPG)

Microscopic, molecular, and histological examination of inoculated animals showed no
evidence of infection in juvenile or adult SCID and BALB/c mice, Mongolian gerbils, guinea
pigs, Southern multimammate mice, juvenile chickens, and adult budgerigars. For logistical
reasons, we were unable to determine the infectivity of Cryptosporidium sp. ferret genotype
for squirrels under experimental conditions. We therefore determined the infection intensity
in squirrels of different ages kept at rescue stations. Nine of the eleven juvenile animals
infected with Cryptosporidium sp. ferret genotype shed microscopically detectable oocysts
(18,000-74,000 OPG). In contrast, oocyst numbers were below the detection limit (2000 OPG)
in animals older than 10 weeks of age. The highest infection intensity was observed in
animals aged 6-7 weeks (mean 49,666 OPG) compared to animals aged 4-5 weeks (mean
22,666 OPG) and 8-9 weeks (mean 21,000 OPG) (Figure 4). The consistency of the faeces and
lack of faeces in the fur surrounding the rectum indicated an absence of diarrhoeal disease.
Oocysts of Cryptosporidium sp. ferret genotype were spherical, with a thick, clear, and
smooth oocyst wall. Oocysts from isolate 45901, which were measured in suspension after
purification, measured 5.54 x 5.22 um, with a length to width ratio of 1.07 (Figure 5a). There
was no significant difference in oocyst size between isolate 45901 and other isolates (40793,
51489, and 53289; Table S2). Oocysts of Cryptosporidium sp. ferret genotype in the faecal
smears stained by AVMC and ZN showed typical Cryptosporidium staining characteristics
(Figure 5b,c) and cross-reacted with immunofluorescence reagents developed originally
for C. parvum (Figure 5d,e). Oocysts that were dried and fixed onto slides for staining and
labelling were smaller than those measured in suspension (data not shown).

80,000 -
60,000 -
40,000 - 2
+
3
20,000+ [ s % 48358, 50030, 47183,
‘ = § ; S 47189, 47193, 47200,
= 2 a 38512, 41840, 45526,
DATA & @ = 3 g ¥ 51‘2595,46479,42262,
UNKNOWN I = 1 B 8 $ g 4556045561, 53942,
\ R - pd pod . 53943, 53944
2’008 . UNDER DETECTION LIMIT OF MICROSCOPY B & Fi‘_
|| || |
2 3 4-5 5 ' 6.7 ' 89 10-11 >12

Age (weeks)

Figure 4. Infection intensity of Cryptosporidium sciurinum n. sp. in Eurasian red squirrels (Sciurus vulgaris) expressed as

number of oocysts per gram of faeces (OPG). Data were collected from naturally infected Eurasian red squirrels. Animals
aged 4-11 weeks old originated from rescue stations, and some of those animals were screened repeatedly (each animal is
marked with a colour). The animal number (e.g., #45901) corresponds with the numbers in Table 1.
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Figure 5. Oocysts of Cryptosporidium sciurinum n. sp. (a) under differential interference contrast microscopy, (b) stained
by aniline-carbol-methyl violet staining, (c) stained by Ziehl-Nielsen staining, (d) labelled with anti-Cryptosporidium
FITC-conjugated antibody, (e) labelled with anti-Cryptosporidium Cy3-conjugated antibody. Bar = 5 um.

Based on the data presented here, we propose Cryptosporidium sp. ferret genotype as a
new species—Cryptosporidium sciurinum n. sp.—, whose description is presented below.

Taxonomic summary

Family Cryptosporidiidae Léger, 1911

Genus Cryptosporidium Tyzzer, 1907

Cryptosporidium sciurinum n. sp.

Syn: Cryptosporidium parvum ferret genotype ex black-footed ferret (Mustela nigripes)
and Cryptosporidium sp. ferret genotype ex black-footed ferret (Mustela nigripes) of Xiao
et al. [35].

Type-host: Sciurus vulgaris Linnaeus, 1758 (Rodentia: Muridae) Eurasian red squirrel.
Other natural hosts: black-footed ferret (Mustela nigripes), Siberian chipmunk (Tamias
sibiricus), Eastern chipmunk (Tamias striatus), budgerigar (Melopsittacus undulatus).
Type-locality: Ttebor, Czech Republic.

Other localities: Ceské Budéjovice, Brno, Praha, Vlasim, whole Czech Republic; Povazska
Bystrica, Handlova, Gabc¢ikovo, Bratislava, Kosice, whole Slovakia; Guangdong, China;
Northern Italy; Georgia, USA.

Type-material: Faecal smear slides with oocysts stained by ACMV and ZN staining (nos.
MV1-3/45901 and ZN1-2/45901) and gDNA isolated from faecal samples of a naturally
infected Eurasian red squirrel (isolate 45901) are deposited at the Institute of Parasitology,
Biology Centre of the Czech Academy of Sciences, Czech Republic.

Site of infection: unknown.

Distribution: As Cryptosporidium sp. ferret genotype ex Sciurus vulgaris: China, Italy [13,16,17]; as
Cryptosporidium sp. ferret genotype or Cryptosporidium parvum ferret genotype ex Mustela
nigripes: USA [35], as Cryptosporidium sp. ferret genotype ex Tamias striatus, T. sibiricus and
Melopsittacus undulatus: China [13,36].

Prepatent period: unknown.
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Patent period: At least 5 weeks in naturally infected Sciurus vulgaris (isolate 51489 in the
present study).

Representative DNA sequences: Representative nucleotide sequences of SSU [MZ726453],
actin [MZ772035), HSP70 [MZ772047], TRAP-C1 [MZ772037], COWP [MZ772045), and gp60
[MZ772039-MZ772042] genes are deposited in the GenBank database.

ZooBank registration: To comply with the regulations set out in Article 8.5 of the amended
2012 version of the International Code of Zoological Nomenclature (ICZN) [37], details of
the new species have been submitted to ZooBank. The Life Science Identifier (LSID) of the
article is urn:Isid:zoobank.org:pub:83ABAD68-07C6-4E51-8234- A2AC4COEE72C. The LSID
for the new name Cryptosporidium sciurinum n. sp. is urn:lsid:zoobank.org:act:E13F2B9F-
D9C6-4ED9-9EA8-B94AEB6189A2.

Etymology: The species name sciurinum is derived from the Latin noun sciurus, meaning
squirrel.

Description. Oocysts of C. sciurinum n. sp. (isolate 45901) are spherical, measuring
5.12-6.00 x 4.77-5.66 (5.54 £ 0.20 x 5.22 £ 0.18) with a length-to-width ratio of 1.00-1.26
(1.07 £ 0.05) (Figure 5). The oocyst wall is smooth and colourless (Figure 5a). The oocyst
residuum is composed of numerous small granules and one spherical globule is clearly
visible; a suture is not noticeable. Sporozoites are occasionally visible within oocysts.
Morphology and morphometry of other developmental stages is unknown.

Remark 1. Oocysts of C. sciurinum n. sp. are stained by ACMV and ZN staining methods,
similar to other Cryptosporidium spp. (Figure 5b,c), and their oocyst wall cross reacts with
immunofluorescence reagents developed originally for C. parvum (Figure 5d,e). Oocysts
from naturally infected squirrels did not differ significantly in size (Table S2). Oocysts
of C. sciurinum n. sp. are larger than those of C. paroum (T? = 88.89, df; = 2, df, = 61.94,
p < 0.001), C. occultus (T? = 45.84, df; = 2, df, = 65.83, p < 0.001) and C. ratti (T? = 88.22,
df; =2, df) = 24.75, p < 0.001), but these differences are not of practical significance for
identification. Cryptosporidium sciurinum n. sp. can be differentiated genetically from other
Cryptosporidium species based on sequences of SSU, actin, HSP70, TRAP-C1, COWP, and
gp60 genes. At gp60 locus, C. sciurinum n. sp. is known to form three subtype families VlIlla,
VIIIb, and VIllc.

4. Discussion

Molecular studies conducted on three continents (North America, Europe, and Asia)
have shown that tree squirrels host a variety of Cryptosporidium spp. [9-13,16,17]. While
wild North American and Asian tree squirrels can be infected by a large number of species
and genotypes of the genus Cryptosporidium [9-13], results from this and other studies
suggest that wild Eurasian red squirrels are predominantly parasitized by C. sciurinum n.
sp. [13,16,17]. The only exceptions are two cases of Cryptosporidium sp. chipmunk genotype
I, which naturally infects grey squirrels, and two cases of C. paroum reported in Eurasian red
squirrels in Italy [13,16,17]. In contrast to wild animals, Eurasian red squirrels kept as caged
pets in China were found to be infected with C. ratti and Cryptosporidium sp. chipmunk
genotype III, which are specific for other hosts [13]. In the present study, 10.1% (26/258) of
Eurasian red squirrels were infected with C. sciurinum n. sp. Previous studies of C. sciurinum
n. sp. in Eurasian red squirrels have reported prevalences of 10.6% (13/123) and 21.5%
(15/70) in Italy and 26.3% in China [13,16,17]. The prevalence range of Cryptosporidium is
similar with that found in other wild rodents, such as 14% in Apodemus spp. in Europe, 27%
in Apodemus speciosus in Japan, 16% in brown rats (Rattus norvegicus) in Czech Republic, 12%
in muskrats (Ondatra zibethicus) in USA, 30% in Chinese bamboo rats (Rhizomys sinensis)
in China, or 7-14% in voles in Europe [38—42]. Consistent with most reports describing
natural infections with Cryptosporidium spp. in wild rodents [16,17,38,42—44], Eurasian
red squirrels infected with C. sciurinum n. sp. shed low numbers of oocysts, often below
the detection limit of microscopy. A characteristic of C. sciurinum n. sp. infection in
Eurasian red squirrels is that mostly juveniles shed oocysts at levels that are detectable
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by microscopy [16,17]. This age-dependent variation in Cryptosporidium spp. infection
intensity has been observed previously in several studies [44—49]. Juveniles are probably
more susceptible to infection because of their naive and immature immune system, which
permits a higher intensity of infection. The prepatent period of C. sciurinum n. sp. is
unknown. From the results we have collected, it is clear that pups become infected at a
very early age (as early as 4 weeks), and that the infection persists for more than a month.
It is possible that asymptomatically infected adults are a source of infection for their young,
but this would need to be investigated experimentally. The pathogenicity of C. sciurinum
n. sp. is unknown; however, based on the observations of naturally infected squirrels in
rescue stations, this Cryptosporidium species appears to have low pathogenicity for infected
individuals. This finding is consistent with previously published results [16,17].

Cryptosporidium sciurinum n. sp. was firstly identified in three naturally infected ferrets
(reported as C. parvum ferret genotype (AF112572)) [35]. Since then, this species has been
found in five captive chipmunks (T. sibiricus and T. striatus), one budgerigar (M. undulatus),
and dozens of wild and captive Eurasian red squirrels [13,15-17,35,36], suggesting that
Eurasian red squirrels are a natural host of this parasite. This is supported by the finding
in the present study that C. sciurinum n. sp. is not infective for SCID and BALB/c mice,
Mongolian gerbils, guinea pigs, Southern multimammate mice, chickens, and budgerigars.
The solitary infection reported in a budgerigar [36] could be the result of environmental
contamination and the passage of oocysts or specific DNA through the digestive tract of a
non-specific host, as has been described previously [50-53].

Oocysts of C. sciurinum n. sp. measured 5.54 x 5.22 um, which is similar in size to a
previously published isolate of C. sciurinum n. sp. (5.5 X 5.2 um). Cryptosporidium sciurinum
n. sp. is larger than C. paroum (5.2 X 4.9 um) and C. ratti (4.9 x 4.6 um), and is smaller than
Cryptosporidium sp. chipmunk genotype I (5.8 x 5.4 um), a species previously reported in
Eurasian red squirrels [16,40]. However, the difference in size is not practically useful for
distinguishing species by routine microscopy:.

Although a description of oocyst morphology is a requirement for species description,
molecular characterisation is necessary for species identification. Several previous studies
have shown the presence of divergent copies of SSU gene within a Cryptosporidium species.
Stenger et al. [54] found highly divergent SSU genotypes in Cryptosporidium sp. chipmunk
genotype II. The co-occurrence of the genotypes in a host and the homogeneity of actin
and HSP70 sequences supported the conclusion that the divergent types are paralogs in
a single Cryptosporidium lineage. Similarly, divergent types of SSU have been reported
within, e.g., C. andersoni, C. apodemi, C. ditrichi, C. parvum, C. ubiquitum, Cryptosporidium
sp. apodemus genotype I and II, or Cryptosporidium rat genotype II and III [15,42,43,55,56].
As inferring the evolutionary relationships of Cryptosporidium spp. using SSU sequences
alone can lead to erroneous conclusions [54,57,58], we included other polymorphic loci for
our analyses. Although some previous studies have shown polymorphism in actin, HSP70,
and TRAP-C1 genes in Cryptosporidium spp. [42,43,56], studies from our group and others
have failed to find variants of these genes in C. sciurinum n. sp. [17,24,25]. All isolates of
C. sciurinum n. sp. from the present study shared 100% identity at the COWP locus and
differed from a sequence obtained from ferret (Mustela putorius furo) in Japan (AB469366)
by a synonymous SNP (C/T) at position 387. A similar synonymous SNP at the COWP
locus was observed in geographically distinct isolates of C. tyzzeri [59].

Phylogenetic analyses of C. sciurinum n. sp. at SSU, actin, HSP70, TRAP-C1, COWP,
and gp60 loci confirmed its status as a separate species from valid Cryptosporidium species.
At all loci, C. sciurinum n. sp. formed a separate clade within the group of intestinal
Cryptosporidium spp. that includes C. meleagridis, C. paroum, C. hominis, C. wrairi, and C.
tyzzeri. At actin, HSP70, TRAP-C1, and COWP loci, the pairwise distances between C.
sciurinum n. sp. and C. meleagridis (0.026, 0.036, 0.050, and 0.024, respectively) are similar to
those between C. andersoni and C. muris (0.037, 0.018, 0.041, and 0.018, respectively) and C.
hominis and C. parvum (0.018, 0.013, 0.018, and 0.016, respectively).
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At the gp60 locus, only subtype families VIIIb and VIlIIc were detected in the present
study. Both subtypes have been found exclusively in Europe. In contrast, subtype VIIla was
found exclusively in China [13]. Other studies have found that gp60 subtype families differ
in their geographic distribution. For example, C. tyzzeri subtype IXa has been detected only
in house mice (Mus musculus musculus) inhabiting Eastern Europe, China, and Kuwait,
while subtype IXb is found (Mus musculus domesticus) in Western Europe, USA, and New
Zealand [59]. A similar difference in distribution has been reported for C. parvum and C.
ubiquitum gp60 subtypes [57,60]. It should be noted that gp60 subtype family VIIId was
incorrectly reported in Eurasian red squirrels in Italy (the sequences actually belonged to
C. parvum subtype Ila) and it should no longer be used for C. sciurinum n. sp. [17].

5. Conclusions

In summary, the present study confirms that Cryptosporidium sp. ferret genotype is
genetically distinct from all currently accepted species of the genus Cryptosporidium, and
its specificity for tree squirrels under natural conditions supports its description as a new
species, which we propose be named Cryptosporidium sciurinum n. sp.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/microorganisms9102050/s1: Figure S1. Evolutionary relationships of Cryptosporidium spp.
at the actin locus inferred by Maximum Likelihood (ML) and Neighbor-Joining (NJ) analyses using
the Tamura-3-parameter model with a gamma distribution: Percentage support (>50%) from 1000
pseudoreplicates from ML and NJ analysis, respectively, are indicated next to supported node. The
‘" indicates support value <50%. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The analysis involved
69 nucleotide sequences and there were a total of 727 positions in the final dataset. The tree was
rooted with the actin sequence of Plasmodium sp. [KF159609]. Sequences obtained in this study are
identified by isolate number (e.g., 45901). The GenBank Accession number is in parenthesis. Isolates
detected in this study are colour-coded. Figure S2. Evolutionary relationships of Cryptosporidium
spp- at 70 kDa heat-shock protein (HSP70) locus inferred by Maximum Likelihood (ML) and
Neighbor-Joining (NJ) analyses using a General Time Reversible model with a gamma distribution:
Percentage support (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are
indicated next to supported node. The ‘-" indicates support value <50%. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The analysis involved 69 nucleotide sequences and there were a total of
1728 positions in the final dataset. The tree was rooted with the HSP70 sequence of Eimeria maxima
[Z246964]. Sequences obtained in this study are identified by isolate number (e.g., 45901). The
GenBank Accession number is in parenthesis. Isolates detected in this study are colour-coded.
Figure S3. Evolutionary relationships of Cryptosporidium spp. at thrombospondin-related adhesive
protein of Cryptosporidium-1 (TRAP-C1) locus inferred by Maximum Likelihood (ML) and Neighbor-
Joining (NJ) analyses using a General Time Reversible model with a gamma distribution: Percentage
support (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated next
to supported node. The *-” indicates support value <50%. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
analysis involved 29 nucleotide sequences and there were a total of 470 positions in the final dataset.
The tree was rooted with the TRAP-C1 sequence of gastric Cryptosporidium spp. Sequences obtained
in this study are identified by isolate number (e.g., 45901). The GenBank Accession number is in
parenthesis. Isolates detected in this study are colour-coded. Figure S4. Evolutionary relationships
of Cryptosporidium spp. at Cryptosporidium oocyst wall protein (COWP) locus inferred by Maximum
Likelihood (ML) and Neighbor-Joining (NJ]) analyses using a General Time Reversible model with
a gamma distribution: Percentage support (>50%) from 1000 pseudoreplicates from ML and NJ
analysis, respectively, are indicated next to supported node. The ‘-’ indicates support value <50%.
The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The analysis involved 41 nucleotide sequences and
there were a total of 477 positions in the final dataset. The tree was rooted with the COWP sequence
of gastric Cryptosporidium spp. Sequences obtained in this study are identified by isolate number
(e.g., 45901). The GenBank Accession number is in parenthesis. Isolates detected in this study are
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colour-coded. Table S1. Occurrence of Cryptosporidium sciurinum n. sp. in faeces of Eurasian red
squirrels (Sciurus vulgaris) based on microscopic and molecular examination. Table S2. Size of
Cryptosporidium sciurinum n. sp. oocysts obtained from naturally infected Eurasian red squirrels
(Sciurus vulgaris).
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(Apicomplexa: Cryptosporidiidae), the species
causing lethal cryptosporidiosis in Eurasian red
squirrels (Sciurus vulgaris)
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Abstract

Background Cryptosporidium spp. are globally distributed parasites that infect epithelial cells in the microvillus
border of the gastrointestinal tract of all classes of vertebrates. Cryptosporidium chipmunk genotype | is a common
parasite in North American tree squirrels. It was introduced into Europe with eastern gray squirrels and poses an infec-
tion risk to native European squirrel species, for which infection is fatal. In this study, the biology and genetic variability
of different isolates of chipmunk genotype | were investigated.

Methods The genetic diversity of Cryptosporidium chipmunk genotype | was analyzed by PCR/sequencing of the SSU
rRNA, actin, HSP70, COWP, TRAP-CT and gp60 genes. The biology of chipmunk genotype |, including oocyst size, locali-
zation of the life cycle stages and pathology, was examined by light and electron microscopy and histology. Infectivity
to Eurasian red squirrels and eastern gray squirrels was verified experimentally.

Results Phylogenic analyses at studied genes revealed that chipmunk genotype I is genetically distinct from other
Cryptosporidium spp. No detectable infection occurred in chickens and guinea pigs experimentally inoculated

with chipmunk genotype |, while in laboratory mice, ferrets, gerbils, Eurasian red squirrels and eastern gray squirrels,
oocyst shedding began between 4 and 11 days post infection. While infection in mice, gerbils, ferrets and eastern
gray squirrels was asymptomatic or had mild clinical signs, Eurasian red squirrels developed severe cryptosporidiosis
that resulted in host death. The rapid onset of clinical signs characterized by severe diarrhea, apathy, loss of appetite
and subsequent death of the individual may explain the sporadic occurrence of this Cryptosporidium in field studies
and its concurrent spread in the population of native European squirrels. Oocysts obtained from a naturally infected
human, the original inoculum, were 5.64 x 5.37 um and did not differ in size from oocysts obtained from experimen-
tally infected hosts. Cryptosporidium chipmunk genotype | infection was localized exclusively in the cecum and ante-
rior part of the colon.
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Conclusions Based on these differences in genetics, host specificity and pathogenicity, we propose the name
Cryptosporidium mortiferum n. sp. for this parasite previously known as Cryptosporidium chipmunk genotype |.

Keywords Mortality, Biology, Course of infection, Cryptosporidiosis, Oocyst size, Phylogeny, Genetic diversity

Background

Cryptosporidium spp. are important causative agents of
mild to severe diarrheal diseases in humans and vari-
ous animals, with worldwide distribution [1]. The first
descriptions of Cryptosporidium species were based on
descriptions of oocyst morphology, localization of infec-
tion in the host or the occurrence in hosts [2—4]. For this
reason, few species had been identified within the genus
Cryptosporidium by the end of the twentieth century,
with most species belonging to the Cryptosporidium
parvum- and C. muris-like complexes [5, 6]. Develop-
ments in molecular biology and routine use of molecular
techniques in research have contributed significantly to
the discovery of great genetic diversity within the genus
Cryptosporidium and supported the description of many
new species and genotypes [7-10]. To date, there are 49
established species and dozens of genotypes that have
been described based on molecular differences from
valid species [7, 11]. Some species and genotypes, such
as C. parvum, C. hominis, C. meleagridis, C. felis and C.
viatorum, frequently cause diarrheal disease in humans,
livestock and wildlife [3, 12—14], while others are not
associated with clinical disease [15—-17]. We have little
knowledge about the biology and course of infection of
most Cryptosporidium genotypes, but given their genetic
divergence from named species, they likely represent dis-
tinct species.

Cryptosporidium chipmunk genotype I was first
described in 2005 as Cryptosporidium isolate W17 in
surface waters in the USA [18]. In 2007, the same gen-
otype was identified in rodent fecal samples from the
watershed of the New York City water supply, and it was
renamed chipmunk genotype I [19]. Molecular epide-
miological studies have shown that the natural hosts of
chipmuk genotype I in North America are mainly east-
ern chipmunks (Tamias striatus) and eastern gray squir-
rels (Sciurus carolinensis) and occasionally rodents of the
genus Peromyscus [19, 20]. In Europe, chipmunk geno-
type I was first reported in two Eurasian red squirrels
(Sciurius vulgaris) in Italy [21]. Eastern gray squirrels and
native Eurasian red squirrels are sympatric species in the
UK and Italy [22, 23], most likely due to the introduction
of the eastern gray squirrel into Europe during the last
century. Prediger et al. [24] demonstrated that eastern
gray squirrels introduced in northern Italy are parasitized
with chipmunk genotype 1. However, chipmunk geno-
type I was not detected in the Eurasian red squirrels in

the same study, and therefore it was concluded that this
genotype rarely infects them. In 2021, natural infections
with chipmunk genotype I were reported in sick Eurasian
red squirrels housed at a rehabilitation center in Sweden,
one of which subsequently died of intestinal disease [25].
Based on these data, we hypothesized that chipmunk
genotype I is highly pathogenic to Eurasian red squirrels,
causing frequent mortality, which could explain why it
was not detected in surveys of wild Eurasian red squir-
rels. The aim of this study was to describe the infectiv-
ity and pathogenicity of chipmunk genotype I in Eurasian
red squirrels and eastern gray squirrels. Morphological
and genetic characteristics of this Cryptosporidium geno-
type were studied. Findings demonstrated that chipmunk
genotype I is highly pathogenic to the Eurasian red squir-
rel. Moreover, the data obtained confirmed that chip-
munk genotype I is genetically and biologically distinct
from valid Cryptosporidium species, and therefore we
propose to name it Cryptosporidium mortiferum n. sp.

Methods

Source of chipmunk genotype | oocysts

The isolate (Chip_I) of chipmunk genotype I was
obtained from a naturally infected, immunocompetent
adult living in the USA. However, the patient’s residency
information is not available. The presence of oocysts
in the diarrheal stool specimen was detected by direct
immunofluorescence assay (Merifluor; Meridian Bio-
sciences, Cincinnati, Ohio, USA), and the genotype was
determined by PCR/sequencing. Oocysts from isolate
Chip_I, purified by cesium chloride gradient centrifuga-
tion [26], were used for morphometric, molecular char-
acterization and cross-transmission studies. In addition
to isolate Chip_I, DNA from an additional five isolates
(14762, 17064, 15003, SV33 and SV59), obtained previ-
ously from naturally infected eastern gray squirrels, Pal-
las squirrels (Callosciurus erythraeus) and Eurasian red
squirrels in Italy, were used for molecular characteriza-
tion [21, 24].

Oocyst morphometry

Oocysts of chipmunk genotype I (isolate Chip_I), from
a naturally infected human and from experimentally
infected hosts in the present study, were purified by
cesium chloride [26] and used for morphological analy-
ses. The length and width of 100 oocysts of each isolate
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were measured, and a shape index was calculated. Pure
oocysts from the C. parvum isolate HA (n=100), origi-
nally obtained from a naturally infected calf and main-
tained in SCID mice in the laboratories of the Biology
Center of the Czech Academy of Science, Czech Republic
(BC CAS), were used as controls. Oocysts were meas-
ured by the same worker using differential interference
contrast (DIC) microscopy at 1000Xx magnification. Each
slide was analyzed in a meandering pattern to avoid
repeated measurement of an oocyst. Photographs of
oocysts for morphometric analysis were analyzed using
digital image analysis (Olympus CellSens Entry 2.1 soft-
ware and Olympus Digital DP73 color camera, Olympus
Corporation, Shinjuku, Tokyo, Japan). Various stain-
ing and labeling methods were also used to visualize the
oocysts. Fecal samples containing oocysts of chipmunk
genotype I were stained with aniline-carbol-methyl vio-
let (ACMYV) [27], modified Ziehl-Neelsen (ZN) [28] and
phenol stain (AP) [29] and labeled with genus-specific
FITC-conjugated antibodies (IFA; Cryptosporidium IF
test, Cryptocell, Cellabs Pty Ltd., Brookvale, Australia)
and with a Cy3-labeled mouse monoclonal antibody tar-
geting the antigenic sites of the Cryptosporidium oocyst
outer wall (A400Cy2R-20X, Crypt-a-Glo, Waterborne,
Inc., New Orleans, LA, USA).

Molecular characterization and sequencing

Total genomic DNA (gDNA) was extracted from puri-
fied oocysts (100,000), feces (200 mg) or tissue samples
(200 mg) using a GeneAll® Exgene™ Stool DNA Mini Kit
(GeneAll Biotechnology Co., Ltd.; Seoul, South Korea)
or a DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instructions, fol-
lowed by bead disruption of the oocysts for 60 s at 5.5 m/s
with 0.5-mm glass beads in a FastPrep®-24 Instrument
(MP Biomedicals, Santa Ana, CA, USA). The acquired
gDNA was stored at — 80 °C. The partial sequences of
the genes for the small subunit of rRNA (SSU), actin,
Cryptosporidium oocyst wall protein (COWP), 70-kDa
heat shock protein (HSP70), thrombospondin-related
adhesive protein of Cryptosporidium-1 (TRAP-CI) and
60-kDa glycoprotein (gp60) were amplified accord-
ing to published nested PCR protocols and PCR prim-
ers [18, 30—34]. Primary and secondary reactions were
performed in a 50 pl volume. The primary mixture con-
sisted of 2 ul gDNA, 2.5 U Taq DNA polymerase (Dream
Taq Green DNA Polymerase, Thermofisher Scientific,
Waltham, MA, USA), 1xX PCR buffer (Thermofisher Sci-
entific), 200 nM of each primer, 6 mM MgCl, (SSU) or
3 mM MgCl, (actin, COWP, HSP70, TRAP-C1 and gp60),
200 uM of each deoxynucleoside triphosphate and 2 ul
of nonacetylated bovine serum albumin (BSA; 10 mg/ml;
New England Biolabs, Beverly, MA, USA) and molecular
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grade water. The mixtures for secondary PCR were simi-
lar to those described above for primary PCR, except that
2 pl of the primary PCR product was used as the tem-
plate, and the concentration of MgCl, for all amplified
genes was 3 mM. Molecular water was used as a nega-
tive control, and DNA from Cryptosporidium tyzzeri (for
SS8U, actin, COWP, HSP70 and TRAP-CI) and chipmunk
genotype 1 (for gp60) were used as positive controls.
Secondary PCR products were separated by electro-
phoresis in a 2% agarose gel and stained with ethidium
bromide. The amplicons were purified using the GenEl-
ute" Gel Extraction Kit (Sigma, St. Louis, MO, USA) and
sequenced using the secondary PCR primers by the com-
mercial company SeqMe, s.r.o. (Dobfi§, Czech Republic).

Phylogenetic analysis

The nucleotide sequences obtained were edited using
Chromas Pro 2.4.1 software (Technelysium, Pty, Ltd.,
South Brisbane, Australia), verified by BLAST analy-
sis (https://blast.ncbi.nlm.nih.gov/Blast.cgi), edited and
aligned using BioEdit v.7.0.5 (Hall 1999). Final alignment
of the obtained sequences with the reference sequences
from GenBank was performed using the online server
MAFFT version 7 (http://maftt.cbrc.jp/alignment/softw
are/). The best model for the DNA/protein phylogeny
was selected for each alignment using the Bayesian infor-
mation criterion in MEGA 7. Neighbor-joining (NJ) and
maximum likelihood (ML) approaches were computed in
MEGA7 software [35, 36], using Tamura’s three-parame-
ter model + G +1 [37] for the SSU, actin and COWP align-
ment and the general time-reversible model+G+1 [38]
for the gp60, HSP70 and TRAP-CI alignment. Bootstrap
support for branching was based on 1000 replications.
Final trees were visualized using Corel Draw X7 software
(https://www.corel.draw.com). The sequences obtained
in this study were deposited in GenBank under the fol-
lowing accession numbers: 0Q627025 to 0Q627029
(SSU), 0Q632461 to OQ632466 (actin), OQ632467 to
0Q632474 (COWP), 0Q632480 to 0OQ632487 (HSP70),
0Q632488 to 0Q632495 (TRAP-CI) and OQ632475 to
0Q632479 (gp60).

Transmission studies

Fecal samples from all animals used in the transmission
studies were examined daily for the presence of Crypto-
sporidium spp. oocysts and specific DNA (SSU) for 1
week prior to the transmission studies. A single 8-week-
old SCID mouse (SCID 0) was infected with a dose of
100,000 oocysts of chipmunk genotype I isolate Chip_I.
The oocysts of chipmunk genotype I obtained from SCID
0 were compared morphologically and molecularly with
the original isolate Chip_I and used to infect other ani-
mals (see below). Three 8-week-old mice (Mus musculus)
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of each strain (BALB/c, SCID, C57Bl6, CD4™~ and
CD87/7), three 8-week-old gerbils (Meriones unquicula-
tus), three adult Guinea pigs (Cavia aperea), three adult
ferrets (Mustela putorius furo), three adult Eurasian red
squirrels, three adult eastern gray squirrels and three
7-day-old chickens (Gallus gallus f. domestica) were
used for experimental transmission studies. Three ani-
mals from each group served as negative controls. Each
experimental animal was orally administered a dose of
100,000 oocysts of chipmunk genotype I in a 200 pl vol-
ume. Control groups were orally inoculated with 200 pl
sterile water. Beginning on the second day after inocu-
lation, feces from all animals were collected individu-
ally and examined for the presence of oocysts (ACMV
stain) and specific Cryptosporidium DNA (SSU). All ani-
mals were monitored for 30 days post-infection (DPI) or
less if their health deteriorated because of infection and
were therefore humanely killed. Oocysts were quantified,
and the intensity of infection was estimated using the
method described by Kvac et al. [20]. Briefly, the slide was
weighed to the nearest 0.001 g before and after prepara-
tion of the smear to determine the mass of fecal mate-
rial added to the slide. After ACMV staining, all oocysts
on the slide were counted, and the number of oocysts
per gram of fecal material was calculated. Oocysts were
counted from triplicate smears of each sample. All
experimental procedures complied with the laws of the
Czech Republic (Act No. 246/1992 Coll., on the Protec-
tion of Animals against Cruelty, under protocols nos.
MZP/2019/630/1411 and 35/2018). Rodents were housed
individually in ventilated cages (Tecniplast, Buguggiate,
Italy). Chickens were housed in boxes. Squirrels and
ferrets were housed in separate cages. An external heat
source was used for young birds during the first 5 days of
life. Sterilized food and water were available ad libitum
for all animals. Keepers wore sterile shoe covers, dispos-
able coveralls and disposable gloves when entering the
experimental room. Wood chip bedding and disposable
protective clothing were removed from the experimental
room and incinerated.

Clinical and pathomorphological examinations

All animals that shed oocysts or specific DNA after 30
DPI or that were killed early were necropsied. Tissue
samples from the esophagus, stomach (mammalian only),
proventriculus and ventriculus (chicken only), duode-
num, proximal, central and distal jejunum; ileum, cecum,
colon, cloaca and bursa of Fabricius (chicken only), liver,
spleen, kidney, urinary bladder, trachea, lung, heart, eye
and brain were collected using different sterile dissection
tools for each site and processed for histology, scanning
and transmission electron microscopy (SEM and TEM)
and PCR genotyping (see above). Histological sections
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(5 pm) were stained with hematoxylin and eosin (H&E)
and periodic acid-Schiff (PAS) and examined at 100-—
400x magnification (Olympus 1X70) [39]. Samples for
SEM were processed according to the protocol in Kva¢
et al. [15] and viewed using a JEOL JSM-7401F-FE SEM.
Samples for TEM were processed according to the pro-
tocol in Valigurova et al. [40] and viewed using a JEOL
JEM-2100F.

Staining of mucosal smears

Identification of developmental stages in the gastroin-
testinal tract of SCID mice was performed using Wright
stained smears, which allow visualization of character-
istic morphological structures [2]. Tissue samples from
the cecum (selected based on the results of PCR, histol-
ogy, SEM and TEM) were carefully washed with cold
sterile PBS. The washed tissue was exposed to serum
from Cryptosporidium-negative mice for 5 min to
release developmental stages. The mucosa was carefully
scraped with a scalpel and smeared on a glass. The wet
smears were fixed in the vapor of 2% osmium tetroxide
for 30 min and washed with methanol. The fixed smears
were stained for 9 min with Wright diluted 1:1 with dis-
tilled water. Sporozoites released from excysted oocysts
were stained with carbol-fuchsin [27]. Slides were viewed
at 1000x magnification and documented using Olym-
pus cell Sens Entry 2.1 (Olympus Corporation, Shinjuku,
Tokyo, Japan) and a digital camera (Olympus DP73).

Statistical analysis

Differences in Cryptosporidium spp. oocyst size were
tested using Hotelling’s multivariate version of the two
sample t-test, package ICSNP: Tools for Multivariate
Nonparametrics [41] in R 4.2.2. [42]. The hypothesis
tested was that the two-dimensional mean vectors of
measurement are the same in the two populations being
compared.

Results

Sequence and phylogenetic analysis

Partial amplicons of the genes encoding SSU, actin,
COWP, HSP70, TRAP-C1 and gp60 were obtained
from all chipmunk genotype I isolates included in
this study from naturally infected Eurasian red squir-
rels (SV33 and SV59), eastern gray squirrels (14762),
Pallas squirrels (15003 and 17064), a human (isolate
CHIP_I) and experimentally infected laboratory mice,
gerbils, ferrets, Eurasian red squirrels and eastern
gray squirrels (isolate CHIP_I) (Figs. 1, 2, 3, 4, 5 and
6). The sequences of individual genes obtained from
experimentally infected animals were not different
from each other and were also identical to the origi-
nal isolate CHIP_I. Phylogenetic relationships among
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isolate LX2015 [JXRN01000055] ex. H. sapiens
isolate 12958 (W17) [EF641026] ex. watershed
isolate Swec1412 [MW179500] ex. H. sapiens
isolate 8469 [AY737573] ex. storm water
isolate Swec950 [MW179499] ex. H. sapiens
isolate Swec176 [JX978272] ex. H. sapiens
Cryptosporidium sp. WH33 [DQ640638] ex. H. sapiens
isolate SV59 [0Q627025] ex. S. vulgaris
isolate SV33 [EU250844] ex. S. vulgaris
isolate 15003 [MF411074] ex. C. erythraeus
isolate 17046 [0Q627026] ex. C. erythraeus
isolate 14762 [MF411073] ex. S. carolinensis
isolate Chip_I [0Q627027] ex. H. sapiens
|isolate Chip_I [0Q62702] ex. S. vulgaris
isolate Chip_I [0Q627029] ex. S. carolinensis
'E C. fayeri [MT928783]
C. viatorum [MK522270]
— C. cuniculus [KU892566]
C. alticolis [MH145330]
C. myocastoris [MW274655]
- C. hominis [DQ286403]
- C. sciurinum [MF411071]
C. erinacei [KU892565]
C. parvum [KP994662]
C. tyzzeri [JQ073495]
74/95\— - C. wrairi [U11440]
N.C. melegaridis [AY166839]
54168._| [ ™= C. canis [AF112576]
C. ditrichi [MN065795]
C. apodemi [MG266033]
C. rubeyi [KT027469]
C. macropodum [MT648438]
C. ubiquitum [KT027432]
C. microti [MH145328]
C. occultus [MG699176]
C. suis [MH174659]
C. felis [AF108862]
7@‘_— C. homai [MF499137]
C. varanii [MT626662]
C. ratti [MT504541]
r C. ryanae [KJ020910]

C. scrofarum [JX424840]
98/96 | l: C. bovis [DQ991389]
97/98" C. xiaoi [MT678842]
C. ducismarci [KX345057]
{C. avium [KU058875]
C. ornithophilus [MN969954]
—— C. baileyi [L19068]

C. testudinis [KX345065]
—E- C. serpentis [AF093499]
C. proventriculi [MK311133]

C. fragile [EU162751]
C. galli [MN410725]
C. andersoni [EU245042]
86/97 Ly C. muris [KP994665]
96/99' C. proliferans [KR090615]

C. bollandi [MT169961]
C. molnari [HM243547]
99/97 C. abrahamsemi [MW075513]
100/100 C. huwi [AY524773]

E. tenella [U40264]

Cryptosporidium mortiferum
(chipmunk genotype I)

58/91[ |

70/51]

55/91

53/65

99/99
85/98

-/60

0.02
Fig. 1 Evolutionary relationships of Cryptosporidium spp. at the small subunit rRNA locus (SSU) inferred using the maximum likelihood (ML)/
neighbor-joining (NJ) method. Percentage supports (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated
next to supported node. The GenBank accession number is in parentheses. Sequences obtained in this study are identified by isolate number (e.g.
14762) and highlighted
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Cryptosporidium mortiferum — isolate 37187 (XIVaA17G2T3) [KP099081] ex. H. sapiens
(chipmunk genotype I) isolate 12958 (XIVaA18G2T1a) [KP099082] ex. chipmunk

isolate 37555 (XIVaA16G2T2) [KP099080] ex. H. sapiens

isolate 37763 (XIVaA14G2T2) [KP099078] ex. H. sapiens

isolate LX2015 (XIVaA14G1T2) [JXRNO1000036]* ex. H. sapiens

64/78 isolate Chip_I (XVIaA18G2T2) [0Q632479] ex. S. carolinensis

isolate Chip_I (XVIaA18G2T2) [0Q632478] ex. S. vulgaris
60/71 isolate Chip_I (XVIaA18G2T2) [0Q632477] ex. H. sapiens
isolate 37764 (XIVaA15G2T3) [KP099079] ex. H. sapiens
—i isolate 6141 (XIVaA15G2T1) [KP099090] ex. storm water
0.001 isolate 14762 (XIVaA16G2T2) [MF411086] ex. S. carolinensis

71/74

isolate 17046 (XIVaA16G2T2) [0Q632476] ex. C. erythraeus
lisolate 15003 (XIVaA16G2T2) [MF411087] ex. C. erythraeus
isolate SV59 (XIVaA16G2T2) [0Q632475] ex. S. vulgaris
isolate SV33 (XIVaA16G2T2) [MF459685] ex. S. vulgaris
isolate 13469 (X1VaA18G2T2) [KP099091] ex. S. carolinensis
isolate 40702 (XIVaA14G2T1) [KP099088] ex. H. sapiens

isolate 39975 (XIVaA16G2T1) [KP099092] ex. H. sapiens

isolate 40136 (XIVaA20G2T1) [KP099089] ex. H. sapiens

100/99 isolate 40703 (XIVaA18G2T1b) [KP099086] ex. H. sapiens

isolate 40697 (XIVaA19G2T2a) [KP099085] ex. H. sapiens

—— isolate 40693 (XIVaA16G2T2) [KP099087] ex. H. sapiens

isolate 40709 (XIVaA19G2T2b) [KP099084] ex. H. sapiens

isolate 40696 (X1VaA20G2T2) [KP099083] ex. H. sapiens

50/-

i |

r— Cryptosporidium mortiferum (chipmunk genotype I)
' Cryptosporidium sp. skunk genotype (XVla) [LC414989]

C. fayeri (IVa) [FJ490060]
99/99 C. erinacei (Vlla) [GQ259140]
93/86 C. cuniculus (Vb) [FJ262734]
C. parvum (lld) [AY738194]
96/- C. hominis (Ib) [AY262031]
100/97 C. sciurinum (Vllla) [GQ121029]
85/99 Cryptosporidium sp. mink genotype (Xa) [HM234174]
100/99]| 78/51 Cryptosporidium sp. bamboo rat genotype |l [MK731966]
=01 95/95 Cryptosporidium sp. civet genotype | [MT487589]
C. meleagridis (Illa) [AF401499]
100/99[ C. hominis (Id) [DQ665692]
C. parvum (lli) [AY873782]
Cryptosporidium sp. horse genotype (Vla) [FJ435960]
C. erinacei (Xllla) [GQ259140]
100/99 I: C. parvum (llc) AF164491
C. parvum (llh) AY873781
C. wrairi (Vlla) [GQ121028]
C. tyzzeri (IXb) [HM234176]
C. parvum (lla) [AY262034]
_|:C. cuniculus (Va) [FJ262730]
88/83 C. hominis (laA) [F164502]

Fig. 2 Evolutionary relationships of Cryptosporidium spp. at the 60 kDa glycoprotein locus (gp60) inferred using the maximum likelihood (ML)/
neighbor-joining (NJ) method. Percentage supports (> 50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated

next to the supported node. The GenBank accession number is in parentheses. Sequences obtained in this study are identified by isolate number
(e.g. 14762) and highlighted

57/52
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isolate SV59 [0Q632461] ex. S. vulgaris

g
isolate SV33 [0Q632462] ex. S. vulgaris E f
isolate 15003 [MF411079] ex. C. erythraeus g g
isolate 17046 [0Q632463] ex. C. erythraeus ]
100/12 isolate 14762 [MF411078] ex. S. carolinensis § S
isolate Chip_| [0Q632465] ex. S. vulgaris 2 E
isolate Chip_I| [0Q632466] ex. S. carolinensis g..’ g_
67/77 isolate Chip_| [0Q632464] ex. H. sapiens g %
5 isolate Swec176 [JX978270] ex. Homo sapiens >
isolate LX2015 [JXRN01000082] ex. Homo sapiens o
100/10Q

— C. viatorum [JX978269]
56/- [\ C. fayeri [HQ008933)
79/84 C. macropodum [JF316652]
C. sciurinum [MF41076]
81/- C. meleagridis [AB471662]
1 C. myocastoris [MW280969]
o179 C. wrairi [AF382348]
99/9g]| C- tyzzeri [JQ073404]
C. parvum [AF382338]
82/81] 979 C. erinacei [KF612326]
C. hominis [EF591784]
100/99" C. cuniculus [GU327783]
— C. rubeyi [KT027534]
C. microti [MH145308]
| C. ubiquitum [GQ337961]
62/5 C. suis [EF012373]
100/100' C. occultus [JX485409]
C. alticolis [MH145310]
C. apodemi [MG266041]
C. ditrichi [MG266039]
63/94 C. canis [EU754841]
C. ratti [MT507489]
C. felis [AF382347]
C. scrofarum [AB852580]

64/53 96/99 C. ryanae [FJ463206]
87/68‘ r C. xiaoi [HM627531]
100100* C. bovis [AY741307]

C. varanii [AF382349]

98/95 C. baileyi [EU741853]
94/98| i C. avium [JQ320301]
100/100% C. ornithophilus [MN973953]

C. testudinis [KX345036]
C. andersoni [FJ463205]
r C. proliferans [KT731193]
99/M00([ 'L ¢ muris [AF382350]
98/97 C. serpentis [AF382353]
C. proventriculi [MK311152.]
C. galli [AY163901]

C. molnari [HM365220]
aoﬂandi [MT160193]
C. abrahamseni [MW080516]

C. scophthalmi [KR340589]

Plasmodium sp. [KF159609]

Fig. 3 Evolutionary relationships of Cryptosporidium spp. at the actin locus inferred using the maximum likelihood (ML)/neighbor-joining (NJ)
method. Percentage supports (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated next to supported node. The
GenBank accession number is in parentheses. Sequences obtained in this study are identified by isolate number (e.g. 14762) and highlighted
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isolate SV59 [0Q632467] ex. S. vulgaris
isolate SV33 [0Q632468] ex. S. vulgaris
isolate 15003 [0Q632470] ex. C. erythraeus
isolate 17046 [0Q632469] ex. C. erythraeus
isolate 14762 [0Q632471] ex. S. carolinensis
isolate Chip_I| [0Q632472] ex. H. sapiens
isolate Chip_I| [0Q632473] ex. S. vulgaris
isolate Chip_| [0Q632474] ex. S. carolinensis
isolate Swec096 [JX984442] ex. H. sapiens
isolate LX2015 [JXRN01000036] ex. H. sapiens
Cryptosporidium sp. elephant seal genotype [JQ740108]

C. viatorum [JX984441]

C. meleagridis [AF266266]

C. wrairi [U35027]

C. fayeri [KY953225]

C. sciurinum [AB469366]
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Fig. 4 Evolutionary relationships of Cryptosporidium spp. at the Cryptosporidium oocyst wall protein (COWP) locus inferred using the maximum
likelihood (ML)/neighbor-joining (NJ) method. The evolutionary distances were computed using the General Time Reversible model with a gamma
distribution. Percentage supports (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated next to supported node.
The GenBank Accession number is in parentheses. Sequences obtained in this study are identified by isolate number (e.g. 14762) and highlighted

62/67

92/99

chipmunk genotype I isolates and other Cryptosporid-
ium spp. were inferred by ML and NJ analyses at all
six loci and revealed similar tree topologies. All iso-
lates of chipmunk genotype I used in this study were

identical to each other and clustered with other previ-
ously reported chipmunk genotype I isolates (Figs. 1, 2,
3, 4, 5 and 6).
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Fig. 5 Evolutionary relationships of Cryptosporidium spp. at the 70-kDa heat shock protein (HSP70) inferred using the maximum likelihood (ML)/
neighbor-joining (NJ) method. Percentage supports (> 50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are indicated
next to supported node. The GenBank Accession number is in parentheses. Sequences obtained in this study are identified by isolate number (e.g.

14762) and highlighted

Host specificity and course of infection

No infection was detectable in chickens and Guinea pigs
inoculated with 100,000 chipmunk genotype I oocysts
(data not shown). Eurasian red squirrels, eastern gray
squirrels, gerbils, ferrets and all mouse strains were sus-
ceptible to infection with chipmunk genotype I. In adult

BALB/c and C57Bl6 mice, infection was not detect-
able microscopically, but molecular analyses revealed
repeated presence of chipmunk genotype I DNA in
fecal samples starting at 4—5 DPI (Fig. 7). CD4~/~ and
CD8~/~ mice shed microscopically detectable oocysts
with an intensity of 2000-6000 OPG starting at 4—5 DPI.
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Fig. 6 Evolutionary relationships of Cryptosporidium spp. at the thrombospondin-related adhesive protein of Cryptosporidium-1 (TRAP-C1) locus
inferred using the maximum likelihood (ML)/neighbor-joining (NJ) method. Percentage supports (>50%) from 1000 pseudoreplicates from ML
and NJ analysis, respectively, are indicated next to supported node. The GenBank accession number is in parentheses. Sequences obtained in this

study are identified by isolate number (e.g. 14762) and highlighted

Infection in gerbils was detected by PCR only with the
prepatent period was determined to be 11-12 DPI, and
subsequently chipmunk genotype I DNA was detected
intermittently until day 24 (Fig. 7b). Ferrets began shed-
ding oocysts at 4 DPI. The intensity of infection ranged
from 2000 to 20,000 OPG (Fig. 7a), and ferrets recovered
spontaneously at 10—14 DPI. In SCID mice, the prepatent
period was 9—10 DPI, and the animals shed many oocysts
daily (10,000-150,000 OPG), without spontaneous
recovery during the experiment (30 DPI). The prepatent
period in eastern gray squirrels (7—8 DPI) was almost half
that in Eurasian red squirrels (11-12 DPI). While eastern
gray squirrels shed oocysts intermittently, with infection
intensity ranging from 2000 to 30,000 OPG, infection in
Eurasian red squirrels ranged from 10,000 to 1,500,000
OPG. In one of the eastern gray squirrels, mild apa-
thy was observed at 7—8 DPI, manifested by decreased
interest in the environment and food. The feces of this
individual had a pasty consistency during this time. All
eastern gray squirrels lost the infection within 9 days of
the onset of shedding. Eurasian red squirrels rapidly lost
their condition and appetite for food beginning on day 10
after infection. They spent most of the day in their shel-
ter, were lethargic and did not respond to external stim-
uli such as feeding, watering, handling or cage cleaning.
All Eurasian red squirrels with severe clinical signs were
humanely killed (Fig. 7b).

Oocyst morphology

The size of chipmunk genotype I oocysts obtained from
a naturally infected human was not statistically differ-
ent from those obtained from experimentally infected
mice, ferrets and squirrels, measuring 5.64 (5.50—
5.89) X 5.37 (4.86—5.60) um with an index of 1.05 (1.01-
1.14) (Table 1). Chipmunk genotype I oocysts in the
fecal smears stained with ACMV, ZN and AP showed
the typical Cryptosporidium staining characteristics
(Fig. 8b—d), and intensity of staining did not differ from
C. parvum oocysts used as controls (data not shown).
Immunofluorescent reagents originally developed for
C. parvum oocysts also reacted with antigens of chip-
munk genotype I oocysts, resulting in positive immu-
nofluorescent labeling (Fig. 8e).

Infection site

Molecular, histological, SEM and TEM analyses
showed the presence of chipmunk genotype I DNA and
parasite developmental stages exclusively in the cecum
of all susceptible hosts included in this study. Addi-
tionally, in SCID mice and Eurasian red squirrels, the
proximal part of the colon was infected. The develop-
mental stages covered almost the entire epithelial sur-
face (Figs. 9 and 10).
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Fig. 7 Course of infection of Cryptosporidium chipmunk genotype . in different strains of experimentally inoculated laboratory mice (Mus
musculus), gerbils (Meriones unquiculatus), ferrets (Mustela putorius furo), Eurasian red squirrels (Sciurus vulgaris) and eastern gray squirrels (Sciurus
carolinensis). a Infection intensity expressed as number of oocysts per gram of feces (OPG) and b detection of oocysts based on molecular

and microscopic examination of fecal samples. Black circles indicate the presence of oocysts and specific DNA of Cryptosporidium chipmunk
genotype |; white circles indicate detection of specific-DNA only without oocyst detection. Crosses indicate that an animal was killed

because of poor health

Morphology and morphometry of endogenous

developmental stages

were covered with parasitophorous vacuoles. We were
only able to identify stages with ruptured parasito-

It was almost impossible to identify developmental phorous vacuoles. Early meronts with incompletely sepa-
stages from SEM observations because most stages rated or fully developed merozoites and freely invading
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Table 1 Size of Cryptosporidium chipmunk genotype | oocysts recovered from naturally (*) infected human (Homo sapiens) and
experimentally (#) infected SCID (Mus musculus), Eurasian red squirrel (Sciurus vulgaris), eastern gray squirrel (Sciurus carolinensis) and
domestic ferret (Mustela putorius furo)

Host (animal no.) Length (um)

Range (mean +SD)

Width (um)
Range (mean +SD)

Length/width ratio
Range (mean +SD)

Human (CHIP_I)*
SCID mouse (0)#

5.50-5.89 (5.64+0.19
545-6.00 (5.62£0.23

4.86-5.60 (5.37+0.17
4.82-5.64 (541024

1.01-1.14 (1.05£0.05
1.04-1.13 (1.06£0.07

SCID mouse (3)#

Eurasian red squirrel (3)# 5.47-591(5.57+0.28

5.50-5.95 (5.61+0.26
(

5.52-5.80 (5.60+0.21

Eastern gray squirrel (2)#

)

)

545-6.00 (562+0.23)

)

)

Ferret Q)# )

4.89-5.63 (530£0.19
4.90-5.60 (5.32+0.22
4.81-5.69 (536+0.23

1.03-1.14 (1.04£0.07
1.05-1.12 (1.04+0.09

( )
( )
4.82-564 (541+0.24)
( )
( )
( ) 1.02-1.15

( )
( )
1.04-1.13 (1.06+0.07)
( )
( )
( )

1.05+0.06

Length and width of 100 oocysts from each isolate were measured under differential interference contrast at 1000x magnification, and these measurements were

used to calculate the length-to-width ratio of each oocyst

o
N

Fig. 8 Oocysts of Cryptosporidium chipmunk genotype | a in differential interference contrast microscopy, b stained by aniline-carbol-methy!
violet staining, ¢ stained by Ziehl-Nielsen staining, d stained by auramine-phenol staining and e labeled with anti-Cryptosporidium FITC-conjugated

antibody. Bars=5 pm

merozoites were observed. Using Wright-stained smears
and analysis of TEM, we were able to determine all devel-
opmental stages. In the Wright-stained smears, the para-
sitophorous vacuoles surrounding the stages remained
unstained, and the nuclei were stained pink (Fig. 11).
Mononuclear trophozoites, transitional vegetative stages,
were the most frequently observed stages, and their size
was highly variable (Table 2).

Meronts with eight nuclei that became part of the
forming merozoites were frequently observed, whereas
meronts with four nuclei were rarely observed and
differed from meronts with eight nuclei in that they
had four nuclei from which four merozoites formed
(Fig. 11e—h). Microgamonts were rarely observed and
were easily recognized by 16 nuclei that became part of
the forming microgametes (Fig. 11i—j). Macrogamonts
were filled with oval amylopectin granules that gave the

macrogamont a foamy appearance, making these stages
easy to identify (Fig. 11k). A foamy structure was also
observed in early zygotes, but it was less pronounced
compared to the macrogamont stages (Fig. 111). Zygotes
and oocysts did not exhibit parasitophorous vacuoles.
Oocysts were observed to be unstained and without
significant structures. We were unable to distinguish
between thin- and thick-walled oocysts. In the TEM
analysis, the feeder organelle was clearly visible at most
stages (Fig. 12). Early trophozoites were oval and became
more spherical as they matured (Fig. 12b—c). Eight-nuclei
meronts and four-nuclei meronts differed in the number
of developing merozoites (Fig. 12d—g). TEM observation
showed amylopectin granules not only in the macroga-
mont but also in the zygotes (Fig. 12k-1). Compared to
the macrogamont, fewer amylopectin granules were pre-
sent in the zygotes, and a new wall formation was visible
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Fig. 9 Scanning electron microphotograph showing developmental stages of Cryptosporidium chipmunk genotype | on cecal mucosal epithelium
in experimentally infected Eurasian red squirrel (Sciurus vulgaris) killed 16 days post infection (DPI) (a—c) and SCID mouse (Mus musculus) killed 30
DPI (d—f). a and d Surface of cecum covered with developmental stages, b released zoite (2); ¢ merozoites (me) budding from residual body (rb); e
zoites invading host tissue (z) with formation of merozoites covered with parasitophorous sac (me) and surrounded by elongated microvilli (mi), f
mature meront with fully developed merozoites (me) with recognizable apical part (ap). Scale bars included in each figure

(Fig. 121). Compared to the Wright stain, four sporozo-
ites were visible inside the oocysts around a residual body
formed from amylopectin granules (Fig. 12a).

Clinical signs and pathogenicity
In ferrets, clinical signs of cryptosporidiosis, vomiting
and watery diarrhea occurred at 6-7 DPIL In infected

SCID mice, a change in feces from solid globules to a
paste-like consistency was observed from the 2nd week
post infection, but no vomiting was observed. In one of
the eastern gray squirrels, a slight apathy was observed
at 7-8 DPI, manifested by reduced interest in the sur-
roundings and food. The droppings in this individual
had a pasty consistency during this period. Eurasian
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Fig. 10 Histology sections of the cecum of Eurasian red squirrel (Sciurus vulgaris) (a, b) and SCID mouse (Mus musculus) (¢, d) experimentally
infected with Cryptosporidium chipmunk genotype | and killed 16 and 30 days post infection, respectively. Attached developmental stages
indicated by arrowhead. Periodic acid-Schiff (PAS) staining. Scale bar included in each figure

red squirrels quickly lost their condition and appetite
for food from day 10 after infection. They spent most
of the day in their shelter, were lethargic and did not
respond to external stimuli-feeding, watering, han-
dling or cage cleaning. Intestinal crypts were multifo-
cally dilated with atrophy of epithelial and mucus cells.
The formation of crypt microabscesses was locally
observed. A multifocally to diffusely pronounced

lymphoplasmocytic  inflammatory infiltrate with
admixture of smaller amounts of eosinophilic and neu-
trophilic granulocytes was present in the stroma of the
intestinal mucosa. Reactive hyperplasia of submucosal
lymphoid tissue/follicles was detected. Infected cells
showed increased microcell elongation.

Based on the presented data, we propose Crypto-
sporidium chipmunk genotype I as a new species, with
the species description presented below.
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Fig. 11 Developmental stages of Cryptosporidium chipmunk genotype I in mucosal smears obtained from the cecum of SCID mouse (Mus
musculus) experimentally infected with 100,000 oocysts and killed 30 days post infection. a Oocyst; b sporozoite; ¢, d mononuclear trophozoite; e
eight-nuclei meront; f merozoites from eight-nuclei meront; g four-nuclei meront; h merozoites from four-nuclei meront; i and j microgamont; k

macrogamont and | zygote. Bar=10 um

Table 2 Size of developmental stages of Cryptosporidium chipmunk genotype | obtained from the cecum of SCID mouse (Mus

musculus) experimentally infected with 100,000 oocysts and killed 30 days post-infection

Developmental stages

Length (um)
Range (mean+SD)

Width (um)
Range (mean+SD)

Oocyst

Sporozoite

Trophozoite

Eight-nuclei meront

Merozoite from eight-nuclei meront
Four-nuclei meront

Merozoite from four-nuclei meront
Macrogamont

Microgamont

Zygote

5.50-5.89 (564£0.19)
467-592 (542+041)
1.95-5.27 (3.26 £0.76)
449-642 (554£0.52)
3.76-6.29 (5.22+0.62)
4.18-5.28 (4.65+047)
4.88-5.63 (542+0.32)
4.78-8.16 (5.93 +£0.68)
4.53-542(491£032)
4.91-553(5.29+0.22)

4.86-5.60(537+0.17)
0.55-0.64 (0.61+0.03)
1.56-4.71 (2.75+0.67)
4.07-6.04 (491£0.53)
0.51-0.98 (0.73+0.12)
3.86-5.21 (4.40+0.58)
0.51-0.92 (0.73+0.17)
4.37-6.46 (542+0.62)
4.14-442 (4.28+0.10)
4.16-5.11 (4.79+0.30)

Measurements were obtained via SEM

Taxonomic summary

Family Cryptosporidiidae Léger, 1911
Genus Cryptosporidium Tyzzer, 1907
Cryptosporidium mortiferum n. sp.

Syn: Cryptosporidium chipmunk genotype (W17),
Cryptosporidium genotype W17, Cryptosporidium chip-

munk genotype L.

Type host: Eastern chipmunk (Tamias striatus) [19]
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Other hosts: Deer mouse (Peromyscus sp.) [19],
American red squirrel (Tamiasciurus hudsonicus) [20],
Eurasian red squirrel (Sciurus vulgaris) [21], striped
field mouse (Apodemus agrarius) [43], Ussuri white-
toothed shrew (Crocidura lasiura) [43], Pallas’s squirrel
(Callosciurus erythraeus) [24], human (Homo sapiens)
[44].

Type locality: New York, USA.

Type material: Fecal smear slides with oocysts
stained by ACMV and ZN staining (nos. MV1-5/34351

and ZN1-5/34351); scanning electron microscopy
specimens of infected cecum (nos. SEM220/2017,
SEM221/2017, SEM43/2020 and SEM44/2020) and

colon (nos. SEM222/2017, SEM223/2017, SEM52/2019
and SEMS53/2019); transmission electron  micros-
copy specimens of infected cecum (nos. TEM220/2017,
TEM?221/2017, TEM43/2020 and TEM44/2020) and colon
(nos. TEM222/2017, TEM2023/2017, TEM52/2019 and
TEM53/2019); histological sections of infected cecum (nos.
H220/2017, H221/2017, H43/2020 and H44/2020) and colon
(nos. H222/2017, H223/2017, H52/2019 and H53/2019);
gDNA isolated from fecal samples of naturally infected
human (isolate CHIP_I) and experimentally (isolate 34351)
infected Eurasian red squirrel (Sciurus vulgaris); gDNA iso-
lated from cecum and colon of experimentally infected Eura-
sian red squirrel (isolates 35039 and 35041). All specimens
are deposited at the Institute of Parasitology, Biology Centre
of the Czech Academy of Sciences, Czech Republic.

Site of infection: Cecum, colon (present study).

Prepatent period: Range from 4 to 12 DPI (this study),
depending on the host species.

Patent period: Range from a few days to many weeks
or a fatal infection (this study), depending on the host
species and its immune response.

Representative DNA sequences: Representative
nucleotide sequences of SSU [0Q627025-0Q627029],
actin  [0Q632461-0Q632466], HSP70 [0Q632480—
0Q632487], TRAP-CI  [0Q632488-0Q632495],
COWP [0Q632467-0Q632474] and gp60 [0Q632475—
0Q632479] genes are deposited in the GenBank
database.

(See figure on next page.)
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ZooBank registration: To comply with the regu-
lations set out in Article 8.5 of the amended 2012
version of the International Code of Zoological
Nomenclature (ICZN), details of the new species
have been submitted to ZooBank. The Life Science
Identifier (LSID) of the article is urn:sid:zoobank.
org:pub:1E90AC9B-DD71-4DF1-B554-F5AED-
C82CD5A. The LSID for the new name Crypto-
sporidium  mortiferum n. sp. is urn:lsid:zoobank.
org:act:381F6044-C574-4F9D-8FC8-89BEABEB585B.

Description: The oocyst wall is smooth and colorless.
The oocyst is composed of one spherical globule resid-
uum, numerous small granules and four sporozoites. A
suture is not noticeable. Sporulated oocysts measure
5.50-5.89 (5.64+0.19)x4.86-5.60 (5.37+0.17) um with
a length-to-width ratio of 1.01-1.14 (1.05 + 0.05) (Fig. 9).

Etymology: Since the infection caused by this spe-
cies in Eurasian red squirrels is lethal, the species name
mortiferum is derived from the Latin mortifer, meaning
lethal.

Differential diagnosis: Oocysts of C. mortiferum are
stained by ACMYV and ZN staining methods and labeled
with genus-specific antibodies targeting the Crypto-
sporidium oocyst outer wall antigenic sites, similar to
other Cryptosporidium spp. (Fig. 9). Oocysts of C. mor-
tiferum are larger than those of C. parvum (T2=320.42,
dfl=2, df2=69.00, p<0.001) and C. sciurinum
(T2=67.32, dfl=2, df2=84.60, p<0.001). The oocyst
size cannot be used for species identification. Crypto-
sporidium mortiferum can be differentiated genetically
from other Cryptosporidium spp. based on nucleotide
sequences of SSU, actin, HSP70, TRAP-C1, COWP and
gp60 genes.

Discussion

Infection with C. mortiferum in eastern gray squirrels
under experimental conditions is usually asymptomatic
and is associated with a minor infection followed by
self-healing. This is consistent with the finding by Predi-
ger et al. of a low infection intensity in naturally infected
eastern gray squirrels [24]. In agreement with the find-
ings of Bujila et al. [25], we observed massive infections

Fig. 12 Developmental stages of Cryptosporidium chipmunk genotype I in transmission electron microscopy. a Oocyst with four sporozoites
(s), residual body (rb) with amylopectin granules (ag), forming oocyst wall (ow) in parasitophorous sac (ps); b early trophozoite with one nucleus
(n) inside parasitophorous sac (ps) and attached to microvilli border (mb) with feeding organelle (fo); ¢ later trophozoite with one nucleus (n)
inside parasitophorous sac (ps) and attached to microvilli border (mb); d early meront covered with parasitophorous sac (ps) with forming eight
merozoites (me) connected to residual body (rb); e cross section of mature meront covered with parasitophorous sac (ps), fully developed eight
merozoites (me) with visible nucleus (n) and connected to host cell by feeding organelle (fo); f cross section of early meront with forming four
merozoites (me) with visible nucleus (n) and covered with parasitophorous sac (ps); g cross section of mature meront with fully developed four
merozoites (me), covered with parasitophorous sac (ps) and attached to host cell by feeding organelle (fo); h empty parasitophorous sac (ps)
attached to the host cell by feeding organelle (fo); i released merozoites (me) with visible nucleus (n); j early microgamont (mi) and attached

to the host cell by feeding organelle (fo); k macrogamont covered with parasitophorous sac (ps) with foam-like appearance caused by amylopectin
granules (ag) and visible nucleus (n); I zygotes with amylopectin granules (3), developing oocyst wall (1), parasitophorous sac (2). Bar=1um
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Fig. 12 (See legend on previous page.)
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with C. mortiferum in Eurasian red squirrels, which were
accompanied by severe clinical signs of cryptosporidiosis
and resulted in death of the individuals. Because Eura-
sian red squirrels infected with C. mortiferum restrict
their movement, lose interest in foraging and remain in
their burrows most of the time, infected Eurasian red
squirrels would be difficult to capture in live traps used
in field research. It is likely that only a small percentage
of individuals infected with C. mortiferum, such as those
in the early stages of infection, would be captured in field
studies.

This work clearly demonstrated that C. mortiferum
pathogenicity varies among host species and that the
course of infection is impacted by the host species and
the immune status. The infection was asymptomatic in
immunocompetent laboratory mice. Consistent with
previous studies examining the host immune response
to Cryptosporidium infection, mice deficient in CD4+ or
CD8+ lymphocytes showed a longer course of infection
with C. mortiferum than immunocompetent individu-
als [45, 46]. However, the absence of CD4 or CD8 lym-
phocytes did not prove critical, and animals with this
deficiency recovered from infection. As with infections
with C. parvum, C. proliferans and C. tyzzeri, self-curing
did not occur in SCID mice infected with C. mortiferum
[6, 45, 47]. SCID and BALB/c mice may serve as a suit-
able laboratory model for the study of cryptosporidi-
osis affecting the cecum. The prepatent period of C.
mortiferum was found to be different in different host
species/strains. While ferrets and mice, with the excep-
tion of SCID mice, began shedding oocysts/specific C.
mortiferum DNA at 4-5 DPI, the prepatent period was
longer in squirrels, SCID mice and gerbils (7-14 DPI). A
similar difference in the length of the prepatent period,
depending on the host species, was observed in C. pro-
liferans [6]. The intensity of C. mortiferum infection also
varied depending on the species and immune status
of the host. Similar differences were observed in other
Cryptosporidium species, e.g. C. alticolis and C. microti
infecting various species of voles, C. apodemi and C.
ditrichi parasitizing Apodemus spp., C. proliferans infect-
ing various rodents or C. ornithophilus infecting geese,
cockatiels and chickens [6, 7, 48, 49].

Most species of intestinal Cryptosporidium for which
tissue specificity has been described parasitize the small
intestine, e.g. C. parvum, C. myocastoris, C. scrofarum,
C. hominis, C. tyzzeri, C. ryanae and C. ditrichi [14, 48,
50—-54]. Only a small proportion of species parasitize the
colon, or in birds, the bursa of Fabricius, e.g. C. suis or
C. baileyi [55, 56]. The development of C. mortiferum
occurs exclusively in the cecum and anterior colon.
It is the first Cryptosporidium species in mammals to
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prefer this part of the intestine. A similar localization has
already been described in Cryptosporidium avium and C.
ornithophilus parasitizing birds [7, 17].

This study also described exogenous and endogenous
developmental stages in C. mortiferum. The life cycle
of C. mortiferum does not differ from that of previously
described Cryptosporidium species. Consistent with
studies that have examined the life cycle in vivo, we found
no evidence for the occurrence of extracellular devel-
opmental stages described in cell-free cultures [57-59].
The oocysts of C. mortiferum measured 5.64x5.37 pm,
which is similar in size to a previously published isolate
of chipmunk genotype I (5.8 5.4 um) found in Eurasian
red squirrels [21]. The oocysts of this species are slightly
larger than those of C. sciurinum (5.54%5.22 um), C.
ubiquitum (5.04x4.66 um) and C. parvum (5.2 xX4.9 um),
which also have been detected in tree squirrels [8, 24,
60]. However, the differences in oocyst size are so small
that they cannot be used for differential diagnosis among
Cryptosporidium species by routine microscopy. Simi-
lar to previous studies, we were unable to distinguish
between thin- and thick-walled oocysts, if present in this
species [6, 61]. In agreement with the study by Holubova
et al. [62], most of the observed developmental stages
visualized by Wright staining were surrounded by a para-
sitophorous vesicle that appeared as an unstained aure-
ole. In agreement with the same authors, mononuclear
trophozoites and eight-nuclear merozoites were most
frequently detected, while four-nuclei merozoites were
rarely found with the Wright stain and TEM. In a recent
in vitro study of C. parvum, English et al. [63] showed
that the abundance of four-nuclear merozoites was low
and that they were not required for microgamont and
macrogamont formation. In addition, microgamonts
were rarely found compared to macrogamonts [62, 63].
Examination of SEM showed elongation of microvilli
of cells parasitized by developmental stages of C. mor-
tiferum. Similar elongation was previously observed
in coypu infected with C. myocastoris [53], SCID mice
infected with C. parvum [64] and rats infected with C.
occultus [15]. Borowski et al. [59] also reported the elon-
gation of microvilli of cells infected with C. parvum in an
in vitro model system.

Phylogenetic analyses at SSU, actin, HSP70, TRAP-C1,
COWP and gp60 loci confirmed previously published
data showing that C. mortiferum is genetically distinct
from other species within the genus Cryptosporidium and
represent a separate species. At all loci, C. mortiferum
formed a separate clade within the group of intestinal
Cryptosporidium spp. and close to C. viatorum. At SSU,
actin, HSP70, TRAP-C1 and COWP loci, the pairwise
distances between C. mortiferum and C. viatorum (0.005,
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0.011, 0.007, ND and 0.013, respectively) were similar to
those between C. mortiferum and C. sciurinum, which is
a major Cryptosporidium species in Eurasian red squir-
rels (0.004, 0.012, 0.008, 0.016 and 0.013, respectively)
and greater than those between C. hominis and C. par-
vum (0.002, 0.005, 0.003, 0.006 and 0.007, respectively)
and between C. hominis and C. cuniculus (0.003, 0.001,
0.001, ND and ND, respectively).

To date, C. mortiferum has only been detected in the
USA [44], Italy [21], Sweden [65] and South Korea [43],
with most reported detections coming from the USA.
The occurrence of C. mortiferum in Italy is related to
the presence of introduced eastern gray squirrels, which
are one of the natural hosts of this parasite. Sweden har-
bors only Eurasian red squirrels, and the authors suggest
that these animals are natural hosts for C. mortiferum in
Sweden [23]. Therefore, it is possible that C. mortiferum
spread through the Eurasian red squirrel population and
was introduced into northern Europe. However, studies in
Central Europe have not shown that C. mortiferum is pre-
sent in native squirrel populations in the Czech Repub-
lic and Slovakia, and we have no evidence of spread [8].
Therefore, the possibility that C. mortiferum was intro-
duced to Sweden by other means cannot be excluded.
This question needs further investigation. Similarly, we
have no explanation for the isolated occurrence of C.
mortiferum in the Ussuri white-toothed shrew in Korea.
Guo et al. [34] showed two geographic clusters within
the C. mortiferum gp60 group (the XIVa subtype fam-
ily). Samples from New York, Maine and Vermont, the
three Northeastern US states, formed a common cluster,
whereas samples from Minnesota and Wisconsin, the two
Midwestern states, and Sweden formed another cluster
[34]. All isolates obtained from naturally infected squirrels
in Italy, as well as the CHIP_I isolate used in this study,
belong to the Northeastern US group. These results show
that, as in the Guo et al. [34] study, two separate geo-
graphic clusters within C. mortiferum gp60 group also
occur in Europe. Similarly, previous studies showed differ-
ences in geographic and host distribution of gp60 families
of Cryptosporidium spp. For example, C. tyzzeri fam-
ily XIa exclusively infects Mus musculus musculus at the
eastern part of the European mouse hybrid zone, while
family XIb occurs only in the western part, infecting M.
m. domesticus [47]. Similarly, C. hominis family Ib appears
to predominate in most studies in Europe, North Amer-
ica and high-income countries in Oceania compared to
other regions [66]. Due to the high pathogenicity of C.
mortiferum to Eurasian red squirrels, which most likely
complicates its detection in field research, and the lack
of studies focusing on the occurrence of Cryptosporid-
ium in squirrels in Europe, it is not possible to assess
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the occurrence and distribution of different gp60 groups
within the European red squirrel population.

Conclusions

This study confirms that Cryptosporidium chipmunk
genotype I is biologically and genetically distinct from
all currently recognized species of the genus Crypto-
sporidium. The results support the description of this
Cryptosporidium as a separate species, which we pro-
pose to name Cryptosporidium mortiferum n. sp.
Transmission studies demonstrate the high pathogenic-
ity of this species to Eurasian red squirrels. The rapid
progression of the infection, resulting in death of the
infected individual, is one explanation why C. mor-
tiferum is detected in Eurasian red squirrels at low
prevalence, although it is infectious to them. In agree-
ment with previous studies, Eurasian red squirrels are
considered an important source of C. mortiferum infec-
tion for humans.
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Abstract: Cryptosporidium Tyzzer, 1910 is one of the most common protistan parasites of vertebrates. The results of this study provide
the first data on Cryptosporidium diversity in the European ground squirrel Spermophilus citellus (Linnaeus). A total of 128 faecal
samples of European ground squirrels from 39 localities in the Czech Republic were analysed for the presence of Cryptosporidium
spp. by microscopy and PCR/sequence analysis of small subunit ribosomal RNA (SSU) and the actin gene. While the microscopical
examination did not reveal the presence of any Cryptosporidium oocysts, eight samples from six localities were PCR-positive. Phy-
logenetic analyses revealed the presence of five different Cryptosporidium spp. isolates. Four isolates, designated as Cryptosporidium
sp. isolate Sc01-04, detected in wild populations and never recorded before, clustered closely to Cryptosporidium genotypes that have
previously been found in North American ground squirrels’ species. Cryptosporidium sciurinum Prediger, Jezkova, Holubova, Sak,
Kone¢ny, Rost, McEvoy, Rajsky et Kva¢, 2021 was found in an animal sanctuary. Because C. sciurinum had previously been detected
in Eurasian red squirrels Sciurus vulgaris Linnaeus at the same facility, it can be concluded that this Cryptosporidium was transmitted
from tree squirrels to ground squirrels within the animal sanctuary. The results indicate that populations of European and North Amer-
ican ground squirrels are parasitised by different Cryptosporidium spp. At the same time, this is the first description of the occurrence

of C. sciurinum in ground squirrels.

Keywords: genotyping, PCR, SSU, actin, Sciuridae, rodents

Cryptosporidium Tyzzer, 1910 (Apicomplexa: Crypto-
sporidiidae) is a genus of parasitic protists that commonly
infect the gastrointestinal, respiratory, and/or urogenital
tract of their hosts (Nader et al. 2019). They may cause a
disease called cryptosporidiosis, characterised by various
clinical symptoms including nausea, vomiting, and watery,
non-bloody diarrhoea (Checkley et al. 2015). Whereas few
species and genotypes of the genus Cryptosporidium had
been described by the end of the 20" century, results of
molecular and biological studies carried out in the past 20
years indicate a huge diversity within the genus, noting that
most representatives have a narrow host specificity (Feng
et al. 2018). To date, 51 species of Cryptosporidium and
more than 120 genotypes have been reported in mammals,
birds, reptiles, amphibians, and fish (Prediger et al. 2021,
Ryan et al. 2021, Huang et al. 2023). The number of Cryp-
tosporidium species, however, is probably much higher, as
only a fraction of hosts has so far been examined for the
presence of these parasites.

Rodents are a typical example of this — though they repre-
sent about 40% of mammalian diversity only 17 species and
44 genotypes of Cryptosporidium have been described from
them to date (Jezkova et al. 2021, Xu et al. 2022, Timova et
al. 2023). The open habitats of Eurasia and North America
are inhabited by 41 species of ground squirrels, formerly
included in the genus Spermophlilus Cuvier (sensu lato). In
the current concept, there are a total of six genera Callo-
spermophilus Merriam, Ictidomys Allen, Otospermophilus
Brandt, Poliocitellus Howell, Spermophilus Cuvier, Uroc-
itellus Obolenskij and Xerospermophilus Merriam. Five
genera occur in North America, of which Urocitellus is also
found in Asia.

The genus Spermophilus (sensu stricto) is distributed
only in Eurasia (Helgen et al. 2009). Atwill et al. (2001)
used the PCR-RFLP of a partial product of the Crypto-
sporidium oocyst wall protein (COWP) gene to distinguish
Cryptosporidium found in California ground squirrels Ofo-
spermophilus beecheyi (Richardson) in the USA from oth-
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er Cryptosporidium spp. They noted the presence of two
distinct genotypes. Subsequent genotyping revealed the
presence of Cryptosporidium rubeyi Li, Pereira, Larsen,
Xiao, Phillips, Striby, McCowan et Atwill, 2015 (previ-
ously known as Cryptosporidium sp. “c” genotype), and
Cryptosporidium sp. “a”, “b”, “d”, and “e¢” genotypes in
ground squirrels in the USA (Table 1). In addition, Cryp-
tosporidium sp. ground squirrel I, I, and IIT were found in
black-tailed prairie dogs Cynomys ludovicianus (Ord), and
in thirteen-lined ground squirrels Ictidomys tridecemlinea-
tus (Mitchill) (Stenger et al. 2015). The study by Li and
Xiao (2019), who detected Cryptosporidium sp. in speck-
led ground squirrels Spermophilus suslicus (Giildenstaedt)
by microscopy in Poland and Ukraine, is the only report
documenting the occurrence of a Cryptosporidium sp. in
ground squirrels in Europe. Xu et al. (2022) recently re-
ported the presence of Cryptosporidium equi Huang, Chen,
He, Chen, Huang, Li, Ryan, Kva¢, Feng, Xiao et Guo,
2023 in Alashan ground squirrels (Spermophilus alashani-
cus Biichner) in China.

Given the limited scope and number of previously pub-
lished studies, the objective of the present work was to
describe the occurrence and genetic diversity of Crypto-
sporidium spp. in European ground squirrels Spermophilus
citellus (Linnacus) and to compare the results with data
from North America.

MATERIALS AND METHODS

Faecal samples of European ground squirrels (EGS) were
collected as “population samples”, i.e., a sample consisting of
approximately 7-8 fresh faecal pellets collected from different
ground squirrel burrow entrances at a single locality. Ideally, each
faecal pellet should originate from a different individual, so that
their mixture represents the parasite diversity in the population
of interest. Three samples were collected at each locality, except
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at localities 21, 22, 29, 36, 39 and 1, 2, 10, where four and five
samples were collected, respectively (Fig. 1). Samples were col-
lected from all known EGS localities in the Czech Republic from
June 1 to August 31, 2019 (Fig. 1). Faecal smear was prepared
from each sample, stained with aniline-carbol-methyl violet, and
examined for the presence of Cryptosporidium spp. oocysts using
light microscopy (Milac¢ek and Vitovec 1985).

Total genomic DNA (gDNA) was extracted from 200 mg of
each faecal sample using the Exgene Stool SV Minikit (GeneAll,
Seoul, Korea) according to the manufacturer’s instructions, fol-
lowed by the homogenisation and disruption of oocysts in a Fast-
Prep®-24 instrument (MP Biomedicals, Santa Ana, CA, USA).
The obtained gDNA was stored at —20°C. Sets of nested PCR
primers were used to amplify the partial sequence of the small
subunit rRNA gene (SSU) in all samples (Xiao et al. 1999). Sub-
sequently, all Cryptosporidium-positive samples were used to am-
plify a partial sequence of the actin gene (Sulaiman et al. 2002).

The PCR conditions were modified as follows: the primary
PCR mixtures contained 2 pl gDNA, 2.5 U Taq DNA polymer-
ase (DreamTaq Green DNA Polymerase, Thermofisher Scientific,
Waltham, MA, USA), 1 x PCR buffer (Thermofisher Scientific),
6 mM MgCl, (SSU), and 3 mM MgCl, (actin), 200 ul each of
deoxynucleoside triphosphate, 100 mM of each primer, and 2 pl
non-acetylated bovine serum albumin (BSA; 10 mg.ml™'; New
England Biolabs, Beverly, MA, USA) in 30 pl reaction volume.
The secondary PCR mixtures were similar to those used for the pri-
mary PCR, except that 2 pl of the primary PCR product was used as
the template. Cryptosporidium baileyi Current, Upton et Haynes,
1986 DNA and molecular grade water were included in each PCR
amplification as positive and negative controls, respectively. All
samples were analysed in triplicate. Secondary PCR products were
purified using the Gen Elute Gel Extraction Kit (Sigma, St. Lou-
is, MO, USA) according to the manufacturer’s instructions, and
sequenced in both directions using the secondary PCR primers in
a commercial laboratory (SeqMe s.r.0., Dobfis, Czech Republic).

Table 1. Cryptosporidium spp. reported from ground squirrels based on microscopic methods V), PCR-RFLP of partial sequence of the
oocyst wall protein gene of Cryptosporidium spp.®, or sequencing of partial region of the small subunit ribosomal DNA®.

Host species . GenBank

(scientific name) Country Cryptosporidium spp. Accession No.© Reference
Cryptosporidium rubeyi ® KM010224 Lietal. (2015)
Cryptosporidium sp. Sbey03a® AY462231
Cryptosporidium sp. Sbey03b © AY462232 Atwill et al. (2004)

California ground squirrel USA Cryptosporidium rubeyi ® AY462233

Otospermophilus beecheyi (Richardson) C. rubeyi ® DQ295012 Pereira et al. (2010)
Cryptosporidium sp. Sbey05b @ NA Pereira et al. (2010)
C. parvum @ NA Atwill et al. (2001)
Cryptosporidium sp. Sbeylle ® KM010225 Lietal. (2015)

Belding’ d sauirrel Cryptosporidium sp. Sbld05a DQ295017

elding’s ground squirre o ® .

Urocitellus beldingi (Merriam) USA C}yptosporl.dz.um sp. Sbld05c DQ295013 Pereira et al. (2010)
Cryptosporidium sp. Sbld05d ® DQ295015

Golden mantled ground squirrel USA Cryptosporidium sp. Sltl05¢ @ DQ295014 Pereira et al. (2010)

Callospermophilus lateralis Say C. rubeyi ® KT027470 Stenger et al. (2015)

Black-tailed prairie dog C. rubeyi ® KT027469

Cynomys ludovicianus (Ord) UsA Cryptosporidium sp. ground squirrel II ® KT027480 Stenger et al. (2015)

Thirteen-lined ground squirrel Cryptosporidium sp. ground squirrel I ®  KT027465

Ictidomys tridecemlineatus (Mitchill) USA Cryptosporidium sp. ground squirrel ITIT ® KT027479 Stenger et al. (2015)

Speckled ground squirrel Ukraine Cryptosporidium sp." NA Li and Xiao (2019)

Spermophilus suslicus (Giildenstaedt) Poland Cryptosporidium sp." NA Li and Xiao (2019)

Alashan ground squirrel China Cryptosporidium sp. horse genotype @ ON384432 Xu et al. (2022)

Spermophilus alashanicus Biichner

NA - not available
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Fig. 1. Localities of European ground squirrels Spermophilus citellus (Linnaeus) in the Czech Republic, tagged with Cryptosporid-
ium spp. detected in the present study (gray highlighted). (1) Bezdéc¢in (50.39678N, 14.89578E), (2) Biskoupky (49.0941603N,
16.2877708E), (3) Bofitov (49.43611N, 16.59416E), (4) Bieclav (48.79083N, 16.8925E), (5) Brmo® (49.23111N, 16.53475E), (6) Cej¢
(48.9573269N, 16.9670858E), (7) Cernice (49.0794936N, 16.2768700E), (8) Hluboka nad Vitavou" (49.252595N, 14.2523050E),
(9) Hnanice (48.7991011N, 15.9785106E), (10) Hodkovice (50.65722N, 15.07778E), (11) Hradek (50.4056858N, 13.7549611E),
(12) Hrusovany (49.03N, 16.58622E), (13) Ivancice (49.0940042N, 16.3767133E), (14) Jamolice (49.0820386N, 16.2526939E),
(15) Jaroslavice (48.7511308N, 16.2343758E), (16) Bor (49.5825128N, 14.1774908E), (17) Kolin (50.00194N, 15.17333E),
(18) Kyjov-Milotice (48.9807319N, 17.1243081E), (19) Lodénice (49.9849172N, 14.1638653E), (20) LouZek (49.5881256N,
14.1782872E), (21) Medlanky (49.2366000N, 16.5554264E), (22) Miroslav (48.93139N, 16.29861E), (23) Mohelno (49.1101433N,
16.1802542E), (24) Nature reserve Nad fekami (49.0941306N, 16.2936239E), (25) Obora (49.4496486N, 16.5907183E), (26) Olsova
Vrata (50.2124686N, 12.9281961E), (27) Pise¢ny vrch (50.4248033N, 13.7363736E), (28) Praha” (50.1212222N, 14.4030569E),
(29) Radou¢ (50.4322797N, 14.9045978E), (30) Rana (50.4052894N, 13.7772233E), (31) Roudnice nad Labem (50.4081906N,
14.2340906E), (32) Rozovy" (49.2005147N, 14.3246867E), (33) Strakonice (49.2549969N, 13.8931092E), (34) Ujezd u Brna
(49.1099903N, 16.7623189E), (35) Valtice (48.7304497N, 16.7373322E), (36) Velka Dobra (50.11278N, 14.08972E), (37) Velké
Pavlovice (48.9084208N, 16.8039058E), (38) Vlasim' (49.7258478N, 14.9166669E), (39) Vyskov (49.2990500N, 17.0228883E).

* breeding in captivity (zoo, animal sanctuary, rescue station)

The obtained sequences were verified by BLAST and edited
using the ChromasPro 2.1.8 software (Technelysium, Pty, Ltd.,
South Brisbane, Australia). The sequences of each gene generat-
ed in this study were aligned with each other and with reference
sequences from the GenBank database (https://www.ncbi.nlm.
nih.gov) using the MAFFT v7 online server (http://mafft .cbrc.jp/
align ment/software/) and Q-INS-i algorithm. The SSU sequenc-
es were aligned in nucleotide mode; the actin sequences were
aligned in amino acid mode, then switched to nucleotide mode
and used for analyses. Since the alignments contained sequences
of different lengths, they were trimmed in BioEdit v7.0.5 (Hall
1999) to obtain the set of sufficient sequence lengths together
with reasonable taxonomic representation.

The phylogeny was reconstructed using two approaches —
maximum likelihood (ML) and Bayesian inference (BI). The best
fitting evolutionary model was set by SMS: Smart Model Selec-
tion (http://www.atgc-montpellier.fr/phyml-sms/). The ML was
computed in Phyml v2.4.3 (Guindon and Gascuel 2003), with
the GTR + I' + [ model and non-parametric bootstrap analysis of
1,000 replicates. BI was performed in MrBayes v3.2.2 (Huelsen-
beck and Ronquist 2001) under the GTR + I" + [ model, MCMC

Folia Parasitologica 2023, 70: 016

run for 10 million generations, and with tree sampling every 100
generations; the trees were summarised after removing 25% burn-
in. The resulting trees were visualised in TreeView v1.6.6 (Page
1996), and graphically adjusted in Adobe Illustrator CC 2019
v.23.0.2 (Adobe Systems, Inc.). The obtained sequences were
deposited in the GenBank database under the accession numbers
0Q520104-0Q520112 (SSU) and 0Q473495-0Q473499 (ac-
tin).

The study design was approved by the ethical committee of the
Biology Centre, CAS. Since the collection of faecal samples was
not invasive according to the laws of the Czech Republic (Act
No. 246/1992 Coll. on the protection of animals against cruelty),
resulting from international regulations, no permit was required.

RESULTS

A total of 128 faecal samples of EGS from 39 locali-
ties in the Czech Republic were examined by molecular
analyses for the presence of parasites of the genus Crypto-
sporidium. No Cryptosporidium oocysts were microscop-
ically detected in the faecal smears, while PCR analysis
of the SSU revealed the presence of Cryptosporidium-spe-
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Fig. 2. Phylogenetic relationships of Cryptosporidium spp. from the European ground squirrel Spermophilus citellus (Linnaeus) in the
Czech Republic inferred by the ML analysis of the partial SSU sequences. Numbers at the nodes show bootstrap values derived from
ML analysis/posterior probabilities under BI analysis. Only bootstrap supports and posterior probabilities higher than 50% or 0.50,

respectively, are shown.

cific DNA in nine samples (Fig. 1). Out of these samples,
eight and five were genotyped by sequence analysis of the
SSU and actin, respectively (Table 2). Three SSU-positive
samples could not be successfully amplified or sequenced
at the actin gene (Fig. 2).

The ML tree constructed from the alignment of SSU
sequences revealed the presence of five different Crypto-
sporidium spp. isolates Cryptosporidium sciurinum Pre-
diger, Jezkova, Holubova, Sak, Kone¢ny, Rost, McEvoy,
Rajsky et Kvag, 2021, the species previously found in Eur-
asian red squirrels Sciurus vulgaris Linnaeus, was repeat-
edly detected in samples of EGS from Vlasim (No. 38) at
the SSU and actin genes (Figs. 2 and 3). The sequences of
other four isolates were not identical to any sequences so
far included in the GenBank database.

Folia Parasitologica 2023, 70: 016

Cryptosporidium sp. isolate ScO1 was found in Velka
Dobra (No. 36) and Hradek (No. 11) and formed a sister
group to Cryptosporidium sp. ground squirrel genotype I in
the SSU and actin trees. Cryptosporidium sp. isolate Sc02
was detected in Radou¢ (No. 29), and clustered together
with isolate Sc01 and Cryptosporidium sp. ground squirrel
genotype I in the SSU tree. In sample 45758, where the iso-
late Sc02 was detected, sequencing of one of the triplicates
revealed the presence of another, different SSU sequence,
designated as isolate Sc03. The same sequence was also
detected in Pise¢ny Vrch (No. 27, Table 2).

Actin sequences obtained from Radou¢ (No. 29) clus-
tered to Cryptosporidium ground squirrel genotype II
(Fig. 3) and were designated as isolate Sc03. Cryptosporid-
ium sp. isolate Sc04, detected in Pisecny Vrch (No. 27) and
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Fig. 3. Phylogenetic relationships of Cryptosporidium spp. from the European ground squirrel Spermophilus citellus (Linnaeus) in the
Czech Republic inferred by the ML analysis of the partial actin sequences. Numbers at the nodes show bootstrap values derived from
ML analysis/posterior probabilities under BI analysis. Only bootstrap supports and posterior probabilities higher than 50% or 0.50,

respectively, are shown.

Rana (No. 30), formed a well-supported clade with Cryp-
tosporidium rubeyi in the SSU tree (Fig. 2). Unfortunately,
we were not able to obtain any actin sequences of adequate
quality from Sc02 and Sc04 isolates (Table 2).

DISCUSSION

While Cryptosporidium rubeyi Li, Pereira, Larsen,
Xiao, Phillips, Striby, McCowan et Atwill, 2015, Crypto-
sporidium sp. Sbey03a, Sbey05b, Sbld05a, and Sbld05d
were reported as causative agents of cryptosporidial in-
fection in ground squirrels in North America, none of
these Cryptosporidium were detected in this study. Four
(Cryptosporidium sp. isolate Sc01, Sc02, Sc03, and Sc04)

Folia Parasitologica 2023, 70: 016

of the five isolates recognised on the basis of the SSU se-
quences clustered closely to Cryptosporidium spp. that has
been commonly found in ground squirrels of the genera
Otospermophilus Brandt, Ictidomys Allen, and Cynomys
Rafinesque in North America (Stenger et al. 2015). The
occurrence of phylogenetically related Cryptosporidium in
geographically distant populations of host species belong-
ing to the same genus has been previously described.

It has been shown that parasite-host coevolution, host
adaptation, and geographic segregation have led to the for-
mation of subtype families with unique phenotypic traits
within Cryptosporidium parvum Tyzzer, 1912, C. hom-
inis Morgan-Ryan, Fall, Ward, Hijjawi, Sulaiman, Fayer,
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Table 2. Cryptosporidium spp. detected in localities of European
ground squirrel Spermophilus citellus (Linnaeus) in the Czech Re-
public. Numbers of localities correspond with numbers in Figure 1.

Genotyping at loci
Locality (No.) %]SDO fate SSU crowpResed Actin
(\gegg(é Dobra 45744 Cryptosporidium sp. Sc01 Cryptosporidium sp. Sc01

Hradek (11) 45726 Cryptosporidium sp. Sc01 Cryptosporidium sp. Sc01

45757 Cryptosporidium sp. Sc02 Cryptosporidium sp. Sc03

Radouc (29) 45758 ggi ;Zii Z:ZZZ Zg Zzgi Cryptosporidium sp. Sc03
Rana (30) 45718 Cryptosporidium sp. Sc04 NA

Pise¢ny Vrch 45730 Cryptosporidium sp. Sc03 NA

27) 45731 Cryptosporidium sp. Sc04 NA

Vlasim (38) 45764 C. sciurinum C. sciurinum

NA - indicates the failure of PCR amplification / sequencing

Thompson, Olson, Lal et Xiao, 2002, and C. tyzzeri Ren,
Zhao, Zhang, Ning, Jian, Wang, Lv, Wang, Arrowood et
Xiao, 2012 causing infection in most mammals, humans
and mice, respectively (Kvac et al. 2013, Feng et al. 2018).
Similarly, phylogenetically related genotypes of Crypto-
sporidium have been found to parasitise geographically
separated populations of different vole species (Stenger et
al. 2017, Hor¢ickova et al. 2019).

Cryptosporidium sciurinum, which is commonly found
in Eurasian red squirrels Sciurus vulgaris in Europe (Kvaé
et al. 2008, Prediger et al. 2017, 2021), was obtained only
in Vlasim (No. 38), which is an artificially created animal
rescue station. At this locality, EGS share the habitat with
other small herbivorous mammals including Eurasian red
squirrels. Given that C. sciurinum has previously been re-
corded in Eurasian red squirrels located in this station (Pre-
diger et al. 2021), it is possible that transmission occurred
between both hosts directly or via personnel or vehicles
with whom the animals are in daily contact. This is the first
description of the occurrence and transmission of C. sciuri-
num to ground squirrels.

The results of the multilocus genotyping and repeated
sequencing of independent PCR products showed a mixed
infection of Cryptosporidium spp. in the screened hosts.
Given that many vertebrate hosts such as mice, rats, voles,
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