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Anotace

Kryptosporidie jsou jednobunééni, jedno-hostitelsti paraziti (Apicomplexa,
Cryptosporidiidae) infikujici primarné gastrointestinalni, respiratni a urogenitalni
trakt fady obratlovcl véetné Cloveka. Infekce, kryptosporididéza, zpisobena zastupci
rodu Cryptosporidium, je casto spojovana s prijmovym onemocnénim rizného
stupné zavaznosti. Nékteré druhy, C. parvum a C. hominis, celosvétové zpisobuji
kryptosporidiozu miliond osob a piedstavuji vyznamné ohroZeni Zivota pro déti do
péti let véku, u kterych jsou zejména v rozvojovych zemich jednou z nejcastéjsich
pti¢éin umrti. Ekonomické ztraty zptsobené C. parvum jsou c¢asto popisovany U
mlad’at hospodatsky vyznamnych piezvykavci, zatimco imrtnost u volné zijicich
zvitat je malo studovana. Vysledky védeckych praci v poslednich deseti letech
ukazaly, mnohem vé&tsi diverzitu kryptosporidii, nez bylo pfedpokladano. V soucasné
dob¢é zname 49 platnych druhit a velké mnozstvi genotypu kryptosporidii, jejichz
pocet jiz ptresdhl hodnotu 100. VétSina téchto druhii a genotypl, které s nejvétsi
pravdépodobnosti predstavuji samostatné druhy, pochazi z volné Zijicich zvitfat. O
biologii téchto druhti toho vime dosud jen velmi malo.

Veverky casto sdili zivotni prostor s lidmi, a piedstavuji vyznamny rezervoar
zoonotickych patogent, véetné kryptosporidii. Tato disertacni prace piinasi nové
poznatky o vyskytu, diverzité a biologii kryptosporidii parazitujicich u stromovych a

zemnich veverek.



Annotation

Cryptosporidia  are  unicellular,  single-host  parasites  (Apicomplexa,
Cryptosporidiidae) that primarily infect the gastrointestinal, respiratory, and
urogenital tracts of various vertebrates, including humans. Infection caused by
members of the genus Cryptosporidium, cryptosporidiosis, is often associated with
diarrheal disease of varying severity. Several species, C. parvum and C. hominis,
cause cryptosporidiosis in millions of people worldwide and pose a significant threat
to the lives of children under five years of age, in whom it is a leading cause of
death, especially in developing countries. Economic losses due to C. parvum are
frequently described in young animals of economically important ruminants, while
mortality in wild animals has hardly been studied. The results of scientific work in
the last decade have shown that the diversity of Cryptosporidium is much greater
than previously thought. Currently, 49 valid species and many genotypes of
Cryptosporidium spp. are known, exceeding 100. Most of these species and
genotypes, which are most likely distinct species, are derived from wild animals.
Very little is known about the biology of these species.

Squirrels often share their habitat with humans and are an important reservoir of
zoonotic pathogens, including Cryptosporidium spp. This Ph.D. thesis provides new
insights into the occurrence, diversity, and biology of Cryptosporidium spp.

parasitizing tree and ground squirrels.



Souhrn

Predkladana disertacni prace se zabyva kryptosporidiemi a kryptosporidiézou u
stromovych a zemnich veverek. Vzorky trusu byly odebirany v USA, Italii, v Ceské
republice a na Slovensku. Celkem bylo vySetieno 925 vzorkt z osmi druhti veverek.
Vzorky  byly vySetfeny jak  mikroskopickymi, tak  molekularnimi
metodami. Specifickh DNA kryptosporidii byla detekovana pomoci multilokusové
genotypizace na genech kodujicich malou podjednotku rRNA (SSU), aktin, heat
shock protein (HSP70), thrombospondin-related adhesive protein (TRAP-C1),
Cryptosporidium oocyst wall protein (COWP) a 60 kDa glykoprotein (gp60).
Ptitomnost kryptoporidii byla potvrzena u 182 jedinc. Nésledné fylogenetické
analyzy prokazaly pfitomnost tii druht a Sesti genotypt kryptosporidii.

Vysledky studie severoamerickych stromovych a zemnich veverek s
prekryvajicimi se habitaty prokazaly, ze tyto veverky jsou hostiteli riznych druhi a
genotypu Kryptosporidii. Zatimco zemni veverky (sysel paskovany (Ictidomys
tridecemlineatus), sysel prériovy (Cynomys ludovicanus) a sysel zlatavy
(Callospermophilus lateralis)) jsou parazitovani hostitelsky specifickym druhem C.
rubeyi a Cryptosporidium sp. ground squirrel genotyp I, 1l a Ill, u stromovych
veverek (veverka popelava (Sciurus carolinensis), veverka 1is¢i (Sciurus niger) a
¢ikari Cerveny (Tamiasciurus hudsonicus)) byla detekovana infekce zplsobena
Cryptosporidium sp. deer mouse genotyp 11, Cryptosporidium sp. skunk genotyp a
C. ubiquitum. Dv¢ posledné¢ jmenované kryptosporidie byly spolecné s jejich
hostiteli — veverkami popelavymi s velkou pravdépodobnosti introdukovany do
Evropy, coZ naznacuje naSe studie provadéna v Italii. Zatimco na Uzemi Italie byly
puvodni veverky obecné (Sciurus vulgaris) parazitovany vyhradné Cryptosporidium
sp. ferret genotypem, ktery se u tohoto druhu bézné vyskytuje, u introdukovanych
veverek popelavych byla prokazana infekce C. ubiquitum, Cryptosporidium sp.
skunk genotyp a Cryptosporidium sp. chipmunk genotyp I. Vysledky navazujicich
studii v Ceské republice a na Slovensku ukéazaly, Ze pivodni veverka obecna je
vyhradn¢ parazitovana Cryptosporidium sp. ferret genotypem a kryptosporidie
specifické pro veverky popelavé se do stfedni Evropy nerozsitily.

Cryptosporidium sp. ferret genotyp byl sohledem na jeho casté rozsiteni

v populaci ptavodnich veverek obecnych podrobnéji studovan. Molekularni



multilokusova genotypizace prokazala, ze Cryptosporidium sp. ferret genotyp se
geneticky 1isi od ostatnich druhtt rodu Cryptosporidium. Podrobné studium
biologickych charakteristik ukazalo, Ze oocysty Cryptosporidium sp. ferret genotypu
nejsou infekéni pro laboratorni my$i (Mus musculus), piskomily mongolské
(Meriones unquiculatus), mastomysi (Mastomys coucha), kura domaciho (Gallus
gallus f. domestica) nebo andulky vinkované (Melopsittacus undulatus). Oocysty
Cryptosporidium sp. ferret genotypu v priméru méfi 5,54 x 5,22 um, jsou bezbarvé,
sférické. Standardni barvici metody a specifické protilatky barvi a zna¢i oocysty
Cryptosporidium sp. ferret genotypu jako ostatni druhy a genotypy kryptosporidii.
Intenzita infekce u volné zijicich veverek se lisi podle veku, pficemZz nejveétsi
intenzita infekce byla zjisténa u juvenilnich jedinci. Na zakladé nasich vysledkt byl
Cryptosporidium sp. ferret genotyp popsany jako novy samostatny druh

Cryptosporidium sciurinum.



Summary

This PhD thesis deals with Cryptosporidium and cryptosporidiosis in tree and ground
squirrels. Faecal samples were collected in the United States, Italy, the Czech
Republic, and Slovakia. A total of 925 samples from eight squirrel species were
examined. Samples were analyzed by both microscopic and molecular methods.
Cryptosporidium-specific DNA was detected by multilocus genotyping at genes
encoding small subunit rRNA (SSU), actin, heat shock protein (HSP70),
thrombospondin-related adhesive protein (TRAP-C1), Cryptosporidium oocyst wall
protein (COWP), and 60 kDa glycoprotein (gp60). The presence of Cryptosporidium
was confirmed in 182 individuals. Subsequent phylogenetic analyses revealed the
presence of three species and six genotypes of Cryptosporidium.
Results from a study of North American tree squirrels and ground squirrels with
overlapping habitats showed that these squirrels harboured different species and
genotypes of Cryptosporidium. While ground squirrels (Thirteen-lined ground
squirrel (Ictidomys tridecemlineatus), prairie dogs (Cynomys ludovicanus), and
Golden-mantled ground squirrel (Callospermophilus lateralis)) are parasitized by
host-specific species of C. rubeyi and Cryptosporidium sp. ground squirrel genotype
I, I and I, infections by Cryptosporidium sp. deer mouse genotype IlI,
Cryptosporidium sp. skunk genotype and C. ubiquitum have been detected in tree
squirrels (Eastern gray squirrel (Sciurus carolinensis), fox squirrel (Sciurus niger)
and American red squirrel (Tamiasciurus hudsonicus)). The latter two
Cryptosporidium spp. were confirmed by our study in Italy and were most likely
introduced into Europe with Eastern gray squirrels. While in Italy native Eurasian red
squirrels (Sciurus vulgaris) were parasitized exclusively by the Cryptosporidium sp.
ferret genotype, which is common in this species, the introduced Eastern gray
squirrels were found to be infected with C. ubiquitum, Cryptosporidium sp. skunk
genotype, and Cryptosporidium sp. chipmunk genotype I. Results of follow-up
studies in the Czech Republic and Slovakia have shown that the native Eurasian red
squirrels are exclusively parasitized by Cryptosporidium sp. ferret genotype and
Cryptosporidium spp, specific for Eastern gray squirrels have not spread to Central

Europe.



The Cryptosporidium sp. ferret genotype was studied in more detail given its
frequent distribution in the native squirrel population. Multilocus molecular
genotyping revealed that the Cryptosporidium sp. ferret genotype is genetically
distinct from other species of the genus Cryptosporidium. A detailed examination of
the biological characteristics showed that oocysts of the Cryptosporidium sp. ferret
genotype are not infectious to laboratory mice (Mus musculus), Mongolian gerbils
(Meriones unquiculatus), mastomys (Mastomys coucha), domestic chickens (Gallus
gallus f. domestica), or budgerigars (Melopsittacus undulatus). Cryptosporidium sp.
ferret genotype oocysts measure 5.54 x 5.22 um in diameter, are colourless, and
spherical. Standard staining methods and specific antibodies staining label oocysts of
the Cryptosporidium sp. ferret genotype like other species and genotypes of the
genus Cryptosporidium. The intensity of infection in wild squirrels varies with age,
with the greatest intensity of infection found in young animals. Based on our results,
the Cryptosporidium sp. ferret genotype was described as a new separate species,

Cryptosporidium sciurinum.
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1 UVOD

Kryptosporididéza je zdvazné parazitarni onemocnéni postihujici Siroké spektrum
jednobunééni zastupci kmene Apicomplexa patiici do rodu Cryptosporidium.

Oocysty kryptosporidii jsou velmi rezistentni, v chladném a vlhkém prostiedi
zustavaji velice dlouho infek¢ni. Pfenaseny jsou fekalné—oralni cestou (Smith et al.
1998, Fayer et al. 2000). Kryptosporidie jsou odolné vici chloraci i ostatnim
dezinfekénim prostiedklim pouzivanym v tpravé pitné vody, v dasledku ¢ehoz jsou
Castou pric¢inou epidemii pfenasenych vodou (Xiao et al. 2000, Hassan et al. 2021). K
nejrozsahlejsi ndkaze doslo v roce 1993 v Milwaukee v USA, kde bylo vodou
kontaminovanou C. hominis infikovano vice nez 400 tisic lidi (Mackenzie et al.
1994), nicméné ptipady zoonotickych a interhumannich infekci nejsou vyjimecné.
Piestoze primarnim zdrojem oocyst pro clovéka ziistadvaji mlad’ata domadcich
prezvykavci a lidé, jako hostitelé zoonotickych kryptosporidii byla popsana i fada
domestikovanych a volné zijicich zvifat véetné hlodavct (O'donoghue 1995, Xiao et
Feng 2008, Caccio et Putignani 2014, Luka et al. 2022)

V soucasné¢ dobé neni znama zadna efektivni léCba ani vakcina proti
kryptosporidioze (Kotloff et al. 2012, Striepen 2013, Huang et al. 2022), tudiz
nejdilezitéj$i ochranou proti této nemoci zlustava prevence prenosu a pokud mozno
pfesné uréeni rezervoaru této infek¢éni choroby (Xiao et al. 2002, Appelbee et al.
2005D).

Zatimco lidské kryptosporidioze a kryptosporidiovym infekcim hospodaiskych
zvitat je vénovana znacna védecka pozornost, ostatni druhy obratlovcl jsou casto
opomijeny. O diverzité a biologii druhti a genotypt kryptosporidii fady voln¢ Zijicich
obratlov¢ich hostitelti vime jen mélo nebo nic.

Jednou z dosud opomijenych skupin jsou zemni a stromové veverky, které ¢asto
sdili Zivotni prostor s lidmi, a proto mohou pfedstavovat vyznamny rezervoar
zoonoz.

Cilem této disertacni prace bylo rozsifit naSe znalosti o kryptosporidiich
specifickych pro stromové a zemni veverky, se zaméfenim na jejich vyskyt a

diverzitu a biologickou charakteristiku.
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2 LITERARNI PREHLED

2.1 Celed’ veverkoviti (Sciuridae)

Zastupci  veverkovitych  jsou rozSifenipo  celém  svét¢ s vyjimkou
Australie, Madagaskaru, jizni ¢asti Jizni Ameriky a nékterych suchych oblasti (Egypt
a Arabsky poloostrov). Celed’ veverkoviti se déli na 58 rodd piiblizné s 270 druhy.
Taxonomické rozdélni veverkovitych neni jednotné. Nékteti autofi uvadeji dveé
podceledi (Scurinae a Petauristinae) (Nowak 2018), jini na pét podceledi (Ratufinae,
Sciurillinae, Sciurinae, Callosciurinae a Xerinae) (Zhang et al. 2016). Majoritnimi
zastupci veverkovitych jsou veverky, sysli, psouni, svisti, Cikari a Cipmankové
(Thorington et al. 2012). V této praci se dale budeme zabyvat stromovymi a zemnimi

veverkami fazenych do podéeledi Scurinae.

2.2 Odlisnosti stromovych a zemnich veverek

Zemni a stromové veverky maji mnoho spoleéného, ale i mnoho odlisnosti. Jednou
Z hlavnich odliSnosti je hnizdéni. Stromové veverky nachazeji utocisté¢ v dutinach
stromu, Castéji si vSak splétaji hnizda z rostlinného materialu, vétvicek, natrhané
kiry apod. Na rozdil od hnizd ptacich jsou veverci hnizda tvaru duté koule, zcela
kompaktni a neprithledné. Jedna veverka vzdy disponuje nékolika hnizdy, kterd méni
dle potieby. Oproti tomu zemni veverky si buduji spletité nory, které slouzi jako
ukryt, kde spi a vychovavaji mlad’ata a hibernuji (Owings et al. 1977, Atwill et al.
2001, Thorington et al. 2012).

Dalsi odliSnost mezi stromovymi a zemnimi veverkami je hibernace. Stromové
veverky nehibernuji, i kdyz v zim¢ denné prospi v hnizdé az 20 hodin (Hamalainen
et al. 2018). S tim také souvisi hromadéni potravy pfed zimou. Zemni veverky
pfijimaji co nejvice potravy kvuli podkoznimu tuku, zatimco stromové si to
vzhledem ke svému zpusobu zivota v korunach stromt nemohou dovolit.
Instinktivné tusi, ze v zim¢ bude malo potravy a skladuji si zasoby na zimu v tzv.
spizirnach pod koteny stromill. Kombinaci mezi t€émito dvéma typy veverek je napf.
¢ipmank vychodni (Tamias striatus), ktery sice jako zemni veverka hibernuje v nofe,
ale vytvaii si v ni také specidlni patro se spizirnou. Nehibernuje tak hluboce, jako
ostatni druhy zemnich veverek, n€kolikrat se v zimé vzbudi a ptijima nashroméazdéné
zasoby (Owings et al. 1977, Thorington et al. 2012, Lazerte et Kramer 2016).
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Veverky zemni vétSinou po stromech také lezou, ale na rozdil od stromovych

veverek mezi nimi nepieskakuji a nejsou tak obratné (Thorington et al. 2012).

2.3 Socialni chovani veverek

Stromové veverky jsou v piirod¢€ siln€ teritorialni a nesnesou na svém uzemi, které
muze byt velké az né€kolik desitek hektarti, jiné¢ho jedince. Vyjimkou je paieni, které
se odehrava pouze par dnti v roce a obdobi, kdy matka vychovava své potomky — do
3 mésict staii. Potom je vypudi ze svého teritoria. Obvykle mé dva vrhy za rok a v
ptirod¢ se doziva zhruba 3-5 let. Samci a samice maji ke svému teritoriu odliSny
pristup. Zatimco samice ziistava na jednom tzemi tieba cely zivot, samec od zimy do
l1éta migruje za samicemi I desitky kilometrd. Vyjimkou jsou pouze tzv. méstské
veverky, které diky snadné dostupnosti potravy svou teritorialitu ztratily a ziji v
parcich ve vétsich skupinach (Thorington et al. 2012, Siracusa et al. 2019).

Oproti tomu zemni veverky casto tvoii kolonie a buduji komplexy slozZitych
chodeb spojujici i vice rodin. Casto vyuzivaji vyhody spole¢ného zptisobu Zivota, je
to naptiklad varovani pied dravymi ptaky. Obvykle Zziji v norach zbudovanych
predky celé generace. Od komplexu nor se nevzdaluji pfili§ daleko, aby se v nich
mohly ukryt v piipad€ nebezpe¢i (Thorington et al. 2012). K cizim jedincim se v§ak
také chovaji teritorialn¢ (Waterman et Archibald 2019, Roth et al. 2022).

2.4 Introdukce nepiivodnich druhi veverek do Evropy

Z uvedeného V pfedchozi kapitole vyplyva, Ze ani jeden typ veverek nevykazuje
vyrazné zmény lokalit. Z pohledu epidemiologie pfedstavuje uméla introdukce
nepivodnich druhti veverek na nova uzemi riziko pfenosu i jejich patogenti ze zemé
puvodu, které mohou ohrozit mistni populaci veverek (Yokoyama et al. 2003, Pisanu
et al. 2008, Pisanu et al. 2009). Pokud se neptvodni druhy dostanou do volné
ptirody, mohou byt patogeny pieneseny na autochtonni druhy (Bordes et al. 2007).

V Evropé v mistech introdukce nepivodnich druhii veverek vznikaji plany na
jejich eradikaci, respektive omezeni poctu, ptipadné rozlicna podplrna opatteni pro
konkuren¢né slabsi, ale pivodni veverku obecnou. Od roku 2016 plati Natizeni
Komise (EU) 2016/1141 pro prevenci zavlékani ¢i vysazovani nebo dalSiho Sifeni na
uzemi Unie, podporu vcasného zjisténi a rychlou eradikaci invazivnich druht

organismi. Do soucasné doby byla na tzemi Evropy introdukovana veverka
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popelava (Sciurus carolinensis), veverka lis¢i (Sciurus niger), veverka Pallasova
(Callosciurus erythraeus), veverka Finlaysonova (Callosciurus finlaysonii) a

burunduk paskovany (Tamias sibiricus).

2.4.1 Veverka popelava (Sciurus carolinensis)

Pivodnim arealem vyskytu veverky popelavé je Severni Amerika (Obrazek 1).
Um¢élé vysazovani této veverky do Evropy se datuje od roku 1876. Do Velké
Britanie byl tento druh dovezen ze Severni Ameriky v 31 ptipadech mezi lety 1876—
1929. Dnes je veverka popelava ptitomna na vétSing izemi Velké Britanie (Bertolino
2008). V Irsku doslo roku 1913 k vysazeni pouze Sesti part. Zacatkem 21. stoleti je
zde veverka popelava rozsitena na celém tizemi (Teangana et al. 2000). V Italii byly
mezi lety 1948-1994 tuspésné tii z celkovych &tyi introdukci, pti kterych bylo
vypusténo pouze kolem 4-6 jedinci. Nyni odbornici odhaduji celkovou velikost

italské populace uz na nékolik tisic jedinct (Bertolino et Genovesi 2003).

Obrazek 1. Rozsiteni veverky popelavé (Sciurus carolinensis; zIuté body) a veverky

obecné (Sciurius vulgaris; modré body; zdroj: https://www.discoverlife.org/).
™ T e

Veverka obecna (Sciurus vulgaris) a veverka popelava (Sciurus carolinensis) maji
obdobny habitat a stravu. Ackoli se mezi témito druhy neobjevuje zadna agresivita,
je veverka popelava v konkuren¢ni vyhod¢€. Divodem je efektivnéjsi traveni ziskané
potravy 1 jeji vetsi pfijem. Veverka popelava travi 80 % casu na zemi, v listnatych
lesich je tedy vyrazné efektivnéjsi ve shanéni potravy a na podzim je schopna zvysit

svou hmotnost 0 20 %. Oproti tomu veverka obecna travi na zemi pouze 33 % Casu a
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béhem podzimu zvysi svou hmotnost jen o asi 10 %. U veverky obecné se pak
nasledkem snizené dostupnosti potravy, zvlasté od prosince do dubna, objevuje vyssi
mortalita mladat i dospélych veverek, Spatné prospivani potomkii a omezeni
télesn¢ho ristu. Pii méfeni glukokortikoidlh v krvi veverek obecnych vystavenych
kompetici byla zjiSténa az 3x vyssi hladina téchto stresovych hormonti nez u jedinct
bez piitomnosti veverek popelavych (Santicchia et al. 2018). Rovnéz pii fragmentaci
souvislych lesnich porostii nemtze veverka obecna v diisledku naruSeni souvislosti
korun stromu hledat nové teritorium, zatimco pro pfevazné po zemi se pohybujici
veverku popelavou to neni problém. Veverka obecnd tedy neni schopna veverce
popelavé konkurovat. V soucasnosti se tedy vyskytuje pouze v oblastech s
jehlicnatymi porosty, ve kterych ji neni schopna veverka popelava tak vyrazné
ovlivnit. Na zdklad¢ vySe uvedenych skutecnosti, dochazi az k lokélnim vyhynutim
veverek obecnych (Wauters et al. 2005).

Na Britskych ostrovech je navic veverka popelava ptfenaSeCem parapoxviru.
Sérologicky pruzkum ukdzal, ze 61 % z 223 zdravych veverek popelavych ma
protilatky proti parapoxvirim a pouze 3,2 % ze 140 veverek obecnych bylo
séropozitivnich (Sainsbury et al. 2000). VSechny na parapoxvirus séropozitivni
veverky obecné byly nalezeny mrtvé nebo umirajici se symptomy zplisobené
parapoxvirem. Mezi ty patii otoky a léze, misty s hnisem, a posléze strupy na kizi, a
to nejcastéji na tlamé, koncetinach a genitaliich. Veverky obecné jsou letargické,
nemaji zdjem o potravu a napadny je Ubytek na vaze. Je zndm pouze jeden ptipad
klinickych projevii nemoci u veverky popelavé (Duff et al. 1996). Vysoka
seroprevalence protilatek a nizka incidence nemoci u veverek popelavych napovida,
Ze mohou byt rezervoarem parapoxviru, kterym se nasledné nakazi veverky obecné
(Thomas et al. 2003). V Italii tento virus nebyl dosud detekovan (Bertolino 2008).

Dal$im moznym negativné pusobicim faktorem na vyskyt veverky obecné je
vyskyt helminti (Romeo et al. 2014a, Romeo et al. 2014b) zavle¢enych do Evropy
spolecné s veverkou popelavou. Navzdory nizké patogenité, kvili které lze infekci
lehce ptehlédnout, jsou helminti povazovani za dilezity faktor regulace populaéni
dynamiky. Sebemensi alterace miize mit za nasledek obrovsky vliv na hostitelskou
populaci a na stabilitu ekosystému. Neuvazené podcenéni makroparazitarni populace
v introdukovaném hostiteli mize vést k nechténym ndsledkim na autochtonnich
druzich zivocicht (Tompkins et Begon 1999). Naptiklad vyskyt Strongyloides
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robustus, které se bézné vyskytuje u Celedi Sciurinae v Severni Americe (Davidson
1976, Krichbaum et al. 2010), byl poprvé zaznamenan u dvou piejetych veverek
obecnych, Zijicich v kontaktu s veverkami popelavymi (Romeo et al. 2013). Zadné
predchozi studie veverek obecnych ¢i ostatnich savci nikdy tohoto parazita v
palearktickém regionu neprokazaly. Z toho lze usuzovat, ze byla tato hlistice do
Evropy introdukovana spoleéné se severoamerickou veverkou popelavou, ktera

ptredstavuje zdroj infekce pro veverky obecné (Romeo et al. 2015).

2.4.2 Veverka Pallasova (Callosciurus erythraeus)

Dalsim zavleCenym druhem je veverka Pallasova, puvodné se vyskytujici v
jihovychodni Asii (Obrazek 2). Do Evropy do Cap d’Antibes (Alpes Maritimes,
Francie) byla introdukovana na konci 60. a na zac¢atku 70. let. Na pielomu tisicileti
byla introdukovédna do Belgie. Dalsi zndma populace je v Nizozemi a Italii
(Thorington et al. 2012). Puvod téchto zvifat neni znam, zrovna tak jejich pocet v
pocate¢ni generaci. Je pravdépodobné, ze jak Vv Belgickém, tak i Francouzském
ptipadé se jedna o jednotlivé ptipady Gniku zvifat ze soukromych chovi (Dozieres et
al. 2010).

Tato veverka mé velmi Siroké spektrum potravnich preferenci a dokaze se
prizptisobit téméef jakymkoli podminkdm. Je bézné pozorovana v listnatych i
jehli¢natych lesich az 3000 m n. m. Toto ji znacné¢ zvyhodiiuje v porovnani
s veverkou obecnou. Dosavadni vyzkumy nenaznacuji, Ze spole¢né s veverkou
Pallasovou byl introdukovan n¢ktery z potencialné nebezpeénych patogent (Sato et

al. 2007, Masuda et al. 2021).
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Obrazek 2. Rozsifeni veverky Pallasovy (Callosciurus erythraeus; zdroj:

https://www.discoverlife.org/).

2.4.3 Veverka Finlaysonova (Callosciurus finlaysonii)

V roce 1981 byla tato veverka introdukovana z jihovychodni Asie do Italie, kde byla
prostudovana jeji ekologie (Obrazek 3). Veverka Finlaysonova je aktivni po vétSinu
dne, velmi malo ¢asu travi na zemi, vétSinou si hledd vegetarianskou potravu na
stromech, nepohrdne vSak ani hmyzem, vétSinou mravenci (Bertolino 2009,
Thorington et al. 2012). V Italii je vyskyt C. finalysonii spojovan s ekologickymi a
ekonomickymi Skodami zptisobenymi chovanim veverek, které odktirovavaji stromy,
aby se dostaly k mize stroml. Takto postizené stromy odumiraji a snizuje se kvalita
jeho dieva (Bertolino et al. 2000). Piestoze je introdukce neptivodnich druhd Casto
spojovana se zavleCenim fady patogend, do této chvile nebyl detekovan zadny
patogen, kterym by ohrozovala evropskou populaci veverek (Khodakevich et al.
1986, Langkop et al. 2003, Romeo et al. 2014b).
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Obrazek 3. Rozsiteni veverky Finlaysonovy (Callosciurus finlaysonii; zdroj:
https://www.discoverlife.org/).

2.4.4 Burunduk paskovany (Tamias sibiricus)

Burunduk paskovany se bézné vyskytuje na Uizemi Ruska od severu Evropy po
Kurilské ostrovy a na jihu toto teritorium zasahuje do Kazachstanu, Mongolska a
Ciny (Obrazek 4). Diky své atraktivité se stal uz v 60. letech 20. stoleti
nejprodavané;jsi ,,pet” veverkou, a proto také, diky unikiim a vypusténim na svobodu,
vznikaly populace v Anglii, Francii, Belgii, Holandsku, Dansku, Svycarsku,
Rakousku a Italii (Lee et al. 2008, Thorington et al. 2012, Mori et al. 2018).

Tato primarné granivorni zemni veverka se zivi prevazné semeny jehlicnatych
stromd, ale Castou sloZkou jeji potravy jsou mlZi, vejce a vylihla ptacata. Naptiklad
mohou za 80-90% mortality budni¢ka temného (Phylloscopus fuscatus) a to ma vliv
na vybér mist k hnizdéni téchto malych zpévnych ptakd. V nékterych ¢astech Evropy
(Italie), kam byla introdukovana, ptisobi negativné na vyskyt autochtonni veverky
obecné (Bertolino et Genovesi 2003, Thorington et al. 2012). S pfihlédnutim k
omezené schopnosti Sifeni, kdy populace viceméné zlstavaji na mistech, kde byly
vysazeny, nebo dokonce vymiraji, a ke snizené schopnosti sbirat potravu v hustém
podrostu, se zda, ze ostatni nepivodni druhy veverek jsou pro veverku obecnou
vétsim nebezpecim. Ale jako dal$i invazni druh, byl burunduk paskovany téz zarazen

do seznamu pro rychlou eradikaci (Zozzoli et al. 2018).
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Obrazek 4. Rozsifeni burunduka paskovaného (Tamias sibiricus; zdroj:

https://www.discoverlife.org/).

Az donedédvna byla dovdZena do Evropy za ucelem obchodu s domacimi zvifaty.
Zatim neni znama zadna volné Zijici populace v Evropé (Baiwy et Schockert 2013),
ale je mozny jeji unik ¢i vypusténi ze zajeti, dokonce byla v nékolika ptipadech
pozorovana ve volném prostredi, pfi¢emz predpokladand rychlost jejiho Sifeni by
mohla byt od 0,44 do 3,44 km za rok (King et al. 2010). Existuje tak velka
pravdépodobnost, ze se tento druh v budoucnu stane invaznim, protoze podminky v
mnoha evropskych zemich jsou podobné jako Vv jeji puivodni domoving. Stejné jako
jiné invazni veverky, by mohla vytlacit pivodni veverku obecnou a pienaset
patogeny, na které jsou pivodni veverky odolné. Dovoz tohoto druhu byl jiz
zakazan. Vzhledem k piipadné kompetici s autochtonnimi veverkami je téz zarazena

na seznamu invazivnich druhu.
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Obrazek 5. Rozsifeni veverky  liS¢i (Sciurus niger; zdroj:

https://www.discoverlife.org/).

2.5 Veverky jako rezervoar zoonéz

Veverky jsou vyznamnym hostitelem fady zoonotickych onemocnéni. Jedna se o
virové, bakteridlni a parazitdrni ndkazy, vcetné kryptosporidii. O nékterych

o214

jako rezervoar téchto chorob, je pojednano nize.
2.5.1 Dyméjovy mor

Dymeéjovy (bubonicky) mor je zptisoben pleomorfni nepohyblivou bakterii Yersinia
pestis, ktera je prenasena blechami - napi. blechou obecnou (Pulex irritans) a
blechou morovou (Xenopsylla cheopis), nebo vesmi (Linognathoides cynomyis),
které se infikovaly na nakazeném hlodavci. Byl také zaznamenan piipad ptenosu
kousnutim pfimo z psouna gunnisenova (Cynomys gunnisoni) na ¢lovéka. Psouni
jsou mnohem citlivéj§i k moru nez ostatni hlodavci, kde vétSinou infekce probiha
90 az 100 % (Melman et al. 2018). Mor je také pfenosny piimo z ¢lovéka na ¢lovéka,
zejména kapénkovou infekei pfi kasli pii zépalu plic a ma az 100% umrtnost (De La
Puerta et al. 2009).

Po proniknuti yersinii do rany je vétSina znich destruovdna neutrofily a
fagocytovana. Néekteré ale nejsou zahubeny, pomnoZzi se a dostanou se do miznich
uzlin, kde zpusobi jejich zhnisani. V fadu hodin se bakterie rozsifi do jater, sleziny a

plic, coz vede k pneumonii. V obéhu krve bakterie zplisobuje diseminovanou
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intravaskularni koagulopatii, kterd ma za nasledek trombo6zu a purpurické 1éze, odtud
lidovy nazev ,,Cernd smrt™.

Ptiznaky se projevuji po 2—6 dnech, nastupuje horecka, bolesti hlavy, neziidka
zimnice a purulentni zduieni lymfatickych uzlin, které nakonec prohnisaji skrz kuzi.
Tyto viedy se neuzaviraji, symptomy se nadale zhorSuji a graduji do celkové sepse
organismu.

Pii 1é¢bé se pouzivaji antibiotika, napi. doxycyklin, streptomycin nebo
chloramfenikol. V mistech vyskytu je mozné se preventivné ockovat. V Evrop¢ uz se
mor témer nevyskytuje, v Severni a Jizni Americe jsou zachyceny desitky ptfipada
ro¢n¢, stejné¢ tak v Asii, vposlednich letech jsou nejvyznamnégj$i epidemie
Vv centralni Africe a na Madagaskaru. Témét vzdy se jednd o bubonicky mor v

ruralnich oblastech (Mwalimu et al. 2022, Rahelinirina et al. 2022, Tang et al. 2022).

2.5.2 Lymeska borelioza

Veverky (napt. Burunduk paskovany) jsou vyznamnym rezervoarem gramnegativni
pohyblivé bakterie rodu Borrelia (Mori et al. 2018). Clovék se nakazi po napadeni
vSech vyvojovych stadii klistéte (v Evropé nejcastéji Ixodes ricinus a v Americe
Ixodes scapularis).

Borelie se nachézeji ve stievé klistéte, odkud se po pfisati presunuji do slinnych
zlaz, ze kterych se pfi sani dostanou do nového hostitele. Dalsi cesta ndkazy je kizi,
at’ uz poranénou ¢i nikoli, kdy neopatrnou manipulaci s klistétem dojde k vyliti jeho
télesnych tekutin. Zaznamenan je i transplacentarni ptenos (Krbkova et al. 2007). Ve
vétsSing pripadi se bakterie pomnozi v klizi, odkud se dostane do fady dalSich organt
v€. centrdlni nervové soustavy. Bunécné sténa borelii navodi uvolnéni interleukinu
z bilych krvinek, coz mé za nésledek poskozeni tkani, a tudiz klinické ptiznaky. Ty
se 1isi podle toho, které tkan¢ jsou napadeny. Nejbéznéji se vyskytuje koZni forma,
tzv. erythema migrans. Potom se také objevuje kardialni forma, kdy je postizeno
srdce. Casta je téz nervova forma, u které se neziidka vyskytuji meningitidy, a
kloubni forma, kdy se onemocnéni projevuje artritidou (Krbkova et al. 2007).

Rizné druhy borelii maji odlisSnou lokalizaci. Zatimco B. burgdorferii sensu
stricto zpusobuje postizeni pfedev§im kloubniho a nervového aparatu, B. afzelii se

projevuje kozni formou a B. garinii zpusobuje neurologické obtize (Roy et al. 2017).
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V Evropé se z patogennich borelii hojné vyskytuji Borrelia afzelii a Borrelia
garinii. Lymeska borelidza je zde pomérné ¢astd, zvla§té ve stiedni Evropé. V CR je
v poslednich 10 letech hlageno mezi 3000 a 4800 p¥ipadt roéné (SZU 2021a). V
Severni Americe se vyskytuje Borrelia burgdorferi sensu stricto — zpusobujici
zejména postizeni srdce a B. mayonii; nemoc je zde pomérné cetna, zvlast na
severovychodé USA, kde zaznamenavaji okolo 25000 piipadi ro¢né¢ (CDC 2019).
V posledni dobé se hovoii o zménach klimatu a s tim spojenym rozsifenim klist'at a

jimi pfenasenych nemoci - mimo jiné i lymeské boreliozy (Voyiatzaki et al. 2022).
2.5.3 Zapadonilska horecka

Zapadonilska horecka je zplisobovana flavivirem oznacovanym jako zapadonilsky
virus. PfenaSeCem této nakazy je komar, nejcastéji rodu Culex, ale muze byt
pfenaSena také pii transplantaci, transfuzi, kojeni a t€hotenstvi. Rezervoarem jsou
ptaci, savci jsou pouze nahodni hostitelé. Infekce je u lidi vétSsinou asymptomaticka,
ve 20 % ptipada se objevi priznaky jako u chfipky a pouze u 1 % lidi nad 65 let a
imunodeficitnich osob se vyvine neuroinvazivni forma nemoci, které muize byt
smrtelna (Padgett et al. 2007).

Piivodce zapadonilské horecky se podafilo izolovat v roce 1914. Do Spojenych
statti byl dovezen virus az v roce 1999. Do dnesni doby bylo v USA zachyceno ptes
25000 piipadii ndkazy a pres 2300 umrti. Zatimco na Uzemich pivodniho vyskytu
nemoci (Egypt) ma az 70 % obyvatelstva protilatky, naptiklad populace ve
Spojenych statech byla donedavna imunologicky naivni (Danforth et al. 2022). V
Evropé je rostouci incidence tohoto onemocnéni a probihd neustdly monitoring
nakazy (Braks et al. 2022, Defilippo et al. 2022).

Role veverek v procesu pienosu je diskutabilni. Tato zvifata se sice miZzou virem
zapadonilské horecky nakazit, napf. 10 % populace veverek popelavych v severni
Italii ma protilatky na flaviviry (Romeo et al. 2018), ale experimentalné nakazené
veverky popelavé mély asymptomaticky pribéh nemoci a pouze 2 % komart se
sanim na nich infikovalo (Gomez et al. 2008). Veverky jsou uZzite¢né v monitoringu
viru zépadonilské horecky a poskytuji lokalizovany diikaz o pienosu na dalsi savce

(Padgett et al. 2007).
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2.5.4 Kilistova encefalitida

Klistova encefalitida je onemocnéni pfenasené viry z Celedi Flaviridae, hlavni jsou
subtypy viru klistové encefalitidy zapadniho typu (Stfedoevropska klistova
encefalitida, TBE) a viru klistové encefalitidy vychodniho typu (ruska jaro—letni
encefalitida, RSSE).

Hlavni hostitelé tohoto viru jsou hlodavci, véetné veverek. Clovék, jako nahodny
hostitel se nakazi infestaci infikovanymi nymfami ¢i dospélci klistéte (transstadialni
a transovarialni pfenos), vzacnéji pitim mléka infikovanych koz a ovci. Promotenost
klistat v endemickych oblastech je az 1 % (Kaiser 2008).

Vétsi ¢ast infekei TBE probiha bezptiznakové, ale 1idé nad 60 let nebo déti jsou
ohroZenou skupinou. Charakteristické jsou dvé faze onemocnéni, prvni je podobna
syndromim chtipky a trvd 1-8 dnd. Poté dojde ke zddnlivému uzdraveni a po
ctyfech az sedmi dnech pfichazi druha faze onemocnéni, uz spojena s nervovymi
piiznaky (meningitidou, meningoencefalitidou) (Randolph 2008). V Ceské republice
se v roce 2020 vyskytovalo 854 piipadu, tj. 22 % z celé Evropy, jiz Sestym rokem tak
pokracuje vzristajici tendence (SZU 2021b, Jenkins et al. 2022). Mortalita v Evropé
dosahuje az 2%. V ptipadé RSSE ma nemoc monofazicky charakter, bez
asymptomatického intervalu pied nastupem neurologickych pfiznaki. V téchto

ptipadech je vySe mortality témét 35 % (Randolph 2008).
2.5.5 Ostatni zoondzy

Z bakterialnich nakaz se jedna 0 skrvnity tyfus, ktery zpusobuje Rickettsia
prowazekii a byla nalezena u Iétajicich veverek (Glaucomys volans), listeriozu,
zpusobovanou Listeria monocytogenes. Dalsimi bakteriemi nalezenymi u veverek
jsou naptiklad Leptospira hebdomadis, zpusobujici leptospirdzu, Francisella
tularensis ptvodce tularémie a Coxiella burnetti, ktera zapiiciuje Q horecku.
Veverky taktéz ptenasi Erysipelothrix rhusiopathiae, ktera zptsobuje cervenku
prasat. Z virll to jsou naptiklad hantaviry, alphaviry a Lyssavirus (Sambyal et
Sharma 1972, Foley et al. 2007, Hamdan et al. 2017, Azar et al. 2020, Pisano et al.
2021). Ze zastupcu protist je to napi. Toxolazma gondii, Leishmania major a

Cryptosporidium spp. kterému jsou vénovany dalsi kapitoly.
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2.6 Kryptosporidie a kryptosporidioza stromovych a zemnich

veverek

2.6.1 Historie a soucasnost kryptosporidiozy

Kryptosporidie jsou fazeny do kmene Apicomplexa a na zakladé morfologie oocyst a
vyvoji v hostiteli byly diive nespravné zafazeny mezi kokcidie (Fayer et al. 1997),
nicmén¢ podrobné studie zalozené na morfologii vyvojovych stadii a molekuldrnich
analyzach (Carreno et al. 1999, Valigurova et al. 2007) prokazaly, Ze se
kryptosporidie od kokcidii li§i a byly pfefazeny z podttidy Coccidia do podtiidy
Cryptogregariny v ramci ttidy Gregarinomorphea (Cavalier-Smith 2014).

V dnesni dobé je popsano 49 platnych druht kryptosporidii, které byly rozliSeny
na zakladé¢ morfologickych rozdil, hostitelské specifity, ¢i lokalizace vyvojového
cyklu a molekularnich rozdilt (Fayer 2007, Kvac¢ et al. 2013a, Kvac et al. 2013b,
Kvac et al. 2014b) a n€kolik desitek genotypu.

Prvni informace o vyskytu kryptosporidii u veverek rodu Sciurus jsou z roku
1982, kdy byly nalezeny oocysty C. parvum ve vzorcich trusu veverky popelavé
(Sundberg et al. 1982). O kryptosporidiich u zemnich veverek se poprvé zmifiuje
Atwill, ktery popisuje vylucovani oocyst C. parvum u sysla vevetiho (Spermophillus
beecheyi) (Atwill et al. 2001). S ohledem na fakt, ze prvni nalezy kryptosporidii u
veverek byly popsany v dobé, kdy nebyly pouzivany metody molekularni

genotypizace, nelze nalez C. parvum brat jako platny.

Chronologie popisu druhii a genotypu kryptosporidii stromovych a zemnich

veverek
1982 Cryptosporidium parvum

Detekce oocyst kryptosporidii u veverky popelavé (Sundberg et al. 1982). Dle
velikosti oocyst se snejvétsi pravdépodobnosti jednalo o stfevni druh
kryptosporidie, ktery dle tehdejSich zvyklosti byl popsan jako C. parvum. Dnes
vime, ze se mohlo jednat o jakoukoliv jinou stfevni kryptosporidii specifickou

pro veverky. Navic druh C. parvum se u veverek ¢asto nevyskytuje.
2001 (2007) Cryptosporidium parvum

Atwill et al. (2001) zaznamenali C. parvum v trusu syslu vevefich v Kalifornii,

USA, nicméné vzorky nebyly sekvenovany a mohlo se jednat o nékterou
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kryptosporidii uvedenou v tomto chronologickém popisu nebo jakoukoliv jinou
kryptosporidii. Prvni molekularné dolozend infekce timto druhem u veverek je
popis z roku 2007, kde bylo C. parvum nalezeno ve vzorku trusu veverky

popelavé (Feng et al. 2007).
2003 Cryptosporidium muris

Tato kryptosporidie byla poprvé zjisténa ve vzorcich trusu burunduka
paskovaného (Eutamias sibiricus) chovaného v zajeti, dovezeného do CR z
jihovychodni Asie (Hurkova et al. 2003).

2007 Cryptosporidium ubiquitum
Tento druh byl nalezen u dvou jedinct ¢ipmanka vychodniho (Tamias striatus),
tii jedinct veverek popelavych a u jednoho jedince veverky obecné v New
Yorku, USA (Feng et al. 2007).

2007 Cryptosporidium sp. chipmunk genotyp |
Tento genotyp byl poprvé nalezen v povrchové pitné vodé v New Yorku jako
izolat W17 (Feng et al. 2007). Az pozdéi mu byl pfifazen nazev
Cryptosporidium sp. chipmunk genotyp I podle zvifete, u kterého parazituje
nejcastéji.

2007 Cryptosporidium sp. chipmunk genotyp 11
Tento genotyp poprvé detekovan u jednoho ¢ipmanka vychodniho v New Yorku,
USA (Feng et al. 2007).

2007 Cryptosporidium sp. deer mouse genotyp 111
Poprvé byl tento genotyp popsan jako genotyp W1, enviromentalni vzorek z vody
a pric¢ina infekce péti veverek popelavych (Feng et al. 2007).

2007 Cryptosporidium sp. skunk genotyp
Ziegler et al. (2007) detekovali Cryptosporidium sp. skunk genotyp u veverek
popelavych (v New Yorku). Nicméné tento genotyp byl plivodné popsan ze
skunka pruhovaného (Mephitis mephitis) (Perz et Le Blancq 2001).

2009 Cryptosporidium sp. chipmunk genotyp 111
Prvni popis tohoto genotypu u burunduka paskovaného v Ciné (Lv et al. 2009).
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2015 Cryptosporidium rubeyi
Druh dfive znamy jako Cryptosporidium sp. genotyp "c" (napif. Sbey03c,
Sbey05¢, Sbld05c, SItl05¢) ziskany ze tfi druhu syslt rodu Spermophilus (sysel
veveri, sysel Beldingtv a sysel zlatavy) v Kalifornii, USA (Li et al. 2015).

2015 Cryptosporidium sp. chipmunk genotyp 1V
Tento genotyp byl detekovan u jednoho jedince Cipmanka vychodniho v USA
(Stenger et al. 2015b).

2015 Cryptosporidium sp. ground squirrel genotyp I, Il a 11,
Tyto genotypy byly poprvé detekovany u zemnich veverek v USA (Stenger et al.
2015b).

2019 Cryptosporidium wrairi
Tento druh byl nalezen u jednoho jedince veverky Pallasovy (Chai et al. 2019).

2019 Cryptosporidium sp. rat genotyp |1
Chai et al. (2019)popsali infekci touto kryptosporidii u dvou veverek Pallasovych
v Cing.

2021 Cryptosporidium sciurinum
Druh diive znamy jako Cryptosporidium sp. ferret genotyp, ktery puvodné
detekovali Xiao et al. (1999a) u tchote ¢ernonohého (Mustela nigripes) a popsany
na zakladé¢ biologickych a molekularnich odlisnosti v ramci této prace (Prediger et

al. 2021).

2.6.2 Vyvojovy cyklus kryptosporidii

V ramci rodu Cryptosporidium rozlisujeme dvé monofyletické linie kryptosporidii
(Xiao et al. 2004). Prvni linii jsou kryptosporidie, které se osidluji stfevo a maji
mensi kulaté oocysty (u veverek jsou to C. sciurinum (diive Cryptosporidium sp.
ferret genotyp 1), C. ubiquitum, C. parvum, C. rubeyi a vSechny genotypy uvedené
v kapitole 2.6.1). Druhou, méné pocetnou, linii jsou druhy a genotypy, které
parazituji v zaludku svych hostitelti a které maji oocysty vétsi a ovalné (u veverek -
C. muris).

Kompletni vyvojovy cyklus byl dosud popsan pouze jen u nékolika malo druht
kryptosporidii, konkrétné u C. muris (Tyzzer 1907, 1910), C. parvum (Tyzzer 1912),
C. baileyi (Current et al. 1986), C. proliferans (Melicherova et al. 2014) a C.
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ornithophilus (Holubova et al. 2020b). U ostatnich kryptosporidii se ptredpoklada, ze
maji podobny vyvoj s piipadnymi mensimi odchylkami.

Vyvojovy cyklus kryptosporidii je monoxenni (Fayer et al. 1997, Thompson et al.
2005). K nakazeni dochazi fekalné—oralni cestou, pozfenim oocysty (Fayer et al.
1997, Fayer 2007), jejichz velikost se lisi podle druhu, ptipadné genotypu. Cely
cyklus sav¢ich kryptosporidii probihd primarn€ v gastrointestinalnim traktu hostitele
(GIT) (Current et Blagburn 1990, Current 1990), zatimco u ptakii mtze probihat i v
dalsich organech, nejcastéji v plicich a trachei (Nakamura et Meireles 2015,
Holubova et al. 2020a). Oocysty v GIT hostitele excystuji, proteolytické enzymy
(serinové a cysteinové endopeptiddzy, aminopeptidazy) degraduji charakteristickou
suturu na jednom polu, kterou sporozoiti opoustéji oocystu. Uvolni se infek¢ni stadia
— sporozoiti, kteti adheruji k hostitelskym bunikdm. Sporozoiti kryptosporidii maji
jen jednu rhoptrii (Tetley et al. 1998, Petry et Harris 1999, Blackman et Bannister
2001, Huang et al. 2004, Petry 2004, O'hara et al. 2005). Sporozoiti se méni na
trofozoity. Jadro trofozoita se déli a dochazi k asexualnimu mnoZeni — merogonii.
Vznikaji dva typy merontd. Meront typu [ vytvaii 6—8 merozoitl, z nichz se po
uvolnéni miizou opé€t stat meronti typu I (asexudlni mnozeni) nebo vznikaji meronti
typu Il, kteti vytvaii 4 merozoity, které napadaji bunky epitelu a vstupuji do sexualni
faze — gametogonie (Hijjawi et al. 2010, Melicherova et al. 2014). Vznikaji pohlavni
stadia — jednojaderné makrogamonty a vicejaderné mikrogamonty. Z mikrogamontu
se uvoliiuji pohyblivé mikrogamety, které oplodni makrogamety vzniklé z
makrogamontd, splynutim vznikne zygota (Sunnotel et al. 2006, Hijjawi et al. 2010).
Béhem endogenni sporulace vznikaji ze zygoty dva typy oocyst. Silnosténné oocysty
obsahuji 4 volné uloZené sporozoity a pomémné velké rezidudlni télisko. Opoustéji
télo hostitele s trusem/stolici a na rozdil od oocyst kokcidii, jsou oocysty
kryptosporidii jiz plné€ infekcni. Slouzi k pfenosu choroby na dalsi vnimavé hostitele.
Mnozstvi vylu€¢ovanych oocyst zavisi na druhu a genotypu kryptosporidie a druhu a
véku hostitele a stavu jeho imunitniho systému. Napiiklad u mlad’at skotu
infikovanych druhem C. parvum se intenzita infekce mize pohybovat az ve vysi 10°
oocyst na gram trusu (OPG). Naopak u vétSiny volné Zijicich hostiteld se intenzita
infekce Casto pohybuje okolo 10% az 10* OPG (Jokipii et Jokipii 1986, Chappell et al.
1996, Atwill et al. 2001, Condlova et al. 2019, Jezkova et al. 2021a). Tenkosténné
oocysty, kterych je napfiklad u druhu C. parvum asi 20 %, excystuji jeste v téle
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hostitele. Infekéni stadia (sporozoiti) se aktivné uvoliiuji z oocyst a velmi rychle
pronikaji k zatim neinfikovanym mikroklkim stfeva. Tento jev se nazyva

autoinfekce (Current et Reese 1986).

2.6.3 Cesty pirenosu kryptosporidii

Kryptosporidioza je klasifikovana jako vodou pifenasené onemocnéni
prostiednictvim kontaminované, zdravotné nezabezpecené vody (Jiang et al. 2005,
Ryan et al. 2005, Pane et Putignani 2022). V piipadé pitné vody pro potieby ¢loveéka
a jim chovana zvifata je nejCastéji pouzivana uprava vody filtraci a chemickou
dezinfekci, zejména chloraci, ktera je proti oocystam kryptosporidii malo G¢inna
(Xiao et al. 2000, Hassan et al. 2021). Cryptosporidium spp. je nejvyznamnéjSim
etiologickym agens nakaz z vody zpusobenych parazity (Hlavsa et al. 2018, Hlavsa
et al. 2021). V posledni dobé se hovoii o vyskytu kryptosporidii v moiské vodé a
jejich adherenci k mikroplastim, coz usnadnuje jejich vnikéni do potravniho fetézce
(Reghaissia et al. 2022, Zhang et al. 2022).

Dal$im zplGsobem pifenosu je pifenos kontaminovanou potravou, popiipadé
pfimym kontaktem infikovaného jedince s vnimavym hostitelem (Atwill et al. 2002,
Da Silva et al. 2003, Fayer 2004, Blackburn et al. 2006). Nezfidka se vyskytuji
ptipady zoonotickych infekci a ani pfenos mezi lidmi neni vyjimeény (O'donoghue
1995, Putignani et Menichella 2010). Zvlasté ohrozeni jsou lidé imunodeficitni nebo
imunosuprimovani (Ditrich et al. 1991, Dupont et al. 1995, Wolska-Kusnierz et al.
2007), mimo nich také déti a osoby piichazejici pravidelné do styku se zvitaty
(Sponseller et al. 2014)

Podle druhu kryptosporidie je mozné rozlisit infekci na spiSe rurdlni (napt. C.
parvum, C. meleagridis) nebo méstskou (C. hominis) (Mohamed et al. 2022). U
imunokompetentnich jedinct je infek¢éni davka vétsi (ID,, C. parvum je 132 oocyst)
(Dupont et al. 1995) nez u imunitné¢ oslabenych jedincd, kdy i pozieni pouhych

deseti oocyst mize zpusobit infekci a vyvolat onemocnéni (Okhuysen et al. 1999).
2.6.4 Hostitelska specifita kryptosporidii

Hostitelskd specificita je rozmezi druhl, které je parazit, v naSem piipadée
kryptosporidie, schopen vyuZzivat jako své hostitele. V laboratornich podminkach je
Casto studovano hostitelské spektrum prostfednictvim experimentalnich infekci.

Pokud kryptosporidie dokon¢i sviij vyvojovy cyklus v hostiteli a za¢nou byt
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vylu€ovany infekéni oocysty daného druhu nebo genotypu, ktery jim byl podan v
infekéni davce, je hostitel povazovan za vnimavého k nakaze.

Podle hostitelské specifity rozdélujeme Kryptosporidie na druhy a genotypy s
vysokou hostitelskou specificitou (monoxenni), se schopnosti parazitovat nékolik
fylogeneticky pfibuznych druhti (stenoxenni) a se schopnosti cizopasit na vice
vzajemné neptibuznych druzich (euryxenni). Skupina monoxennich kryptosporidii je
malo pocetna, Ize mezi né fadit naptiklad C. wrairi parazitujici u mor¢at nebo C.
parvum subtyp Ilc, ktery vyhradn¢ infikuje ¢lovéka (Vetterling et al. 1971a, Kvagc et
al. 2014a). Vétsina znamych kryptosporidii je stenoxennich. Pfikladem miize byt
druh C. rubeyi, ktery byl nalezen u sysla vevetiho, sysla Beldingova (Spermophilus
Beldingi) nebo sysla zlatavého (Li et al. 2015). Do skupiny euryxennich
kryptosporidii, zastupcl s velmi nizkou hostitelskou specificitou, 1ze fadit druhy C.
parvum, C. baileyi a C. ubiquitum. Druh C. ubiquitum ¢asto parazituje Siroky okruh
voln¢ zijicich savcu veetné veverek a sysli (kapitola 2.6.1). Nejcastéji je tato
kryptosporidie detekovana u piezvykaveu (muflon, jelen, jelenec, sika, antilopa,
kozorozec, bizon nebo yak) a hlodavci (veverka, mys, bobr nebo dikobraz). Dale
byla popsana u masozravcu (myval), poloopic (lemur) a lidi (Perz et Le Blancq 2001,
Ong et al. 2002, Da Silva et al. 2003, Ryan et al. 2005, Feltus et al. 2006, Leoni et al.
2006, Soba et al. 2006, Trotz-Williams et al. 2006, Foo et al. 2007, Ziegler et al.
2007, Feltus et al. 2008, Kva¢ et al. 2008, Ng-Hublin et al. 2013, Stenger et al.
2015a, Stenger et al. 2015b).

2.6.5 Symptomy a terapie kryptosporidiézy

Imunitni systém potencidlniho hostitele kryptosporidii mé dulezitou roli pfi vzniku a
prib&hu infekce. Mezi hlavni symptomy humaénni kryptosporidiézy patii vodnaty
prijem, Casto s hlenem, krev ve stolici je vzacné&. Dalsi klinické piiznaky jsou
nausea, kiece v epi— a mesogastriu a horecka (Jokipii et Jokipii 1986).

O kryptosporididze u volné Zijicich zvitat toho vime velmi malo (Appelbee et al.
2005a). Vétsina dosud publikovanych praci zalozenych na terénnim sledovani se
klinickymi projevy infekce nezabyva. Z nékolika madlo studii provedenych na
veverkach vyplyva, Ze kryptosporidiové infekce veverek vétSinou probihaji
inaparentn¢ (Kvac et al. 2008, Stenger et al. 2015b, Prediger et al. 2017, Prediger et
al. 2021).
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Nitazoxanid je jediny v USA schvaleny 1ék na 1écbu kryptosporidiozy u
dosp€lych a déti starSich jednoho roku, ale neni U¢inny pro 1écbu HIV/AIDS
pacientt, a to ani pii zvySenych davkach a prodlouzené délce 1é¢by (Rossignol 1998,
Amadi et al. 2009). Tento 1ék poskytuje zlepSeni u klinickych i mikrobiologickych
ukazateld nemoci a snizuje délku trvani i zdvaznost infekce u imunokompetentnich
pacientt. Déti, kterym byl poskytovan nitazoxanid, mély prijmy krat$i dobu nez ty,
kterym bylo poskytovano placebo (Ortiz et al. 2001). Paromomycin, dalsi
Z pouzivanych lékt, je aminoglycosid, ktery také vykazuje antikryptosporidiovou
aktivitu u imunokompetentnich lidi, ale u HIV pacienti selhava (Cabada et White
2010). Studie, do které bylo zafazeno 11 pacienti s pokroCilym AIDS a GIT
kryptosporidiézou, prokazala signifikantni redukci vylu€ovani oocyst a poctu stolic
za pouziti paromomycinu v kombinaci azithromycinem (Smith et al. 1998). Vyvoj
novych 1ékt, i hledani novych ucink u 1€kl jiz vyvinutych, poskytuje nadéji na
novou ucinnou terapii kryptosporidiozy (Bessoff et al. 2013, Guo et al. 2018, Chao et
al. 2018). Naptriklad itavastatin (Bessoff et al. 2013), atorvastatin (Taha et al. 2017),
clofazimine (Zhang et al. 2017), KDU731 (Ward 2017, Chavez et White 2018),
MMV665917 (Jumani et al. 2018, Stebbins et al. 2018, Love et Choy 2021),
vorinostat (Guo et al. 2018) a (1-Benzyl-4-triazolyl)-indole-2-carboxamid (Khan et
al. 2022) byly potvrzeny jako latky ucinné proti kryptosporidiim in vitro a/nebo pii
experimentalnich infekcich zvifat.

U hospodatskych zvitat jsou pouzivany veterinarng 1é¢ivé preparaty s ucinnou
latkou halofuginon (Trotz-Williams et al. 2011, Brainard et al. 2021). Uzivaji se
nejen jako preventivni a kauzalni 1écba kryptosporidozy telat, ale i jako
kokcidiostatika u dribeze a kraliku (Fitzgerald et al. 2011, Dorne et al. 2013).
Pouzivani tohoto pfipravku je spojeno se zkracenim patentni doby a intenzity infekce
az 0 50 %, pficemz rozhodujici je doba podavani 1é¢iva (Giadinis et al. 2007).

Vyjma aplikace 1éCiva je nezbytna i symptomaticka terapie zahrnujici rehydrataci,

antidiaroika, inhibitory stfevni motility, naptiklad somatostatin (Ganong 2005).
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2.6.6 Druhy a genotypy kryptosporidii stromovych a zemnich veverek

e Druhy a genotypy hostitelsky specifické pro veverky

Cryptosporidium rubeyi

Druh C. rubeyi byl popsan u zemnich veverek v Kalifornii (USA) (Li et al. 2015).
Vyjma vySe uvedenych hostiteld byl tento druh detekovan u psount prériovych
(Cynomys ludovicanus) a v syslu zlatavém v Montané (USA) (Stenger et al. 2015b).
Dosavadni vysledky publikovanych studii naznacuji, ze tento druh je hostitelsky tzce
specificky. Pribéh infekce, délka prepatentni a patentni periody nebo lokalizace
Vv hostiteli je neznama (Li et al. 2015). Velikost oocyst je 4,4-5,0 mm x 4,0-5,0 um,
jsou sférické ¢i ovoidni a morfologicky podobné C. parvum. Pii rutinnim
mikroskopickém vySetieni nelze oocysty tohoto druhu odlisit od oocyt dalsi
sttevnich druhii kryptosporidii. VSechny dostupné tdaje naznacuji, ze infikovani

jedinci netrpi kryptosporidiézou a pribéh infekce je inaparentni (Li et al. 2015).

Cryptosporidium sciurinum

Tento druh byl diive znam jako Cryptosporidium sp. ferret genotyp a na zakladé
biologickych a molekularnich odliSnosti od ostatnich druhtt a genotypi
kryptosporidii byl popsan v ramci této prace (Prediger et al. 2021). Piestoze byl tento
druh v roce 1999 v USA ptvodné popsan z tchote ¢ernonohého (Mustela nigripes)
(Xiao et al. 1999a), nejéasteji je detekovan u veverky obecné v Evropé a Asii (Kvaé
et al. 2008, Lv et al. 2009, Prediger et al. 2017, Prediger et al. 2021). Velikost oocyst
je 5,5-5,2 um (Prediger et al. 2021). Vysledky terénnich sledovani a laboratornich
experimentli naznacuji, ze se jedna o druh suzkou hostitelskou specifitou (viz.
kapitola 5). U zadné z piirozené infikovanych veverek se nevyskytly viditelné
klinické symptomy kryptosporidiézy. Dosud nebyl prokazan zoonoticky potencial.
Lokalizace v hostiteli je neznama, i kdyz na zakladé fylogenetickych analyz

predpokladame, Ze se jedna o stfevni druh.

Cryptosporidium sp. chipmunk genotyp |

Tento genotyp byl poprvé nalezen v povrchové pitné vodé¢ USA jako izolat W17
(Feng et al. 2007). Vyskyt Cryptosporidium sp. chipmunk genotyp | je vazany na
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typického hostitele, kterym jsou veverky popelavé a dalsi severoamerické druhy
veverek (Feng et al. 2007, Stenger et al. 2015b). V Evropé byla tato kryptosporidie
poprvé nalezena u veverek popelavych a veverek Palasovych v Italii (Prediger et al.
2017). Kvag et al. (2008) popsal piirozenou infekci touto kryptosporidii u dvou
veverek obecnych odchycenych v Italii. Velikost oocyst byla v rozmezi 5,8 (5,3—6,6)
X 5,4 (4,7-5,9) um. S nejveétsi pravdépodobnosti byl Cryptosporidium sp. chipmunk
genotyp I introdukovan do Evropy spolu s veverkami popelavymi. Infekce
zpusobena touto kryptosporidii byla zjisténa i u lidi, a to u HIV pozitivniho pacienta
ve Francii (Anofel 2010) a u imunokompetentnich pacienti ze Svédska, kde poprvé
zaznamenali vypuknuti hromadné nékazy timto genotypem a také se poprvé prokazal
zoonoticky pfenos mezi veverkou obecnou a Clovékem. V tomto piipad¢ se ale u
veverek obecnych vyskytovaly pfiznaky kryptosporididzy, jeden vzorek byl dokonce
odebran post mortem, a bylo konstatovano, ze veverka uhynula v duasledku
prijmového onemocnéni a rozvraceného metabolismu (Lebbad et al. 2013, Bujila et

al. 2021).

Cryptosporidium sp. skunk genotyp

Cryptosporidium sp. skunk genotyp byl poprvé zaznamenan u skunka pruhovaného
(Perz et Le Blancg 2001). Tento genotyp byl nasledné nalezen u tady jinych
zivodichu - myvala severniho (Procyon lotor), vydry severoamerické (Lontra
canadensis), vacice virzinské (Didelphis virginiana), rypouse sloniho (Virounga
leonina) a nékolika druhti veverek (Zhou et al. 2004, Feng et al. 2007, Rengifo-
Herrera et al. 2011). Poprvé detekovan byl u veverek popelavych v USA (Ziegler et
al. 2007). Dale byly popsany infekce u veverky lis¢i a Cikari ¢erveného v USA
(Stenger et al. 2015b). Tento genotyp byl také nalezen v Italii u veverky popelavé
(Prediger et al. 2017). Spole¢né s C. ubiquitum se jedna o kryptosporidii, ktera je
nejCastéji detekovana V severoamerickych veverkach. Infekce timto genotypem
dal$ich biologickych charakteristikach nejsou znamy. Tento genotyp byl popsan jako
pfi¢ina kryptosporidiozy lidi (Robinson et al. 2008, Davies et al. 2009, Elwin et al.
2012, Yan et al. 2017, Loeck et al. 2020).
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Cryptosporidium sp. chipmunk genotyp 11

Vyskyt tohoto genotypu byl zaznamenan pouze v USA, a to u ¢ipmankd vychodnich
(Feng et al. 2007, Stenger et al. 2015b). Dalsi biologické charakteristiky jako

velikost oocyst, pritb¢h infekce, lokalizace v hostiteli a patogenita nejsou znamy.

Cryptosporidium sp. chipmunk genotyp 111

Lv et al. (2009) poprvé detekovali tento genotyp u jednoho jedince burunduka
paskovaného v Cing. Stejny genotyp byl rovnéz v Ciné v letech 2019 a 2020 popsan
u veverky obecné (GenBank MH940289; nepublikovano) a kiecika dzungarského
(Phodopus sungoris; GenBank MW308505; nepublikovéno). Zadné bliz§i informace

0 velikosti oocyst nebo pribéhu infekce touto kryptosporidii nejsou znamy.

Cryptosporidium sp. chipmunk genotyp 1V

Tento genotyp byl detekovan u jednoho jedince ¢ipmanka vychodniho (Stenger et al.
2015b) a u krys (Rattus spp.) v Ciné (GenBank MT561532; nepublikovano). Blizsi

informace o tomto genotypu kryptosporidie nejsou znamy.

Cryptosporidium sp. deer mouse genotyp 111

Poprvé byl tento genotyp popsan jako W1 z nadrze na pitnou vodu v USA (Feng et
al. 2007). U zastupcu Celedi Sciuridae byl vyskyt tohoto parazita zaznamenan u péti
jedinct veverky popelavé v New Yorku (Feng et al. 2007) a na jedné lokalité v

severni Minnesoté u veverky popelavé a ¢ikari cerveného (Stenger et al. 2015b).

Cryptosporidium sp. ground squirrel genotyp I, Il a 111

Tyto genotypy byly detekovany pouze u zemnich veverek v USA. Genotyp I a Il
byly nalezeny u sysla paskovaného (Ictidomys tridecemlineatus) a genotyp Il byl
detekovan u psouna prérijniho (Stenger et al. 2015b). Ptedpoklada se, Ze tyto
genotypy jsou uzce hostitelsky specifické, nepatogenni a nemaji zoonoticky

potencidl. Dalsi informace 0 biologickych vlastnostech zatim chybi.
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e Druhy a genotypy hostitelsky nespecifické, nalezené u veverek

Cryptosporidium muris

Cryptosporidium muris bylo poprvé detekovano u laboratornich mysi (Tyzzer 1907).
Prvni nalez tohoto druhu kryptosporidii u zastupcii Celedi Sciuridae je z roku 2003,
kdy bylo C. muris molekularnimi metodami prokazano ve vzorcich trusu burunduka
paskovaného pochazejiciho z jihovychodni Asie, dovezeného do CR v listopadu
1999 (Hurkova et al. 2003). Poté bylo C. muris nalezeno jesté¢ u jedné veverky
popelavé v New Yorku, USA (Feng et al. 2007). Velikost oocyst je 8,4 (7,5-9,8) x
6,3 (5,5-7,0) um (Iseki 1986). Cryptosporidium muris je striktné¢ Zzalude¢ni
kryptosporidii, nakaza zvifat je vétSinou bezptiznakova (Jalovecka et al. 2010, Kvac
et al. 2016), narozdil od infekci ¢lovéka, kde se typicky objevuje vodnaty prujem
(Palmer et al. 2003, Chappell et al. 2015).

Cryptosporidium parvum

Cryptosporidium parvum bylo poprvé popsano v laboratornich mysich (Tyzzer
1912), nicméné je pravdépodobné, Ze Tyzzer pracoval s jinym druhem, nez je dnes
znamé C. parvum parazitujici primarné u skotu a dalSich hospodarskych zvifat
(Robertson et al. 2014). Jedna se od druh s velmi Sirokou hostitelskou specifitou a
predpoklada se, ze je infekéni pro vétsinu savcl a nékteré ptaky (Morgan et al. 1999,
Bajer et al. 2003). Velikosti oocyst C. parvum se pohybuje v rozmezi 4,2 (4,2-5,8) x
4,8 (3,5-5,0) um (Hijjawi et al. 2004). Parazit je lokalizovana u svych hostitelt
primarn¢ v tenkém stfeveé. V ramci podceledi Scurinae bylo C. parvum detekovano u
veverky popelavé (Feng et al. 2007) a veverky Pallasovy (Chai et al. 2019). Infekce
vyvolana druhem C. parvum je ¢asto spojovana s klinickym onemocnénim, nicméné
s ohledem na nizky pocet infikovanych veverek nemame Zadné idaje o patogenité u

této kryptosporidie U veverek.

Cryptosporidium ubiquitum

Cryptosporidium ubiquitum je druh parazitujici u Sirokého spektra hostitel prevazné
vSak u domacich a volné Zijicich ptezvykavcu (Fayer et al. 2010). V ramci podceledi
Scurinae byla tato kryptosporidie detekovana u cikari cerveného, cipmanka

vychodniho (Tamias striatus), veverky lisci, veverky popelavé, veverky obecné
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(Feng et al. 2007, Prediger et al. 2017, Chen et al. 2021, Masuda et al. 2021).
Rozsiteni tohoto druhu je celosvétové a veverky parazitované C. ubiquitum byly
popsany v Asii (Cina a Japonsko), v Evropé (Itilie) a v Severni Americe (USA)
(Feng et al. 2007, Prediger et al. 2017, Masuda et al. 2021). Velikost oocyst C.
ubiquitum se pohybuje v rozmezi 4,1-5,3 x 4,3-5,0 um (Fayer et al. 2010). Zadné

v

Cryptosporidium wrairi

Tento druh kryptosporidie byl nalezen v provincii Se¢uan v Ciné u jednoho jedince
veverky Pallasovy (Callosciurus erythraeus). Molekularni analyzy prokazaly 99,6%

podobnost s izolaty z morcat (Chai et al. 2019), které jsou typickym hostitelem

vwr

nebo patogenité C. wrairi u veverek nejsou znamy.

Cryptosporidium sp. rat genotyp 11

Tento genotyp byl poprvé popsan u krysy Rattus tanezumi (Lv et al. 2009). Doposud
byly popsany dva piipady infekce veverky Pallasovy v Ciné (Chai et al. 2019).

Nejsou znamy dalsi informace o tomto genotypu u veverek.
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3 CILE PRACE

Cilem této prace bylo ziskat blizsi poznatky o prevalenci, diverzité a biologii

kryptosporidii u hlodavci podéeledi Sciurinae, ¢ehoz bylo dosazeno dil¢imi ukoly.

Dil¢i ukoly prace, které prispély K hlubSimu poznani studované problematiky:

e vyhodnotit vyskyt a prevalenci kryptosporidiovych infekci u volné Zijicich
stromovych veverek v Italii, Ceské republice a na Slovensku;

e ve spolupraci se zahranicnimi kolegy studovat rozsifeni kryptosporidii u
stromovych a zemnich veverek v USA,

e pomoci multilokusové genotypizace a fylogenetickych analyz popsat diverzitu
kryptosporidii studovanych veverek;

e popsat biologii ziskanych genotypt kryptosporidii, zejména pribch infekce,
patogenitu a lokalizaci vyvojového cyklu v€etné popisu vyvojovych stadii;

o ov¢rit hostitelskou specifitu jednotlivych druhti a genotypt kryptosporidii.
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4 HYPOTEZY

Na zaklad¢ studia literatury, znalosti ziskanych v ramci pilotnich studii a vysledku
ziskanych v ramci piedlozené prace jsme stanovili nasledujici hypotézy, které byly

oveétovany v ramci feSeni dil¢ich ukola prace:

» Zemni a stromové veverky jsou parazitovany odlisnymi, hostitelsky specifickymi
druhy kryptosporidii.

» Cryptosporidium sp. chipmunk genotyp I byl do Evropy zavleCen spolu
s introdukovanymi veverkami ze Severni Ameriky a nesifi se populaci veverek
obecnych.

» Genotypy kryptosporidii veverek pfedstavuji samostatné druhy v ramci rodu
Cryptosporidium.

» Stromové veverky neziidka sdili spoleény habitat s lidmi, a mohou byt

rezervoarem zoonotickych kryptosporidii.
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5 KOMENTAR K VYSLEDKUM

VSechny dosaZené vysledky (obrazky, grafy, tabulky), pouzZity material a
metody

je mozno nalézt v priloZenych publikacich (PFilohy 1-3).

Vzorky pro molekularni a mikroskopické analyzy byly sbirany na dvou
kontinentech, v Severni Americe a Evrop¢, jmenovit¢ v USA (Montana, Severni
Dakota, Minnesota), na severu Itlie, v Ceské republice a na Slovensku. Celkem bylo
ziskano 925 individualnich vzorkt. V souladu s pfedeslymi studiemi byla pozitivita
vySetiovanych vzorkd pomoci standardnich mikroskopickych metod v porovnani
s molekularnimi metodami vyrazné nizsi (Condlové et al. 2019, Horéi¢kova et al.
2019, Holubova et al. 2020b). Celkem 57,4 % PCR pozitivnich vzorkd bylo
mikroskopicky negativnich (Tabulka 1). Tyto vysledky potvrzuji piedeslé udaje a
dokazuji, ze intenzita infekce kryptosporidiovych infekci u volné Zijicich zvitat je
Casto pod detekéni hladinou mikroskopickych metod (Werner et al. 2004, Jezkova et
al. 2016, Condlova et al. 2018).

Tabulka 1. Pocet vySetienych stromovych a zemnich veverek a vysledky detekce

kryptosporidii na zdkladé mikroskopického a molekularniho vySetieni trusu.

Pozitivni
Piavodvzorki  Typ veverky Vysetieno Prevalence
mikroskopicky PCR
Stromové 185 ND 74 40 %
USA
Zemni 125 ND 61 48,8 %
Italie Stromové 357 11 21 5,9 %
Ceska republika  Stromové 200 7 20 10 %
Slovensko Stromové 58 2 6 10,3 %
Celkem 925 182

ND - nevySetieno

Promoftenost stromovych veverek kryptosporidiemi v Evropé se pohybovalo od 6

vvvvvv

(21,5 %) a z Ciny (26,3 %) (Kvac et al. 2008, Lv et al. 2009, Prediger et al. 2017).
Naopak studie provedenda v USA ukazala vyrazné¢ vyssi (40 %) promorenost

stromovych veverek kryptosporidiemi (Stenger et al. 2015b).

46



HYPOTEZA 1: Zemni a stromové veverky jsou parazitovany odlisnymi, hostitelsky
specifickymi druhy kryptosporidii.

Prvni z pfedkladanych studii (Ptiloha 1) vznikla za spoluprace kolegii z USA a jejim
cilem bylo prostudovat vyskyt kryptosporidii u zemnich a stromovych veverek
v Severni Americe v ramci arealii, kde se spolu setkavaji rizné druhy studovanych
zvifat a popsat diverzitu kryptosporidii a jejich mezidruhové sdileni. Byly odchyceny
téi druhy stromovych (veverka popelava, veverka 1is¢i a ¢ikari Cerveny) a tii druhy
zemnich veverek (sysel paskovany, sysel zlatavy a psoun prériovy). Vysledky
molekularnich analyz zaméfenych na detekci casti genu kodujiciho malou
podjednotku rRNA kryptosporidii ukdzaly, ze pfiblizné 40 % jedincl Ccikari
¢ervenych (17/42) a veverek popelavych (55/136) bylo pozitivnich na kryptosporidie
(Tabulka 2). Promotenost veverek popelavych v USA v porovnani S populaci téchto
veverek introdukovanych do Italie (kapitola Hypotéza 2) byla vyrazné vyssi (40,4 %
vs 3,7 %) (Stenger et al. 2015b, Prediger et al. 2017). Nejvétsi rozdil mezi témito
populacemi byl v pocétu zvitat infikovanych druhem C. ubiquitum. Ve studiich
provedenych v Italii a USA jsme u veverek popelavych detekovali stejny subtyp
XI1b druhu C. ubiquitum, v USA navic i subtyp Xllc (Stenger et al. 2015b, Prediger
et al. 2017). Li et al. (2014) ve své studii vyslovili domnénku, Ze ruzné subtypy
druhu C. ubiquitum maji rozdilné geografické rozsifeni a hostitelskou specifitu.
Subtyp Xlla je spojovan s infekci ptezvykavcu a je celosvétové rozsiten, subtypy
Xllb a XIId jsou spojovany s infekcemi hlodavci v severni Americe. Relativné
nizkou prevalenci (28,6 %) u veverek lis¢ich v USA lze vysvétlit malym poctem
vySetfenych jedinct (n=7). Procento nakazenych zvitat na riznych lokalitach se od
sebe miize vyznamné lisit (Condlova et al. 2018, Condlova et al. 2019, Horgi¢kova et
al. 2019, Holubova et al. 2020b). Vzhledem k nizkému po¢tu studovanych jedinct a
neexistujici obdobné studii na stejném druhu veverek, nelze ze zjisténych vysledku
délat zavery.

U sysla paskovaného, psouna prériového a sysla zlatavého jsme zjistili 70 %,
35% a 100 % prevalenci kryptosporidii, coz je vyrazné vyssi promoienost jak ve
srovnani se stromovymi veverkami zijicimi ve stejné oblasti (Stenger et al. 2015b),
tak i s vysledky Atwill et al. (2004), kteti popsali 12% prevalenci u sysla vevetiho
v Kalifornii, USA. Obdobné nizké prevalence zjistili i Pereira et al. (2010), ktefti
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detekovali oocysty kryptosporidii u 20 % syslu vevetich, 22 % sysla zlatavych a 14
% syslu Beldingovych.

Zajimavé je srovnani naSich vysledku (Pfiloha 1) s vysledky Pereira et al. (2010).
V nasi praci byl podil C. rubeyi na vSech kryptosporidiovych infekcich 18 %, coz
odpovida 14-22 % prevalenci C. rubeyi u zemnich veverek ve vyse zminéné studii.
Celkem 82 % nami genotypovanych vzorkl ptipadlo na dalsi druhy a genotypy
kryptosporidii, pfi¢emz dominantnimi byly Cryptosporidium sp. ground squirrel

genotyp I a Il (Tabulka 2).

Tabulka 2. Vyskyt Cryptosporidium spp. u stromovych a zemnich veverek

detekovanych v ramci této prace v USA, Italii, Ceské republice a na Slovensku.

Druh

Zemé

VySetienych

(védecké jméno)  pivodu /pozitivnich Genotypizace Publikace
ITA 123/13 C. sciurinum (n = 13) Piiloha 2
veverka obecna CzK 200/20 C. sciurinum (n = 20) Pfiloha 3
(Sciurus vulgaris) SVK 58/6 C. sciurinum (n = 6) Pfiloha 3
Celkem 381/39
C. ubiquitum (n = 19)
Cryptosporidium sp. skunk genotyp (n = 4) "
USA 136/55 Cryptosporidium sp. deer mouse genotyp (n = 5) Piloha 1
veverka popelavi Cryptpsp_oridium_sp. (n=27)
(Sciurus C. ublqunum _(n =2)
carolinensis) ITA 162/6 Cryptosporidium sp. skunk genotyp (n = 3) Piiloha 2
Cryptosporidium sp. chipmunk genotyp | (n = 1)
Celkem 298/61
veverka Pallasova
(Callosciurus ITA 72/2 Cryptosporidium sp. chipmunk genotyp I (n = 2) Ptiloha 2
erythraeus)
¢ikari Cerveny ¢ ubiquitum_(n =6)
(Tamiasciurus USA 42017 gryptOSpor!g!”m SP- Zk””k genotyp (n=1) ) Priloha 1
hudsonicus) ryptosporidium sp. deer mouse genotyp (n=1)
Cryptosporidium sp. (n = 9)
veverka lis¢i C. ubiquitum (n = 1) -
(Sciurus niger) USA 712 Cryptosporidium sp. skunk genotyp (n = 1) Priloha 1
sysel paskovany Cryptosporidium sp. ground squirrel genotyp | (n = 8)
(Ictidomys USA 47/33 Cryptosporidium sp. ground squirrel genotyp 111 (n =11) Ptiloha 1
tridecemlineatus) Cryptosporidium sp. (n = 14)
sysel prériovy C. rubeyi (n = 10)
(Cynomys USA 77127 Cryptosporidium sp. ground squirrel genotyp 1l (n = 1) Ptiloha 1
ludovicanus) Cryptosporidium sp. (n = 16)
sysel zlatavy
(Callospermophilus USA 11 C. rubeyi (n=1) Piiloha 1

lateralis)

CZK — Ceska republika, ITA — Italie, SVK — Slovensko, USA — Spojené staty americké.

V ramci na$i studie (Pfiloha 1) nebyla fada vzorkl pozitivnich molekularné na
ptitomnost specifickych genii kryptosporidii uspésné sekvenovana. Toto lze vysvétlit
pfitomnosti dvou a vice riznych druht/genotypt kryptosporidii v jednom vzorku
(smiSend infekce). Pfi pfimém sekvenovani PCR produktl obsahujicim vice nez
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jednu unikatni sekvenci dochazi k prekryvu bazi a vysledna data ze sekvenatoru tak
mohou byt necitelna. K tomuto dochazi zejména, pokud se sekvence rtiznych druhti
od sebe znacné lisi nebo je u jedné ze sekvenci delece nebo inzert ¢asti sekvence
(Tanriverdi et al. 2003, Tanriverdi et al. 2007).

Vysledky nasi a dal$ich studii ukazuji, ze rozdily v prevalenci mohou ovliviiovat
nejen druh a genotyp kryptosporidie, ale také hustota populace vnimavych hostiteld a
prostiedi usnadnujici Sifeni infekce (De Waele et al. 2013, Tangtrongsup et al. 2020).
Prokazali jsme, Ze stromové a zemni veverky jsou hostiteli riznych druhi a genotypt

kryptosporidii navzdory ptekryvajicimu se aredlu vyskytu.

HYPOTEZA 2: Cryptosporidium sp. chipmunk genotyp | a skunk genotyp byly do
Evropy zavleceny spolu s introdukovanymi veverkami ze Severni Ameriky a nesifi

se populaci veverek obecnych.

Cilem druhé studie (Ptiloha 2) bylo popsat diverzitu kryptosporidii u stromovych
veverek v severni Italii, kam byly introdukovany veverky popelavé a veverky
Pallasovy ze Severni Ameriky, respektive z Asie. Celkem bylo odchyceno 357
veverek, z toho 123 veverek obecnych ptivodnich v Evropé, 162 veverek popelavych
a 72 veverek Pallasovych. U vSech vzorkd trusu byla provedena mikroskopicka
detekce oocyst kryptosporidii a PCR vySetfeni na ptitomnost specifické DNA genti
kodujicich SSU, aktin a gp60 kryptosporidii. Prevalence u veverek obecnych byla
10,7 % (13/123). Veverky popelavé byly infikovany s celkovou prevalenci 3,7 %
(6/162). Pozitivni vzorky mély téz veverky Pallasovy — 2,8 % (2/72).

Veverky obecné byly v Italii parazitovany pouze druhem C. sciurinum
(Cryptosporidium sp. ferret genotyp; Pfiloha 3) patiicim do dvou gp60 subtypt VIIIb
a VIlc. V této studii je mylné uvedeno, Ze byl detekovan subtypem VIIId. Tento
subtyp byl mylné€ oznacéen a jedna se o C. parvum subtyp Ila. Na rozdil od veverek
obecnych, veverky popelavé byl parazitovany velkym pocten kryptosporidii -
C. ubiquitum (subtyp XIIb), Cryptosporidium sp. skunk genotyp (subtyp XVla) a
Cryptosporidium sp. chipmunk genotyp | (subtyp XIVa). Shodny subtyp
Cryptosporidium sp. chipmunk genotyp I byl také nalezen u dvou jedinct veverek
Pallasovych. Z této a predchozi studie (Kvac et al. 2008) lze odvozovat, ze

Cryptosporidium sp. skunk genotyp subtyp XVla, Cryptosporidium sp. chipmunk
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genotyp | a C. ubiquitum subtyp XlIb byly do Evropy s nejvétsi pravdépodobnosti
introdukovany spole¢né s veverkami popelavymi, které jsou pravdépodobné jejich
ptirozenymi hostiteli (Feltus et al. 2006, Guo et al. 2015, Loeck et al. 2020). U
veverek Pallasovych doposud nebyl v aredlu jejich pfirozeného vyskytu tento
genotyp detekovan a je mozné, ze nejen veverky obecné (Kvac et al. 2008), ale i do
Italie introdukované veverky Pallasovy jsou infikovany timto parazitem
pochézejicim od veverky popelavé.

Infekce vyvolana C. sciurinum a Cryptosporidium sp. chipmunk genotyp | je u
veverek snadno mikroskopicky detekovatelna, a to s vysokou intenzitou infekce,
nicmén¢ nebyly pozorovany zadné klinické ptiznaky kryptosporididozy u
vySetfovanych jedinct ani v nasich, ani v jinych studiich (Kvag¢ et al. 2008, Prediger
et al. 2017, Deng et al. 2020). Jedinymi vyjimkami jsou dva ptipady infekce veverky
obecné Cryptosporidium sp. chipmunk genotyp | ve Svédsku, kde byly u téchto
hostiteltt popsany klinické piiznaky kryptosporidiozy. Jeden vzorek byl dokonce
odebran post mortem, a bylo konstatovdno, ze veverka uhynula v duasledku
diarrhoeou rozvraceného metabolismu (Lebbad et al. 2013, Bujila et al. 2021,
Lebbad et al. 2021).

Otazkou zustava, jak se Cryptosporidium sp. chipmunk genotyp | dostal do
severni casti Evropy, kdyz v této oblasti neni popsany vyskyt introdukovanych
veverek popelavych. V nasi dalsi studii z Ceské republiky a Slovenska (P¥iloha 3)
jsme se zaméfili na kryptosporidie infikujici autochtonni veverku obecnou a zajimalo
nas, zda se importované genotypy kryptosporidii nerozsitily uz i do stiedni Evropy.
V ramci nasi studie jsme nezaznamenali vyskyt importovanych druht veverek, byly
odchyceny jen veverky obecné. Prevalence kryptosporidii u veverek obecnych
v Ceské republice a na Slovensku dosahovala hodnoty 10,1 % (26/258), coz se
shoduje s vysledky zjisténymi v nasi Italské studii (10,7 %) a publikaci z Ciny
(26,3%) (Lv et al. 2009, Prediger et al. 2017, Prediger et al. 2021). Obdobna vyse
promoieni kryptosporidiemi byla zjisténa i u dalSich populaci hlodavct, napt. 4 %
v Apodemus spp. v Evropé, 27 % v Apodemus sp. v Japonsku, 16 % v potkanech
(Rattus norvegicus) v Cesku, 12 % v ondatrach (Ondatra zibethicus) v USA, 30 %
v hlodounech ¢inskych (Rhizomys sinensis) nebo 7-14% v hraboSovitych
(Arvicolinae) v Evropé (Murakoshi et al. 2013, Stenger et al. 2017, Condlova et al.
2019, Li et al. 2020, Jezkova et al. 2021b).
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Vsechny sekvence genu pro SSU, aktin, HSP70, COWP se mezi sebou
neodliSovaly a shodovaly se sekvencemi z predchozich studii na 99,8-100% a
ukazovaly, ze vSech 26 veverek obecnych, které byly Cryptosporidium pozitivni,
bylo vyhradné parazitovano C. sciurinum (Cryptosporidium sp. ferret genotyp).

Nepodatilo se nam prokazat §iteni Cryptosporidium sp. chipmunk genotypu | a
skunk genotypu V populacich veverek obecnych ve stiedni Evropé. Na zakladé
nasich vysledkt a studii provedenych ve Svédsku si dovolujeme vyslovil hypotézu,
ze Cryptosporidium sp. chipmunk genotyp 1 je pro veverky obecné vysoce patogenni
a zpusobuje u nich rychly uhyn. V ptipadé, ze nastup klinickych pfiznakd je velmi
razantni je obtizné takto postizené zviie odchytit do zivochytné pasti a ziskat z ného

vzorky pro molekularni analyzy.

HYPOTEZA 3: Genotypy kryptosporidii veverek predstavuji samostatné druhy

v ramci rodu Cryptosporidium.

Vysledky naSich i ptedchozich studii ukézaly, Ze jak stromové, tak zemni veverky
jsou parazitovany velkym mnozstvim Kryptosporidii, které jsou dosud oznafovany
jako genotypy. Na zakladé dnesnich znalosti se Ize domnivat, Ze jednotlivé genotypy
ptedstavuji samostatné taxony v ramci rodu Cryptosporidium, ale v soucasné dobé
nedisponujeme dostatecnymi znalostmi o jejich biologii, aby mohly byt popsany jako
samostatné druhy. Jednou ze zasadnich piekdzek ve studiu biologickych
charakteristik kryptosporidii je jejich hostitelska specifita, nedostatek infekénich
oocyst zapfi¢inény i faktem, ze dosud neumime kultivovat kryptosporidie in vitro.

Vramci na$i studie se nam podafilo ziskat dostate¢né mnozstvi izolatu
Cryptosporidium sp. ferret genotypu, u kterého jsme provedli podrobnou
multilokusovou genotypizaci a studium biologickych vlastnosti.

Cryptosporidium sp. ferret genotyp (ptvodné C. parvum ferret genotyp
(AF112572)) byl poprvé detekovan vroce 1999 u ptfirozené infikovanych fretek
(Mustela nigripes) (Xiao et al. 1999b). Od té doby byla tato kryptosporidie nalezena
v né€kolika ¢ipmacich vychodnich a burunducich paskovanych, ve velkém mnoZstvi
veverek obecnych chovanych v zajeti nebo odchycenych ve volné piirodé¢ a
prekvapivé i v jedné andulce vinkované (Melopsittacus undulatus) (Kvac et al. 2008,

Lv et al. 2009, Li et al. 2016, Prediger et al. 2017, Deng et al. 2020). Nejcastéji byl
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tento genotyp detekovan u veverek obecnych. Z toho vyvozujeme, Ze veverka obecna
je pravdépodobn¢ typicky hostitel této kryptosporidie.

V ramci studie jsme ziskali dostatek oocyst Cryptosporidium sp. ferret genotyp
z veverky obecné ze zachranné stanice v Tieboni, ale z logistickych divodu nebylo
mozné zjistit infekéni davku veverek za experimentalnich podminek. Proto byla
urCena intenzita infekce u jedinct rizného véku v zachrannych stanicich. Devét
Z jedenacti juvenilnich jedinct vyluCovalo mikroskopicky detekovatelné oocysty
(18 00074 000 OPG). Naproti tomu veverky star$i 10 tydnu vylucovaly oocysty pod
mikroskopicky detekovatelnym limitem (2 000 OPG; Ptiloha 3). Nejvyssi intenzitu
infekce (49 666 OPG) vykazovala skupina zvitat starych 6-7 tydnt. Skupina ve véku
4-5 tydnd a 8-9 tydni vylucovala oocysty v mnozstvi okolo 20 000 OPG. To je
shodné s pfedeslymi studiemi, kdy dospéli jedinci vykazovali slabou pozitivitu
zachytitelnou pouze PCR vysetienim, kdezto mlad’ata vylucovala mikroskopicky
detekovatelné mnozstvi oocyst (Kvac et al. 2008, Prediger et al. 2017). Tato vékova
specifita kryptosporidii byla dtive popsana v fad¢ studii (Sreter et al. 1995, Rhee et
al. 1999, Pavlasek 2001, Kvac et al. 2009, Holubova et al. 2018, Horc¢ickova et al.
2019). Juvenilni jedinci jsou pravdépodobné nachylngjsi k infekci kvili naivnimu a
nevyzralému imunitnimu systému, coz ma za nasledek horsi priubéh infekce
projevujici se vy$sim mnozstvim vylu€ovanych oocyst.

Prepatentni perioda Cryptosporidium sp. ferret genotyp neni znama, ale je ziejmé,
ze mlad’ata jsou infikovana ve velmi raném véku (jiz 4 tydny) a ze infekce trva okolo
jednoho mésice. Je mozné, Ze infekce je preddvana z asymptomaticky nakazenych
rodicti na potomstvo, to by vSak muselo byt podrobeno bliz§imu experimentalnimu
zkoumani. Patogenita Cryptosporidium sp. ferret genotyp je neznama, ale
konzistence trusu a nepfitomnost zaschlého prijmu Vv t€lnim pokryvu okolo rekta
vysetfovanych zvifat naznacuje, Ze zkoumani jedinci nevykazovali klinické ptiznaky
kryptosporidiozy, coz bylo v souladu s ptedeslymi studiemi (Kvac¢ et al. 2008,
Prediger et al. 2017).

Vysledky experimentalnich infekci ukazaly, ze oocysty Cryptosporidium sp. ferret
genotyp nejsou infekéni pro laboratorni mySi (BALB/c a SCID), piskomily
mongolské, mastomysi, kufata nebo andulky vinkované. Jedina popsana infekce
zazivacim traktem nespecifického hostitele, jak bylo popsano v mnoha ptedchozich
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studiich (Crawshaw et Mehren 1987, Graczyk et Cranfield 1998, Graczyk et al.
1998, Kvac et al. 2012). Velikost oocyst Cryptosporidium sp. ferret genotyp, které
jsme méfili po purifikaci v roztoku, mély velikost 5,54 x 5,22 um, s pomérem délky
k Sifce 1,07. Jsou vétsi nez C. parvum (5,2 x 4,9 um) nebo C. ratti (4.9 x 4,6 um) a
mensi nez Cryptosporidium sp. chipmunk genotyp | (5,8 x 5,4 um) (Kvac et al. 2008,
Jezkova et al. 2021b). Mikroskopické rozdily vsak bohuzel nejsou pouzitelné pro
rutinni diagnostiku. Oocysty jsou bezbarvé, sférické a tlustosténné. Vykazuji stejné
barvici charakteristiky jako ostatni druhy a genotypy kryptosporidii, at’ uz se jedna o
barveni dle Ziehl-Neelsena nebo Milacka-Vitovce, a zkfizené¢ reaguji
s imunofluorescen¢nimi reagenciemi vyvinutymi pro C. parvum.

Tak jako je popis morfologie oocyst potiebny k popisu druhu, tak molekuldrné
geneticka charakterizace je potieba k jeho identifikaci. Pfedchozi studie poukazaly
na pritomnost divergentnich kopii SSU genu kryptosporidii, napt. u C. andersoni, C.
apodemi, C. ditrichi, C. parvum, C. ubiquitum, Cryptosporidium sp. apodemus
genotyp 1 a Il, nebo Cryptosporidium sp. rat genotyp Il a 11l (Ng-Hublin et al. 2013,
Li et al. 2014, Condlova et al. 2018, Condlova et al. 2019, Deng et al. 2020). Stenger
et al. (2015a) detekovali divergentni kopie SSU u Cryptosporidium sp. chipmunk
genotyp II. Spole¢ny vyskyt rtiznych kopii SSU genu v hostiteli a homogenita v
genech pro aktin a HSP70 naznacuje, Ze divergentni kopie jsou paralogy v jedné
kryptosporidiové linii a €init zav€ry pouze na zaklad€ sekvenci SSU genu by mohlo
vést k mylné interpretaci vysledkt. Proto jsme do nasich analyz zahrnuli i dalsi geny.
Prestoze nékteré studie popsaly u raznych kryptosporidii polymorfismus u aktinu,
HSP70 a TRAP-C1 (Ng-Hublin et al. 2013, Condlova et al. 2018, Condlova et al.
2019), vysledky nasich studii neprokazaly ptitomnost riznych variant té€chto genti u
Cryptosporidium sp. ferret genotyp. V genu pro gp60 jsme u veverek v Evropé
detekovali pouze subtypy VIlIb a VIlic. Naproti tomu subtyp VIlla byl nalezen
pouze v Cin& (Lv et al. 2009). Né&které studie naznaduji, ze gp60 subtypy se lii podle
geografické lokalizace. Napiiklad C. tyzzeri subtyp 1Xa byl nalezen u mysi domaci
(Mus musculus musculus) vyskytujici se ve vychodni Evropé, Cing, a Kuvajtu,
zatimco subtyp IXb byl detekovan (Mus musculus domesticus) v zapadni Evropé,
USA a Novém Zélandu (Kvag et al. 2013b). Podobny rozdil v distribuci jednotlivych
gp60 subtypi byl popsan u C. parvum a C. ubiquitum (Xiao 2010, Li et al. 2014).
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Fylogenetické analyzy prokazaly, ze Cryptosporidium sp. ferret genotyp vytvari
mezi ostatnimi stievnimi kryptosporidiemi Samostatnou skupinu. Na zakladé
fylogenetické analyzy gentt kodujicich SSU, aktin, HSP70, TRAP-C1, COWP,
agp60a biologickych vlastnosti jsme navrhli ustanovit tento genotyp jako

samostatny druh, ktery jsme pojmenovali Cryptosporidium sciurinum.

HYPOTEZA 4: Stromové veverky neziidka sdili spoleény habitat s lidmi a mohou

byt rezervoarem zoonotickych kryptosporidii.

Lidské infekce jsou z 95 % zpusobeny druhy C. parvum a C. hominis, nicméné
zoonoticky potencial mé dalSich 20 druhii a genotypi kryptosporidii, mezi nimiz jsou
i C. ubiquitum, Cryptosporidium sp. skunk genotyp a Cryptosporidium sp. chipmunk
genotyp I, které byly detekovany u stromovych veverek (Stenger et al. 2015b).

V nasi americké a italské studii byly u stromovych veverek detekovany
zoonotické druhy C. ubiquitum a Cryptosporidium sp. skunk genotyp a
Cryptosporidium sp. chipmunk genotyp I.

V ramci druhu C. ubiquitum detekovaném v USA byly nalezeny subtypy Xllib a
Xllc, které byly diive popsany u hlodavcu v¢. veverek, v povrchovych vodach a u
lidi v severni Americe (Li et al. 2014, Guy et al. 2021). V nasi studii v Italii byl u
veverek detekovan subtyp Xllb druhu C. ubiquitum. Nicméné do soucasné doby
nejsou znamy studie, které by potvrzovaly pienos infekce z veverek na ¢lovéka
v Italii. Ve Svédsku byl C. ubiquitum u lidi zachycen, ale jednalo se o subtyp Xlla,
ktery je spojovan s infekcemi u prezvykavcu (Bjorkman et al. 2015, Lebbad et al.
2021).

Nami detekovany subtyp Cryptosporidium sp. chipmunk genotyp | se shodoval se
subtypem, které byl popsan jako pfi¢ina lidskych infekci v Severni Americe (Feltus
et al. 2006, Guo et al. 2015) a ve Svédsku (Lebbad et al. 2021). Ve Svédsku navic
prokazali pfimy vztah mezi touto kryptosporidii infikovanou veverkou obecnou a
lidskymi infekcemi. Jednalo se o dvé veverky obecné, které se diky svému
zhorSenému zdravotnim stavu dostaly do zachranné stanice, kde posléze nakazily
osetiovatele (Bujila et al. 2021). Vyskyt této kryptosporidie ve Svédsku bude muset

byt podroben blizSimu zkoumani.
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Dalsi kryptosporidii schopnou infikovat ¢lovéka, a ktera byla detekovana v ramci
nasich studii, je Cryptosporidium sp. skunk genotyp. Vzhledem k Sirokému spektru
hostitelti byva oocystami této kryptosporidie ¢asto kontaminovana povrchova voda
(Jellison et al. 2009, Ruecker et al. 2012, Wilkes et al. 2013, Yan et al. 2017). Tento
genotyp byl detekovan ve velkém mnozstvi voln¢ zijicich Zivocichl véetné veverek
(Zhou et al. 2004, Feng et al. 2007, Ziegler et al. 2007, Rengifo-Herrera et al. 2011,
Stenger et al. 2015b, Yan et al. 2017). Pfipady lidskych infekci byly popsany jak
v Severni Americe (Yan et al. 2017, Loeck et al. 2020), tak Evrop¢, konkrétné ve
Velké Britanii (Robinson et al. 2008, Davies et al. 2009, Elwin et al. 2012). Subtyp
XVla Cryptosporidium sp. skunk genotypu detekovany ve veverkach popelavych
v Italii je shodny se subtypem nalezenym ve stejném hostiteli v USA (Yan et al.
2017). Je mozné, ze zdrojem lidskych infekci zpusobenych Cryptosporidium sp.
skunk genotypem ve Velké Britanii byly veverky popelavé, ale vzhledem K tomu, ze
metoda subtypizace Cryptosporidium sp. skunk genotypu byla publikovana az v roce
2015 (Guo et al. 2015), nebyly lidské ptipady infekci ve Velké Britanii
subtypizovany. Také dosud nebyla provedena Zadna relevantni studie zabyvajici se
diverzitou kryptosporidii u veverek ve Velké Britanii.

Stromové veverky osidlujici i urbanni a suburbanni oblasti, mohou byt v pfimém
nebo nepiimém kontaktu slidmi, a jako pfirozeni hostitelé zoonotickych
kryptosporidii ptedstavuji potencialni riziko a rezervoar Kryptosporidii infekénich

pro clovéka.
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6 ZAVERY

e Bylo prokazano, Ze stromové a zemni veverky jsou parazitovany odliSnymi druhy
a genotypy kryptosporidii, které jsou hostitelsky specifické a nedochazi
k pfenosu infekce mezi skupinami ani v piipad¢, Ze jednotlivi zastupci obyvaji
stejny aredl vyskytu.

o Stromové veverky jsou hostiteli zoonotickych kryptosporidii, zatimco u zemnich
veverek nebyl vyskyt kryptosporidii infek¢nich pro ¢lovéka prokazan.

e Studium biologickych vlastnosti a molekularni analyzy genti kodujicich SSU,
aktin, HSP70, TRAP-C1, COWP a gp60 potvrdily odlisnost Cryptosporidium sp.
ferret genotypu od ostatnich druhti rodu Cryptosporidium a tato kryptosporidie
byla popsana jako samostatny druh Cryptosporidium sciurinum.

o Je pravdépodobné, ze Cryptosporidium sp. skunk genotyp a Cryptosporidium sp.
chipmunk genotyp I byly do Evropy zavleCeny spolu s veverkou popelavou.
Zatimco severoamerické a asijsk¢ druhy stromovych veverek mohou byt
infikovany velkym poétem druhd a genotypu kryptosporidii, zda se, Ze veverka
obecna obyvajici Evropu a Asii je hostitelem téméf vyluéné C. sciurinum.

e Ve stiedni Evropé jsme neprokazali vyskyt Cryptosporidium sp. skunk genotyp a
Cryptosporidium sp. chipmunk genotyp I u veverek obecnych, coz naznacuje, ze
tyto introdukované druhy Kryptosporidii se zatim nerozsifily z arealu ptivodniho
zavlecCeni.

o Stromové veverky mohou pfedstavovat potencidlni riziko pfenosu zoonotickych
druhit a genotypli kryptosporidii, zejména v lidmi osidlenych oblastech a

aglomeracich, kde je kontakt lidi a zvifat velmi blizky.
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Wildlife-associated Cryptosporidium are an emerging cause of cryptosporidiosis in humans. The present study
was undertaken to determine the extent to which North American tree squirrels and ground squirrels host zoo-
notic Cryptosporidium species and genotypes. Fragments of the Cryptosporidium 18S rRNA and actin genes were
amplified and sequenced from fecal samples obtained from three tree squirrel and three ground squirrel species.
In tree squirrels, Cryptosporidium was identified in 40.5% (17/42) of American red squirrels (Tamiasciurus
hudsonicus), 40.4% (55/136) of eastern gray squirrels (Sciurus carolinensis), and 28.6% (2/7) of fox squirrels
(Sciurus niger). Human-pathogenic Cryptosporidium ubiquitum and Cryptosporidium skunk genotype were the
most prevalent species/genotypes in tree squirrels. Because tree squirrels live in close proximity to humans
and are frequently infected with potentially zoonotic Cryptosporidium species/genotypes, they may be a signifi-
cant reservoir of infection in humans. In ground squirrels, Cryptosporidium was detected in 70.2% (33/47) of
13-lined ground squirrels (Ictidomys tridecemlineatus), 35.1% (27/77) of black-tailed prairie dogs (Cynomys
ludovicianus), and the only golden-mantled ground squirrel (Callospermophilus lateralis) that was sampled.
Cryptosporidium rubeyi and ground squirrel genotypes I, II, and IIl were identified in isolates from these ground
squirrel species. In contrast to the Cryptosporidium infecting tree squirrels, these species/genotypes appear to

Keywords:
Cryptosporidium
Tree squirrels
Ground squirrels
Host specificity
Zoonotic

be specific for ground squirrels and are not associated with human disease.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cryptosporidium is a genus of apicomplexan parasites that infects the
gastrointestinal tract of a broad range of vertebrate species (Fayer,
2010), causing the diarrheal disease cryptosporidiosis. There is no
effective drug treatment or vaccine for human cryptosporidiosis, and
the disease can become chronic and life threatening in those with an
immature or compromised immune system (Kotloff et al., 2013).
Preventing infection, by identifying reservoirs and interrupting
transmission, is therefore the most effective intervention (Appelbee
et al,, 2005; Xiao et al., 2002).

Most cases of human cryptosporidiosis are caused by Cryptosporidium
hominis, a species for which humans are the only major host, and
Cryptosporidium parvum, a zoonotic species that infects neonatal
ruminants and a broad range of mammals in addition to humans. How-
ever, wildlife is increasingly recognized as a source of Cryptosporidium

* Corresponding author at: PO Box 6050, Dept. 7690, Fargo, ND 58108-6050, USA.
E-mail address: john.mcevoy@ndsu.edu (J.M. McEvoy).
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1567-1348/© 2015 Elsevier B.V. All rights reserved.

infection in humans, and shifting boundaries between wildlife and
humans could result in the emergence of novel pathogens. Recent
studies have shown that wildlife in the US is a source of Cryptosporidium
species/genotypes that are emerging causes of human disease, including
Cryptosporidium ubiquitum and Cryptosporidium chipmunk genotype I
(Guo et al.,, 2015; Li et al., 2014). C. ubiquitum infects a broad range of
mammals in addition to humans, including other primates, rodents,
bovids, cervids, carnivores, and opossums (Chalmers et al., 2011;
Cieloszyk et al., 2012; Elwin et al., 2012; Fayer et al., 2010; Feltus et al,,
2006; Jellison et al., 2009; Jiang et al., 2005; Li et al., 2014; Robinson
et al,, 2008). Cryptosporidium chipmunk genotype [ has a narrower host
range, infecting rodents such as chipmunks, squirrels, and deer mice
(Feng et al., 2011; Kvac et al., 2008; Lv et al., 2009) in addition to humans
(Feltus et al., 2006; Guo et al., 2015; Lebbad et al,, 2013).

Squirrels (Sciuridae family) host C. ubiquitum, Cryptosporidium
chipmunk genotype I (Feng et al., 2007; Kvac et al., 2008; Ziegler et al.,
2007), and other Cryptosporidium genotypes associated with human
disease, and because they frequently share habitats with humans they
may be a significant reservoir of human infection. Studies on
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Cryptosporidium in tree squirrels (Sciurini tribe) and ground squirrels
(Marmotini tribe), whose ancestors diverged 30 million years ago
(Mercer and Roth, 2003), have been conducted in the northeast (New
York), upper midwest (Minnesota), and southwest (California) US. In
New York, eastern gray squirrels (Sciurus carolinensis) and American
red squirrels (Tamiasciurus hudsonicus), members of the tree squirrel
tribe, hosted C. ubiquitum, Cryptosporidium chipmunk genotype I, and
Cryptosporidium skunk genotype (Feng et al., 2007; Ziegler et al.,
2007). The skunk genotype, like C. ubiquitum and chipmunk genotype
I, has been associated with disease in humans (Elwin et al., 2012;
Robinson et al., 2008). At the same location, eastern chipmunks
(Tamias striatus) and a woodchuck (Marmota monax), members of the
ground squirrel tribe, also hosted C. ubiquitum and chipmunk genotype
L. In contrast to the studies in New York, none of the ground squirrel spe-
cies sampled in Minnesota or California hosted zoonotic Cryptosporidium
species or genotypes (Atwill et al., 2004; Pereira et al., 2010; Stenger
et al,, 2015). Eastern chipmunks in Minnesota were primarily infected
with Cryptosporidium chipmunk genotype II, a genotype for which no
other host has been identified (Stenger et al., 2015). Golden-mantled
ground squirrels (Callospermophilus lateralis), Belding's ground squirrels
(Urocitellus beldingi), and California ground squirrels (Otospermophilus
beecheyi) in California hosted Cryptosporidium rubeyi and a number of
genotypes that have been reported only in ground squirrels (Atwill
et al,, 2004; Li et al,, 2015; Pereira et al., 2010).

If eastern gray squirrels and American red squirrels host zoonotic
Cryptosporidium species/genotypes, and ground squirrels become in-
fected when their ranges overlap those of tree squirrels, we hypothe-
sized that differences in host range could explain the failure to detect
zoonotic species/genotypes in ground squirrels in California. Eastern

gray squirrels are found east of the 100th meridian (Fig. 1), apart from
small, localized populations in California, and American red squirrels
are rarely found west of the Rocky Mountains. We undertook the
present study on Cryptosporidium infecting tree squirrels and ground
squirrels in the upper midwest, an area encompassing the ranges of a
number of tree and ground squirrel species. Despite their overlapping
ranges, we found that tree squirrels and ground squirrels hosted differ-
ent Cryptosporidium species and genotypes, and that only tree squirrels
were a potential reservoir of infection in humans.

2. Materials and methods
2.1. Trapping and sample collection

Fecal samples were collected from eastern gray squirrels (Scca), fox
squirrels (Sciurus niger; Scni), and American red squirrels (Tahu) in
the tree squirrel tribe, and a golden-mantled ground squirrel (Cala),
13-lined ground squirrels (Ictidomys tridecemlineatus; Ictr), and black-
tailed prairie dogs (Cynomys ludovicianus; Cylu) in the ground squirrel
tribe. Samples were collected between July 2007 and May 2012.

All squirrels, with the exception of black-tailed prairie dogs and the
golden-mantled ground squirrel, were live-captured in Sherman box
traps or Tomahawk cage traps baited with sunflower seeds and peanut
butter. Captured animals were affixed with an ear-tag with a unique
identification number used to identify recaptured animals and released
in compliance with North Dakota State University Institutional Animal
Care and Use policies. Fecal samples from trapped squirrels were col-
lected directly from the trap or from the animal during handling.
Fecal samples from black-tailed prairie dogs were collected from the

D eastern gray squirrel (Scca)
D American red squirrel (Tahu)
V1 black-tailed prairie dog (Cylu)
el

golden-mantled ground squirrel (Cala) .

D eastern fox squirrel (Scni) %

D 13-lined ground squirrel (lctr) 2

Fig. 1. Sample locations and the North American ranges of the tree squirrel and ground squirrel species sampled in this study.
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entrance to burrows. One sample was collected per burrow opening. A
fecal sample from a golden-mantled ground squirrel was collected
from the ground. All fecal samples were stored at 4 °C prior to DNA
extraction.

A map showing the sample locations and the range of each squirrel
species sampled in the study is presented in Fig. 1. Gray squirrels and
American red squirrels were sampled from two locations in western
Minnesota (MN1 and MN2). Fox squirrels also were sampled from
MN2. 13-lined ground squirrels were sampled from eastern (ND2)
and north central (ND3) North Dakota. The golden-mantled ground
squirrel was sampled from south central Montana (MT1), and prairie
dogs were sampled from western North Dakota (ND4).

2.2. DNA extraction

DNA was extracted from fecal samples using an alkaline digestion
and phenol-chloroform extraction method and purified using a QIAamp
DNA Stool Mini Kit (Qiagen, Valencia, CA) (Feltus et al., 2006; Peng et al.,
2003). DNA was stored at — 20 °C until used in PCR assays.

2.3. Molecular analyses

A fragment of the Cryptosporidium 18S rRNA gene was amplified as
described by Xiao et al. (2001), with the exception that a 0.5 x buffer
concentration was used (GoTaq Flexi DNA polymerase, Promega,
Madison, WI). A fragment of the actin gene was amplified as previously
described by Sulaiman et al. (2002). A fragment of the gp60 gene was
amplified from C. ubiquitum isolates using the primers and amplification
conditions described by Li et al. (2014). Secondary PCR products were
separated on an agarose gel and visualized under UV illumination
using SYBR Green or ethidium bromide staining.

Products were purified (Wizard SV, Promega, Madison, WI) and
sequenced in both directions with secondary primers using a BigDye
Terminator v3.1 cycle sequencing kit in an ABI Prism 3130 genetic
analyzer (Applied Biosystems, Carlsbad, CA). Sequences were assem-
bled using SeqMan (DNAStar, Madison, WI), and aligned using the
MAFFT version 7 online server with automatic selection of alignment
strategy (http://mafft.cbrc.jp/alignment/server/) (Katoh and Standley,
2013). The alignment included published sequences from gastric
Cryptosporidium species infecting mammals, birds, reptiles, and
amphibians; sequences with a high similarity to study sequences
using BLAST analysis; and sequences from Cryptosporidium genotypes
previously reported in squirrels, other rodents, and hosts with a similar
range to squirrels sampled in this study. Alignments were manually
edited, including trimming at both ends, and phylogenetic analyses
were performed using MEGA 6.0 (Tamura et al., 2013). Trees were
inferred by the Neighbor-Joining (NJ) method and distance estimates
were based on the Kimura 2-parameter distance model with pairwise
deletions. Bootstrap values were determined from 1000 pseudoreplicates
(Kimura, 1980; Saitou and Nei, 1987).

Sequences from this study have been deposited in GenBank under
the accession numbers KT027431 to KT027549.

2.4. Statistical analyses

Prevalence was calculated by dividing the number of individuals
that were PCR positive for the Cryptosporidium 18S rRNA gene by the
total number of individuals caught. Recaptured squirrels were counted
once in the prevalence calculations. Chi-square analysis was used to
test for differences in Cryptosporidium prevalence between squirrel
tribes and individual squirrel species. Statistical analyses were
performed using the program R (http://www.r-project.org./) (R
Development Core Team, 2011) and a p-value <0.05 was considered
statistically significant.

3. Results
3.1. Prevalence of Cryptosporidium in tree squirrels and ground squirrels

The overall prevalence of Cryptosporidium in tree squirrels (40.0%;
74/185) and ground squirrels (48.8%; 61/125) was similar (X* = 2.35,
p-value >0.05). In the tree squirrel tribe, Cryptosporidium was detected
in 40.5% (17/42), 40.4% (55/136), and 28.6% (2/7) of American red
squirrels, eastern gray squirrels, and fox squirrels, respectively. In
ground squirrels, Cryptosporidium was detected in 70.2% (33/47) and
35.1% (27/77) of 13-lined ground squirrels and prairie dogs, respective-
ly. The prevalence in 13-lined ground squirrels was significantly higher
than that in prairie dogs (X?> = 14.44, p < 0.001) or any of the tree
squirrel species (X> = 13.77, p < 0.001). Cryptosporidium also was
detected in the only golden-mantled ground squirrel sampled.

3.2. Cryptosporidium diversity in tree and ground squirrels

Isolates from 67/135 (49.6%) Cryptosporidium positive animals were
genotyped by sequence analysis of the 18S rRNA and/or actin genes.
Isolates from the remaining positive animals yielded sequences of
insufficient quality to include in analyses. Genotyping was successful
for 26/55 Cryptosporidium positive gray squirrels, 8/17 positive
American red squirrels, 2/2 positive fox squirrels, 12/27 positive prairie
dogs, 18/33 positive 13-lined ground squirrels, and 1/1 positive golden-
mantled ground squirrels. NJ trees constructed from aligned 18S rRNA
(Figs. 2 and S1) and actin (Figs. 3 and S2) sequences were consistent
in showing seven major Cryptosporidium groups in squirrels. All se-
quenced isolates are included in phylogenies presented in Figs. S1 and
S2; representative isolates from each group are included in Figs. 2 and 3.

Tree squirrel isolates clustered in three groups that were exclusive to
tree squirrels in this study and corresponded to known Cryptosporidium
species and genotypes. C. ubiquitum was identified in 19 eastern gray
squirrels, six American red squirrels, and two fox squirrels at MN1 and
MN2. One gray squirrel was positive for C. ubiquitum on three separate
occasions during one week (1986-Scca-MN2, 1989-Scca-MN2, and
1996-Scca-MN2; accession nos. KT027448, KT027449, and KT027431,
respectively).

Cryptosporidium skunk genotype was identified in four eastern gray
squirrels, an American red squirrel, and a fox squirrel at MN1 and MN2.
The fox squirrel (1992-Scni-MN2) showed evidence of a mixed infec-
tion with C. ubiquitum (identified from a sequence of the 18S rRNA
gene; accession no. KT027438) and Cryptosporidium skunk genotype
(identified from a sequence of the actin gene; accession no.
KT027546). A gray squirrel (1994-Scca-MN2) also showed evidence of
a mixed infection with C. ubiquitum (identified from a sequence of the
18S rRNA gene; accession no. KT027453) and Cryptosporidium skunk
genotype (identified from a sequence of the actin gene; accession
no. KT027548).

Cryptosporidium deer mouse genotype Il was identified in five
eastern gray squirrels and an American red squirrel at MN1. One of the
gray squirrels (1929-Scca-MN1) was co-infected with Cryptosporidium
deer mouse genotype III (identified from a sequence of the 18S rRNA
gene; accession no. KT027461) and C. ubiquitum (identified from a se-
quence of the actin gene; accession no. KT027499).

Two C. ubiquitum subtypes were identified by gp60 sequence
analysis (Figs. 4 and S3), and they were identical to subtypes XlIb and
Xllc described by Li et al. (2014). Subtype XIIb was found in three east-
ern gray squirrels and four American red squirrels at MN1 and MN2.
Subtype XlIc was identified in five eastern gray squirrels and a fox squir-
rel at MN2.

Sequences of the 18S rRNA and actin genes from ground squirrel iso-
lates clustered in four groups. One of the groups included isolates of
C. rubeyi, a recently described species reported in ground squirrels
from California (Li et al., 2015). Cryptosporidium rubeyi was identified
in 10 black-tailed prairie dogs at ND4 and a golden-mantled ground
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Fig. 2. Phylogenetic relationships of representative Cryptosporidium 18S rRNA gene sequences. Isolates are identified by isolate number, abbreviation of host species name (Scca — Sciurius
carolinensis; Tahu — Tamiasciurus hudsonicus; Ictr — Ictidomys tridecemlineatus; Cylu — Cynomys ludovicianus; Cala — Callospermophilus lateralis), and sample location. Clades representing
Cryptosporidium taxa are identified by shading and labeled. Trees were constructed using a neighbor-joining approach with bootstrapping based on 1000 pseudoreplicates.

squirrel at MT1. At the 18S rRNA locus, C. rubeyi isolates from the
present study shared 99.6, 99.5, and 99.4% similarity, respectively,
with C. rubeyi Sbey11c from a California ground squirrel (accession no.
KMO010224), C. rubeyi SItl05c¢ from a golden-mantled ground squirrel
(accession no. DQ295014), and C. rubeyi Sbld05c from a Belding's
ground squirrel (accession no. DQ295013) (Table 1). At the actin
locus, C. rubeyi isolates from the present study shared 99.6% similarity
with C. rubeyi Sbey11c (accession no. KM010227) (Table 1). Actin se-
quences have not been reported for C. rubeyi isolates Sbld05c or SItl05c.

The other groups infecting ground squirrels in the present study
were named Cryptosporidium ground squirrel genotypes I, II, and IIL
Ground squirrel genotype I was identified in eight 13-lined ground
squirrels at ND2 and ND3. One animal was positive for ground squirrel
genotype I on two consecutive days (2278-Ictr-ND3 and 2269-Ictr-
ND3; accession nos. KT027521 and KT027519, respectively), and
another was positive for this genotype on three consecutive days

(2484-Ictr-ND2, 2482-Ictr-ND2, and 2488-Ictr-ND2; accession nos.
KT027518,KT027522, and KT027523, respectively). Ground squirrel ge-
notype I clustered with isolate Sbey03b (accession no. AY462232) from
a California ground squirrel, with a mean sequence similarity of 99.5% at
the 18S rRNA locus (Table 1).

Cryptosporidium ground squirrel genotype II, which was identified in
a single black-tailed prairie dog at ND4, did not cluster with other
ground squirrel genotypes, and was most similar to Cryptosporidium
muskrat genotype II (accession no. EF641021), sharing 97.6% sequence
similarity at the 18S rRNA locus (Table 1).

Ground squirrel genotype IIl formed a sister group with C. rubeyi,
sharing 98.7% and 98.2% similarity, respectively, at the 18S rRNA and
actin loci (Table 1). Ground squirrel genotype III also shared 99.2% sim-
ilarity with C. rubeyi Sbld05c (accession no. DQ295013) at the 18S rRNA
locus (Table 1). This genotype was was exclusively found in 13-lined
ground squirrels at ND2.
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Fig. 3. Phylogenetic relationships of representative Cryptosporidium actin gene sequences. Isolates are identified by isolate number, abbreviation of host species name (Scca — Sciurius
carolinensis; Tahu — Tamiasciurus hudsonicus; Ictr — Ictidomys tridecemlineatus; Cylu — Cynomys ludovicianus; Cala — Callospermophilus lateralis), and sample location. Clades representing
Cryptosporidium taxa are identified by shading and labeled. Trees were constructed using a neighbor-joining approach with bootstrapping based on 1000 pseudoreplicates.

4. Discussion

Tree squirrels were most frequently infected with two C. ubiquitum
subtypes, XIIb and XlIc, which are known to cause human disease in

This study on Cryptosporidium spp. infecting North American tree
squirrels and ground squirrels has shown that most tree squirrels host
zoonotic species and genotypes, and ground squirrels host species and
genotypes that are tribe-specific and unlikely to cause human disease.

the US (Li et al., 2014). Subtype XIIb was detected previously in a
Verreaux's Sifaka and an eastern chipmunk, while subtype XIIc was iso-
lated from a porcupine and was infectious for a goat under experimental
conditions (Li et al., 2014). Although this is the first report of subtypes

0.02

79/ C. ubiquitum Xlld Human [JX412922]
100t C. ubiquitum Xlid Woodchuck [JX412923]
C. ubiquitum Xlld Racoon [JX412924]
100; 1832-Scca-MN2 [KT027494]

C. ubiguitum Xllc Human [JX412925]
100 1915-Tahu-MN1 [KT027486]

100

C. ubiquitum Xllb Human [JX412926]
C. ubiquitum Xlla Goat [JX412917]
C. ubiquitum Xlla Sheep [KC204982]
ge) C. ubiguitum Xlla Human [JX412915]
C. ubiquitum Xlla Alpaca [JX412918]
C. ubiquitum XIIf Field mouse [KC204985]

C. ubiquitum Xlle Field mouse [KC204983]

Fig. 4. Phylogenetic relationships of representative Cryptosporidium ubiquitum gp60 sequences. Isolates are identified by isolate number, abbreviation of host species name (Scca — Sciurius
carolinensis; Tahu — Tamiasciurus hudsonicus), and sample location. Trees were constructed using a neighbor-joining approach with bootstrapping based on 1000 pseudorelicates.
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Table 1

Mean percent sequence similarity within and between phylogenetic groups and between phylogentic groups and published GenBank sequences.

Group No. isolates in group Mean percent sequence similarity
Within group  Between group and other groups in this study Between group and published sequences in GenBank
18SRNA  C. ubiquitum 27 99.9 97.4 [Skunk] 99.9 [C. ubiquitum; EU827424]
97.3 [Ground squirrel ]
Skunk 4 99.5 97.4 [C. ubiquitum] 99.7 [skunk; EU437415]
97.3 [Deer mouse III]
Deer mouse III 7 99.3 97.3 [Skunk] 99.7 [deer mouse III; EF641014]
96.7 [Ground squirrel []
C. rubeyi 7 100.0 98.7 [Ground squirrel III] 99.6 [C. rubeyi; KM010224]
95.9 [Deer mouse III] 99.5 [C. rubeyi; DQ295014]
99.4 [C. rubeyi; DQ295013]
Ground squirrel [ 4 99.9 97.3 [C. ubiquitum] 99.5 [Sbey03b; AY462232]
97.1 [Skunk]
Ground squirrel II 1 ND 97.1 [Skunk] 97.6 [muskrat II; GQ183516]
97.0 [C. ubiquitum]
Ground squirrel I~ 4 99.9 98.7 [C. rubeyi] 99.2 [C. rubeyi; DQ295013]
96.3 [C. ubiquitum] 98.7 [C. rubeyi; KM010224]
Actin C. ubiquitum 16 100.0 91.8 [Ground squirrel I] 100.0 [C. ubiquitum; GQ337961]
91.6 [Deer mouse III] 99.8 [C. ubiquitum; EF030518]
Skunk 4 99.9 92.7 [C. rubeyi] 100.0 [skunk; AY120923]
92.5 [Ground squirrel IIT]
Deer mouse III 3 99.9 93.6 [Ground squirrel III] 98.1 [C. tyzzeri; JQ073414]
92.9 [C. rubeyi]
C. rubeyi 11 100.0 98.2 [Ground squirrel III] 99.6 [C. rubeyi; KM010227]
93.1 [Ground squirrel ]
Ground squirrel [ 6 100.0 93.1 [Ground squirrel IIT] 93.1 [C. rubeyi; KM010227]
93.1 [C. rubeyi] 93.1 [deer mouse; AY120925]
Ground squirrel 11 1 ND 93.2 [Ground squirrel III] 92.7 [C. rubeyi; KM010227]
92.9 [C. rubeyi]
Ground squirrel Il 10 100.0 98.2 [C. rubeyi] 97.9 [C. rubeyi; KM010227]

93.6 [Deer mouse III]

ND: Not determined because the group contained only one isolate.

XlIb and XIlc in tree squirrels, another wildlife-associated subtype, XIId,
was identified in eastern gray squirrels and American red squirrels in
New York (Li et al., 2014). Similar to XIIb and XlIc, subtype XIId has
been associated with human disease in the US (Li et al., 2014). There-
fore, tree squirrels should be considered a potential source of
C. ubiquitum infections in humans.

We found the skunk genotype in eastern gray, American red, and fox
squirrels. This genotype was reported previously in eastern gray squir-
rels and river otters (Lontra canadensis) in New York (Feng et al.,
2007), raccoons (Procyon lotor) in New York and Colorado, and striped
skunks (Mephitis mephitis) in New York. Similar to C. ubiquitum, the
skunk genotype is known to cause disease in humans (Davies et al.,
2009; Elwin et al., 2012; Robinson et al., 2008).

Deer mouse genotype III, a genotype that has not been associated
with human disease, was found in eastern gray squirrels and
American red squirrels at a single location in this study. This genotype
appears to be restricted to squirrels and deer mice (Feng et al., 2007;
Stenger et al., Unpublished) and may be transmitted between sympatric
populations of these hosts.

Out of the four ground squirrel associated species/genotypes,
C. rubeyi and ground squirrel genotype Il were most similar, and
their predominant hosts in this study, the black-tailed prairie dog and
13-lined ground squirrel, respectively, also share a close phylogenetic
relationship (Harrison et al., 2003; Herron et al., 2004). We also
detected C. rubeyi in a golden-mantled ground squirrel, which has a
range that overlaps that of the prairie dog in western Montana. Isolates
clustering with C. rubeyi were previously reported in a golden-mantled
ground squirrel (SItl05c), California ground squirrel (Sbey11c), and
Belding's ground squirrel (Sbld05c) in California (Atwill et al., 2004;
Pereira et al., 2010). Similarly to C. rubeyi, ground squirrel genotype I
from 13-lined ground squirrels in the present study clustered with iso-
lates from California ground squirrels (Sbey03a and Sbey03b) and a
Belding's ground squirrel (Sbld05a) in California (Pereira et al., 2010).
Collectively, these data suggest that multiple Cryptosporidium lineages
have coevolved with ground squirrels and that specificity is not

restricted to a single ground squirrel species. However, as these species
and genotypes have been reported only in ground squirrels, they appear
to be restricted to this squirrel tribe, and are therefore unlikely to cause
human disease.

Despite the overlapping ranges of tree and ground squirrel species in
the study area, we did not detect the same species/genotypes of
Cryptosporidium in squirrels from different taxonomic tribes. Although
the present study did not include eastern chipmunks, a ground squirrel
species identified as a host of C. ubiquitum in New York (Feng et al.,
2007; Ziegler et al., 2007), a previous comprehensive study on eastern
chipmunks in Minnesota also failed to detect C. ubiquitum (Stenger
et al.,, 2015), suggesting that this zoonotic species is not frequently
transmitted between tree squirrels and ground squirrels in the upper
midwest region of the US. Given its broad host specificity and infectivity
for eastern chipmunks in New York, C. ubiquitum is likely to be infec-
tious for the ground squirrels examined in this study, so why were
they not infected? One possible explanation is the different ecologies
and behaviors of tree squirrels and ground squirrels. Tree squirrel
species usually remain active throughout the year, living in the trees
of forests, riparian areas, and urban areas. In contrast, ground squirrel
species seldom climb trees, living instead in underground burrow
systems, most frequently in prairies or grasslands, where many species
hibernate during the winter months. A second possible explanation is
that oocysts of Cryptosporidium species/genotypes infecting tree squir-
rels require water for efficient transmission to ground squirrel hosts.
Supporting this, the same C. ubiquitum subtypes were found in storm
water, tree squirrels, and ground squirrels in New York (Li et al.,
2014). Abundant precipitation in the eastern US transitions to drier con-
ditions on either side of the 100th meridian, which bisects the study
area in the upper midwest, and conditions become increasingly more
arid from west of the 100th meridian to California. Black tailed prairie
dogs and other ground squirrel species that thrive in the arid conditions
west of the 100th meridian rarely drink water and obtain moisture from
plant material (Lehmer et al., 2001). This would limit their contact with
Cryptosporidium species and genotypes that require water for efficient
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transmission between tree and ground squirrel hosts. A corollary, which
could be tested experimentally, is that Cryptosporidium genotypes
associated with western and midwestern ground squirrel species are
adapted to transmission under arid conditions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2015.10.002.
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Abstract

The present study was undertaken to describe Cryptosporidium spp. infection in tree squirrels from 17 locations in North-
ern Italy. A total of 357 squirrels were examined, including species native to Europe (Sciurus vulgaris; n=123), and species
introduced from North America (Sciurus carolinensis; n=162) and Southeast Asia (Callosciurus erythraeus; n=72). Faecal
samples of all squirrels were examined for the presence of Cryptosporidium infection by microscopy (flotation method) and
PCR/sequence analysis of the Cryptosporidium 18S rRNA, actin, and gp60 genes. Despite the overlapping ranges of native
and introduced tree squirrel species in the study area, they host different Cryptosporidium spp. Sciurus vulgaris were exclu-
sively infected with Cryptosporidium ferret genotype (n=13) belonging to three novel gp60 subtypes, VIIIb—VIIId. Sciurus
carolinensis hosted C. ubiquitum subtype XIIb (n=2), Cryptosporidium skunk genotype subtype XVIa (n=3), and chipmunk
genotype I subtype XIVa (n=1). Cryptosporidium chipmunk genotype I subtype XIVa was also found in two C. erythraeus.
Comparing data from this and previous studies, we propose that Cryptosporidium skunk genotype and possibly C. ubiquitum
subtype XIIb were introduced to Europe with eastern grey squirrels. Cryptosporidium chipmunk genotype I and ferret genotype
were associated with high intensity infections, but there was no association with diarrhoea.

© 2017 Elsevier GmbH. All rights reserved.
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Introduction
*Corresponding author at: Biology Centre of the Czech Academy of Sci- Cryptosporidium is a genus of apicomplexan parasites
ences, BraniSovskd 31, 370 05, Ceské Budg&jovice, Czech Republic. Fax: that infect epithelial cells in the microvillus border of the
+42 0385310388. gastrointestinal tract of all classes of vertebrates (Ryan and

E-mail address: kvac @paru.cas.cz (M. Kvac).

https://doi.org/10.1016/j.ejop.2017.09.007
0932-4739/© 2017 Elsevier GmbH. All rights reserved.


http://www.sciencedirect.com/science/journal/09324739
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejop.2017.09.007&domain=pdf
https://doi.org/10.1016/j.ejop.2017.09.007
mailto:kvac@paru.cas.cz
https://doi.org/10.1016/j.ejop.2017.09.007

J. Prediger et al. / European Journal of Protistology 61 (2017) 64-75 65

Table 1. Cryptosporidium spp. identified in tree squirrels worldwide.

Host (scientific name) Cryptosporidium taxa

Locality Reference

American red squirrel C. ubiquitum chipmunk genotype I

(Tamiasciurus deer mouse genotype III skunk
hudsonicus) genotype
Eastern grey squirrel C. baileyi
(Sciurus carolinensis) C. muris
C. parvum®
C. ubiquitum

chipmunk genotype I
deer mouse genotype 111

skunk genotype
Eurasian red squirrel C. parvum®
(Sciurus vulgaris) chipmunk genotype I* ferret
genotype®’

Fox squirrel (Sciurus
niger)

C. ubiquitum, Cryptosporidium sp.

North America Stenger et al. (2015), Ziegler et al.

(2007a), Ziegler et al. (2007b)
North America Feng et al. (2007), Stenger et al. (2015),
Sundberg et al. (1982), Ziegler et al.
(2007a), Ziegler et al. (2007b)

Europe” and Asia® Bertolino et al. (2003), Feng et al.
(2007), Kvac et al. (2008), Lv et al.

(2009)

North America Current (1990), Stenger et al. (2015)

2Determined based on oocyst size by microscopy.

Xiao 2014) and cause the diarrheal disease cryptosporidiosis.
Human cryptosporidiosis is primarily caused by the zoonotic
Cryptosporidium parvum and anthrophonic Cryptosporid-
ium hominis, but there are an increasing number of reports
describing human cryptosporidiosis caused by Cryptosporid-
ium originating from wildlife animals, including squirrels
(Elwin et al. 2012a; Koehler et al. 2014; Kvac et al. 2009;
Kvac et al. 2014b; Ortega and Kvac 2013; Raskova et al.
2013; Robinson et al. 2008; Stenger et al. 2015; Waldron
etal. 2010). The squirrel, family Sciuridae, is one of the most
diverse and widely distributed families of mammals, and their
members host several different Cryptosporidium species and
genotypes (Kvac et al. 2014a). Tree squirrels, a polyphyletic
tribe in the squirrel family, include hundreds of species. Cryp-
tosporidium parvum has been reported in the eastern grey
squirrel (Sciurus carolinensis; hereafter grey squirrel) and fox
squirrel (Sciurus niger) in the US (Current 1990; Sundberg
et al. 1982) and in the Eurasian red squirrel (Sciurus vul-
garis; hereafter red squirrel) in Italy (Bertolino et al. 2003).
However, these studies were performed before the advent of
molecular tools, when oocysts were identified based on their
morphology and frequently described as C. parvum (smaller,
spherical oocysts) or C. muris (larger, ovoid oocysts). Based
on the current knowledge that species and genotypes of Cryp-
tosporidium cannot be reliably identified from morphological
data, many of the isolates identified as C. parvum may have
been other taxa (Kvac et al. 2014a; Robertson et al. 2014).
Molecular studies on Cryptosporidium in tree squirrels have
been performed mostly in North America and Europe, with
only two studies from Asia and no studies from South Amer-
ica and Africa (Feng et al. 2007; Kvac et al. 2008; Lv et al.
2009; Stenger et al. 2015; Ziegler et al. 2007a,b). Tree squir-
rels are known to host four Cryptosporidium species and three
genotypes (Table 1). Stenger et al. (2015) showed that some
Cryptosporidium spp. are broadly distributed across squir-

rel tribes, while others have a narrow host and geographic
range. Cryptosporidium deer mouse genotype III and skunk
genotype are frequently detected in tree squirrels in North
America, but have not been detected in animals from Europe
or Asia (Table 1), with the exception of a single report of
the skunk genotype in a North American raccoon (Procyon
lotor) from Poland (Lesnianska et al. 2016). Based on the
knowledge that squirrels are considered among the most inva-
sive mammalian taxa and that several squirrel species have
been introduced into Europe (Bertolino 2009; Wauters et al.
2005), we hypothesized that Cryptosporidium species and
genotypes infecting alien hosts would be more typical of the
native region of those hosts. In Northern Italy, the range of
native red squirrels extensively overlaps that of grey squir-
rels, which were introduced from North America during the
last century, and, to a lesser extent, overlaps that of Pallas’s
squirrels (Callosciurus erythraeus), which were introduced
from Southeast Asia in the last decade (Bertolino et al. 2014;
Martinoli et al. 2010; Mazzamuto et al. 2016). Squirrels that
were introduced to Italy represent a threat to red squirrels,
which are distributed throughout continental Europe, and the
recently described Calabrian black squirrel (Sciurus merid-
ionalis), which is endemic to Southern Italy (Wauters et al.
2005, 2017).

We undertook the present study to describe the presence of
Cryptosporidium spp. in native (S. vulgaris) and introduced
(S. carolinensis and C. erythraeus) tree squirrels in North-
ern Italy. These data were used to determine whether there
is interspecific transmission of Cryptosporidium spp. among
the three host species, and to evaluate the role of tree squir-
rels as a reservoir of human pathogenic Cryptosporidium
spp. Additionally, we explored host factors (i.e. population
density, age, and sex) potentially affecting the distribution
Cryptosporidium in these hosts.
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Material and Methods
Ethics statement

Traps were checked frequently and handling time was
minimised to reduce animal stress, and all applicable inter-
national, national and institutional guidelines for the care
and use of animals were followed. Permits for trapping
and handling squirrels were granted by Italian Institute
for Environmental Protection and Research (ISPRA), Lom-
bardy Region (Authorization No.: 3892, 02/05/2011), Cuneo
Province (Permit No.: 473, 12/05/2011) and Torino Province
(Permit No.: 180-14616/2011).

Study site

Faecal samples were collected from red squirrels, grey
squirrels, and Pallas’s squirrels at 17 locations in Northern
Italy, including six mountain locations and 11 lowland loca-
tions (Fig. 1). Some sites were inhabited by a single squirrel
species only: seven locations had only red squirrels (area of
study sites: 30-95 ha) and five locations had only grey squir-
rels (3-20 ha). Four locations had both red and grey squirrels
(10-50ha) and one location had red squirrels and Pallas’s
squirrels (126 ha). None of the locations had all three tree
squirrel species. For each species of squirrel at each sample
location the population density was described as high or low
according to number of squirrels per hectare (ha) (Fig. 1).
Based on the different ecology and social behaviour of the
three species (Thorington et al. 2012). High population den-
sity for Eurasian red squirrels was defined as more than 0.3
squirrels per ha and for eastern grey and Pallas’s squirrels as
more than 1 squirrel per ha.

Sample collection and parasitological
examination

Squirrels were live-trapped in Tomahawk cage traps, which
were baited with hazelnuts. The age class (i.e. adult or
subadult) of red and grey squirrels was determined during
handling based on a combination of body mass and repro-
ductive conditions. We could not determine age class based
on external characteristics of Pallas’s squirrels. Faecal sam-
ples from trapped squirrels were collected directly from the
trap or from the animal during handling. All faecal samples
were stored in 2.5% potassium dichromate at 4 °C prior to
microscopic examination and DNA extraction. The faecal
consistency (presence of diarrhoea) was noted at the time
of sampling. Presence of Cryptosporidium oocysts in fae-
cal samples was screened using light microscopy (200x and
400x magnifications) following modified Sheather’s sugar
flotation (specific density 1.3) (Eckert et al. 1995). The infec-
tion intensity was scored semiquantitatively (Table 2).

Molecular analyses

To detect and identify species of Cryptosporidium, DNA
from faecal samples was extracted using the Exgene Stool SV
mini kit (GeneAll, Seoul, Korea) which preceded homogeni-
sation of sample by glass beads as previously reported
(Sak et al. 2008) and nested-PCR protocols (AmpONE, HS-
Taq premix, GeneAll, Korea) were used to amplify partial
sequences of the Cryptosporidium 18S rRNA gene accord-
ing to Jiang et al. (2005) and Xiao et al. (2001), actin gene
according to Sulaiman et al. (2002) and Cryptosporidium
60-kDa glycoprotein gene (gp60) according to Alves et al.
(2003), Li et al. (2014) or Guo et al. (2015b). The gp60
gene was amplified and sequenced from 1936-Scca-MN1
and 2052-Tahu-MN2, which were previously isolated from
an grey squirrel and American red squirrel (Tamiasciurus
hudsonicus), respectively, and identified as Cryptosporidium
skunk genotype (Stenger et al. 2015), and SV33 and SV59,
which were previously isolated from red squirrels and iden-
tified as Cryptosporidium chipmunk genotype I (Kvac et al.
2008).

Secondary PCR products were separated on an agarose
gel and visualized under UV illumination using ethidium
bromide staining. Products were purified (GenElute Gel
Extraction Kit, Sigma, St. Louis, MO) and sequenced in
both directions with secondary primers using a BigDye
Terminator v3.1 cycle sequencing kit in an ABI Prism
3130 genetic analyzer (Applied Biosystems, Carlsbad, CA).
Sequencing of each locus was 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
for 18S rDNA and actin sequences and L-INS-i algorithm
for GP60 sequences (http://mafft.cbrc.jp/alignment/server/).
The alignment included published sequences from
Cryptosporidium species, sequences with a high sim-
ilarity to study sequences using BLAST analysis
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Alignments
were manually edited, including trimming at both ends,
and phylogenetic analyses were performed using MEGA
6.0. Trees were inferred by the Maximum likelihood
(ML) method with the substitution model that best fit the
alignment selected using the Bayesian information criterion.
The General Time Reversible model was selected for all
alignments. All models were used under an assumption
that rate variation among sites was gamma distributed with
invariant sites. A bootstrap consensus tree was inferred
from 1000 pseudoreplicates. Phylogenetic trees were edited
for style using CorelDrawX7 (Corel Corporation, Ottawa,
Ontario, Canada). Sequences have been deposited in Gen-
Bank under the accession numbers MF411071-MF411090
and MF45685.
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Fig. 1. Location of sites sampled in Northern Italy. For each site, symbol shape indicates which tree squirrel species are present (i.e. Eurasian
red, eastern grey and Pallas’s squirrel) and fill pattern indicates density of squirrels (i.e. high or low, cut-off value at 0.3 squirrels/ha for
Eurasian red squirrels and at 1 squirrel/ha for eastern grey and Pallas’s squirrels).

Table 2. Scale for semiquantitative evaluation of infection intensity at the flotation by light microscopy at a x 200 magnification.

Infection intensity

Microscopy finding

- No infection

+ Mild infection

++ Medium infection
+++ Severe infection
++++ Intense infection

No oocysts detected

Sporadic occurrence of oocysts

10-30 oocysts (total) in 10 fields

31-50 oocysts (total) in 10 fields

More than 50 oocysts (total) in 10 fields

Statistical analyses

The probability of infection by Cryptosporidium spp. was
determined through logistic regression using infection status
as a dependent variable. We applied a general model on the
entire dataset, testing for differences in prevalence of infec-
tion among the three host species, and separate sub-models on
red and grey squirrels to explore the effect of host-related and
extrinsic factors on Cryptosporidium spp. infection. Pallas’s
squirrels were not analysed further due to the low prevalence
of infection found in this host species. For the red squirrel
dataset, we tested for an effect of host sex, age class (i.e.
subadult or adult), population density of hosts (i.e. low or

high, cut-off value at 0.3 squirrels/ha) and habitat type (i.e.
lowland mixed-deciduous woods or mountain conifer forests)
on individual infection status. For the grey squirrel dataset,
we tested only for an effect of sex, age, and population den-
sity (i.e. low or high, cut-off value at 1 squirrel/ha), since the
species in Italy inhabits mostly lowland, mixed-deciduous
woods. Pallas’s squirrels were not analysed further due to
the low prevalence of infection, the absence of age class data
and the absence of variability in habitat or population density
(they were exclusively found at a single site). On these sub-
models, we applied Firth’s penalized maximum likelihood
method to cope with low prevalence and quasi-separation
of data (Heinze and Schemper 2002). All the analyses were
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Table 3. Occurrence of Cryptosporidium spp. infection in Eurasian red squirrel (Sciurus vulgaris), eastern grey squirrel (Sciurus carolinensis),
and Pallas’s squirrel (Callosciurus erythraeus) in two habitats and at two population density levels.

Host species Number of SE 95%CL Habitat Population density*
screened/positive animals
(%)
Lowland Mountain Low High
Eurasian red squirrel 123/13 (10.7) 2.7 5.1-16.1 0 13 5 8
Eastern grey squirrel 162/6 (3.7) 1.5 0.8-6.6 6 - - 6
Pallas’s squirrel 7272 (2.8) 1.9 0-6.7 0 2 - 2

4cut-off value between low and high population density was 0.3 squirrels/ha for Eurasian red squirrels; 1 squirrel/ha for eastern grey squirrels, and for Pallas’s

squirrels.

carried out using PROC LOGISTIC in SAS” 9.4 Software
(Copyright © 2012 SAS Institute Inc., Cary, NC).

Results
Occurrence of Cryptosporidium spp. in squirrels

Out of 357 squirrels sampled at selected locations in North-
ern Italy, 11 and 21 were positive for Cryptosporidium by
microscopy and PCR, respectively. All microscopically pos-
itive animals were also PCR positive (Table 3). Logistic
regression on the entire dataset revealed a difference in preva-
lence of Cryptosporidium spp. among the three species of
squirrel (x> =6.34; p=0.042), with a significantly greater
prevalence in red squirrels than the other two squirrel species
(see Table 3 for details). Specific models on red and grey
squirrels showed that host sex, age class and population den-
sity had no effect on infection status of either of the two
species (all p>0.05). However, specific models on red squir-
rels showed that probability of infection by Cryptosporidium
spp. in this species was significantly affected by habitat
(le =6.84; p=0.0089), with no infected animals recorded in
lowland woods (n=59), and 20.3% (95%CL: 10.2%-30.4%;
n=64) of animals infected in mountain forests.

Only Cryptosporidium ferret and chipmunk genotypes
were detected microscopically (Table 4). Logistic regression
revealed no association between age class and infection in
either red or grey squirrels (both p>0.05). Moreover, no
animals had signs of diarrhoea at the time of sampling, so
Cryptosporidium infection was not associated with clinical
cryptosporidiosis.

Phylogenetic analysis of Cryptosporidium isolates
from red, grey, and Pallas’s squirrels

A ML tree constructed from 18S rRNA gene sequences in
this study and representative sequences in GenBank showed
the presence of four distinct clades that included previously
reported Cryptosporidium species and genotypes. All isolates
(n=13) from red squirrels were identical to Cryptosporidium
ferret genotype [accession no. EU25085]. Two isolates from

Pallas’s squirrels and an isolate from a grey squirrel were
identical to Cryptosporidium chipmunk genotype I [acces-
sion no. JX978272]. Of the five remaining isolates, all from
grey squirrels, two were identical to C. ubiquitum [accession
no. AF262328] and three were identical to Cryptosporidium
skunk genotype [accession no. JQ413444] (Fig. 2; Table 4). A
fragment of the actin gene was amplified and sequenced from
all samples that were positive for the 18S rRNA gene (Fig. 2).
A ML tree constructed from actin gene sequences supported
the phylogenetic position of all detected Cryptosporidium
species and genotypes, and sequences shared 100% identity
with previously published sequences (Fig. 3; Table 4).

Using primers reported by Alves et al. (2003), a fragment
of the gp60 gene was amplified from 13 isolates, which
were identified as Cryptosporidium ferret genotype based
on 18S rDNA and actin sequences. A ML tree showed the
presence of three novel gp60 clades in the Cryptosporidium
ferret genotype: VIIIb, VIIic, and VIIId (Fig. 4). The gp60
gene was amplified from the remaining isolates using primers
described by (Guo et al. 2015b; Li et al. 2014). Sequences
of the gp60 gene from C. ubiquitum and Cryptosporidium
chipmunk genotype I clustered with subtype XIId [acces-
sion no. JX4112926] and XIVa [accession no. KP099082],
respectively. Cryptosporidium chipmunk genotype I gp60
sequences from grey and Pallas’s squirrels in the present
study were identical to those found in red squirrels in an
earlier study (Fig. 4; Kvac et al. 2008). gp60 sequences from
Cryptosporidium skunk genotype isolates, identified in this
study and a previous study (Stenger et al. 2015), clustered
with a sequence previously identified in wastewater [acces-
sion no. KP099095], sharing 100% sequence identity (Fig. 4,
Table 4).

Discussion

The genus Cryptosporidium comprises many species and
genotypes with different host specificities. While some
species, including C. parvum, C. ubiquitum, and C. baileyi are
generalists, most infect only a narrow range of closely related
hosts or a single host (e.g. C. wrairi) (Nakamura and Meireles
2015; Stenger et al. 2015; Vetterling et al. 1971). This study
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Table 4. The distribution of Cryptosporidium spp. in Eurasian red squirrels (Scirus vulgaris), eastern grey squirrels (Sciurus carolinensis),
and Pallas’s squirrels (Callosciurus erythraeus).

Host species n; Sex Age n, Isolate number® MIC Detected species and genotypes
18S rDNA and actin gp60
Eurasian red squirrel 123 F SA 16 14695 - ferret genotype VIIId A16G1R1
14573 - ferret genotype VIlIc A12G2R1
14682 + ferret genotype VIIIc A12G2R1
14699 + ferret genotype VIlIc A12G2R1
14714 ++ ferret genotype VIlIc A12G2R1
A 44 14713 - ferret genotype VIIIb A11G1R1
14701 +++ ferret genotype VIlIc A12G2R1
14694 ++++ ferret genotype VIIIb A9G1R1
M SA 10 14700 + ferret genotype VIiIc A12G2R1
14707 ++++ ferret genotype VIlIc A12G2R1
A 53 14582 - ferret genotype VIlIc A12G2R1
14697 ++ ferret genotype VIIId A16G1R1
14698 + ferret genotype VIlIc A12G2R1
Eastern grey squirrel 162 F SA 22 14669 - C. ubiquitum XIb
A 64 - -
M SA 15 14550 - skunk genotype XVIaAl4R1
14668 - skunk genotype XVIaAl4R1
A 59 14762 ++ chipmunk genotype I XIVal6G2T2
14550 - skunk genotype XVIaAl4R1
14668 - C. ubiquitum XIb
Pallas’s squirrels 72 F ND 31
M ND 41 17064 ++++ chipmunk genotype I XIVal6G2T2
15003 - chipmunk genotype I XIVal6G2T2

2PCR positive samples; MIC results of microscopic examination; n; number of examined animal of appropriate host species; n number of examined animal
of appropriate age and sex category; F female; M male; SA subadult; A adult; — microscopically negative; + mild infection; ++ medium infection; +++ severe
infection; ++++ intense infection (for key to infection intensity see Table 2); ND not determined.

on Cryptosporidium spp. in tree squirrels from Northern Italy
has shown that native red squirrels and introduced grey and
Pallas’s squirrels host different Cryptosporidium spp., with
no evidence of transmission between introduced and native
hosts. Similarly, Hofmannova et al. (2016) reported that these
three squirrel species over the same range hosted different
Eimeria spp.

Native red squirrels sampled in the present study were
exclusively infected with Cryptosporidium ferret genotype,
which was originally described as a common parasite of the
black-footed ferret (Mustela nigripes) and domestic ferret
(Mustela putorius furo) in the USA and Japan (Abe and Iseki
2003; Sulaiman et al. 2000; Xiao et al. 1999). Addition-
ally, Gomez-Couso et al. (2007) described a genotype closely
related to the ferret genotype (one nucleotide difference) from
farmed American mink (Mustela vison) in Spain. This geno-
type was found to be the dominant Cryptosporidium taxon
in previous studies of red squirrels in Italy and China (Kvac
et al. 2008; Lv et al. 2009). Surprisingly, Cryptosporidium
ferret genotype has not been found in other tree squirrels,
but it has been reported in pet Siberian chipmunks (Tamias
sibiricus) from China (Lv et al. 2009). The prevalence of
Cryptosporidium ferret genotype in this study (10.7%) is
similar to the 10.6% reported by Kvac et al. (2008) in red
squirrels from Italy and lower than the 26.3% reported by Lv

et al. (2009) in pet red squirrels from China. It should also be
noted that in both this study and in the study by Kvac et al.
(2008), Cryptosporidium ferret genotype was found only in
red squirrels inhabiting mountain conifer forests. This find-
ing suggests that the circulation of this genotype in squirrels
may be linked to some extrinsic factors such as the presence
of another host species which is absent from other habitat
types

Sequence analyses of the gp60 gene showed that red squir-
rels in Northern Italy were infected with different subtypes
(VIIIb-VIIId) of Cryptosporidium ferret genotype than red
squirrels and Siberian chipmunks in China (VIIIa) Lv et al.
(2009). Subtyping tools targeting the polymorphic gp60 gene
have been used to characterize the transmission and host
specificity of Cryptosporidium species and genotypes (Guo
et al. 2015b). For example, two host-specific subtypes (IXa
and IXb) of C. tyzzeri were observed in Mus musculus mus-
culus and M. m. domesticus, mouse subspecies that diverged
0.5 Mya (Kvac¢ et al. 2013). Similarly, Cryptosporidium
horse genotype VIa subtype is common in horses, whereas
human infection is caused by VIb subtype, which has never
been found in horses (Wagnerova et al. 2015; Xiao et al.
2009). Also, the distribution and host specificity of var-
ious C. parvum and C. hominis gp60 subtypes has been
well described (Nichols et al. 2014). Phylogenetic analyses
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Fig. 2. Phylogenetic relationship among the subtypes of C. ubiquitum, Cryptosporidium skunk genotype, Cryptosporidium chipmunk genotype
I, and Cryptosporidium ferret genotype and other Cryptosporidium spp. by a maximum likelihood analysis of the partial sequences of 18S
rRNA gene calculated by General Time Reversible model. Numbers on branches are percent bootstrapping values (>50) using 1000 replicates.
Clades representing Cryptosporidium taxa are identified by shading and labelled. The host is included in each sequence. The tree was rooted
with the 18S rDNA sequence of Monocystis agilis [AF457127].

revealed that subtypes VIIIb and VIlIc of Cryptosporidium (Tamias striatus) in the US (Feng et al. 2007; Stenger et al.
ferret genotype are closely related to a subtype previously 2015; Ziegler et al. 2007a,b). The gp60 subtype from the

reported in China; in contrast, VIIId clusters with C. erinacei, present study (XIIb) also was the same as that reported in
C. cuniculus, and C. hominis. American red squirrels and eastern chipmunks in the US (Li

Grey squirrels and Pallas’s squirrels, which are not native etal. 2014; Stenger et al. 2015). The presence of this subtype
to Europe, hosted C. ubiquitum, Cryptosporidium chipmunk in squirrels supports the suggestion by Li et al. (2014) that
genotype I and/or Cryptosporidium skunk genotype. Cryp- C. ubiquitum subtypes have different geographic distribu-
tosporidium ubiquitum has a wide geographic distribution tions and host specificities. XIIa is associated with ruminants
and a broad host range, including human and non-human worldwide, XIIb—XIId are most frequently found in rodents
primates (lemurs), carnivores (raccoons), wild ruminants in the US, and XIle and XIIf have been found only in rodents
(mouflon sheep, blesboks, nyalas, white-tailed deer, Pere in Europe. The detection of XIIb in grey squirrels in the
David’s deer, sika deer, ibexes, buffalos, and yaks) and present study is the only report of this subtype outside of
rodents (squirrels, chipmunks, woodchucks, beavers, porcu- North America, and it leads us to propose that it was intro-
pines, deer mice, house mice, and gerbils) (Li et al. 2014; duced to Europe with the grey squirrel. In contrast to the
Ryan and Xiao 2014). In squirrels, it has been detected in higher prevalence of C. ubiquitum in tree squirrels from the

grey squirrels, American red squirrels and eastern chipmunks US (9-28%) (Feng et al. 2007; Stenger et al. 2015), their
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Fig. 3. Phylogenetic relationship among the subtypes of C. ubiquitum, Cryptosporidium skunk genotype, Cryptosporidium chipmunk genotype
I, and Cryptosporidium ferret genotype and other Cryptosporidium spp. by a maximum likelihood analysis of the partial sequences of actin
gene calculated by General Time Reversible model. Numbers on branches are percent bootstrapping values (>50) using 1,000 replicates.
Clades representing Cryptosporidium taxa are identified by shading and labelled. The host is included in each sequence. The tree was rooted
with the actin sequence of Monocystis agilis [AY391264].

Monocystis agilis|
[AY391264]

native environment, the prevalence in squirrels introduced
in Europe was low (1.2%). Grey squirrels infected with C.
ubiquitum showed no signs of diarrhoea and had low levels of
oocyst excretion, similar to previous studies (Kotkova et al.
2016; Skerrett and Holland 2001; Stenger et al. 2015).
Cryptosporidium chipmunk genotype I was found in
grey and Pallas’s squirrels, but not red squirrels in present
study. However, Cryptosporidium chipmunk genotype I was
previously reported in red squirrels (Kvac et al. 2008). Cryp-
tosporidium chipmunk genotype I infects a broad range of
hosts, including rodents, insectivores, and humans (Feltus
et al. 2006; Song et al. 2015), and it has been reported in
eastern chipmunks and grey squirrels in the US (Stenger

et al. 2015). The same gp60 subtype (XIVa) was found in
grey and Pallas’s squirrels in the present study, and this was
similar to that reported in grey squirrels, eastern chipmunks
and humans in the US (Guo et al. 2015b). These are the first
Cryptosporidium isolates from Pallas’s squirrels to be geno-
typed, so it is too early to conclude that Pallas’s squirrels
are a major host for Cryptosporidium chipmunk genotype 1.
Considering that isolates SV33 and SV59, from the study
by Kvac et al. (2008), are also subtype XIVa, we propose
that Cryptosporidium chipmunk genotype I was introduced
to Europe with grey squirrels, their natural host. Data from
squirrels in the present study and the study by Kvac et al.
(2008) in Northern Italy suggest that the prevalence of Cryp-
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Fig.4. Phylogenetic relationship among the subtypes of C. ubiquitum, Cryptosporidium skunk genotype, Cryptosporidium chipmunk genotype
I, and Cryptosporidium ferret genotype and other Cryptosporidium spp. by a maximum likelihood analysis of the partial sequences of gp60
gene calculated by General Time Reversible model. Numbers on branches are percent bootstrapping values (>50) using 1000 replicates.
Clades representing Cryptosporidium taxa are identified by shading and labelled. The host is included in each sequence.

tosporidium chipmunk genotype I is low in this area (0.8
to 1.4%). In contrast, Ziegler et al. (2007a) and Song et al.
(2015) reported 14.3% and 45.5% prevalence in eastern chip-
munks and shrews, respectively, although their sample size
was low (n=7 and 11, respectively). Cryptosporidium chip-
munk genotype I and ferret genotype were associated with
intense infections and they were the only taxa detectable by
microscopy, but infections with these genotypes were not
associated with clinical signs of diarrhoea. This is consis-
tent with previous reports that Cryptosporidium chipmunk
genotype I and ferret genotype do not cause clinical disease
in wild animals (Abe and Iseki 2003; Kvac et al. 2008; Lv
et al. 2009; Song et al. 2015; Sulaiman et al. 2000; Xiao
et al. 1999). In contrast, Cryptosporidium chipmunk geno-
type I causes clinical disease in humans (Lebbad et al. 2013),
and it is increasingly associated with human cryptosporid-

iosis in the US (Guo et al. 2015a). In contrast, only three
cases have been reported in two European countries, two
in Sweden (Lebbad et al. 2013) and one in France (Anofel
Cryptosporidium National Network 2010), and red squir-
rels, which have been identified as hosts of Cryptosporidium
chipmunk genotype I, are widespread in both countries.
Until recently, Cryptosporidium skunk genotype was only
reported in North America. However, Lesnianskaetal. (2016)
reported this genotype in raccoons (Procyon lotor) intro-
duced to Poland. Cryptosporidium skunk genotype, as the
name suggests, was originally isolated from a striped skunk
(Xiao et al. 2002) and was subsequently detected in rac-
coons, the North American river otter (Lontra canadensis),
and three tree squirrel species: grey squirrels, American red
squirrels, and fox squirrels (Feng et al. 2007; Chavez et al.
2012; Jellison et al. 2009; Stenger et al. 2015; Zhou et al.
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2004). Sequences of gp60 gene from grey squirrels and
American red squirrels from the US Stenger et al. (2015)
were compared to those obtained from grey squirrels in this
study. All sequences shared 100% identity with each other
and with sequences previously isolated from water (Guo
et al. 2015b). Since Cryptosporidium skunk genotype has
been found exclusively in grey squirrels and a raccoon in
Europe, we propose that it may have been introduced to
Europe with these hosts that are native to North America. The
sources of recent Cryptosporidium skunk genotype infections
in humans in the UK were not identified (Davies et al. 2009;
Elwin et al. 2012b; Chalmers et al. 2009); however, given
that grey squirrels and raccoons were introduced to the UK
from the US (Beltran-Beck et al. 2012; Bertolino 2008), these
animals could be considered as reservoirs of the infection.

Conclusions

In conclusion, despite overlapping ranges, tree squirrel
species that are native and non-native to Europe host different
Cryptosporidium species and genotypes. The grey squirrel,
which was introduced to Europe from the US, hosts the same
Cryptosporidium spp. in both continents, including C. ubig-
uitum subtype XIIb, Cryptosporidium skunk genotype and
Cryptosporidium chipmunk genotype I, suggesting that it
may be responsible for introducing these Cryptosporidium
spp. into Europe. Because the Cryptosporidium spp. iden-
tified in squirrels in the present study have been associated
with human disease, and squirrel habitats frequently overlap
urban and rural areas, squirrels could represent a potential
reservoir of human cryptosporidiosis.
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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 se-
quences 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;
Cryptosporidium sp. ferret genotype

1. Introduction

Cryptosporidium is a genus of single-cell protist parasites that infect the gastrointesti-
nal, respiratory, and/or the urogenital tract of most vertebrates, including humans, caus-
ing 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 Cryptos-
poridium species or genotype [2]. Most of the species validly described so far (48) are nar-
rowly host specific, and only a small number, including C. paroum, 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
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sequence is first identified. For example, C. suis was originally described as the Cryptos-
poridium pig genotype because it was first identified in a pig [5]. New genotypes are most
frequently 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 infec-
tious 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 re-
ported 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 oo-
cysts 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 caro-
linensis); C. ubiquitum in the Fox squirrel (Sciurus niger) [7,9-12]. Fewer studies have re-
ported 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 squir-
rels (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 gen-
otype I, have been reported in areas where the Eurasian red squirrel is threatened by in-
vasive, 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 geno-
type, whereas the C. ubiquitum and Cryptosporidium skunk genotypes are most common
in North American squirrels [7,9-17].

This study aimed to describe the biological, morphological, and genetic characteris-
tics 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 Eur-
asian 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 re-
duce 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 ap-
proved by the ethical committees at the Biology Centre of CAS, the State Veterinary Ad-
ministration, and the Central Commission for Animal Welfare under protocol Nos.
MZP/2019/603/1411 and 35/2018.
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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 Eur-
asian 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 Sher-
man 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 rec-
orded 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 Cryptos-
poridium 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 near-
est 0.001 g before and after preparation of the smear to determine the mass of faecal ma-
terial 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 frag-
ment of the small subunit rRNA gene (SSU). If Cryptosporidium-specific DNA was de-
tected, 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 indicates
the name of locations (1) Tfebi¢; (2) Brandlin; (3) Ceské Budé&jovice; (4) Plzen; (5) Brno; (6) Stary
Plzenec; (7) Chocenice; (8) Strakonice; (9) Maridnské Lazné; (10) Usti nad Labem; (11) Praha; (12)

Jinonice; (20) Makov; (21) Praha; (22) Vlasim; (23) Trebon; (24) Plzen; (25) Brno; (26) Zvolen; (27)
Nitra; (28) Povazska Bystrica; (29) Trencin; (30) Handlova; (31) Prievidza; (32) Turcianské Teplice;
(33) Ziar nad Hronom; (34) Banovce nad Bebravou; (35) Kremnica; (36) Martin; (37) Gab¢ikovo; (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 Eura-
sian 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 dH20 and
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stored at 4-8 °C. Oocysts were purified using caesium chloride gradient centrifugation
[21] and used for morphometry and transmission studies (described below). Oocyst via-
bility 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.

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 & Tis-
sue 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 Xla) 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 (SE-
Qme, Dobiis, 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 refer-
ence 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/, ac-
cessed on 9 August 2021) and manually edited and trimmed using BioEdit v.7.0.5 [30].
Maximum likelihood (ML) and Neighbor-joining (NJ) 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 be-
tween 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-MZ772045 (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, Olym-
pus Corporation, Shinjuku, Tokyo, Japan) collected using an Olympus Digital Colour
Camera DP73 (Olympus), using differential interference contrast (DIC) microscopy at
1000x magnification (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 Cryp-
tosporidium sp. ferret genotype were stained by modified ACMYV, Ziehl-Neelsen (ZN; [31])
and labelled with a Cy3-labelled mouse monoclonal antibody targeting the Cryptospor-
idium oocyst outer wall antigenic sites (A400Cy2R-20X, Crypt-a-Glo, Waterborne, Inc.,
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New Orleans, LA, USA) and with genus-specific, FITC-conjugated antibodies (IFA; Cryp-
tosporidium IF Test, Crypto cel, Cellabs Pty Ltd., Brookvale, Australia). Type microphoto-
graphs 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 stud-
ies. Five seven-day-and-eight-week-old SCID (strain C.B-17) and BALB/c mice (Mus mus-
culus), 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
pL 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 pres-
ence of Cryptosporidium oocysts and specific DNA using microscopy (following ACMV
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 ex-
perimental 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; du-
odenum; 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 100-400x 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 multivari-
ate 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
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between juveniles (8.9%) and adults (11.8%; x?=0.52991, d.f. = 1, p-value = 0.4666). Simi-
larly, the occurrence of infection was not affected by host gender (x?>= 0.2966, d.f. = 1, p-
value = 0.5860) or country of capture (x2=0.0028, d.f. = 1, p-value = 0.9388; Table S1). Phy-
logenetic trees (ML, NJ) constructed from SSU sequences showed the presence of Cryptos-
poridium sp. ferret genotype in all samples (Figure 2). Out of the 26 Cryptosporidium-posi-
tive 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, 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).

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 infec-
tion intensity in squirrels of different ages kept at rescue stations. Nine of the eleven juve-
nile animals infected with Cryptosporidium sp. ferret genotype shed microscopically de-
tectable oocysts (18,000-74,000 OPG). In contrast, oocyst numbers were below the detec-
tion 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 con-
sistency 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 spher-
ical, 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 pm, 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 Cryptospor-
idium sp. ferret genotype in the faecal smears stained by AVMC and ZN showed typical
Cryptosporidium staining characteristics (Figure 5b,c) and cross-reacted with immunoflu-
orescence 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).

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.
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69/94b————— 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 (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 sup-
ported 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 num-
ber is in parenthesis. Isolates detected in this study are colour-coded.
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C. fayeri IVa [FJ490060]
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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 sup-
ported 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 Acces-
sion number is in parenthesis. Isolates detected in this study are colour-coded.
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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 pm.
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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 sibi-
ricus), Eastern chipmunk (Tamias striatus), budgerigar (Melopsittacus undulatus).
Type-locality: Tiebon, Czech Republic.

Other localities: Ceské Budéjovice, Brno, Praha, Vlasim, whole Czech Republic; Povazska
Bystrica, Handlova, Gabcikovo, 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 geno-
type ex Mustela nigripes: USA [35], as Cryptosporidium sp. ferret genotype ex Tamias striatus,
T. sibiricus and Melopsittacus undulatus: China [13,36].

Prepatent period: unknown.

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 data-
base.

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 wurn:sid: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.

Remarks. 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. parvum (T2 = 88.89, dfi = 2, df2=61.94, p <
0.001), C. occultus (T2 =45.84, df1 =2, df2=65.83, p <0.001) and C. ratti (T2 = 88.22, df1 = 2, df
=24.75, p < 0.001), but these differences are not of practical significance for identification.
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Cryptosporidium sciurinum n. sp. can be differentiated genetically from other Cryptosporid-
ium 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 VIlIIa, VIIIb, and
VIIIe.

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 geno-
type I, which naturally infects grey squirrels, and two cases of C. parvum reported in Eur-
asian 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 Cryptos-
poridium 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 (Rhizo-
mys 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 by
microscopy [16,17]. This age-dependent variation in Cryptosporidium spp. infection inten-
sity 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 per-
mits 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 pos-
sible 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 res-
cue 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 fer-
rets (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. un-
dulatus), and dozens of wild and captive Eurasian red squirrels [13,15-17,35,36], suggest-
ing 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 budg-
erigars. The solitary infection reported in a budgerigar [36] could be the result of environ-
mental 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. parvum (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 pm), 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.
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Although a description of oocyst morphology is a requirement for species descrip-
tion, 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 pa-
ralogs 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, Cryptos-
poridium 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 pol-
ymorphic loci for our analyses. Although some previous studies have shown polymor-
phism 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 synony-
mous 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 Cryp-
tosporidium spp. that includes C. meleagridis, C. parvum, 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. hom-
inis and C. parvum (0.018, 0.013, 0.018, and 0.016, respectively).

At the gp60 locus, only subtype families VIIIb and VIIIc were detected in the present
study. Both subtypes have been found exclusively in Europe. In contrast, subtype VIlla
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 de-
tected 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 be-
longed 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 www.mdpi.com/arti-
cle/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
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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 Neigh-
bor-Joining (NJ) analyses using a General Time Reversible model with a gamma distribution: Per-
centage support (>50%) from 1000 pseudoreplicates from ML and NJ analysis, respectively, are in-
dicated 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 phy-
logenetic 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 [Z46964]. Se-
quences 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 Cryptosporid-
ium-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 Cryptos-
poridium spp. at Cryptosporidium oocyst wall protein (COWP) locus inferred by Maximum Likeli-
hood (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 anal-
ysis, 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 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 sciu-
rinum n. sp. oocysts obtained from naturally infected Eurasian red squirrels (Sciurus vulgaris).
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