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Seznam zKkratek

gPCR - kvantitativni real-time polymerazova retézova reakce

rRNA - ribozomalni RNA

rDNA - ribozomalni DNA (kédujici rRNA)

18S - oznaceni malé ribozomalni podjednotky eukaryot

ITS1 - internal transcribed spacer 1, isek ribozomalni DNA mezi

18S rRNA a 5.8S rRNA

COI - gen mitochondrialni cytochrom c oxidazy, podjednotky I

RAPD - random amplified polymorphic DNA - polymorfni DNA
amplifikovana ndhodnymi primery

SCAR - sequence-characterized amplified region - osekvenované
fragmenty z PCR charakterizujici dany vzorek (napft. z
RAPD)

Abbreviations list

gPCR - quantitative real-time polymerase chain reaction

rRNA - ribosomal RNA

rDNA - ribosomal DNA (encoding rRNA)

18S - eukaryotic small ribosomal subunit

ITS1 - internal transcribed spacer 1, region of ribosomal DNA
between 18S rRNA and 5.8S rRNA

COI - mitochondrial cytochrome c oxidase subunit I gene

RAPD - random amplified polymorphic DNA

SCAR - sequence-characterized amplified region



Abstrakt

Eimerie jsou jednobunécni prvoci z kmene Apicomplexa
zplsobujici nemoc kokcidiézu, ktera je pric¢inou velkych
ekonomickych ztrat predev$im v dribezarském primyslu. Cilem
této prace bylo vyvinout nové molekuldrni metody a vyreSit
nékteré problémy, ¢oz by bylo cennym prispévkem v oboru,
vyuzitelnym jak ve vyzkumu tak i v praxi. ProtoZe imunita proti
eimeriim je druhové prisné specificka, je dilezité znat jednotlivé
druhy a dokazat je rozpoznavat. Tradi¢ni diagnostické postupy
spoléhaji na klasické metody jako je urcovani morfologie oocyst
pod mikroskopem, stanovovani prepatentni periody nebo
hodnoceni 1ézi zpisobenych parazitem. Uréovani druhl témito
zplsoby je vSak Casové velice naro¢né a Casto nespolehlivé,
hlavné v pripadech, kdy analyzujeme smés vice druht, jejichz
parametry se prekryvaji. 1 kdyZz metody urcovani druhi
vyuzivajici klasickou PCR jiz existuji, tyto metody postradaji
vyhody nabizené real-time kvantitativni PCR (qPCR). Prvnim
cilem této prace bylo vyvinout qPCR metody pro detekci a
kvantifikaci sedmi druhd kufecich eimerii. Cilem byla vysoka
specifita a maximalni pokryti vSech rdznych kment kazdého
druhu, proto byly jako cilové sekvence hledany jednokopiové
nepolymorfni oblasti. Uzitecnost metody byla demonstrovana
analyzou vzorkid zterénu. DalSim cilem prace bylo vyreSeni
postaveni druhu kureci kokcidie Eimeria mivati, jehoz platnost je
Casto zpochybiiovana. Pomoci izolace ¢istych kment a nasledné
analyzy sekvenci malé ribozomalni podjednotky (18S) jsme
dokazali, Ze v rdmci jednoho genomu tohoto parazita existuji dva
typy 18S sekvence a Ze tyto typy odpovidaji sekvencim E. mitis
a E. mivati. Existence dvou typd 18S tak byla u eimerii
pozorovana poprvé aznamena, ze druh E. mivati je stejny druh
jako E. mitis. Toto zjiSténi ma dilezité dopady pro diagnostiku
kurecich eimerii, veterinarni praxi a vyrobu zivych vakcin. Dals{
oblasti prace byly kokcidie kriit, kde jsme objasnili otazku dvou
kmend druhu E. adenoeides, které se lisily morfologii oocyst do
takové miry, Ze jeden kmen byl ptivodné povazZovan za jiny druh.
Pomoci analyzy genu 18S a testd kiizové imunity jsme dokazali,
Ze oba tyto kmeny predstavuji jeden a ten samy druh.



Abstract

Eimeria is an apicomplexan parasite causing disease
coccidiosis that is most prominent in poultry farming industry.
This thesis is aimed to develop new molecular tools and resolve
issues that would be a valuable contribution in the field from
both research and industry perspective. Because immunity to
Eimeria is strictly species-specific it is important to know and
recognize correctly all species that parasitize the host.
Traditional diagnostic approaches rely on classical methods like
oocyst morphology determination under the microscope,
measurement of prepatent period or in-vivo assessment of
lesions caused by this parasite. However, diagnostics of
individual species using these methods is very time-consuming
and it is often unreliable, especially when mixture of multiple
species whose parameters overlap is analyzed. Methods utilizing
conventional PCR to distinguish species already exist, however,
they lack advantages offered by quantitative real-time PCR
(qPCR). The first aim of this thesis was to develop qPCR assays
for detection and quantification of seven Eimeria species which
infect chicken utilizing single-copy non-polymorphic targets in
order to ensure maximal specifity and coverage of all strains of
each species. Usefulness of this method was demonstrated by
analysis of field samples. Another aim was to resolve status of
Eimeria mivati that has been considered doubtful species. We
have analyzed small ribosomal subunit (18S) sequences of
single-oocyst derived strains of E. mitis and we have found that
two types of 18S co-exist within single genome that correspond
to sequences of E. mitis and E. mivati. It implies that E. mitis and
E. mivati represent the same species. The phenomenon of two
types of 18S within single genome was not observed in Eimeria
until now and it has important implications for diagnostics and
vaccine production. The last aim was related to turkey coccidia
E. adenoeides where we encountered two strains that differed in
oocyst morphology to the extent never described before. We
have resolved their status by molecular phylogenetics using 18S
gene and cross-immunity tests.



Uvod

Jednobuné¢ni paraziti z rodu Eimeria se tadi mezi dilezité
veterindrni patogeny. Zplsobuji hemoragické onemocnéni
kokcididzu, kterd plisobi problémy predevsim v dribezarském
primyslu. Podobné jako ostatni organizmy z kmene Apicomplexa,
i eimerie maji slozity zZivotni cyklus zacinajici pozfenim oocysts,
pokracujici masivni replikaci uvnitt stfevnich bunék hostitele a
koncici tvorbou novych oocyst vylucovanych trusem. Vysoka
intenzita soucasnych chovi dribeZe napomaha rozvoji této Casté
nemoci, proto musi byt predchdzena bud pridavanim
antikokcidik do krmiva nebo podavanim zivych vakcin (Shirley et
al, 2005). Pouzivani antikokcidik pridavanych do krmiva je
dlouholety tradi¢ni zplisob prevence kokcidiézy. Nicméné z
dtvodu zvysujiciho se vyskytu rezistentnich kment a kvili tlaku
na snizovani rezidui 1é¢iv v potravinach zacinaji byt
Zivé vakciny obsahuji bud’ virulentni kmeny kokcidii nebo kmeny
oslabené zkracovanim prepatentni periody. ProtoZe imunita
proti eimeriim je druhové prisné specificka (Smith et al., 2002;
Shirley et al, 2007), kazdy druh, proti kterému ma vakcina
chranit, musi byt ve vakciné zastoupen zvlast. V Evropské Unii
jsou povoleny jenom oslabené vakciny proti kokcidiéze. Vyroba
zivych oslabenych vakcin je mimotadné naro¢na a vyzaduje
diikladnou kontrolu, protoZze vakcina¢ni linie se mohou
fenotypicky rychle ménit a také miize dochazet ke kontaminaci
jingymi kmeny.

Tradi¢ni metody urcovani jednotlivych druhti kokcidii
zahrnuji hodnoceni morfologie oocyst, prepatentni periody,
mista infekce nebo makroskopickych 1ézi. Protoze se tyto
parametry casto prekryvaji, byva urcovani druhll témito
metodami Casto nespolehlivé a navic mize trvat i tydny. Proto
byly vyvinuty PCR metody na rozliSeni jednotlivych druhi
(Schnitzler et al, 1999; Fernandez et al, 2003) a my jsme
pokrocili dale vyvinutim real-time kvantitativni PCR (qPCR),
ktera nabizi mnoho vyhod oproti klasické PCR. Pouzitim qPCR
dokazeme nejenom spolehlivé detekovat a identifikovat
jednotlivé druhy, ale také Kkvantifikovat relativni podil
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jednotlivych druhd ve smési. V terénu se zpravidla setkavame se
smiSenymi infekcemi a smésné vzorky jsou proto nejcastéji
podrobovany laboratorni analyze a je tedy Casto velmi dulezité
znat alespon to, ktery druh v daném vzorku prevazuje. Nami
vyvynutd metoda najde uplatnéni i pfi laboratorni vyzkumné
praci a vyrobé zivych vakcin.

Je zndmo sedm druhd kokcidii, které infikuji kura
domaciho: E. acervulina, E. brunetti, E. maxima, E. mitis,
E. necatrix, E. praecox a E. tenella. Kromé téchto druht je popsan
také druh E. mivati, jehoZ platnost je vSak v oboru casto
zpochybiiovana, prestoZze je tento druh obsazen v jedné
virulentni vakciné vyrabéné v USA. V minulosti uz byly
publikované ¢lanky naznacujici, Ze tento druh je pravdépodobné
totozny s druhem E. mitis, nicméné nebyly zadné molekuldrni
dtikazy, které by platnost tohoto druhu potvrdily nebo vyvratily
(Shirley et al., 1983). Proto jsme provedli analyzu sekvence malé
ribozomalni podjednotky (18S) u E. mitis a zjistili jsme, Ze tento
druh obsahuje dva typy genu pro 18S v ramci jednoho genomu.
Tyto dva typy genu odpovidaji 18S sekvencim E. mitis a E. mivati,
coz vylucuje existenci E. mivati jako samostatného druhu. Je to
zaroven prvni objev existence dvou forem 18S v ramci rodu
Eimeria, i kdyz podobny fenomén byl popsan u jinych zastupci
kmene Apicomplexa  (Plasmodium, Babesia). Je tedy
pravdépodobné, Ze i jiné druhy eimerii miZou obsahovat dva
typy 18S sekvence, proto je na misté opatrnost pfi vyuZivani
tohoto genu k hodnoceni diverzity druhd a kmend nebo pfi
diagnostice zaloZené na tomto genu.

Druhy eimerii, jejichz hostitelem je kriata, jsou daleko
méné prozkoumané nez kureci kokcidie. V literatufe je popsano
sedm druhi: E. adenoeides, E. dispersa, E. gallopavonis, E. innocua,
E. meleagridis, E. meleagrimitis a E. subrotunda (Chapman, 2008).
Jejich diagnostika na zakladé kriterii, jako morfologie oocyst,
prepatentni perioda nebo misto infekce je jesté daleko
narocnéjsi, protoze literarni zdroje se Casto rozchazeji v popisu
jednotlivych druhti. Existence nékolika z téchto druhl je
zpochybiiovana a jeSté donedavna neexistovala PCR metoda na
identifikaci alespon nékterych z téchto druhi (Cook et al., 2010).



V soucasnosti neexistuje Zzddna atenuovana vakcina proti
kokcididze kriit a proto jsou kriti farmy zavislé jen na pouzivani
antikokcidik. Nase vyzkumna skupina vyviji takovou vakcinu a
prvnim krokem bylo pravé vyreSeni otazky, jaké druhy skutecné
existuji a jak je spolehlivé identifikovat. Jednim z dkold, ktery je i
soucasti této prace, bylo vyfeSit otdzku postaveni jednoho
kmene, ktery podle morfologie oocyst odpovidal druhu
E. meleagrimitis, ale podle sekvence 18S mél blizko
k E. adenoeides. Rozdil v morfologii byl natolik velky, Ze tento
druh byl nami na zacatku povaZovan za E. meleagrimitis, protoZe
takové rozdily v ramci druhu nebyli nikdy u eimerii popsany a
mélo se za to, ze morfologie oocyst je v rdmci druhu fixovany a
pomérné spolehlivy parametr. AvSak data z analyzy gent pro
18S, ITS1 a cytochrom oxiddzu a nasledné biologické testy
krizové imunity ukazaly, Ze se jedna o dva rtizné kmeny jednoho
druhu - E adenoeides. Test krizové imunity je totiz
v kokcidiologii povazovan za dobry nastroj vymezujici jednotlivé
druhy.



Introduction

The protozoan parasites from the genus Eimeria are
important veterinary pathogens. They cause the hemorrhagic
disease coccidiosis, most notable in poultry farming industry.
Like other organisms from the phylum Apicomplexa, Eimeria has
a complex life cycle starting with ingestion of tough oocysts,
massive replication within intestinal cells and ending with
excretion of newly created oocysts in faeces. The high stocking
density in current poultry breeding facilities is favourable for this
disease, therefore it has to be prevented either by using in-feed
anticoccidials or by applying live vaccines (Shirley et al., 2005).
In-feed anticoccidials represent traditional approach for disease
prevention, however, due to increasing resistance of field strains
and concerns about drug residuals, live vaccine are being more
preferred, especially in long-lived animals. Live vaccines can be
composed of parasites that are either virulent (wild) or
attenuated by shortening prepatent period. Because the
immunity to Eimeria is strictly species-specific (Smith et al,
2002; Shirley et al., 2007), each species which is being targeted
has to be included in vaccine. Only attenuated coccidiosis
vaccines are permitted in European Union. Production of
attenuated live vaccines is complicated and needs careful control
over live organisms that might phenotypically change or
contaminate during several round of replication.

Traditionally, coccidian species were distinguished by
oocyst morphology, prepatent period, site of infection or
macroscopic lesions, however, because these parameters might
overlap, these methods are often unreliable and are very time-
consuming. Therefore PCR methods to distinguish individual
species were developed (Schnitzler et al., 1999; Fernandez et al,,
2003) and we have further advanced this approach by
development of real-time quantitative PCR (qPCR) that offers
many advantages over classical PCR. By utilizing qPCR we can
not only reliably detect and identify species but also quantify its
relative content in mixture of species which is particularly
important during formulation of live vaccines or during field
diagnostics to determine relative abundance of each species.
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Seven species of Eimeria that infect the chicken are
recognized, namely: E. acervulina, E. brunetti, E. maxima, E. mitis,
E. necatrix, E. tenella and E. praecox. There is also a species called
E. mivati that was described in the past but its validity is
questioned by many researches in the field, although it is already
included in one live virulent vaccine produced in USA. There
were reports from the past that it might be the same species as
E. mitis but there was no molecular analysis that would support
or oppose its validity (Shirley et al.,, 1983). We have carried out
analysis of small ribosomal subunit (18S) sequences in E. mitis
and we have found that it contains two types of 18S gene that
correspond to E. mitis and E. mivati which then invalidates
E. mivati species. It was also the first report of the two types of
18S within single genome in Eimeria. This phenomenon was
known in some other apicomplexan species (Plasmodium,
Babesia) but not in Eimeria. It is expected that some other
eimerian species might contain two types of 18S and it therefore
means that care should be taken when assessing diversity
according to 18S or when using this gene for species or strain
diagnostics.

Species of Eimeria that infect the turkey are much less
studied than chicken Eimeria and there is seven species
described in literature, namely: E. adenoeides, E. dispersa,
E. gallopavonis, E.innocua, E. meleagridis, E. meleagrimitis and
E. subrotunda (Chapman, 2008). Their diagnostics according the
classical criterions like oocyst morphology, prepatent period or
site of infection is much more harder because literature is often
inconsistent in their description. Existence of some of these
species is also doubtful and only until recently (Cook et al., 2010)
there were no PCR tools to identify at least some of these species.

Currently, no attenuated vaccine against turkey coccidia
exists, so the turkey farms rely solely on using in-feed
anticoccidials. Our research group have been developing live
vaccine against turkey coccidia, however, first step was to
resolve issues arising from identification of individual species
and recognition what species really exist using molecular tools
that are being newly developed. The one particular aim that is
part of this thesis was to resolve issue of two unexpectedly
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different strains of E. adenoeides. These two strains differed by
oocyst morphology to the extent never observed before so the
smaller species was at the beginning of our work considered to
be another species (E. meleagrimitis). The data from 18S gene
sequencing, however, suggested that it might be close relative of
E. adenoeides because of high sequence similarity. This was
further confirmed by cross-immunity tests that are considered as
a good species delimitating tool in coccidiology.
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Hypotézy a cile prace

Cilem této prace bylo vyvinout nové nastroje a prinést
feSeni otdzek, které budou cennym prispévkem v oblasti
kokcididzy jak z hlediska védeckého tak i praktického.

Prvnim cilem bylo vyvinout qPCR metody stanoveni pro
sedm druhi kurecich kokcidii, které budou pokryvat maximum
kmend kazdého druhu. Tyto metody mohou byt pouzity jednak
ve vyzkumu k zdokonaleni a zrychleni analyz vzorki a jednak ve
veterindrni praxi pro diagnostiku vzork z terénu.

Druhym cilem bylo pomoci molekuldrnich metod rozreSit
otazku platnosti zpochybniovaného druhu E. mivati. Byl by to
dilezity a zaroven presvédcivy prispévek do dlouhotrvajici
diskuze o platnosti tohoto druhu. Zaroven je to dilezita otazka
pro oblast kufecich kokcidii, protoZe je nutné znat skutecné
existujici druhy abychom mohli délat spravné rozhodnuti pri
vyrobé zivych vakcin a diagnostice kokcidii z terénu.

Tretim cilem prace bylo vyfeSit postaveni nami
izolovaného kmene kriti kokcidie, johoZ morfologie oocyst a
sekvence 18S naznacovaly protichiidné zavéry. Sekvence 18S
ukazovala na blizkost k E. adenoeides, morfologie oocyst zase
blizkost k E. meleagrimitis. AvSak takovato variabilita morfologie
oocyst v ramci druhu by byla prolomenim paradigmatu v
kokcidiologii. RozreSeni této otazky prispéje také k celkovému
vyjasnéni taxonomie kriatich kokcidii, o coz se snazime v naSem
dalSim vyzkumu.

13



Aims of the work

The aims of the work were to develop a new tools and to
resolve issues that would be a valuable contributions in the field
of coccidiosis from both industry and research perspectives.

The first aim was to develop a qPCR assays for all seven
chicken Eimeria species. These assays can be used by researchers
to advance their research efforts in coccidiosis as well as
companies focusing on diagnostics of field samples.

The second aim was to resolve issue with E. mivati using
molecular tools. That would be a valuable and persuading
contribution to a longstanding debate about this species in the
field of chicken coccidiosis as it is important to know what
species really exist in order to do correct decisions in vaccine
production and field diagnostics.

The third aim was to resolve unknown status of the two
different strains of turkey coccidia E.adenoeides, where we
encountered variations that were never described before.
Consequently, this has an important implications for diagnostics
of turkey coccidia and it is a contribution to the whole image of
turkey coccidia taxonomy that we trying to complete in our
further research in this field.
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Material a metodika

Pro vyvoj diagnostickych qPCR metod, které budou
kompatibilni s maximalnim poctem rdznych kment kazdého
druhu, jsme vyuzili SCAR (sequence-characterized amplified
region) markery, které byly testovany na nékolika kmenech
kazdého druhu. Softwarové jsme v téchto sekvencich navrhli
nékolik kandidatskych qPCR markert pro kazdy druh. Pro praci
jsme vyuzili vSechny nam dostupné kmeny kokcidii z kazdého
druhu a kandidatské markery jsme z jejich DNA amplifikovali,
zaklonovali a sekvenovali pro posouzeni polymorfizmu v ramci
druhu. Do kone¢né sady sedmi markerd byly vybrany jenom
nepolymorfni fragmenty a ty byly dale testovany na vhodnost pro
gPCR (PCR efektivita, specifita, senzitivita). Pozadavkem byla
absolutni specifita (zadna cross-reaktivita s cizi DNA) a vysoka
senzitivita. Findlni qPCR stanoveni byla kalibrovana pomoci
standardnich  kfivek vytvofenych s pouzitim markert
zaklonovanych v plazmidu a pomoci genomové DNA ziskané ze
znamého poctu oocyst. Takto kalibrované stanoveni bylo moZzné
pouzit na relativni kvantifikaci jednotlivych druhli ve smési.
Vysledky takto ziskané byly ovéreny také pomoci tradicni
metody pocitani oocyst jednotlivych druhii pod mikroskopem.
Vyvinuta qPCR metoda byla poté aplikovana na analyzu vzorki
podestylky a trusu pochazejicich z farem z riiznych zemi svéta.

Pro vyteSeni otazky platnosti druhu E. mivati jsme nejprve
ziskali druh E. mitis a provedli pét monosporickych izolaci, které
spocivaji ve vybrani jedné oocysty pomoci mikromanipulatoru a
nasledné infekci kufete touto oocystou. Takto jsme zabezpecili,
Ze budeme pracovat s Cistou linii a ne se smési druhti. Nasledné
jsme amplifikovali, zaklonovali a osekvenovali gen pro 18S u
kazdé takto izolované linie E. mitis. Kromé 18S jsme také
sekvenovali gen pro mitochondrialni cytochrom oxidazu (COI).
Sekvence, které jsme nasli u E. mitis jsme porovnali se znAmymi
sekvencemi a rekonstruovali jsme fylogenetické vztahy
v kontextu ostatnich sekvenci kufecich eimerif. Také jsme
provedli predikce sekundarni struktury dvou forem ribozomalni
RNA nalezenych u E. mitis a urcili jsme strukturalni rozdily mezi
témito dvéma typy sekvenci 18S.
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Na zacatku vyvoje zivé atenuované vakciny proti
kokcididze krit jsme ziskali rizné terénni izolaty z kritich farem
z Ceska, Polska a Némecka. Kazdy vzorek jsme charakterizovali
biologicky ataké pomoci sekvenovani malé ribozomalni
podjednotky. Kromé kmene E. adenoeides, ktery odpovidal
literarnimu popisu jsme nasli i kmen, ktery jsme povazovali za
E. meleagrimitis, ale jeho 18S sekvence meéla velice blizko
k E. adenoeides. U obou kmenl jsme provedli monosporickou
izolaci, aby jsme ziskali linie odvozené z jediné oocysty. Tyto linie
jsme podrobili PCR amplifikaci, klonovani a sekvenovani geni
pro 18S, ITS1 aCOI. Rovnéz jsme 100 oocyts zkazdé linie
proméfili pomoci mikroskopu a takto ziskali histogramy Sirky
adélky. Protoze blizkost 18S sekvenci naznacovala, Ze by se
mohlo jednat ojeden druh, provedli jsme kiizové imunizacni
pokusy, pri nichz byly krity imunizovany jednim druhem
a zatizeny druhym a vyhodnotili jsme pokles vylucovani oocyst
proti neimunizované kontrole. Provedli jsme také analyzu 18S
sekvenci vyskytujicich se ve dvou komercnich vakcinach a tyto
porovnali s naSimi sekvencemi.
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Material and methods

For the development of qPCR assay that would cover
maximum number of existing strains of each species we have
chosen to utilize RAPD-derived sequence-characterized
amplified regions (SCARs) which were validated using multiple
strains. We designed multiple candidate qPCR markers using
dedicated software with regards to suitability for qPCR.
Furthermore, we have obtained multiple strains of each species
and then amplified, cloned and sequenced each candidate marker
from each strain in order to assess polymorphism. Only non-
polymorphic (identical in each strain of respective species)
markers were selected and then tested for their performance in
gPCR assay. Absolute specifity (no cross-reactivity with other
species or host DNA) and high sensitivity were the requirements.
The qPCR assays were calibrated and standard curves were
prepared using plasmid-encoded targets as well as using
genomic DNA from known number of oocysts. Assays calibrated
this way could be used for calculation of relative abundance of
each species in complex mixture. Results obtained this way were
compared to traditional method of counting oocysts under the
microscope. This method was then used for analysis of field
samples of litter from farms from around the world.

To resolve the issue with E. mivati we have obtained
species E. mitis and carried out five single-oocyst isolations in
order to ensure that we are working with pure lines. Then we
PCR-amplified, cloned and sequenced multiple clones of small
ribosomal subunit (18S) gene from each E. mitis line and
sequenced them. Along with 18S we amplified, cloned and
sequenced cytochrome oxidase (COI) gene. We have compared
sequences found within E. mitis genome and we have
reconstructed phylogenetic relationships within the context of
other chicken Eimeria species. We also performed secondary
structure predictions of 18S ribosomal RNA variants and we
determined the differences between the two types of 18S rRNA
found within E. mitis genome.

At the beginning of our efforts to develop live attenuated
vaccine against turkey coccidiosis we have obtained multiple
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strains and species of turkey coccidia from farms of Czech
Republic, Poland and Germany. We have analyzed each sample
by 18S sequencing and except E. adenoeides we have found a
coccidia that resembled E. meleagrimitis but its 18S sequence
was very similar to the sequence of E. adenoeides. In order to
determine whether this species is E. adenoeides or some other
species we carried out single-oocyst isolations to purify each
strain. Then we PCR-amplified, cloned and sequenced 18S, COI
and ITS1 sequences from each strain. We also measured oocysts
of each strain under the microscope using 100 oocyst from each
sample. Because high relatedness of 18S sequences suggested
that the unknown species might be E. adenoeides we performed
cross-immunity tests. In these tests, turkeys were immunized
with one strain and later challenged with other strain and cross-
protection was measured by counting of oocysts produced after
challenge. We also analyzed 18S sequences from two commercial
virulent vaccines and we compared 18S sequences found within
these vaccines to our sequences.
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Vysledky

Real-time kvantitativni PCR metody stanoveni pro sedm
druhti kurecich kokcidii, které se nam podafrilo vyvinout, splnily
naSe pozadavky na specifitu a senzitivitu. Dosahli jsme Uplné
specifity a zaroven citlivosti dostatecné pro detekci jediné
sporulované oocysty (obsahujici 8 kopii genomu). Standardni
krivky ukazali Siroké rozmezi linearity, tj. spolehlivost a
reprodukovatelnost kvantifikace v Sirokém rozmezi koncentrace
vychoziho templatu (Obr. 1). Jednotlivda qPCR stanoveni nebyla
ovlivnéna pritomnosti cizorodé DNA (hostitel, bakterie, kvasinky,
rostliny), coz je dtlezité hlavné u terénnich vzorki, kde cizoroda
DNA tvori absolutni vétSinu DNA izolované ze vzorku. Pro kazdy
druh bylo testovano nékolik kandidatskych markerd a do
konecné sestavy byly vybrany jenom ty, u kterych jsme
sekvenovanim prokazali absenci polymorfizmu, tj. sekvence
markerd z riznych kment daného druhu byly identické. Metoda
byla poté aplikovdna na terénni vzorky z farem, kde jsme zjistili
riznou diverzitu kokcidii, ato ina farmach pouzivajicich
antikokcidika. Vysledky relativniho zastoupeni druhti ve vzorcich
z farem se také podarilo ovérit pomoci klasického pocitani oocyst
jednotlivych druhti pod mikroskopem.

1,00 2403 1,00 2404 1,00 405 1,00 2408 1,00 407 1,00 2408 1,00 2400

Initial Quartity (copies)

Obrazek 1. Standardni kiivky stanoveni sedmi druhd vytvofené s pomoci
markert zaklonovanych v plazmidu.
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Analyza cistych linii E. mitis pomoci sekvenovani 18S
ukazala, Ze existuji dva typy genu 18S v rdmci jednoho genomu.
Zatimco prvni typ sekvence odpovidal E. mitis, druhy odpovidal
druhu E. mivati. Ve fylogenetické analyze zahrnujici vSechny
zname sekvence 18S z téchto druht se tyto dva typy sekvence
segregovaly do skupin odpovidajicich druhim (Obr. 2).
Sekvenovani genu mitochondridlni cytochrom oxidazy ukazalo
vysokou pribuznost suZz zndmou sekvenci E.mivati ave
fylogenetické analyze tyto dvé COI sekvence utvorily jednu
vyvojovou vétev, coZ je vsouladu shypotézou, Ze se jedna
o sekvence z jednoho druhu.

100 —— FR775304 E. mitis, mitis variant 3
FJ236379 E. mitis

54 FR775302 E. mitfs, mitis variant 1 mitis-like
47 FR775303 E. mitis, mitis variant 2 18S rRNA

1 H 100 |U40262 E. mitis

1u67118 E mteis

FJ236374 E. cf. mivati
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&y— FR775305 E. mitts, mivatl variant 1
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Obrazek 2. Fylogeneticky strom vytvoieni pomoci metody maximum likelihood z
vSech 18S sekvenci E. mitis a E. mivati. NaSe sekvence jsou tucné.

Kromé toho naSe predikce sekundarni struktury téchto
dvou typd ribozomalni RNA ukazaly, Ze rozdily v sekvenci maji
vyznamny dopad na sekundarni strukturu a Ze tyto dva typy 18S
se lis{ v délce helixu 43 (Obr. 3).

Pri feSeni projektu zaméreného na kriti kokcidie jsme
objevili dva kmeny kokcidie E.adenoeides, které se liSi v
morfologii oocyst do takové miry, jaka nebyla nikdy pozorovana
ani popsana v literatufe (Obr. 4). Tyto kmeny kokcidii byly
monosporicky izolovany a biologicky charakterizovany, pricemz
byla urcena jejich morfologie oocyst, prepatentni perioda a
patogenita. Sekvence 18S téchto dvou kmenid byly vysoce
homologni, sekvence ITS1 pomérné odliSné a sekvence COI
mirné odliSné na udrovni DNA, ale identické na urovni
aminokyselinové sekvence proteinu. Kiizové imunizacni testy
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ukdazaly vysoky pokles vylucovani oocyst po heterologni zatézi a
ukazuji tedy, Ze oba kmeny predstavuji jeden druh. Kromé toho
jsme ukazali, ze obé komerc¢ni vakciny obsahuji odliSné kmeny
E. adenoeides a ze sekvence kmeni E. adenoeides z téchto vakcin
odpovidaji nasim sekvencim.
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Obrazek 3. Predikovana sekundarni struktura regionu V7 u dvou typt 18S rRNA
sekvence nalezenych v genomu E. mitis.

Obrazek 4. Sporulované oocysty E.adenoeides KR (A) a
E. adenoeides KCH (B).
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Results

We have developed real-time quantitative PCR assays for
detection and quantification of seven chicken Eimeria species
that met our requirements for specifity and sensitivity. We have
obtained absolute specifity and the sensitivity sufficient to detect
single sporulated oocyst (which contains 8 genome copies). The
standard curves demonstrated reproducible quantification
across a wide linear range (Fig. 1). Assays were not affected by
presence of non-target (host, bacterial, yeast, plant) DNA that is
predominant type of DNA occurring in field samples. Multiple
candidate markers were tested for each species. Each marker
that was selected for inclusion into final set was confirmed to be
non-polymorphic (identical) among all available strains of
respective species. Method was then applied to field samples
from farms and results were verified by classical microscopic
diagnostics.

1.00 e403 1,00 44 1,00 408 1.0 e408 1,00 407 1.00 e40% 1.0 esird

Initial Quartity (sopies)

Figure 1. Standard curves of seven species assays constructed using plasmid
encoded targets.

Analysis of pure lines of E. mitis by sequencing 18S gene
revealed that two different types of 18S co-exist in genome.
While the first type correspond to the sequence of E. mitis, the
second type correspond to the sequence of E. mivati. In
phylogenetic analysis, these two types of 18S gene clustered into
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separate groups (Fig. 2). Sequencing of COI gene showed high
relatedness to already determined COI sequence of E. mivati and
phylogeny reconstruction showed that these COI sequences
belong to the single lineage which is in agreement with
hypothesis that these two sequences come from single species.

100 — FR775304 E. mitis, mitis variant 3
FJ236379 E. mitis

54 FR775302 E. mitfs, mitis variant 1 mitis like
47 FR775303 E. mitis, mitis variant 2 18S rRNA
1 100 |U40262 E. mitis

lu67118 £ miuis

ﬁ FJ236374 E. cf. mivati
100 —— FR775307 E. mitis, mivati variant 3

&,— FR775305 E. mitfs, mivat variant 1

—————————— FR775306 E. mitis, mivati variant 2
————————U76748 E mivati
FJ236378 E. of, mivati mivati-like
F]236377 E. of. mivati 185 rRNA

- 71 FJ236373 E. cf mivati
.0.0_01 . 4!; FJ236375 E. cf. mivati
substitutions/site FJ236376 E. cf, mivati

Figure 2. Maximum likelihood phylogenetic tree constructed from all 18S
sequences of E. mitis and E. mivati. Our sequences highlighted bold.

Moreover, our predictions of secondary structures of these two
types of ribosomal RNA showed that the differences in sequence
have significant impact on structure (Fig. 3).

difference

mitis-type
185 rRNA

mivati-type
185 rRNA

Figure 3. Predicted secondary structures of V7 region of the two types 18S rRNA
sequence found within E. mitis genome.
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In turkey coccidia project we have found two strains of
E. adenoeides that differ in oocyst morphology to the extent never
described before (Fig. 4). Strains of turkeys coccidia derived by
single-oocyst isolation were biologically characterized and we
have determined oocyst morphology, pathogenicity and
prepatent period for each strain. The sequences of 18S were
found to be very similar in both strains, sequences of ITS1 were
different and COI sequences were slightly different at the DNA
level and identical at protein level. Cross-immunity tests showed
high decrease of oocyst output after heterologous challenge and
confirmed that these two strains represent the same species.
Moreover, we have showed that the two commercial turkey
coccidiosis vaccines contain two different strains of E. adenoeides
that correspond to our strains of E. adenoeides. 18S sequences
from these vaccines were homologous to the sequences from our
strains of E. adenoeides.

Figure 4. Sporulated oocysts of E.adenoeides KR (A) and
E. adenoeides KCH (B).
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Diskuse

Vyvinuté qPCR metody pro detekci a kvantifikaci sedmi
druhti kurecich eimerii jsou cennym nastrojem jak pro vyzkum,
tak pro veterinarni praxi. Nasim cilem bylo vyvinout metody
pouzitelné pro co nejvice kment kazdého druhu tak, aby mély
globalni platnost a minimalizovali riziko faleSné negativity nebo
pozitivity. Za timto uUCelem jsme hledali jednokopiové
nepolymorfni qPCR markery u kazdého druhu. I kdyz qPCR
stanoveni zaloZené na vicekopiovych cilovych sekvencich, jako je
ITS1 nebo ITS2 (Morgan et al., 2009) maji vySsi senzitivitu diky
zvySenému poctu cilovych mist v genomu, tyto metody maji
problém se specifitou (faleSna negativita nebo faleSna pozitivita)
a maji také nizkou piesnost, protoZe pocet kopii ribozomalnich
geni se u jednotlivych druhd lisi a neni znam. Nami vyvinuté
gPCR metody stanoveni jsou rychlé, spolehlivé a presné. MiZou
byt vyuzity naptiklad pri vyrobé zivych vakcin, analyze smésnych
infekci a vzorkll ve vyzkumu nebo ve veterinarni praxi na
diagnostiku klinické nebo subklinické kokcididzy. Typ vzorku
neni omezen jenom na oocysty, ale jakykoli vzorek obsahujici
néjaka vyvojova stadia eimerii miZe byt podroben izolaci DNA a
gPCR analyze. Pfikladem mohou byt vzorky infikovanych tkani z
riznych mist traviciho traktu, kde mtizeme pomoci qPCR zjistit
lokalizaci jednotlivych druhti a to i pti smésné infekci. UzZite¢nost
téchto metod jsme demonstrovali také analyzou relativniho
zastoupeni jednotlivych druhi ve vzorcich z farem z riznych
zemi. Ve vice ptipadech jsme zaznamenali pfitomnost kokcidif i
na farmach pouZivajicich antikokcidika, coZ znadi vyskyt
rezistentnich kment, nejcastéji E. acervulina.

Pro objasnéni postaveni druhu E. mivati jsme vyuZili gen
pro malou ribozomalni podjednotku (18S), ktery je u eukaryot
Casto pouzivan pro rekonstrukci fylogenetickych vztahd a pro
populacné-genetické studie. Zjistili jsme, Ze v ramci jednoho
genomu druhu E. mitis existuji dva typy sekvence tohoto genu,
coZz aZ doposud nebylo nikdy pozorovano u rodu Eimeria, i kdyZ
vefejné databaze jiZ obsahuji stovky sekvenci 18S z eimerii.
Ribozomalni geny se normalné vyvijeji podle vSeobecné
uznavaného modelu spiazené evoluce (concerted evolution), kde
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jsou jednotlivé kopie neustdle homogenizovany a je tak
udrzovana jejich sekvence stejnd u vSech kopif genu, avSak my
jsme narazili na vyjimku ztohoto modelu, ktera byla také
pozorovana u nékterych dalSich zastupci kmene Apicomplexa
(Rooney, 2004; Nei and Rooney, 2005). Vysledkem naseho
zjisténi je vyvraceni platnosti E. mivati jako samostatného druhu,
tj. jedna se stale o tentyz druh - E. mitis. Dalsi dlsledky vyplyvaji
pro molekuldrni metody vyuzivajici tento gen pro diagnostiku
nebo populac¢ni genetiku, kde je tfeba pocitat s moznosti, Ze i jiné
druhy eimerii miZzou mit takovyto intragenomovy poly-
morfizmus. Pri prehlédnuti tohoto fenoménu mize lehce dojit
k precenéni diverzity kment nebo druhi. Predikce sekundarni
struktury téchto dvou typ RNA nam ukazala, Ze rozdily
vsekvenci nejsou jenom nahodné jednonukleotidové
polymorfizmy, ale maji vyznamnéjsi dopad na strukturu malé
ribozomalni podjednotky. Tyto dva typy 18S rRNA mohou
pravdépodobné hrat riznou roli v riznych stadiich vyvojového
cyklu parazita, jak bylo pozorovdno u jinych apikomplex
(McCutchan et al., 1988; Qari et al., 1994; Le Blancq et al,, 1997).
Vyzkum kritich kokcidii vykonavany jako soucast
projektu na vyvoj zivé oslabené vakciny prinesl mnoho otdzek
v oblasti urceni a rozpoznani jednotlivych druhi a kment kritich
eimerif. S pomoci sekvenovani 18S jsme na$li dva kmeny druhu
E. adenoeides, které se lisily v morfologii oocyst do takové miry,
Ze jeden kmen byl nejprve nami povazovan za jiny druh. Az
blizkost sekvenci 18S a nasledna dikladnéjsi analyza ITS1, COI a
biologické kiizové imunizacni testy ukazaly, Ze se jedna o jeden
druh. Takovato vnitrodruhova variabilita morfologie oocyst
nebyla u kokcidii nikdy pozorovana a pro oblast kritich kokcidif
to znamena, Ze diagnostika druhii na zakladé tohoto kritéria
nemize byt spolehliva a tudiz by méla byt vyuzivana s opatrnosti
a pokud moZno spolecné se znalosti dalSich biologickych
vlastnosti nebo vysledky ziskanymi molekularné-biologickymi
metodami. AZ doposud se totiZ mélo za to, Ze morfologie oocysty
je vramci druhu pomérné stala. NaSe skupina v soucasnosti
vyviji metody qPCR, které by, podobné jako u kurecich kokcidii,
umoznili rychlou a spolehlivou identifikaci jednotlivych druhi.
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Discussion

The assays developed for identification and quantification
of seven chicken Eimeria species provide valuable tool for both
industry and research use. We aimed to develop assays with
global validity by using as many strains of each species as
possible and by seeking for single-copy non-polymorphic
sequence targets. Although assays based on multi-copy ITS1 or
ITS2 sequences (Morgan et al., 2009) have higher sensitivity than
our assays based on single-copy targets, these assays suffer from
impaired specifity (false negativity, false positivity) and low
precision of quantification. The developed qPCR assays are both
fast and reliable and can be applied to in coccidiosis research,
live vaccine manufacture or veterinary practice. We have
demonstrated utility of these assays by analyzing field samples
from different farms. In multiple cases, coccidia were detected
while the farms were using in-feed anticoccidials, which means
that the resistant strains were present.

In order to resolve status of doubtful coccidian species
E. mivati, that was not included in our qPCR assays, we have
employed gene for small ribosomal subunit (18S) which is well
known marker for inferring phylogenetic relations and
distinguishing species. We have found, for the first time in
Eimeria, that two types of 18S gene co-exist within single
genome. Although ribosomal DNA is thought to develop
according to the model of concerted evolution where the gene
copies are continuously homogenized, we have encountered
exception from this model that was observed also in some other
apicomplexan parasites (Rooney, 2004; Nei and Rooney, 2005).
As a result, this finding invalidates existence of E. mivati as an
independent species and it has important consequences for
molecular methods utilizing this gene either for diagnostics or
for population genetic studies. Furthermore, we have showed
that the differences in DNA sequence have significant impact on
RNA secondary structure and that the two types of this rRNA
might be used in different stages of life cycles as it was observed
in other apicomplexan species (McCutchan et al., 1988; Qari et al.,
1994; Le Blancq et al., 1997).
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The turkey coccidia research performed as a part of
project aimed to develop live attenuated turkey coccidiosis
vaccine introduced new challenges in distinguishing between
species and strains of this group of Eimeria. According to the 18S
sequencing we have identified two strains of E. adenoeides that
were very similar in 18S sequence but differed in oocyst
morphology to the extent that the smaller strain was considered
to be another species. Using further analysis of ITS1, COI and
biological cross-immunization experiments we have showed that
these two strains represent single species. Such an variability in
oocyst size within species was never observed in coccidia and it
means that the traditional methods of distinguishing species
have to be done with caution or abolished entirely in case of
turkey coccidia. We are currently developing similar qPCR assays
as in chicken coccidia in order to come up with reliable method
of identification of these species.
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Zavéry

V této praci bylo dosazeno nasledujicich vysledki:

1. Byly vyvinuty real-time kvantitativni PCR metody
stanoveni pro sedm druhd kurecich eimerii vyuZzivajici
jednokopiové nepolymorfni cilové sekvence. Tyto
metody najdou vyuziti jak ve vyzkumu, tak v zemédeélské
a veterindrni praxi jako rychly nastroj pro spolehlivou
detekci a kvantifikaci jednotlivych druht.

2. Pomoci molekularni analyzy genu 18S byla vyfeSena
otazka nejasného taxonomického postaveni druhu
E. mivati. Tento druh byl zpochybiiovan vice nez 30 let,
ale aZ ted’ byly prineseny molekularni diikazy objasnujici
situaci. Bylo potvrzeno, Ze tento druh je totozny s E. mitis
a nazev E. mivati Ize povaZovat za synonymum. Poprvé u
eimerii byla objevena pritomnost dvou forem 18S v
ramci jednoho genomu. Mimoto bylo demonstrovano, Ze
rozdily v sekvenci maji vyznamny dopad na sekundarni
strukturu téchto ribozomalnich RNA a tyto dva typy 18S
tak mulzou hrat rozlicnou roli béhem Zivotniho cyklu
parazita.

3. Byla vyreSena otazka dvou kment druhu E. adenoeides,
které se liS{ morfologii oocyst v mife doposud u eimerii
nikdy nepozorované. Kmen s men$imi oocystami byl
nejprve nami povazovan za druh E. meleagrimitis, ale
molekuldrni rozbor a kfizové imunizacni testy ukazaly,
Ze se jedna o dva kmeny jednoho druhu.
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Conclusions

In the present work we have obtained the following results:
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We have developed quantitative real-time PCR assays for
all seven chicken Eimeria species using single-copy non-
polymorphic targets. These assays can be used both in
research as well as in industry for specific pathogen
detection and precise quantification of mixed infections.

We have resolved the doubtful taxonomical status of
E. mivati using molecular analysis of 18S rRNA. This
species has been questioned for more than 30 years and
we have brought the molecular evidence that clarifies its
status. We confirmed that it is the same species as
E. mitis and we have discovered for the first time in
Eimeria that two types of 18S co-exist within genome.
Moreover, we showed that these two rRNA types differ
significantly in secondary structure and might play
different roles in parasite life cycle.

We have resolved the status of the two strains of
E. adenoeides that differ in oocyst morphology to the
extent never observed before in coccidiosis. The smaller
strain resembled species E. meleagrimitis but molecular
evidence and further cross-immunity tests showed that
these are the two strains of the same species.
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