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ABSTRAKT

Parazity zplsobujici pta¢i malarii fadime mezi Haemosporida, kterd predstavuji monofyletickou
skupinu dixennich protist patficich do kmene Apicomplexa. Jejich nepohlavni mnoZeni probiha
v obratlovéim mezihostiteli a ke vzniku gamet a sporogonii dochazi v krevsajicim dvouktidlém
hmyzu, ktery je tudiz konecnym hostitelem téchto paraziti. U ptaku jako mezihostitelil se setkdvame s
nasledujicimi tfemi rody téchto parazitd: Plasmodium, Haemoproteus a Leucocytozoon.

V disertacni praci jsem se soustiedil na Haemosporida volné zijicich ptaki a na zptsob jejich pienosu
hmyzimi vektory v ptirodnich populacich, coz byla prozatim opomijena oblast vyzkumu zaméfeného
na puvodce ptaci malarii. Vysledky byly ziskény jak tradicnimi metodami (vySetfeni infekci pomoci
mikroskopovani krevnich roztérli), tak predev§im molekularné biologickymi metodami (detekci
paraziti pomoci nested PCR) zalozenymi na praci s unikatnimi haplotypy jednotlivych linii
haemosporid.

Cilem studie bylo ur¢it okruh moZnych pienase¢t pta¢ich haemosporid na tizemi Ceské republiky
s prihlédnutim ke specificit¢ ptacich haemosporid v ramci téchto vektorti a popsat diverzitu ptacich
haemosporid v populacich jejich pta¢ich mezihostiteli. K tomu jsme si vybrali ¢tyfi rizné druhy
ptakd, patticich do ctyt radi (pévci — Passeriformes, sovy — Strigiformes, dravci — Accipitriformes a
hrabavi — Galliformes).

Jako potenciondlni prenaSete krevnich haemosporid na uzemi Ceské republiky jsme uréili tipliky
druhtt Culicoides kibunensis, C. segnis a C. festivipennis, komary komplexu Culex pipiens a
muchnic¢ky druht Eusimulium angustipes a Nevermannia vernum. Nalezli jsme u nich celkem 12 linii
(unikatnich haplotypt) ptacich haemosporid, ¢tyii linie byly nové. V dobé vzniku naSich prvnich
publikaci se jednalo o jedny z Uplné prvnich publikaci vénujicich se komplexné vektorim a
prenaSenym prvokim (pfevazné tiplikiim jako ptfenasSectim rodu Haemoproteus a muchnickam jako
prenasec¢tim rodu Leucocytozoon). Na tyto prace s rozvojem zavadéni molekularnich metod do studia
prenasecti haemosporid navazalo velké mnozstvi studii. Prevalence se v populacich ptacich hostitelt
pohybovaly od 12 % u koroptvi polnich (Perdix perdix) po 86 % v populaci syce rousného (degolius
funereus). Detekovali jsme u nich celkem 27 linii (haplotypti) vSech tfi hlavnich rodd ptacich
haemosporid (Plasmodium, Haemoproteus a Leucocytozoon), z nichz 8 bylo zcela novych.

Klicova slova:
Ptaci krevni parazité, Haemosporida, PCR detekce, ptaci malarie, choroby volné Zijicich zivocicht,
prenaseci, prenos infekce, krevsajici hmyz, Plasmodium, Haemoproteus, Leucocytozoon



ABSTRACT

Parasites causing avian malaria belong to the group Haemosporida, which represents a monophyletic
group of dixenic protists within Apicomplexa. Their asexual reproduction takes place in a vertebrate
intermediate host, and the formation of gametes and sporogony occur in blood-sucking dipteran
insects, which are the definitive hosts of these parasites. Three main genera (Plasmodium,
Haemoproteus and Leucocytozoon) are found mostly in their avian hosts.

We focused on the Haemosporida of wild birds and their transmission by insect vectors in natural
populations, which had previously been a neglected area. Our results were obtained both by traditional
methods (investigation of infections by microscopy of blood smears) and mainly by molecular
methods (e.g. nested PCR) centered around work with unique haplotypes of the haemosporid lineages.
The aim of our work was to determine the range of possible insect vectors of avian haemosporidians
in the territory of the Czech Republic, taking into account the specificity of the parasites within these
vectors, and to describe the diversity of haemosporidians in the populations of their bird intermediate
hosts. We chose four different species of birds from four orders (Passeriformes, Strigiformes,
Accipitriformes, and Galliformes).

As potential vectors of avian blood haemosporidians in the Czech Republic, we identified the biting
midges of the species Culicoides kibunensis, C. segnis and C. festivipennis, mosquitos of the Culex
pipiens complex and black flies of the species Fusimulium angustipes and Nevermannia vernum. In
the vectors we found a total of 12 haemosporid lineages; four of them were new. These results
represented some of the very first publications dealing with avian malaria vectors using molecular
methods (especially for biting midges as Haemoproteus vectors and for black flies as Leucocytozoon
vectors). Later on, our results were followed by numerous further studies, corresponding to an
expansion of molecular detection methods. Prevalence in the bird intermediate hosts ranged from 12
% in Grey Partridge (Perdix perdix) to 86 % in Tengmalm's owls (4degolius funereus). We detected a
total of 27 lineages (unique haplotypes) of all three major avian haemosporidians (Plasmodium,
Haemoproteus and Leucocytozoon), of which 8 were completely new.

Keywords:
Avian blood parasites. Haemosporida. PCR detection. Avian malaria. Wildlife diseases. Vectors.
Transmission. Blood-sucking insects, Plasmodium. Haemoproteus. Leucocytozoon.



UvVOoD

Parazité¢ ze skupiny Haemosporida, zptsobujici onemocnéni souhrnné nazyvané jako ptaci malarie,
tvofi monofyletickou skupinu dixennich protist z kmene Apicomplexa (Martinsen et al. 2008). Jejich
merogonie a tvorba gametocytll se odehrava v mezihostiteli, typicky obratlovci a ke vzniku gamet a
sporogonii dochazi v krevsajicicm dvoukfidlém hmyzu, ktery je tudiz koneénym hostitelem téchto
paraziti (Valkitinas 2005). U ptacich mezihostitelll se setkdvame nejcastéji se tfemi rody téchto
parazitli, konkrétné rodem Plasmodium, Haemoproteus a Leucocytozoon (Pacheco et al. 2017).
V obecné roviné piedstavuji Haemosporida dlouhodobé jednu z nejlépe prozkoumanych skupin protist
a to predev$im proto, ze sem patii pivodci lidské maléarie — krvinkovky (Plasmodium falciparum,
P.vivax, P. ovale a P. malariae) (Tangpukdee et al. 2009). Existuji ale velké rozdily v naSich
znalostech biologie riiznych taxont a ekologickych skupin téchto parazitii: velka vétSina studii se
pochopitelné vénuje lidskym plasmodiim, pfipadné tém druhim plasmodii, které slouzi jako
modelové organismy ke studiu lidské malarie — tzn. nejcastéji tedy druhtim z drobnych hlodavct
(Orfano et al. 2016; Haeberlein et al. 2017). Pfestoze jsou ptaci Haemosporida pocetn¢ i ekologicky
nejvyznamnéjsi skupinou, vénuje se jim jen mensi ¢ast studii. Navic vyznamna ¢ast poznatkl o jejich
biologii ma svij pivod v dobé, kdy se ptaci malari¢ti parazité rovnéz pouzivali jako model pro
studium malarie lidské. Tento fakt vedl k vysokému zastoupeni poctu studii pracujicich s udaji
ziskanymi experimentalné v laboratornich podminkach jako objasnéni jejich zivotniho cyklu,
interakce s vektorem, vyvoj chemoterapie a dalSich (Thathy et al. 1994; Ramirez et al. 1995; Lara

Capurro et al. 2000).

Ve své dizertacni praci se soustfed’uji na Haemosporida voln€ zijicich ptakt (pro komplexnéjsi pohled
z nékolika riznych tadd) a na zpusob jejich pfenosu hmyzimi vektory v ptirodnich populacich, coz
byla prozatim opomijena oblast.

Nase vysledky byly ziskany jak tradicnimi metodami (vySetieni infekci pomoci mikroskopovani
krevnich roztért), tak pfedev$im molekularné biologickymi metodami (detekci paraziti pomoci
nested PCR) zalozenymi na praci s unikdtnimi haplotypy jednotlivych linii haemosporid.

Velkou vyhodou také bylo, Ze jsme ve vétSiné studii sledovali populaci hostitelského druhu
dlouhodobé, po nékolik hnizdnich sezén, coz umoznilo retrapy stejnych jedinctl, zjisténi jejich
infek¢niho statusu a vytvoteni zaveri o chronické fazi malarického onemocnéni.

V soucasné dob¢ zazivaji molekularné ekologické studie ptacich haemosporid velky boom, pfedevs§im
diky plosnému rozsiteni novych metod a jejich relativni cenové dostupnosti. V dob¢ vzniku nasich
prvnich publikaci se ale jednalo o jedny z Gpln¢ prvnich publikaci vénujicich se komplexné vektortiim

(ptevazné tiplikim jako prenaSecim rodu Haemoproteus a muchnickam jako pfenaSectm rodu



Leucocytozoon) a pta¢im malariim v populaci jednoho druhu ptac¢iho mezihostitele i o jedny z mala
studii vyuzivajicich kombinovana mikroskopicka a molekularni data k urceni prevalenci, druht a linii

ptacich heamosporid.



CILE DIZERTACNI PRACE

Urceni moznych ptenasect haemosporid v Ceské republice a detekce linii haemosporid

pomoci molekularnich metod a ur€eni miry jejich hostitelské specificity u té€chto pfenaseci

Ziskani komplexnich informaci o prevalenci krevnich haemosporid na izemi Ceské republiky
v populacich ptacich mezihostitelt patiicich do riznych ptacich fadi. A to pomoci pfevazné

molekularné biologickych metod, ale i tradicnimi mikroskopickymi metodami.

Identifikace genetickych linii (unikatnich haplotyp) zastupct parazitt zpisobujicich ptaci
malarii vyskytujicich se na tzemi Ceské republiky u volné Zijicich ptaki (na prifezu vice

ptacich druhti z nékolika radu).



POUZITE METODY:

Detekce krevnich haemosporid jsme provadéli predevs§im molekularn€ biologickymi metodami.

DNA byla izolovana a purifikovana z ptaci krve (¢i jedinct krevsajiciho hmyzu odebranych v terénu)
pomoci DNeasy® Tissue kitu. Koncentraci a Cistotu vyizolované DNA jsme méfili na
spektrofotometru NanoDrop® ND-1000 a v ptfipad¢ vysokych koncentraci natedili na koncentraci
5-20 ng/ul.

K detekcei parazitii jsme pouzili dvojstupnovou nested PCR (Hellgren et al. 2004), ptipadné n¢kterou
z jejich alternativ (Perkins & Schall, 2002; Drovetski et al. 2014), amplifikujici 479 bp dlouhy tsek
cytochromu b (s primery 522 bp). Pro vyhodnoceni pozitivity daného vzorku jsme provedli
standardni elektroforézu na 2% agarézovém gelu (s pouzitim negativni kontroly na kazdych sedm
vzorkl). Jelikoz prace s kazdym hostitelskym druhem i spektrem linii paraziti vyzaduje o néco jiné
nastaveni podminek (Cosgrove et al. 2006; Szollosi et al. 2008), byly tyto pro kazdou ze studii
optimalizovany a lehce modifikovany (tak jak je popsano u jednotlivych ptivodnich praci). Pozitivni
vzorky byly nasledné sekvenovany Sangerovym sekvenovanim.

Nov¢ identifikované haplotypy (linie), liSici se alesponi jednim nukleotidem od sekvenci ulozenych
v databazich GenBank a MalAvi (Bensch et al. 2009), byly pojmenovany ve shod¢ s pravidly
databaze MalAvi a ulozeny do obou zminénych databazi. Ve vyzkumnych projektech, kde jsme méli
k dispozici i krevni roztéry, byla provedena i mikroskopicka detekce parazitd. Pro identifikaci paraziti
na roztérech jsem pouzil svételny mikroskop Axiophot a vyuzil metodu dle Votypky 2003. K
determinaci krevsajicich dvoukfidlych jsem pouzil kli¢ Chvala 1980.

Ze statistickych metod jsme uplatnili pfedev$im zobecnéné linedrni modelovani (GLM) provadéné
v S-PLUS 8.0 (TIBCO Spotfire, Palo Alto, USA), fitovan byl vzdy plny model se smysluplnymi
interakcemi. Modely byly vyhodnoceny pomoci likelihood-ratio testi a Chi2 statistiky (Crawley
2007).



VYSLEDKY A DISKUZE

V ramci nasich studii (Synek et al. 2013b; Svobodova et al. 2013; Synek et al. 2016; Hanel et al.
2016), které jsou soucasti predkladané dizertacni prace, vySetfili na pfitomnost krevnich haemosporid
522 jedinct ptacich mezihostiteld ze ¢tyi fadu (pévci — Passeriformes, sovy — Strigiformes, dravei —
Accipitriformes a hrabavi — Galliformes). U ptacich hostiteld jsme detekovali celkem 27 linii
(unikétnich haplotypt) vSech tfi hlavnich rodid ptac¢ich haemosporid (Plasmodium, Haemoproteus a
Leucocytozoon), z nichz 8 bylo zcela novych.

Z linii zachycenych v predchozich studiich na Gizemi Ceské republiky jsme u dvou ptaéich druhi (hyl
rudy a koroptev polni) detekovali rovnéz linii plasmodia SGS1 patfici morfologickému druhu
Plasmodium relictum (Palinauskas et al. 2007). A to i pfesto, ze jsme studovali jiné hostitelské druhy
nez predchozi zminéné studie (Marzal et al. 2011, studujici vrabce doméaci a Svoboda al el. 2015,
studujici slaviky modracky). Tento fakt je mozné vysvétlit velmi nizkou hostitelskou specificitou linie
SGS1 a jeji schopnosti infikovat hostitele dokonce napfi¢ riznymi ptacimi fady (Robalinho Lima &
Bensch 2014). Podobnymi generalisty jsou i linie rodu Plasmodium TURDUSI, reprezentujici
morfologicky druh P. circumflexum (Palinauskas et al. 2007), a linie GRWO06 ztotoznéna s druhem
P. elongatum (Valkitnas et al 2008). Linii TURDUSI jsme detekovali u jestfabi a sycii, z naSeho
uzemi je znama rovnéz ze slavikli modrackt (Svoboda et al. 2015), jedna se o silné generalistickou
linii napadajici ptaky ze 13 Eeledi ¢ty fadu (napf.: Paulinkas et al. 2013; Huang et al. 2015; Dubiec et
al. 2016; Ciloglu et al. 2016). Linie GRW06 nami detekovand u hylt rudych a autory ptedchozich
studii z izemi CR také u slavikii (Svoboda et al. 2015) a chiastalti (Fourcade et al. 2014) infikuje
dokonce ptaky ve 32 ¢eledich z 12 fadu a svym vyskytem je zna¢né kosmopolitni (napt.: Okanga et al
2014; Illera et al 2015; Niebuhr et al 2016; Ramey et al 2016; Seimon et al 2016; Fecchio et al 2017).
Mezi leucocytozoony je podobnym generalistou linie BT2, ktera byla detekovana na ¢eském uzemi u
slavikti modrackd (Svoboda et al. 2015) a v naSich studii se vyskytovala u syct, hyli i jestiabu a je
znamd i z mnoha jinych lokalit nap#i¢ celou Evropou (Santiago-Alargon et al. 2011; Hellgren et al.

2013; Van Rooyen et al. 2013; Rojo et al. 2014)

Vysettenych krevnich vzorkll bylo v naSich studiich celkové jeste vice (597), diky tomu, ze vétSina
nasich studii byla dlouhodobych: konkrétn¢ studie hyla rudého osmileta (Synek et al. 2013b), jestrabi
pétiletda (Hanel et al. 2016) a sycu étyfleta (Synek et al. 2016) a dochazelo k retraptim, tj.
opakovanému odchyceni stejnych individui béhem nékolika sezon. To nam umoznilo studovat jejich

infekéni statut po dobu nékolika let a pozorovat jeho eventudlni zmény. VétSinou zlstal infekéni statut



neménny, méné casto dochazelo k ziskani nové linie parazita (¢i vice linii) a nejméné Casto ke ztraté
infek¢niho statutu pro danou linii v nasledujicich letech. Tyto vysledky by podporovali hypotézu, ze
v pfipad¢ uspésného prenosu je parazit pfitomen v hostiteli po celou dobu jeho Zivota (Valkitinas
2005). Haemosporida se vyskytuji v periferni krvi v nizkych poctech, ale pfi oslabeni jedince stresem
¢i nakaze jinou infekci se muze docasné tento pocet vyrazné zvySit a paraziti jsou tedy snaze
detekovatelni (Remple 2004).

Vzacngjsi byly piipady ztraty infek¢éniho statutu jedince urCovaného z periferni krve. Tento stav
(ztrata pozitivniho statutu) popisuje 1 v nékolika malo dalSich pracich studujici ptaci populace vice po
sobé¢ jdoucich let (Bensch et al. 2007, Knowles et al. 2011). Nej¢astéji to byva vysvétlovano zivotnim
cyklem téchto paraziti: vyskytuji se zde stadia, ktera jsou skryta ve vnitfnich organech mezihostitele
(Valkitinas 2005; Zehtindjiev et al. 2008) a absence gametocytl v krvi tudiZ nemusi znamenat
kompletni uzdraveni jedince, ale jen pfitomnost parazita v merogonialni fazi cyklu v jinych organech

nez periferni krvi (Mendes et al. 2013).

Nas hlavni zajem sméfoval k vektorim ptacich haemosporid. Vysetiili jsme celkem 3054 jedinch
krevsajicich dipter jako potencionalnich pfenasecti a konecnych hostitelll téchto parazitt. U vektort
jsme detekovali 12 unikatnich linii ptacich haemosporid a z nichz ¢tyii byly nové.

Celkem jsme vySettili vzorky z 2620 jedincu tiplikd rodu Culicoides, u téchto vektora se jednalo o
jednu z prvnich studii studujici jejich haemosporida molekularnimi metodami. Tiplici jsou obecné
povaZovani za prenasee parazitl rodu Haemorpoteus (Valkitnas 2005), velmi vzacné i rodu
Leucocytozoon (Morii 1992). Druhy paraziti rodu Haemoproteus, jez byly ve vztahu k jejich
vektoriim nejvice studovany (H. mansoni, H. danilewskyi), vyuzivaji za ptenaSece veétsi pocet druhti
tiplikd r. Culicoides (Atkinson 1988, 1991; Garvin a Greiner 2003). Valkiiinas et al. (2002) zase
ukazal, ze jeden druh tiplika (konkrétné C. impunctatus) mize slouzit jako vektor az pro pét druhi
paraziti rodu Haemoproteus. Tyto vysledky pak byly potvrzeny i pro dals$i druhy (Valkitnas &
lezhova 2004).VSechny pfedchozi studie ale vyuzivaly tradicni mikroskopické metody a
experimentalni nakazy v laboratofi. Pomoci molekularnich metod na urovni genetickych linii
prenaSenych haemoprotet tipliky jako prvni studoval Martinez-de la Puente et al. 2011, a naSe studie
(Synek at al. 2013b), ktera je soucasti predkladané dizertacni prace, byla druhou studii v celosvétovém
mefitku.

V naSich studiich jsme zjistili, ze tiplik druhu Culicoides segnis miize byt pfenaseCem az Ctyf linii
rodu Haemoproteus a tiplik C. kibunensis tii linii. A rovnéz identické linie haemoproteti jsme
detekovali az ve tfech druzich tiplikd, ¢imz jsme ukazali, ze hostitelska specificita linii nemusi byt
omezena pouze na jeden konkrétni druh tiplika. Tyto zavéry odpovidaly i tomu, co v pfedchozi studii

zjistil Martinez-de la Puente et al. 2011. Na tyto dve studie (Martinez-de la Puente et al. 2011, Synek



et al. 2013a) v rychlém sledu navazali dalsi studie, které potvrdili naSe domnénky (Bobeva et al. 2013;
Ferraguti et al. 2013a; Bobeva et al. 2014; Bukauskaité et al 2015). Zavéry ziskané témito studiemi z
terénu pak v experimentadlnich podminkach v laboratofi pfi kontrolovanych pienosovych
experimentech potvrdil Ziegyté et al. 2017.

Komaii (Culicidae) jsou pienaseci krevnich haemosporid rodu Plasmodium (Valkitinas 2005). Ptaci
plasmodia se v ramci svych vektord obecné vyznacuji nizkou hostitelskou specificitou, coz bylo
prokézano u mnoha studii z rznych casti svéta (Work et al. 1990; La Pointe et al. 2005; Ejiri et al.
2009; Kimura et al. 2010; Ishtiaq et al. 2008; Ferraguti et al. 2013b; Schoener et al. 2015). Jeden druh
komara je rovnéz schopen hostit vice linii plasmodii (Kimura et al. 2010; Glaizot et al. 2012; Zittra et
al. 2015) a obecné u komarti dochazi ¢asto k vyskytu aberantniho vyvoje, kdy se ve vektorech po
uréitou dobu vyviji parazit, ktery svij vyvoj ale nedokoné¢i a neni schopen infikovat ptaciho
mezihostitele (Valkitinas 2011; Ziegyté & Valkitinas 2014). Tuto skute¢nost jsme zaznamenali i v
nasi studii (Synek et al. 2013a), kdy jsme u komara Culex pipiens detekovali i jednu z linii rodu
Haemoproteus. Domnivame se, ze se velmi pravdépodobné jednalo o aberantni pienos. V nasi praci
jsme navrhli experimentalni ovéfeni této skutecnosti, a to v kontrolovanych laboratornich pfenosech s
pitvami, coz bylo v nasledujicich letech nékolikrat provedeno a aberantni vyvoj parazitd rodu
Haemoproteus byl v komarech opakované potvrzen (Valkitinas et al. 2013, 2014).

U muchnicek (Simuliidae) jako pfenasect rodu Leucocytozoon (Valkiiinas 2005) existuje velmi malo
studii, které pracovaly s nenasatymi samicemi. NaSe studie (Synek et al. 2013a) byla tak jednou
z prvnich v této oblasti. Identifikovali jsme tfi linie rodu Leucocytozoon v jednom druhu muchnicky a
ve druhé studii (Synek et al. 2016) Ctyfi linie u druhu Nevermannia vernum, ptitom linie NEVE] se
nachazela i u muchni¢ek rodu FEusimulium. Pfed nami studoval na urovni genetickych linii
molekularnimi metodami nenasaté muchnicky jako ptenasece rodu Leucocytozoon pouze Sato et al.
(2009), ktery zjistil identickou linii rodu Leucocytozoon u tfi druhli muchnicek dvou rodi. Dalsi studie
na toto téma se objevily az po nasi studii, ale vSechny potvrzuji, stejné jako naSe data, schopnost
jednoho druhu muchnicek slouzit jako vektor mnoha linii rodu Leucocytozoon (Murdock et al. 2015;
Woodford et al. 2018). Tyto vysledky koresponduji i s nalezy ze studie Desser & Bennet (1993), kteti
experimentalné zjistili, ze jeden druh muchnicky miize piendSet az 5 ridznych druhd rodu

Leucocytozoon.



ZAVERY

Jako potencionalni pienasete krevnich haemosporid na tizemi Ceské republiky jsme uréili tipliky
druhtt Culicoides kibunensis, C. segnis a C. festivipennis, komary komplexu Culex pipiens a
muchni¢ky druhl Eusimulium securiforme, E. angustipes a Nevermannia vernum. Nalezli jsme u nich
celkem 12 linii ptacich haemosporid, z nichz Ctyfi linie byly nové. Nase data ziskana na tiplicich a
muchnic¢kach byla jednémi z prvnich ziskanych molekuldrnimi metodami a popisujicimi unikatni
genetické linie haemosporid v hmyzich vektorech. Na tyto naSe prace s rozvojem zavadéni
molekularné biologickych metod do studia pfenasecii haemosporid nasledn€ navazalo velké mnozstvi
dalsich studii. U ptacich mezihostiteld jsme popsali krevni haemosporida u populaci ctyi druhti ptakt
ze Ctyf ruznych rada (pévcei — Passeriformes, sovy — Strigiformes, dravei — Accipitriformes a hrabavi —
Galliformes). Prevalence se pohybovaly od 12 % u koroptvi polnich (Perdix perdix) po 86 % v
populaci syce rousného (Aegolius funereus). U ptacich hostitelti jsme detekovali celkem 27 linii
(unikatnich haplotypti) vSech tfi hlavnich rodt ptacich haemosporid (Plasmodium, Haemoproteus a

Leucocytozoon), z nichz 8 bylo zcela novych.



INTRODUCTION

Haemosporidian parasites, causing the disorder often called avian malaria, are a monophyletic group
of dixenous protists from the phylum Apicomplexa (Martinsen et al. 2008). Their merogony and
gametocyte formation take part in a vertebrate intermediate host, while gametogamy and sporogony
occur in a dipteran blood-sucking insect, which is the final host of these parasites (Valkiunas 2005). In
avian intermediate hosts, the three genera that are most commonly found are Plasmodium,
Haemoproteus a Leucocytozoon (Pacheco et al. 2017).

Generally, haemosporidians are one of the best explored groups of protists from the long-time
perspective, mainly because of the presence of the human malaria agents (Plasmodium falciparum, P.
vivax, P. ovale a P. malariae) within this group (Tangpukdee et al. 2009). There are, however, big
differences in our knowledge of the biology of various taxa of these parasites, since the vast majority
of studies, of course, are dedicated to human plasmodia, or to those species of Plasmodium hosts
(most often of small rodents), which serve as model organisms for the study of human malaria
(Haeberlein et al. 2017; Orfano et al. 2016). Although haemosporidians in birds are the most
numerous and a highly prominent ecological group, only a minor part of the studies deals with them.
Moreover, a significant part of the knowledge about their biology originates from times when avian
malaria parasites were also used as models for the study of human malaria. This situation led to a high
number of studies working with data obtained experimentally under laboratory conditions (the
unraveling of their life cycle, interactions with the vector, development of chemotherapy, etc.; Thathy

et al. 1994; Ramirez et al. 1995; de Lara Capurro et al. 2000).

In my dissertation thesis, I focus on the haemosporidians of wild birds (for a more comprehensive
view of several different bird orders), on their transmission by insect vectors, and on their impact on
birds in natural conditions, which had previously been understudied areas.

Our results were obtained both by traditional methods (the investigation of infections by microscopy
of blood smears) and by molecular methods (parasite detection using nested PCR), which are based on
the work with unique haplotypes of the individual haemosporid lineages. Our advantage was also that
in most of our studies we were monitoring host populations for several consecutive seasons, allowing
re-traps of the same individuals, finding out their infectious status and making conclusions about the
chronic phase of the infection.

At present time, molecular biology studies of avian haemosporidians are experiencing a big boom,

mainly due to the extensive spread of molecular methods. At the time of our first publications,



however, those were some of the very first publications dealing more comprehensively with the
vectors (predominantly for the Culicoides species as vectors of the genus Haemoproteus ) and with
avian malaria in populations of one host species and one of the few studies to use combined

microscopic and molecular data to determine prevalence, species and lineages of haemosporidians.



AIMS OF THE THESIS

Determination of possible blood-sucking insect vectors of avian haemosporidians in the Czech
Republic, detection of haemosporidian lineages using molecular methods and estimation of the degree

of their host specificity in their insect vectors.

To obtain comprehensive information on the prevalence of blood haemosporidians in the Czech
Republic in the populations of several bird species belonging to different bird orders using mainly

molecular biological methods, but also the traditional microscopic methods.

Description of the genetic lineages (unique haplotypes) of avian malaria parasites occurring in the

Czech Republic in wild birds (a cross-section of several bird species from several orders)



MATERIALS AND METHODS

The detection of blood haemosporids was performed mainly by molecular methods. The DNA was
isolated and purified from bird blood (or blood-sucking insects collected in the field) using a
DNeasy® Tissue kit. The concentration and purity of isolated DNA was measured on NanoDrop®
ND-1000 spectrophotometer and the DNA was diluted to a concentration of 5-20 ng / pl.

We used a two-stage nested PCR (Hellgren et al. 2004), or its alternatives (Perkins & Schall, 2002;
Drovetski et al. 2014) amplifying the 479 bp long cytochrome b segment (522 bp with primers). We
performed standard electrophoresis on 2% agarose gel (using a negative control for every seven
samples) to evaluate the positivity of the sample. Since the work with each host species and the
parasite spectrum requires a different set of conditions (Cosgrove et al. 2006, Szollosi et al. 2008),
these were optimized for each study and slightly modified. Positive samples were sequenced by
Sanger sequencing.

Newly identified haplotypes (lineages) differing at least one nucleotide from those already stored in
GenBank were stored as new in this database. These new lines have also been deposited in a database
specializing in avian haemosporidians, MalAvi (Bensch et al. 2009).

In projects where blood smears were available, we performed microscopic detection of parasites.

We used the Axiophot light microscope to identify the parasites on the smears, using the method
according to Votypka et al. 2003. I used a key (Chvala 1980) for the determination of the
blood-sucking dipteran insects. From the statistical methods we applied mainly the generalized linear
modeling (GLM) performed in S-PLUS 8.0 (TIBCO Spotfire, Palo Alto, USA), always fitted with a
model with meaningful interactions. Models were evaluated using the likelihood-ratio tests and

Chi-square statistics (Crawley 2007).



RESULTS AND DISCUSSION

In our studies (Synek et al. 2013b, Svobodova et al. 2013, Synek et al. 2016, Hanel et al. 2016), which
are part of the present dissertation, we examined the presence of avian malaria parasites in 522
individual birds of four bird orders (Passeriformes, Strigiformes, Accipitriformes and Galliformes).
We detected 27 unique haplotypes (lineages) of all three main genera of avian Haemosporidians
(Plasmodium, Haemoproteus and Leucocytozoon), of which 8 were completely new (Bensch et al.
2009).

From the lineages detected by molecular methods in previous studies in the Czech Republic we also
detected Plasmodium SGS1 belonging to the morphological species Plasmodium relictum
(Palinauskas et al. 2007) in two bird species (Grey Partridge and Scarlet Rosefinch). Even though we
studied other host species than the previous studies had (Marzal et al. 2011, studying domestic
sparrow and Svoboda et al. 2015 studying Bluethroats), we detected this same Plasmodium lineage.
This fact was made possible by the very low host specificity of the SGS1 lineage and its ability to
infect hosts even across different bird orders (Robalinho Lima & Bensch 2014). Plasmodium
TURDUSI, representing the morphological species P. circumflexum (Palinauskas et al. 2007) and
GRWO06, identified with P. elongatum (Valkitinas et al 2008), present a similar pattern of host
generalism. We detected the lineage TURDUS]1 in Northern Goshawks and Tengmalm's Owls; from
our territory this lineage has also been described in Bluethroats (Svoboda et al. 2015). TURDUSI is a
generalist lineage that attacks birds from 13 families of four orders (e.g. Paulinkas et al. 2013; Huang
et al. 2015; Dubiec et al. 2016; Ciloglu et al. 2016). The GRWO06 lineage, detected by us in Scarlet
rosefinches and the authors of previous studies from this territory in Bluethroats (Svoboda et al. 2015)
and Corncrakes (Fourcade et al. 2014), infects birds in 32 families of 12 orders and its presence is
considerably cosmopolitan (Okanga et al 2014; Illera et al 2015; Niebuhr et al 2016; Ramey et al
2016; Seimon et al 2016; Fecchio et al. 2017). Among the genus Leucocytozoon is a similar generalist
BT?2 lineage, which was detected in the Czech territory again in Bluethroats (Svoboda et al. 2015), as
well as in our studies in Goshawks, Tengmalm's Owls and Rosefinches. This lineage is also known
from many other locations across Europe (Santiago-Alargon et al. 2011; Hellgren et al. 2013, and Van
Rooyen et al. 2013, Rojo et al. 2014).

In total there were more samples examined than is the number of individual birds in our studies,
because most of our studies were long-term and some individuals were recaptured. In particular,
Rosefinches were studied during 8 breeding seasons (Synek et al. 2013b), Goshawks for 5 seasons
(Hanel et al. 2016) and Tengmalm's Owls for 4 seasons (Synek et al. 2016) This allowed us to study

their infectious status over several years and to see its possible changes. In most cases, the infectious



status remained unchanged, less frequently a new parasite lineage (or more lineages) was acquired,
and even less frequently we observed a loss of a lineage in the following seasons. These results would
support the hypothesis that when the transmission is successful, the parasite stays present in the host
throughout its life (Valkifinas 2005). Haemosporidians are found in peripheral blood usually in very
low numbers, but when the individual is weakened, they may temporarily increase theirs numbers
dramatically, making the parasites more easily detectable (Remple 2004).

Even rarer were cases of a loss of the infectious status examined from peripheral blood. This has been
described by a few other studies that studied bird populations for many consecutive years (Bensch et
al. 2007, Knowles et al. 2011). This is most often explained by the life cycle of these parasites: there
are stages that are hidden in the internal organs of the host (Valkitinas 2005; Zehtindjiev et al. 2008)
and the absence of gametocytes in the blood does not necessarily mean complete recovery of the
individual from the infection, but may only indicate the presence of a parasite in the merogonic phase
of the cycle in different organs other than peripheral blood (Mendes et al. 2013).

Our main interest was focused on the vectors of avian malaria parasites. We investigated a total of
3054 specimens of blood-sucking dipterans as potential vectors and definitive hosts of
haemosporidians. We detected 12 unique lineages of bird haemosporids in blood-sucking insects; and
4 of them were newly described.

In total, we examined 2620 specimens of the Culicoides biting midges as one of the first publications
studying this haemosporidian vectors by molecular methods. Biting midges are generally considered
to be a vector of the Haemoproteus parasites (Valkitinas 2005), and very rarely of Leucocytozoon
(Morii 1992). Haemoproteus mansoni and H. danilewskyi, as the most studied species by traditional
methods, use a variety of Culicoides species as their vectors (Atkinson 1988; Atkinson 1991; Garvin
& Greiner 2003). Valkitinas et al. (2002) has in turn shown that one species of Culicoides (specifically
C. impuctatus) can serve as a vector for up to five species of parasites of the genus Haemoproteus.
These results were then confirmed for other Culicoides species (Valkitinas & Iezhova 2004). All
previous studies, however, were using only traditional microscopic methods and experimental
infections in the laboratory. Molecular methods in Culicoides vectors at the level of Haemoproteus
genetic lineages were first employed by Martinez-de la Puente et al. (2011), and our study (Synek et
al. 2013b) was the second study globaly. We found that Culicoides segnis can be a vector of up to four
lineages of Haemoproteus and three lineages C. kibunensis. We also detected identical Haemoproteus
lineages in three Culicoides species, showing that the host specificity of the lineages may not be
limited to just one particular species. Our findings also correspond to the results of Martinez-de la
Puente et al. (2011). Many other studies then followed and confirmed these findings (Bobeva et al.
2013; Ferraguti et al. 2013a; Bobeva et al. 2014; Bukauskaité et al 2015). Conclusions from these



field studies were further confirmed by Ziegyt¢ et al. 2017 in transmission experiments in the
laboratory under controlled experimental conditions.

Mosquitoes (Culicidae) are vectors of the Plasmodium genus (Valkitinas 2005). Bird plasmodia are
generally characterized by a low vector specificity, as has been demonstrated in many studies in
different parts of the world (Work et al. 1990; La Pointe et al. 2005; Ejiri et al. 2009; Kimura et al.
2010; Ishtiaq et al. 2008, Ferraguti et al. 2013b, Schoener et al. 2015). One species of mosquito is
usually capable of hosting multiple plasmodial lineages (Kimura et al. 2010; Glaizot et al. 2012; Zittra
et al. 2015) and mosquitoes are also known for aberrant parasite development, when the parasites will
infect the mosquito but then the development is stopped and the vector is unable to infect bird hosts
(Valkitinas 2011; Ziegyté & Valkitinas 2014). We have also noticed this phenomenon in our study
(Synek et al. 2013a), when one of the Haemoproteus lines was detected in the Culex pipiens
mosquitoes, which was most likely due to aberrant transmission. In our work we proposed to verify
this finding experimentally, in controlled laboratory transmission experiments, which was repeated
several times in the following years and the aberrant development was confirmed by Haemoproteus
parasites being found in mosquitoes (Valkiiinas et al. 2013; Valkitinas et al. 2014)

In Simuliidae, known to be Leucocytozoon vectors (Valkitinas 2005), there are very few studies that
have worked with uninfected females, and our study was also one of the first in this field. We
identified three Leucocytozoon lines in one species of black fly (Synek at al. 2013a) and in the second
study (Synek et al. 2016) we found four Leucocytozoon lineages in the species Nevermannia vernum
and the Leucocytozoon lineage NEVE1 was found in two species of black flies (belonging to even two
genera: Eusimulium and Nevermannia). Before our first publication, only Sato et al. (2009) studied
this at the level of genetic lineages by molecular methods, in non-engorged black fly females as
Leucocytozoon vectors, and found a single Leucocytozoon lineage in three species of black flies.
Further studies then appeared after our own study, but all have confirmed, in line with our data, the
ability of one species of flies to serve as a vector for many lineages of the genus Leucocytozoon
(Murdock et 2015; Woodford et al. 2018). These results correspond also to the findings of Desser &
Bennet (1993), who experimentally found that one species of black fly can transmit up to five

different Leucocytozoon species.



CONCLUSIONS

We have identified biting midges of the species Culicoides kibunensis, C. segnis and C. festivipennis,
mosquitos of the Culex pipiens complex and the black fly species Eusimulium angustipes and
Nevermannia vernum as potential vectors of haemosporidian blood parasites in the Czech Republic.
Among them we found 12 haemosporid lineages; four of them were novel. Our data obtained for
biting midges and black flies were some of the first data obtained by molecular methods in these
haemosporidian vectors. Our research was followed by numerous studies with the development and
expansion of the molecular detection methods. We have also described blood Haemosporida in bird
intermediate hosts of four different birds orders (Passeriformes, Strigiformes, Accipitriformes,
Galliformes). Prevalence ranged from 12% for Grey Partridge (Perdix perdix) to 86% for Tengmalm's
Owls (degolius funereus). We detected 27 lineages (unique haplotypes) of all three major avian

Haemosporidians (Plasmodium, Haemoproteus and Leucocytozoon), of which 8 were completely new.
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