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1 Uvod

Rod Carassius (Nilsson, 1832) je spoleCné srody Cyprinus, Procypris
a Carassioides taxonomicky fazen do malého monofyletického paleotetraploidniho kladu
Cyprinini sensu stricto (Yang et al., 2010), podcCeledé Cyprininae, Celedé Cyprinidae
(Nelson, 2006). Do tohoto rodu patfi jedenact zastupcl, ktefi obyvaji prevazné
Palearktickou oblast, jejichz nejvétsi druhova diverzita je ve vychodni Asii. Nejvétsi
zvlastnosti je jejich zpusob rozmnozovani. Jednak jsou karasi schopni rozmnozovat se
pohlavné, s nahodnou segregaci homolognich chromozémi do gamet béhem meidzy a
syngamii pohlavnich bunék zajistujici velkou genetickou variabilitu a jednak jsou karasi
schopni rozmnozovat se nepohlavné — gynogeneticky. Gynogenezi, neboli na spermii
vzniklou partenogenezi, jejimz produktem je za normalnich podminek klonalni potomstvo,
u obratlovcu poprvé prokazali Hubbs et Hubbs (1932). Znalosti o nepohlavnim zpUsobu
rozmnozovani byly do té doby Siroce prostudovany a dobfe znamy napfiklad u rostlin nebo
hmyzu. Pfedstava, Ze jsou ,dokonalejSi“ formy Zivota, jako jsou obratlovci, schopny
rozmnozovat se urCitou formou partenogeneze, vedla téméf okamZzité ke zpochybnéni
tohoto objevu (Howell 1932). Mnozstvi dlikazl, Ze se jedna o jeden z nejpodivuhodnéjSich
systému rozmnozovani obratlovcl, jako je na spermii zavisla partenogeneze, postupem
¢asu narlstalo a vroce 2011 bylo znamo vice nez 80 komplext obratlovcl, které jsou

schopny partenogeneze vcetné jejich variant (Neaves et Baumann, 2011).

Nastroj, ktery pfispiva klepSimu porozuméni druhové nejrozsahlejSi skupiné
obratlovcu, rybi biodiverzité, je cytogenetika (Rab et al., 2007). Cytogenetika ryb hraje
kliCovou roli vedouci k objasnéni funkce pozoruhodnych systéma, jako jsou napfiklad
zpusoby reprodukce asexualnich komplexl, pohlavné se mnozici samci rodu Carassius,
rizné ploidni a hybridni diverzita ryb, hybridizacni procesy, evoluéni procesy v ramci
fylogenetické skupiny &i taxonomicky status. Cytogeneticka metodologie je zalozena na
preparaci chromozoému z zivych, mitoticky aktivnich bunék. Buné&né déleni je inhibovano
pomoci mitostatickych jedd ve stadiu metafaze bunécného déleni, kdy je DNA piné
zreplikovana. Fixované, konvencné obarvené chromozomy nanesené na skliCka byvaji
nasledné studovany pomoci mikroskopu a pfislusného softwaru. Kvalitni metafazni
chromozoémy mohou byt pouzity na diferencialni barvici techniky nebo na nadstandardni
molekularné cytogenetické procedury, jako jsou napfiklad fluorescencni in situ hybridizace

s riznymi typy sond.



Ve srovnani se savci vCetné Clovéka maji nékteré druhy ryb velké mnozstvi malych
chromozoémd, jejichz bunéfna aktivita je limitovana sezénnimi cykly (v zimnim obdobi
nékteré ryby vykazuji velice nizkou pohybovou aktivitu a zpravidla nepfijimaji potravu a
maji tedy malou délici aktivitu bunék). Z tohoto divodu se cytogenetika ryb jevi jako dosti
narocna a pomérné malo laboratofi, zaméfenych na vyzkum ryb, vyuziva jako nastroj také
cytogenetiku (Rab et al., 2007).

Tato prace se zabyva cytogenetikou karase stfibfitého (Carassius gibelio, Bloch,
1782) a karase obecného (C. carassius Linnaeus, 1758). Na zakladé nékterych vlastnosti
lze oba dva druhové taxony odliSit za pouZziti rGznych znakul, v€etné cytogenetickych.
Mezidruhova hybridizace, cytogenetickymi markry detekovatelna, je dobfe znama u
kaprovitych ryb. Dokazuji to napfiklad hybridni komplexy jelct Squalius ,alburnoides®
Steindachner, 1866 (druhové jméno pochazi z doby pfed objevem jejich hybridniho
charakteru) v jizni ¢asti Iberského poloostrova vznikly pomérné starou hybridizaci druhd
jelcu S. pyrenaicus (Gunther, 1868) nebo (v jiné Casti arealu) S. carolitertii (Doadrio, 1988)
s dnes jiz vymrfelym druhem rodu Anaecypris (Collares-Pereira, 1983) nebo hybridni
komplex stfevli rodu Chrosomus (Rafinesque, 1820) vyskytujici se ve vychodni Casti
Severni Ameriky. Podobné také u karasu, vzhledem k jejich blizké pfibuznosti, dochazi
k Casté hybridizaci (Ohara et al., 2000; Hanfling et al., 2005; Wouters et al., 2012; Knytl et
al, 2013) a cytogeneticky lze zjistit napfiklad prfesny pomér rodi€ovskych genomua v
hybridnim genomu. Neni jasné, jestli tyto gynogenetické biotypy vznikly mezidruhovou

hybridizaci nebo uvnitf jednoho jedince a které druhy / biotypy jsou parentaini.

Touto disertacni praci jsem se pokusil pfispét k bliZzSi cytogenetické charakterizaci

karase stfibfitého a karase obecného.



2 Seznam pouzitych termint a zkratek

Rod Carassius Nilsson, 1832 prfedstavuje obtiznou skupinu s dosud nejasnou
systematikou a tomu odpovidajici taxonomii (Kalous et al. 2012), kde navic se kombinuje
sexualni a asexualni rozmnoZzovani, povazuji proto za nutné pfifadit formalné platna

latinska jména ¢eskym jménim a vysvétlit pojmy které budou v nasledujicim textu pouzity.

Latinské jméno Carassius carassius (CCA) Linnaeus, 1758 je v této praci pfifazeno
nazvu karas obecny. Jméno Carassius gibelio (CGIl), Bloch, 1782 je pfifazeno nazvu karas
stfibfity. Latinské jméno Carassius auratus (CAU) Linnaeus, 1758 je pfifazeno terminu
karas zlaty neboli ,zlaté rybce®. Nazev karas ginbuna je pouzit pro Carassius langsdorfii
(CLA) Temminck et Schlegel, 1846 a karas gengorobuna pro Carassius cuvieri (CCU)
Temminck et Schlegel, 1846. Oznacovani ostatnich japonskych endemitl je v této praci
ekvivalentni s nomenklaturou Hosoya (2000), ovéem bez druhového oznaceni ,auratus®.
Karas nigorobuna je oznacovan jako Carassius grandoculis (CGR) Temminck et Schlegel,
1846, karas okinbuna jako Carassius buergeri (CBU) Temminck et Schlegel, 1846, karas
nagabuna jako Carassius sp. 1 a karas kinbuna jako Carassius sp. 2. Pokud budou
jednotliva jména v puvodni literatufe odliSna (napfiklad Hosoya (2000) vs. Nakamura

(1982)), povazuji za smérodatné formalné platné latinské pojmenovani.

Nékteré terminy uvedené v této praci mohou byt definovany rlznymi zplsoby
z riznych hledisek, proto je zde uveden slovnic¢ek pojmu, ktery poskytuje definice pouzité
v této praci. Takto definované terminy jsou v textu zvyraznény jinym stylem a velkymi

pismeny.



2.1 Slovni¢ek pojm

ALLOPOLYPLOID — ALLOPOLYPLOIDNI BIOTYP, jehoZz genomy jsou sloZeny z vice

druhovych genomU nasledkem mezidruhové hybridizace.

APOMIXIE — zpusob nepohlavniho rozmnozovani rostlin, kdy jsou nové vznikla semena
geneticky identicka s ,matkou“. Uplatiiuje pfedevSim v rostlinné genetice
kapradorostl a jinych semennych rostlin. Ve starsi literatufe je termin APOMIXIE
uvadén v souvislosti s gametogenezi asexualnich obratlovct (Dawley, 1989), ktefi
se mnozi partenogeneticky Ci gynogeneticky a udrzuji si stuperi somatické ploidie v

gametach.

AUTOPOLYPLOID — AUTOPOLYPLOIDNI BIOTYP, u néhoZ nastala polyploidizace (tzv.
AUTOPOLYPLOIDIZACE) pusobenim vnitinich biologickych procesu, nebo vnéjsich
fyzikalnich ¢i chemickych faktor(i, obsahuje nasobné genomy stejného druhového

puvodu.

BIOTYP — rGizné ploidni a riznym zpUsobem se rozmnozujici karasi, které Ize na zakladé
sekvengnich dat zafadit do jednotlivych mitochondrialnich TAXONU. Kazdému
BIOTYPU odpovida urcita ploidni uroven. Déli se na diploidni nesouci dvé kopie
haploidniho genomu a polyploidni nesouci vice jak dva haploidni genomy -—
triploidni BIOTYPY obsahuiji tfi haploidni genomy, tetraploidni Ctyfi, pentaploidni pét
atd.

DRUH - soubor populaci se stejnym vyvojovym puvodem a historii (fylogenetické
hledisko) zahrnujici ryby odpovidajici morfologii a jsou reprodukéné izolovani od
ostatnich DRUHU.

DRUHOVY TAXON — nahrada druhového jména, které je vtéto praci pfifazeno
k samostatné mitochondrialni linii rodu Carassius, zahrnujici ryby odpovidajici

morfologii puvodniho popisu TAXONU, pokud je takovy popis k dispozici.

KOMPLEX — skupina blizce pfibuznych TAXONU, vSech jejich BIOTYPU, vzajemnych
hybridd i doposud nespecifikovanych genotypl, které jsou knim vzhledem

k podobné morfologii fazeny.



PREMEIOTICKA ENDOREPLIKACE (= PREMEOTICKA ENDOMITOZA) - zpusob
gametogeneze u asexualnich obratlovcu. Jesté prfed meidézou, ve stadiu rané
oogeneze, kdyz se oogonie mitoticky déli, dojde kreplikaci DNA a bunka
nepodlehne cytokinezi ani karyokinezi. V meidze | se paruji sesterské chromozomy
(ne homologni) a probiha rekombinace mezi geneticky identickymi, sesterskymi
chromatidami. Potom nasleduji obé meioticka déleni (v prvnim déleni dochazi
k segregaci sesterskych chromozémul) a vysledkem jsou geneticky identické

pohlavni buriky o stejné ploidii, jako buriky somaticke.



2.2 Zkratky rodovych a druhovych jmen

CCA Carassius carassius
Cal Carassius gibelio
CAU Carassius auratus
CLA Carassius langsdorfii
CCuU Carassius cuvieri
CBU Carassius buergeri
CGR Carassius grandoculis
CCY Cyprinus carpio

2.3 Pouzité zkratky

1,5n 1,5 ploidni

1,6n 1,6 ploidni

2n diploidni

3n triploidni

4n tetraploidni

a akrocentricky chromozom

Ba (OH); hydroxid barnaty

CGH comparative genomic hybridization — komparativni genomova hybridizace
CoCl, chlorid kobaltnaty (kobalt chlorid)
DAPI 4',6-diamidin-2-fenylindol — fluorescenéni barvivo, které se pevné vaze na AT

bohaté oblasti v DNA


http://cs.wikipedia.org/wiki/Fluorescence
http://cs.wikipedia.org/wiki/Barven%C3%AD_(biologie)
http://cs.wikipedia.org/wiki/DNA

DNA

F1

FISH

GISH

NOR

RAPD

sm

st

deoxyribonukleova kyselina

prvni filidlni generace

fluorescent in situ hybridization — fluorescencni in situ hybridizace
genomic in situ hybridization — genomova in situ hybridizace
metacentricky chromozom

nucleolus organizer region — organizator jadérka

random amplification of polymorphic DNA — polymorfismus délky restrikénich

fragmentu
submetacentricky chromozém
subtelocentricky chromozom

telocentricky chromozém



3 Prehled o souéasném stavu problematiky

3.1 Systematikarodu Carassius

Taxonomie rodu Carassius rozeznava dva pfistupy: starsi taxonomicka konstrukce,
kdy jsou zastupci rodu Carassius rozliSovani jako poddruhy KOMPLEXU Carassius
auratus (napfiklad oznaceni C. auratus gibelio (Baru$ et Oliva, 1995)). Zastanci noveéjsi
taxonomické konstrukce rozdéluji karase na drovni samostatnych DRUHOVYCH TAXONU
(napfiklad oznaceni C. gibelio (Kottelat, 1997; Kalous et al., 2004)).

C. carassius (CCA) je povazovan za samostatny DRUH, na kterém se autofi
shoduji (napfiklad Makino, 1939; Baru$ et Oliva, 1995; Kottelat et Freyhof, 2007;
Papous$ek et al., 2008; Tarkan et al., 2009; Apalikova et al., 2011). C. auratus (CAU), C.
gibelio (CGlI), C. langsdorfii (CLA), C. cuvieri (CCU), C. buergeri (CBU) a C. grandoculis
(CGR) byli povazovani za poddruhy spadajici do KOMPLEXU C. auratus a byli ozna€ovani
latinskymi jmény C. auratus auratus, C. auratus gibelio, C. auratus langsdorfii, C. auratus
cuvieri, C. auratus buergeri a C. auratus grandoculis (Hensel, 1971; Ueda et Ojima, 1978;
Ojima et Yamano, 1980; Nakamura, 1982; Barus et Oliva, 1995; Luo et al., 1999; Iguchi et
al.,, 2003). Dokonce nékteré novodobéjsi studie je stale uznavaji jako poddruhy
KOMPLEXU C. auratus (Takada et al., 2010; Apalikova et al., 2011).

Kalous et al. (2004) ve své praci na zakladé dat ziskanych ze sekvence genu
cytochrom b oddélili jednotlivé mitochondridlni linie v Evropé se vyskytujicich populaci
CCA, CAU, CGI na urovni DRUHOVYCH TAXONU. Stejnou problematikou se také
zabyvali Rylkova et al. (2010), ktefi podle ziskanych dat mtDNA rozliSuji eurasijské
DRUHOVE TAXONY CCA, CAU, CGI, CLA a CCU. V nasledujici studii Rylkova et al.
(2013) nalezli jesté jednu mitochondrialni linii rodu karas v Mongolsku (C. ,M“ sp. 3). CCU
byl i na zakladé morfologickych odliSnosti oddélen od zminénych poddruht C. auratus

KOMPLEXU zijicich v Japonsku a je povazovan za samostatny DRUH (Hosoya, 2000;
Murakami et al., 2001).



0.0

Kalous et al. (2007)

Obrazek 1: Fylogeneticky strom sestaveny na zakladé analyzy sekvence mitochondrialniho genu cytochrom
b. Kazda barva znazorfiuje jednu mitochondrialni linii rodu Carassius. Modra barva pFedstavuje
mitochondrialni linii CGI (1), €ervena barva pfedstavuje mitochondrialni linii CAU (2), zelena barva
pfedstavuje mitochondrialni linii CLA (3) a Zlutd mitochondrialni linii CCA (4). Mitochondrialnim liniim je pak
pfifazen DRUHOVY TAXON, ktery morfologicky odpovida pdvodnimu popisu. V ramci jednotlivych
DRUHOVYCH TAXONU se vyskytuji BIOTYPY urgité ploidni trovné. Skupiny pfibuznych mitochondrialnich
linii, TAXONU a BIOTYPU vytvaii KOMPLEXY.

3.2 Puvod a rozsifeni rodu Carassius

CCA je pro Evropu ptivodni DRUH a jeho vyskyt se v CR stale snizuje (Lusk et al.,
2010). Né&ktefi autofi ho povazuji za ohroZzeny DRUH nejen v Ceské republice, v povodi

Moravy a Odry dokonce kriticky ohroZzeny (Luskova et al., 2008), ale i v Anglii (Copp et al.,



2008; Sayer et al., 2011), Rakousku (Schiemer et Spindler, 2006) &i Recku (Economidis,
1995). Jednim z ddvodl ubytku CCA muze byt neuspésny konkurencéni boj s CGI nebo s
CAU (Tarkan et al., 2009; Sayer et al., 2011; Tarkan et al., 2012). Degradace habitatu
optimalnich pro zivot CCA, jako jsou husté zarostlé tiné, slepa a mrtva ramena nizinnych
fek, inundacni oblasti, zplsobena ¢lovékem (kanalizace toku, protipovodhiova opatfeni,
likvidace habitatu v inundacnich uzemich, intenzivni zemédélské vyuzivani zatopovych
z pfirodnich vodnich ekosystému (Copp, 1991; Wheeler, 2000; Luskova et al., 2008). CCA
se vyskytuje ve dvou morfotypech: rychle rostouci — prekocialni a morfotyp zakrsly —
altricialni (Balon, 2004).

Celosvétové rozsifeny CAU pochazi z Asie (Szczerbowski, 2002; Komiyama et al.,
2009; Rylkova et al., 2013), odkud byl a stale je dovazen jako domestikovana okrasna
zlatd rybka ¢&i zavojnatka. Poprvé byl do Evropy dovezen do Portugalska jako
domestikovana zlata rybka v 17. stoleti, potom nasledovala Anglie a Francie. Kromé
domestikovanych a divokych populaci CAU existuji také populace feralni, to jsou ty, které
se z chovu rozsifily do pfirodnich vodnich ekosystému (Balon, 2004). Rylkova et al. (2010)
potvrdili formovani monofyletické linie domestikovanych forem CAU z Evropy a Asie.
Sougasny vyskyt CAU ve volnych vodach CR je omezeny a nikde netvofi stabilni populace
(Barus et Oliva 1995).

V padesatych letech dvacatého stoleti (poprvé v roce 1954) byl CGI dovazen a
experimentalné vyuZzivan v rybnicich na uzemi Madarska (Szarvas) a nasledné unikl do
feky Kri§ (Kords) a Dunaje. Jeho areal vyskytu se rozSifil z Madarska do dalSich zemi
Evropy (Rumunsko, Bulharsko, Jugoslavie, Slovensko, Ceska republika). V Bulharsku byl
nalezen pobliz mésta Varna kolem roku 1950. Dokonce prfed rokem 1950 byl pozorovan
v delté¢ Dunaje (Holgik et Zithan, 1978). Prvni dokumentovany nesporny nalez CGI na
Uzemi soudasné Ceské republiky (Feka Morava a Dyje) z roku 1976 pochéazi od Luska et
al. (1977). Nasledné&, v pomérné kratkém ¢asovém horizontu (jednotky let), expandoval do
dalsich fiénich systémi CR — povodi Labe a Odry (Lusk, 1986). Nejpravdépodobngjsi
zpusoby invaze CGI jsou migracni aktivity a antropogenni faktor (Umysiné vypousténi
nebo jako pfimés pfi transportu hospodafskych DRUHU ryb (Lusk, 1986; Halacka et al.,
2003)). Migracemi CGI se zabyvali ve svych pokusech napf. autofi Slavik et Bartos (2004)
na fece Labi a predpokladaji, ze unik jedincu z akvakulturnich chovl je primarné

10



zodpovédny za expanzi CGIl. Pavodné se pfedpokladalo, Zze pavod CGl, ktery v prubéhu
nékolika poslednich desetileti osidlil vody témér vSech Casti Evropy, zahrnuje feku Amur a
dalsi sibifska povodi (Lusk et al., 1977; Lusk et al., 1998; Luo et al., 1999). Kalous et al.
(2012) objevili za pouziti mitochondrialniho genu pro cytochrom b dvé odlisné, a navic
nesesterské mitochondrialni linie CGI. Jedna linie zahrnuje euroasijské jedince vcetné
vychodniho Mongolska, druha zahrnuje jedince ze zapadniho Mongolska. CGIl tedy
nevytvafi linie monofyletické. Diploidniho CGI oznadili jako pro Evropu puvodniho a byl
designovan jeho neotyp jako fe$eni nomenklatorické nejasnosti a pouzitelnosti jména

gibelio. Neotyp byl pfifazen k Blochovu jménu C. gibelio (Kalous et al., 2012).

Vyskyt CLA, CCU, CGR, CBU, C. sp. 1 a C. sp. 2 je potvrzen pfevazné v Japonsku,
kde jsou povazovani za nejbéznéjSi ryby rybnika, jezer a vodnich tokd, odkud
pravdépodobné i pochazeji (Hosoya, 2000). CCU se vyskytuje jako endemitni DRUH
v nejvétsim japonském jezere Biwa (Iguchi et al., 2003). Zatim jediny z téchto ,japonskych
karast“, CLA byl nalezen v Evropé — v Bosné a Hercegoving, Némecku, Recku, Italii i na
Ukrajiné (Kalous et al., 2013; Rylkova et al., 2013) a v Ceské republice na fece Chrudimka
v povodi Labe (Kalous et al., 2007) a pozdgji také v jiznich Cechach nedaleko Litvinovic
(Rylkova et Kalous, 2013).

C. argenteaphthalmus byl popsan z oblasti v severnim Vietnamu (Nguyen et Ngo,
2001), ale popis je tak nejasny, Ze neni mozné povazovat ho za samostatny DRUH, Ci jej

synonymizovat s nékterym z asijskych karasu.

3.3 Reprodukéni biologie

V prirodé existuji dva zakladni typy reprodukce, pohlavni (syn. sexualni, bisexualni,
gonochoristicky) a ruzné typy nepohlavniho (syn. asexualniho, nesexualniho,
unisexualniho). S pohlavnim i nepohlavnim zplisobem rozmnozZovani se muzeme setkat
jak u rostlin i bezobratlych zivo€ichd, tak i u studenokrevnych obratlovcl, jako jsou
obojZivelnici, plazi aryby (Dawley, 1989; Vrijenhoek, 1989; 1998; Zhou et al., 2000b;
Stock et al., 2002; Schlupp, 2005; Neaves et Baumann, 2011).

3.3.1 Asexualni rozmnozovani

V soudasnosti je znamo vice nez 80 asexualn& se mnozicich KOMPLEXU ryb,

obojzivelnikd a plazt (Alves et al., 2001; Neaves et Baumann, 2011). Vice nez polovina
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asexualnich obratlovct je polyploidnich a vétSina je povazovana za prechodné stadium pfi
tvorbé nového DRUHU, kde selekce muzZe vybrat rlzné genové kombinace mezi
stavajicimi genomy, které do ,tvorby“ nového DRUHU vstupuji (Alves et al., 2001).
Asexualita a polyploidie tedy spolu uUzce souvisi a jsou spojovany s mezidruhovou
hybridizaci (Schultz, 1980; Beukeboom et Vrijenhoek, 1998; Choleva et al.,, 2012).
Polyploidie muze byt definovana riznymi zplusoby a z hlediska cytogenetiky je v podstaté
homonymem oznacujicim dvé ruzné véci — biologicka a evolu¢ni polyploidie. Meidza
zahrnujici dvé po sobé jdouci jaderna déleni, jejimz vysledkem jsou haploidni gamety a
mechanismus pohlavniho rozmnozovani za normalnich okolnosti zachovavaji stejnou
uroven ploidniho stupné. Jinymi slovy diploidni organizmy, u kterych se opakuiji diploidni /
haploidni cykly (produkuji haploidni pohlavni bufky a oplozeni opét navodi diploidni stav),
jsou biologicky diploidni bez ohledu na po¢et chromozémua a mnozstvi DNA v jadie. Pokud
dojde k multiplikaci (znasobeni) chromozémové sady vlivem abiotickych €i biotickych
faktord (mezidruhova hybridizace, mutace, teplotni zmény, prestarnuti gamet), zmény
v genomu mohou byt evoluéné fixovany a takovato polyploidiza¢ni udalost vede ke vzniku
evoluéné polyploidnich TAXONU, pfestoZe byly v minulosti biologicky diploidni (Flajshans
et al.,, 2013). Polyploidie tak muzZe byt nasledek mezidruhové hybridizace rodi¢ovskych
DRUHU (mnozicich se pohlavng), ktera vyvolava klonalni dédi¢nost a asexualni zplsob
rozmnozovani. Jinymi slovy evoluéni cesta asexudlnich BIOTYPU kfiZicich se
s rodi¢ovskymi DRUHY probiha od sexuality ke klonalit¢ a polyploidii (Choleva et al.,
2012).

Prvni objev nepohlavni reprodukce u obratlovcu zaznamenali Hubbs et Hubbs
(1932) v prvni poloviné 20. stoleti. Modelem byla Zivorodka kfizena (Poecilia formosa
Girard, 1859) prezdivana jako ,Amazonska Molly“ pochazejici ze severovychodniho
Mexika. Kromé& zminéné zivorodky rodu Poecilia Bloch et Schneider, 1801 jsou znamé
hybridni asexualni KOMPLEXY ryb napfiklad rodu Poeciliopsis Regan, 1913, Fundulus
Lacépéde, 1803, Carassius, Cobitis Linnaeus, 1758, Chrosomus Rafinesque, 1820,
Squalius Bonaparte, 1837 (Vrijenhoek et al., 1989; Beukeboom et Vrijenhoek, 1998; Alves
et al., 2001; Rab et al., 2007; Lamatsch et Stock, 2009). Tyto asexualni KOMPLEXY maji
spoleéné to, Zze dochazi k mezidruhové hybridizaci rodi¢ovskych DRUHU a nové vznikli
hybridi, ktefi se mohou dale kfizit s rodiCovskymi DRUHY (introgresivni hybridizace), se

vyznaduji urc€itou formou asexualniho rozmnozovani (Lamatsch et Stéck., 2009).
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Jsou znamy C&tyfi zakladni formy rozmnoZovani asexualnich BIOTYPU:

partenogeneze, hybridogeneze, kleptogeneze a gynogeneze (Obrazek 2).

Pfi partenogenetickém zpusobu rozmnoZovani vznika geneticky identické klonalni
potomstvo a neni zapotfebi samciho pohlavniho materialu (Sinclair et al., 2009).
Partenogeneze muze probihat dvéma zpusoby: ameioticky (funkéné apomikticky) a
meioticky. V pfipadé funkéné apomiktické partenogeneze je zabranéno rekombinacnim
procesum a dochazi k pfenosu celych neporusenych diploidnich nebo polyploidnich
genomu samic do jejich vlastnich vaji¢ek. PFfi meiotické partenogenezi nastava meiotické
déleni a diploidni stav je znovu obnoven splynutim haploidniho vaji¢ka s polarnim téliskem
jiného vaji¢ka. Obé vajitka mohou byt geneticky identicka (Vrijenhoek, 1998). Za urcitych
okolnosti miiZze nastat PREMEIOTICKA ENDOREPLIKACE nebo fize oogonii a meidza
také probiha (Dawley, 1989; Neaves et Baumann, 2011). Mezi partenogeneticky se
mnozici obratlovce patfi napfiklad jestérky rodu Cnemidophorus Wagler, 1830 nebo
Darewskia Arribas, 1999 (Dawley, 1989; Neaves et Baumann, 2011).

Hybridogeneze se vyznacuje urcitymi rysy pohlavniho rozmnoZzovani. U diploidnich
hybridogend je genom jednoho rodi€ovského DRUHU klonalné pfenesen do vajicka.
Genom druhého rodi€ovského DRUHU je inaktivovan v rané oogenezi, kdyz se zarodeCné
buriky (oogonie) mitoticky déli (premeoticka mitdza). Mikrotubuly tzv. unipolarniho déliciho
vieténka se vazou na maternalni chromozémy a paternalni chromozémy zlstanou lezet
na periferii cytoplazmy oogonie, kde jsou pozdégji resorbovany. Nasledné muze a nemusi
dojit k replikaci DNA. V mei6éze bud nedochazi k rekombinacnim procesum ani k nahodné
segregaci chromozému do gamet, nebo dochazi (dojde-li k replikaci) k vyméné geneticky
identické DNA a nasledné segregaci sesterskych chromozém (Dawley, 1989). Haploidni
vajiCko je potom oplozeno spermii druhého rodicovského DRUHU a hybridni stav je
obnoven. Matefsky genom byva pfedan klonalné a otcovsky sexualné. Vznika potomstvo
s hemiklonalni dédi¢nosti (Dawley, 1989; Vrijenhoek, 1998; Neaves et Baumann, 2011).
RuUzné ploidni urovné zpusobuiji rizné varianty hybridogeneze. Diploidni hybridogeni jsou
schopni produkovat haploidni i diploidni vajicka (diploidni, kdyZ dojde k PREMEIOTICKE
ENDOREPLIKACI nebo k fuzi oogonii). Po oplozeni tedy mohou vznikat jak diploidni, tak i
triploidni BIOTYPY (Dawley, 1989). V pfipadé meiotické hybridogeneze u triploidniho
hybridogena je jedna chromozémova sada eliminovana v rané oogenezi a zbyvajici dvé

chromozémové sady podléhaji nasledné meiéze. Dochazi nejprve ke snizeni ploidni
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urovné a po oplozeni opét ke zvySeni. Pfikladem hybridogenetickych obratlovcu jsou

zivorodky rodu Poeciliopsis nebo jelci rodu Squalius (Lamatsch et Stock, 2009).

Kleptogeneticky zplUsob rozmnozovani byl poprvé objeven u endemicky se
vyskytujicich, severoamerickych, unisexualnich mlokd Ambystoma barbouri, jejichZ genom
je slozeny ze dvou az C&tyf haploidnich genom( pohlavné se mnozicich mlokd rodu
Ambystoma. Tito hybridi jsou vysledkem genomového ,swappingu“ unisexuadlld a jsou
schopni ,ukrast” spermie sympatrickych bisexualnich darcli v podobé spermatoforu
(Bogart et al, 2007). Geneticka informace bisexualnich darcu spermatu muzZe a nemusi byt
zakomponovana do genetické vybavy nové vzniklého potomstva. Jesté o rok dfive Bi et
Bogart (2006) vyvratili hypotézu klonalni dédicnosti a detekovali rekombinace
homolognich chromozému u populaci téchto mlokd. Homologni chromozémy dédi po
dvojicich od jednoho rodiCe, které jsou zaroveri ihomologni k chromozémim
ancestralnich DRUHU. Mezidruhové hybridizace podporuje tetrasomickou dédiénost (&tyfi
chromozémy pfi meidze), tim padem mohou zpusobit (allo)polyploidizaci. Obrazek 2b
znazornuje kleptogenezi formou vymény samciho genetického materialu za ¢ast samiciho

genetického materialu.

Gynogeneze neboli na spermii zavisla partenogeneze je Casty zplsob reprodukce
polyploidnich i diploidnich BIOTYPU ryb (Penaz et al., 1979; Arai et al., 1993; Yamashita
et al.,, 1993; Goddard et al., 1998; T6th et al., 2005; Itono et al., 2007; Rab et al., 2007;
Lamatsch et Stock, 2009; Choleva et al., 2012), ve kterém allospecificka spermie samci
pfibuznych DRUHU spousti vyvoj vajicek, ale samé&i genom se za normalnich podminek
nepodili na genetické vybavé potomka. Vznika tedy klonalni potomstvo (Beukeboom et
Vrijenhoek, 1998; Schlupp, 2005; Lamatsch et Stock, 2009). Nedochazi k oplozeni vaji¢ka
spermii ani k rekombinacnim procesim (Lampert et Schartl, 2010). Pfikladem
gynogenetickych BIOTYPU je Zivorodka kfizena (Lampert et Schartl, 2008) a asexualni
KOMPLEXY rodu Carassius, Cobitis, Chrosomus ¢i Fundulus (Lamatsch et Stock, 2009).

Obrazek 2: a) Schematické znazornéni asexualnich zplsobu reprodukce (partenogeneze, hybridogeneze,
gynogeneze); b) schematické znazornéni moznosti inkorporace otcovského genomu (adice
mikrochromozémd, polyploidizace, vyména genetického materialu formou kleptogeneze). OdliSné pismenné
kédy oznaduji odlisné DRUHY (A, B, M), horni indexy odliSuji genomy odvozené od rekombinaci (B”), dolni
index signalizuje malou ¢ast samciho genetického materialu pfenesenou do potomstva vzniklou flizi
mikronuklei. Podobna schémata byla publikovana a modifikovana vice autory, napfiklad Dawley (1989);
Lamatsch et Stéck (2009); Choleva et al. (2012).
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(a) Forms of non-meiotic reproduction (b) Forms of paternal leakage in gynogenesis
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Béhem meidzy | pfi gynogenezi dochazi ke vzniku tripolarniho déliciho vieténka,
pficemz prvni polové télisko neni vydéleno. Misto prvniho zraciho, redukéniho,
meiotického déleni se oocyt déli jako obyCejna somaticka burika (Yamashita et al., 1993;
Xie et al. 2001), téz mitoticky nebo apomikticky (na stejném principu jako APOMIXIE).
APOMIXIE je nejobvyklejSi cesta pro vylouCeni genetické rekombinace a udrzeni
somatické ploidie v gametach (Schlupp, 2005). V meidze Il uz k cytokinezi ani karyokinezi
nedochazi. U nékterych gynogenetickych organizml mulze nastat, misto APOMIXIE,
PREMEIOTICKA ENDOREPLIKACE (Dawley, 1989). OvSem meiéza Il MlZe byt
dokoncena jediné v pfipadé oplozeni €i penetrace spermie k vajicku (Yamashita et al.,
1993; Beukeboom et Vrijenhoek, 1998).

Jedinym  zdrojem genetickych zmén pfi  APOMIXIl, PREMEIOTICKE
ENDOREPLIKACI a partenogenezi jsou mutace. Procesy crossing-over, nahodna
segregace homolognich chromozému do gamet a splynuti prvojader pfi oplozeni jsou

potlaceny (Dawley, 1989).

DRUHY, které jsou schopné nastartovat gynogeneticky vyvoj polyploidnich
BIOTYPU CGI jsou napriklad z &eledi kaprovitych (Cyprinidae), kam patfi parma obecna,
Barbus barbus Linnaeus, 1758; jelec tloust, Squalius cephalus Linnaeus, 1758; cejn velky,
Abramis brama Linnaeus, 1758; CCA (Pefaz et al., 1979); kapr obecny (CCY), Cyprinus
carpio Linnaeus, 1758 (Halacka et al., 2003; Téth et al., 2005); CAU (Téth et al., 2005);
cejnovec Cinsky, Megalobrama amblycephala Yih, 1955 (Yi et al., 2003).
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| pFesto, Ze by spermie pfibuznych DRUHU, aktivujici vajicko a embryonalni vyvoj
pfi gynogenezi, neméla predat svoji genetickou informaci dalsi generaci, bylo zjisténo, ze
gynogenetické potomstvo CGI Casto vykazuje fenotypy zfejmé odvozené z heterologniho
spermatu darce. Tato forma gynogeneze, kdy je paternalni DNA CasteCné inkorporovana
do genetické vybavy potomstva (Obrazek 2b) byla nazvana allogynogeneze (Yi et al.,
2003) nebo také ,paternal leakage“ (Lamatsch et Stock, 2009). MizZe dojit k Castecné
inkorporaci otcovského genomu formou adice mikrochromozému, vyméné samci DNA za
samiCi (kleptogeneze) nebo k pfidanim kompletni chromozomové sady vedouci
k polyploidii (Lampert et Schartl, 2010). Zou et al. (2001); Zhao et al. (2004) zjistili
otcovsky vliv u gynogenetického potomstva v rastu a stupni plodnosti, ackoliv byli potomci
z morfologického hlediska téméF stejni jako matka. Zou et al. (2001) sledovali rastové
ukazatele CGI. Méli k dispozici dvé sady jiker. Prvni sada byla stimulovana mli¢im CGI a
druha sada byla stimulovana mlicim CCY. Potomstvo pochazelo ze stejné samice. Autofi
dospéli k zavéru, ze i kdyz meély obé skupiny stejny maternalni puvod, potomstvo
iniciované CCY rostlo rychleji. DalSi prokazatelny vliv otcovského genomu na potomstvo
pfinasi prace autorll Zhao et al. (2004). Vysledky naznacuji, Zze genom tetraploidniho
allogynogenetického CGI, ktery mél ve svém karyotypu 206 chromozdému, se sklada
z celku maternalni chromozémové sady a z celku haploidni paternalni chromozémové
sady. 156 chromozému bylo maternalniho plvodu pochazejici z CGI a zbylych 50
pochazelo z haploidniho poétu chromozém( spermie kapra ostrohifbetého (Cyprinus

acutidorsalis Wang, 1979), kterym bylo ,oplozeni“ jiker iniciovano.

3.3.2 Hybridizace

Mezidruhova hybridizace a produkce zivotaschopného hybridniho potomstva je nyni
jiz dobfe znama u obratlovct (Dawley, 1989; Vrijenhoek, 1998; Neaves et Baumann,
2011; Choleva et al., 2012). Relativné vysoka frekvence mezidruhovych hybridu ryb je
zpusobena prevahou vnéjSiho oplozeni ve vodnim prostfedi. Navic mnoho kaprovitych
DRUHU vyuzivad shodna tfeci mista ve stejném &ase a tim se pochopitelné zvysuje i
pravdépodobnost vzniku hybrid (Wheeler et Easton, 1978).

Pfes obrovské rozdily v typu asexualniho rozmnozovani obratlovcu, je v naprosté
vétsiné spojuje jejich hybridni pivod. Vznikli tedy mezidruhovou hybridizaci, avSak nedaji
se oznacit za normalni mezidruhové hybridy (Dawley, 1989; Vrijenhoek, 1989; Alves et al.,
2001; Lamatsch et Stock, 2009). Typickym pfikladem je Zivorodka kfizena, vznikla
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mezidruhovym kFizenim zivorodky Sirokoploutvé, Poecilia latipinna (Lesueur, 1821) a
Zzivorodky mexické, Poecilia mexicana (Steindachner, 1863). Zivorodka kfizena byla velmi
kratce, po ur€eni gynogenetického zpusobu reprodukce, oznaCena jako morfologicky
intermediarni mezi vySe uvedenymi DRUHY (Hubbs et Hubbs, 1932). Jméno Poecilia
monacha-lucida (hybridogen Zivorodky hnédé, Poecilia monacha Miller, 1960 a Zivorodky
lesklé, Poecilia lucida Miller, 1960) napovida, ze kterych DRUHU tento hybridni TAXON
vznikl. Partenogeneticka jeStérka Cnemidophorus tesselatus Say, 1823 vznikla hybridizaci
C. marmoratus Baird et Girard, 1852 x C. septemvittatus Cope, 1892 (Dawley, 1989).
V opacném pripadé Sinclair et al. (2009) ve svych pokusech na zakladé stupné
heterozygotnosti potvrdili nezavisly nehybridni plvod diploidnich unisexualnich populaci
partenogenetickych jestérek Lepidophyma reticulatum Taylor, 1955 a L. flavimaculatum
Duméril, 1851. Interpretace fylogenetickych vysledku tedy dokazuje dva nezavislé puvody
unisexuality: hybridni i nehybridni. Jedna z mozZnosti vzniku speciacni udalosti je
pritomnost partenogenetické mutace, ktera se nasledné zafixovala a uchovala v dalSich

generaci (Dawley, 1989).

Vlastnosti vétSiny hybridd jsou charakterizovany snizenou plodnosti, pfezitelnosti a
stabilitou vyvoje, navic jsou pod vétSim selekénim tlakem (vlivem pfirozené selekce
dochazi k eliminaci méné zdatnych jedinci a ke zvySeni celkové fitnes a spontannimu
heter6znimu efektu asexualnich hybridd (Dawley, 1989; Vrijenhoek, 1989; 1998)).
Dusledkem mezidruhové hybridizace je preruseni meiotického déleni pfi oogenezi
(nedochazi k prvnimu meiotickému déleni a nenastava crossing — over), zpusobené
gametogenetickym mechanismem. Gametogeneticky mechanismus inhibuje rekombinaci
a zpusobuje klonalni dédi¢nost. Kombinace dvou odliSnych genomu rodi¢u vychyluje
pomér pohlavi u hybridd smérem k sami€imu pohlavi a hybridni samice produkuji diploidni
oocyty bez rekombinace (Dawley, 1989; Vrijenhoek 1989; Neaves et Baumann, 2011).
Vznik neredukovanych vajiCek muze navodit nasledujici ALLOPOLYPLOIDIZACI, za
predpokladu, Ze byla spermie samce v€lenéna do oocytu samice. Mlze také dochazet
k ovliviiovani vlivem mutaci a k nasledné AUTOPOLYPLOIDIZACI (Comai, 2005).
Poruchy vedouci ke spontanni polyploidizaci mohou byt evoluéné fixovany a vést k vyvoji
TAXONU evoluéné polyploidniho plvodu (Rab et Collares-Pereira, 2004; Choleva et
Janko, 2013). Zminéné poruchy a mechanismy jejich stimulace jsou podrobné studovany

a je jich celosvétové uzivano k produkci sterilnich rychle rostoucich nebo fertilnich
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polyploidnich ryb pro potfeby sladkovodni a mofské akvakultury (FlajShans et al., 2006;
Piferrer et al., 2009).

V ramci rodu karas vznikaji mezidruhovi a dokonce i mezirodovi kfizenci a to jak u
evropskych populaci (Stranai, 2000; Hanfling et al., 2005; Téth et al., 2005; Smartt, 2007;
Papousek et al., 2008; Mezhzherin et al., 2012; Knytl et al., 2013), tak i u populaci
asijskych (Ohara et al., 2000; Liu et al., 2001; Zhu et Gui, 2007; Liu, 2010).

Baru$ et Oliva (1995) uvadéji, Zze vyskyt hybridti CGI a jinych DRUHU kaprovitych
ryb je vzhledem kjeho gynogenetickému zpusobu problematicky a u monosexnich
populaci nepfipada v uvahu. Naopak uvadeéji vétsi pravdépodobnosti vyskytu kfizencl
CCA a CCY. Jejich tvrzeni se vSak ukazalo jako nepfesné a nyni se v Evropé objevuji
mezidruhovi kfizenci CGl a CCA (Papousek et al., 2008; Knytl et al., 2013). Hybridi CGI a
CAU ¢i CGI a CCY byli nalezeni napfiklad v Anglii (Wheeler, 2000; Hanfling et al., 2005),
na Ukrajing (Mezhzherin et al., 2012) & ve Svédsku (Wouters et al., 2012). Na Slovensku
nedaleko Nitry identifikoval Stranai (2000) mezidruhového hybrida CGI a CCY na zakladé
morfologickych ukazatell. Japonsti endemité vytvari kfizence CBU a CCU (Ohara et al.,
2000).

V laboratornich podminkach jsou karasi schopni vytvaret Zivotaschopné hybridni
potomstvo napfiklad CGI a cejnka malého, Blicca bjoerkna Linnaeus, 1758 (FlajShans et
al., 2004), CAU a CCA (Smartt, 2007) nebo CAU a CCY (Liu et al., 2001), CAU a cejnovce
Cinského (Liu, 2010). Kasama et Kobayasi (1990) uméle vytvofili hybrida CCA a
hrouzenky protahlé (Gnathopogon elongatus Temminck et Schlegel, 1846). Parentalni
CCA byl odchycen v Nizozemsku a parentalni G. elongatus pochazela z japonského
jezera Biwa. Stejni autofi Kasama et Kobayasi (1989) provedli Uspésné také hybridizacni

experiment CCA a amura bilého (Ctenopharyngodon idella Valenciennes, 1844).

3.4 Cytogenetika rodu Carassius

Cytogenetické studie karast maji dlouhou historii (Makino, 1939). Od té doby byla
shromazdéna fada udaju o chromozémech CCIl a CGI z riznych oblasti Evropy. Jejich
pfehled podava Tabulka 1. Je zfejmé, Ze se vyskytuji diploidni BIOTYPY (2n = 50; 2n =
100), triploidni, jejichz poCet chromozému je variabilni (3n ~ 141-166), ale vyskytuji se
také BIOTYPY tetraploidni s variabilnim poctem chromozémud (4n ~ 200) (Zhao et al.,
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2004; Téth et al., 2005; Boron et al., 2011). VétSina autor(, napfiklad Luo et al. (1999);
Zhou et Gui (2002); Kalous (2005); Téth et al. (2005); Knytl (2009); Boron et al. (2011);
Kalous et Knytl (2011) uvadi, ze jsou pocty chromozému variabilni, obzviast u
polyploidnich BIOTYPU. Pfitom ale neni dosud zcela jasné, zda se jedna o preparaéni
artefakt nebo skuteénou variabilitu. Rada udaijti, véetné& nasich, v8ak sv&d&i pro druhou
moznost. Byly publikovany i prace, kde byla odhalena karyotypova diverzita diploidnich
CGI 2n = 102; 2n = 104 (Fister et Soldatovi¢, 1991) nebo diploidnich CCA 2n = 50 (Raicu
et al., 1981).

Cytogeneticka diverzita karasG na uzemi Ceské Republiky je dana vyskytem
KOMPLEXU diploidnich a gynogeneticky se mnozicich polyploidnich BIOTYPU CGI
(Kalous et al., 2006), dale pritomnosti bisexualnich CCA, pfipadné feralnich CAU (barus et
Oliva, 1995). Urover ploidie a zaroven pfevaha samic v populaci byla a je dobrym
indikatorem vyskytu triploidnich samic CGI. Vzhledem k zna&né morfologické podobnosti
karasi a vSech jejich BIOTYPU, je proto Grover ploidie povaZovana za pomocny
diagnosticky znak pfi determinaci DRUHU karasti vyskytujicich se v CR. Napfiklad
Szczerbowski (2002) povazoval také pocet chromozdmu jako pomocny diagnosticky znak
k rozliSeni diploidniho CAU od triploidniho CGlI.

Shrnutim ploidnich drovni lze konstatovat, Ze vyluéné diploidni (doposud nebyly
objeveny polyploidni BIOTYPY) jsou CCA (Hafez et al., 1978; Baru$ et Oliva, 1995) a
CGR (Kobayasi et al., 1973; Ueda et Ojima, 1978). Naopak diploidné — polyploidni jsou
CGI (Kalous et Knytl, 2011), CAU (Rylkova et al., 2013), CLA, CBU (Kobayasi et al., 1973)
a CCU (Muramoto, 1975).

Rada autor(l pozorovala v karyotypech, genomech triploidnich BIOTYPU (CGI z
feky Dyje, Ceska republika (Pefaz et al., 1979); CGI z povodi Labe, Ceska republika
(Knytl et al., 2013); CGI z povodi Visly, Polsko (Boron et al., 2011), CGI ze severni a
vychodni Ciny (Zhou et Gui, 2002)) i 1 — 9 mikrochromozém(. Pfitomnost t&chto elementt
byla vysvétlovana rdznymi zpusoby. Zhou et Gui (2002) se domnivaji, ze
mikrochromozémy hraji dulezitou roli pfi funkéni diploidizaci triploidniho genomu CGI.
Nepodavaji vSak blizSi vysvétleni. Schartl et al. (1995) objevili u Zivorodky kfizené
mikrochromozémy pochézejici  z hostitelskych, sexudlné& se mnozicich DRUHU.
Inkorporaci subgenomické DNA vysvétluji jako kompenzaci nevyhod asexualu, jako je

napfiklad mutacni zatéz.
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Zjisténi, které pfinasi odliSny pohled na funkéni ploidni uroveri CGI, podavaji Fan et
Shen (1990), ktefi u ryb ze severni Ciny (povodi Amuru) zjistovali pomér obsahu DNA v
jadrech erytrocytll a spermii metodou prutokové cytometrie. U ryb byl zjiStovan i pocet
chromozému jejich preparaci z leukocytovych kultur. Poget chromozémi u CGIl z této
lokality byl nejCastéji 156. Pomér obsahu DNA v erytrocytech va&i obsahu DNA ve
spermiich byl 1,96 : 1, tedy téméf 2 : 1. Stejny pomér obsahu DNA v erytrocytech vici
obsahu DNA ve spermiich uvadéji Fan et Liu (1990) a Wei et al. (2003). Z vysledku autofi
Fan et Shen (1990) vyvodili zavér, Zze samci CGI jsou z dané lokality funkéni, sexualné se
rozmnozujici BIOTYPY s diploidnim po¢tem chromozéma 2n = 156, jejichz spermie
prochazi normalnim meiotickym délenim. U samic CGI nebyla prokazana funkéni diploidie
a nelze fici, Zze gametogeneze probiha stejnym zpusobem jako u samci CGIl se 156
chromozomy. Dale se autofi Fan et Shen (1990) a Fan et Liu (1990) domnivaji, ze
puvodné byla gynogeneze hlavnim mechanismem rozmnozovani a populace mély status
funkcéné triploidni do té doby, nez nastala funkéni diploidizace triploidniho genomu a CGl
se zacali reprodukovat pohlavné. Nastala tedy reverze asexualniho v pohlavni
rozmnoZovani, mechanismus, ktery je pfedpokladan pro vznik DRUHOVYCH TAXONU
allopolyploidizaci (Alves et al., 2001). V novéjSich studiich FlajShanse et al. (2004) a
FlajShanse et al. (2008) byla odhalena haploidni chromozémova sada ve spermiich
diploidniho CGl, aneuploidni chromozémova sada (1,5n) ve spermiich triploidniho CGI a
aneuploidni az hyperdiploidni (1,6n) chromozémova sada u tetraploidniho CGlI. Je zfejmé,
ze fyziologické a dalSi vlastnosti jedincl s vySSi ploidii se liSi. Napfiklad u vySSich
ploidnich Urovnich CGI byla zjiSténa mensi koncentrace a mensi motilita spermii nez u
diploidd (FlajShans et al., 2004; FlajShans et al., 2008).

V populacich pfevazné tvofenych samicemi tedy mohou soucCasné probihat
pohlavni i nepohlavni zplUsoby reprodukce. Gynogeneticti CGl se mohou rozmnozovat i
gonochoristicky (Fan et Shen, 1990; Zhou et al., 2000a; 2000b; Xie et al., 2001; Li et Gui,
2003; Zhao et al., 2004; Kalous et al., 2006). Proto se diploidné — polyploidni KOMPLEX
CGlI také oznacuje jako gynogeneticko — sexualni KOMPLEX (Hakoyama et al., 2001).

Uz vroce 1990 se Fan a Shen domnivali, Ze pokud jsou jikry ,oplodnény“ mli¢im
jinych DRUHU, neZ vlastnim, vyviji se gynogeneticky. V pfipadé oplodnéni jiker mli¢im
karase se mohou jikry vyvijet také gynogeneticky, ale vznikaji i samci jedinci, coz svédci
o tom, ze doSlo ke kombinaci samCiho a samiciho genomu a do jikry se dostaly samci
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determinujici geny, tzv. allogynogeneze (Yi et al., 2003) &i ,paternal leakage” (Lamatsch et
Stock 2009). Mohlo také dojit k syngamii diploidnich €i triploidnich vajiCek a haploidnich
spermii pfi gynogenezi, coz by mohlo vést také k produkci jedincd samciho pohlavi.

Pravdépodobnost tohoto jevu je vSak velmi nizka — 1 % (Dawley, 1989).

Gui et Zhou (2010) tuto hypotézu potvrdili a uvadi, Ze pokud dojde k iniciaci vajiCka
heterologni spermii (v jejich experimentu spermie CCY), nové vzniklé potomstvo se bude
vyvijet gynogeneticky a vzniknou monosamici populace CGI. Pokud dojde k oplozeni
vajicka homologni spermii (1,5n) triploidniho CGI, dojde kfuzi samCiho a samiciho
pronuclea a vznikne bisexualni potomstvo. Na zakladé sekvenci detekovali 26
rekombinacnich udalosti. V takovém pfipadé nemuzeme hovofit o gynogenezi, ale o
pohlavni reprodukci. Experimentem, ktery provedli Gui et Zhou (2010), byla vyvracena
hypotéza produkce dvou typu jiker: gynogenetickych (G) a bisexualnich (B), plvodné

navrzenou Fanem et Shenem (1990).

Hakoyama et al. (2001) uvadéji, Ze gynogeneticko — sexualni KOMPLEXY CLA a CBU
prezivaji navzdory faktu, Ze gynogenetické BIOTYPY maji dvojnasobnou moznost
produkce potomstva neZ populace sexualni, diky tomu, Ze neprodukuji samce.
V budoucnu by méla populace gynogenu vytlacit populace sexualni a nakonec obé dvé
vyhynou, protoze gynogenetické BIOTYPY potfebuji k iniciaci oocytu samce ze sexualni
populace. Proto, aby to tak nedopadlo, potfebuje pohlavni generace kratkodobé vyhody,
aby vyrovnala nevyhodu s produkci samcl. VySe uvedeni autofi Hakoyama et al. (2001)
zjiStovali, jestli je tfeci preference samcu vysSi v sexualnich populacich a jestli je odolnost
rozdilna u gynogeneticko — sexualniho KOMPLEXU CLA a CBU. Treci chovani
gynogenetickych karast je promiskuitni a nebyla zpozorovana preference samcu vUCi
urCitym samicim, proto to nemulze byt brano jako jeden z duvodu, pro€ je udrzovan
gynogeneticko — sexualni systém. Parazitarni napadeni gynogenu bylo prokazatelné vyssi
nez u pohlavné se mnozicich samic. Niz8i obranyschopnost a vyssi umrtnost
gynogenetickych BIOTYPU se ziejmé& podili na vyvazeni nevyhodnosti sexudlnich
BIOTYPU. Dal$i patologické napadeni gynogenetickych, morfologicky a geneticky
identickych jedinc CGI bylo odhaleno pfi studii Danék et al. (2013), kde byla umrtnost
které mohou zpusobit vy$Si napadeni parazitG u asexualnich jedincl: akumulace

Skodlivych mutaci, heterézni efekt (klon mize vykazovat rlzny stuper heteroze, podle
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které mGze byt fitness vy3Si nebo nizsi nez u parentalnich DRUHU) nebo zvétSeni bunék

diky polyploidizaci.
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4 Védecké hypotézy a cile prace

Dosavadni udaje svédCi o tom, Ze i) v diploidné polyploidnim KOMPLEXU CGl se
vyskytuji jedinci obou pohlavi s 2n = 100 a stabilni karyotypovou strukturou, zatimco
triploidni jsou vétSinou samice, které maji variabilni po¢et chromozému od 141 do 166 a
rovnéz vzacné samice tetraploidni s vice jak 200 chromozdémy ii) v ramci populaci CCA se
vyskytuji jedinci s 2n = 50 a 2n = 100. Pracovni hypotéza i) méla potvrdit pfedchozi
pozorovani o stabilité vs. variabilité diploidnich oboupohlavnich populaci CGl, o variabilité
triploidnich BIOTYPU CGl a pokusit se zjistit pavod tetraploidnich jedinct ii) potvrdit nebo

vyvratit existenci jedinci CCA s 2n = 50.

Cile:

1) potvrzeni variability poctu chromozémua a analyza karyotypu potomstva vzniklého

kfizenim ruzné ploidnich jedincu CGI
2) potvrzeni stability po¢tu chromozému a analyza karyotypu CCA

3) charakteristika struktury genomu jedincl z diploidné — polyploidniho KOMPLEXU

rodu Carassius pomoci molekularné cytogenetickych metod
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5 Zvolené metody zpracovani

5.1 Chromozémové analyzy

5.1.1 Pfima preparace chromozému z ledvin

Jeden den pfed vlastnim vySetfenim byla mitoticka aktivita stimulovana
intraperitonealni injekci 0,1 % roztoku CoCl, v mnozstvi 1 ml na 100 g Zivé vahy. Pro
zastaveni procesu bunécného déleni v metafazi bunééného cyklu, Sedesat minut pred
usmrcenim, byly ryby injikovany opét intraperitonealné 0,1 % roztokem kolchicinu v davce
1ml na 100 g Zivé vahy. Standardni pfima metoda chromozdmové preparace z proximalni

Casti ledvin byla provedena dle autortl Rab et Roth (1988).

5.1.2 Preparace chromozému z regenerati ploutevni tkané

Nedestruktivné byly chromozémy izolovany metodou preparace z regenerati
ploutevni tkané puvodné dle autorl Volker et Kullmann (2006) pozdéji modifikovanou

Kalousem et al. (2010) (pfiloha prace VI).

5.2 Barveni chromozému

5.2.1 Konvengéni

Chromozdémy pro karyotypovou analyzu byly barveny 4 % roztokem barviva Giemsa
— Romanowski v Sérrensenoveé fosfatovém pufru, pH = 6,8.
5.2.2 Diferencialni

Pro cytogenetickou analyzu byly pouzity prouzkovaci techniky dle autord Rabova et
al. (2013): C-pruhovani pomoci Ba (OH);, impregnace koloidnim stfibrem (Ag-NOR),

fluorescen&ni pruhovani pomoci DAPI a Chromomycinu CMAs3.

5.3 Genomicka in situ hybridizace (GISH)

Sondy pro GISH byly vyrobeny standardni nick translacni reakci za pomoci nick
translacniho mixu podle instrukci vyrobce (Roche, Némecko). Genomickd DNA byla

znaCena nepfimo pomoci haptenut i) Biotin-dUTP (Roche, Némecko) detekovany bud
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protilatkou Streptavidin-CyTM3 (Invitrogen, Germany) nebo protilatkou Streptavidin-FITC
(Invitrogen, Germany), ii) Digoxigenin-dUTP (Roche, Némecko) detekovany bud
protilatkou anti-digoxigenin-fluorescein (Roche, Némecko) nebo protilatkou anti-

digoxigenin-rhodamin (Roche, Némecko) fedénych podle instrukci vyrobce.

Hybridizace a nasledna detekce béhem GISH experimentu byly provedeny tak, jak

popsali Cremer et al. (2008). Podrobnéjsi postup metody viz pfiloha prace Il.

5.4 Mikroskopovani a analyza karyotypu

Mikroskopovani a snimani metafazi barvenych Giemsovym barvivem bylo
provadéno na mikroskopu Olympus BX41TF a vybaveného digitalnim fotoaparatem
Olympus SP-350. Pocty Chromozému byly stanoveny v programu QuickPHOTO MICRO
(verze 2.3). Karyotyp byl sestaven pomoci programu lkaros — karyotypovaci systém (verze
V 3.4.0) a Adobe Photoshop (verze CS7). Klasifikace chromozémU byla provedena na
zakladé poméru velikosti ramen a polohy centromery podle autorl Levan et al. (1964).
Sklicka s vybranymi metafazemi se zaznamenanymi soufadnicemi byla odbarvena ve

fixativu (methanol a kyselina octova; 3:1) a uskladnéna v chladniCce pfi teploté 4 °C.

Mikroskopovani a snimani chromozému pro GISH analyzu bylo provadéno pomoci
mikroskopu Olympus AX70 vybavenym sadou cCtyf fluorescencnich filtri a digitalniho
fotoaparatu Olympus DP30BW vybavenym CCD chipem Sony ICX285-AL. Fluorescenéné
obarvené chromozémy byly zpracovany pomoci softwaru Microlmage a nasledné

analyzovany pomoci softwaru Adobe Photoshop (verze CS7).
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6 Prehled praci zafazenych do disertaéni prace

Prace I: Karyotype diversity of the offspring resulting from reproduction experiment
between diploid male and triploid female of silver Prussian carp, Carassius
gibelio (Cyprinidae, Actinopterygii)

Kalous L, Knytl M. 2011. Folia Zoologica (IF = 0.357), 60 (2): 115-121.

Prace Il: Chromosome studies of European cyprinid fishes: cross-species painting
reveals natural allotetraploid origin of Carassius female with 206 chromosomes

Knytl M, Kalous L, Symonova R, Rylkova K, Rab P. 2013. Cytogenetic and Genome
Research (IF = 1,533), 139 (4): 276-283.

Prace lll: Karyotype and chromosome banding of endangered crucian carp
(Carassius carassius)

Knytl M, Kalous L, Rab P. Comparative Cytogenetics (IF = 0,595), 7 (3): 205-213.

Prace IV: Massive mortality of Prussian carp (Carassius gibelio) in the upper Elbe

basin associated with herpesviral hematopoietic necrosis (CyHV-2)

Danék T, Kalous L, Vesely T, Krasova E, Reschova S, Rylkova K, Kulich P, Petrtyl
M, Pokorova D, Knytl M. 2012. Diseases of Aquatic Organisms (IF = 2,201), 102 (2):
87-95.

Prace V: Usage of non-destructive method of chromosome preparation applied on
silver Prussian carp (Carassius gibelio)

Kalous L, Knytl M, Krajakova L. 2010. In: Kubik S, Bartak M (Eds.). Workshop on
animal biodiversity, Jevany, Czech Republic, July 7, 2010, p. 57-60, ISBN:
9788021321465.

Prace VI: Mystery of chromosome number of silver Prussian carp (Carassius gibelio)

Knytl M, Kalous L. 2009. In: Kubik S, Bartdk M (Eds.). Workshop on animal
biodiversity, Jevany, Czech Republic, July 8, 2009, p. 68-69, ISBN: 9788021320314.
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7 Vysledky a diskuse

Disertacni prace je slozena z Sesti puvodnich praci, z nichz ¢tyfi jsou publikované

v Casopisech indexovanych v databazi TR WoS a dvé jsou publikované ve sbornicich.

Tato prace je pokraCovanim diplomové prace ,Vybrané cytogenetické
charakteristiky diploidn& — polyploidnich KOMPLEXU rodu Carassius, kde byli pouZitym
materialem jedinci CGI, ktefi vznikli kfizenim rodi¢l o rizné ploidni urovni. Po zkfizeni
triploidni samice se 159 chromozémy a diploidniho samce se 100 chromozémy vzniklo
potomstvo (prace I), u néhoz byla nalezena triploidni chromozémova sada s riznymi pocty
chromozéma (150, 151, 156 a 159). V jednom pfipadé meéli potomci stejné pocty
chromozéml jako matka a v ostatnich pfipadech se podéty chromozémud matky a
potomstva liSily. NejvySSi Cetnost jedincu vykazovalo potomstvo s 156 chromozémy. Z
celkového poctu vSech jedincu potomstva vzniklého kfizenim nékolika rtizné ploidnich
rodi€u byl stanoven modalni poCet chromozému 150 (prace VI). Z vysledkd (prace |, VI)
vyplynulo, Ze vzniklé polyploidni potomstvo obsahovalo variabilni pocty chromozému a
nebyla prokazana témeéf zadna zavislost na poctu chromozémua rodi€l i presto Ze se
jednalo o klon matky (kromé jednoho potomka s pocltem chromozému 159). Variabilita
poCtu chromozému se v nasem pfipadé pohybovala v rozmezi deviti (150 — 159)
chromozémdu, coz by mohlo byt zplsobeno inkorporaci otcovského genomu do vaji¢ka
formou adice mikrochromozémU, kterou vysvétlili Lampert et Schartl (2008) jako unik
paternalnich genu neboli ,paternal leakage®. Jelikoz matefsky genom obsahoval 159
chromozémud, jednalo by se spiSe o eliminaci mikrochromozému zpUsobenou paternalnim
genomem. Poznatky o chromozémové variabilité polyploidnich BIOTYPU jsou podpofeny
mnoha dalSimi studiemi (Fan et Shen, 1990; Zhou et Gui, 2002; Kalous, 2005; Téth et al.,
2005; Knytl, 2009; Liasko et al.,, 2010; Boron et al., 2011). Existenci polyploidnich
BIOTYPU CGl, které maiji variabilni poet chromozdém(, s vysokou pravdé&podobnosti jiz

nelze vyvratit.

Variabilita v po&tu chromozému byla dokonce odhalena u diploidnich BIOTYPU
CGl, viz Tabulka 1 (Raicu et al., 1981; FiSter et Soldatovi¢, 1991). Vzhledem k velikosti a
poCtu chromozdmu, je tézké rozhodnout, do jaké miry se v ruznych studiich jedna o
preparacni artefakty a do jaké miry o skute¢nou variabilitu v po¢tu chromozému.
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Zhou et Gui (2002) prokazali souvislost mezi poctem chromozému rodicu
a potomstva CGIl. PoCet chromozéml potomstva se ukazal jako intermediarni mezi
poctem chromozémuU obou rodi¢d. Rodi¢e méli 156 a 162 chromozémU a jejich nové
vzniklé potomstvo mélo 159 chromozému. Vysledky nasledné ukazaly, Ze se jednalo o
pohlavni zpusob reprodukce (Zhou et Gui, 2002). Experiment kfizeni (prace 1) byl
proveden mezi rodi¢i o rizné ploidni urovni (diploidni samec CGI a triploidni samice CGl)
a Zhou et Gui (2002) provedli kfizeni rodi€l o stejné ploidni urovni (triploidni samec CGl a
triploidni samice CGIl). U obou experimentl doSlo k aktivaci vajicka homologni spermii.
Spermie diploidnich samci CGI nese haploidni chromozémovou sadu (Flajshans et al.,
2004; FlajShans et al., 2008) a spermie triploidnich samct CGI nese 1,5 chromozémovou
sadu (FlajShans et al., 2008; Fan et Shen, 1990). Pokud je vaji¢ko triploidnich samic CGI
inseminovano homologni haploidni spermii nebo heterologni spermii, nové vzniklé
potomstvo se vyviji gynogeneticky (Toth et al.,, 2005; Gui et Zhou, 2010) a pokud je
vajiCko triploidnich samic CGI oplodnéno homologni 1,5n spermii triploidniho samce,

vznika bisexualni, rekombinantni potomstvo (Zhou et Gui, 2002; Gui et Zhou, 2010).

Li et Gui (2003) zkoumali in vitro dekondenzaci a formovani pronuklea spermii v
extraktech z jiker CCY a CGl. V pfipadé, kdy byla do extraktu z jiker CGI vloZena spermie
CGl, byla pozorovana jeji dekondenzace a formovani samciho pronuklea. Stejné tak byla
pozorovana dekondenzace a formovani pronuklea spermii CCY i CGI v extraktech z jiker z
CCY. Pri viozeni spermie CCY do extraktu z jiker CGI zustaval chromatin v jadfe spermie

v kondenzovaném stavu a nedoslo k formovani pronuklea.

Vliv heterolognich spermii ¢i homolognich spermii s rdznou ploidni udrovni
na zpusob rozmnozovani byl evidentné prokazan a v naSem experimentu kfizeni (prace 1)
se tedy jednalo o gynogenezi. Ve vajiCku, kromé mechanismu, ktery je zodpovédny za
inaktivaci genetické informace spermie pfi gynogenezi (Pefnaz et al.,, 1979), existuje i
mechanismus zodpovédny za rozpoznani heterologni/ homologni haploidni/ homologni 1,5
ploidni spermie. Li et Gui (2003) predpokladaji, Ze mechanismus zodpovédny za
rozpoznani heterologni a homologni spermie zfejmé souvisi s inaktivaci nékterych faktort

potfebnych pro uvolnéni jaderné membrany spermie.

Material pouzity v dalSi ¢asti této prace (prace I, lll, IV) zahrnuje rizné ploidni
BIOTYPY CGI a CCA, ktefi byli odchyceni v lokalité BySiCky, okres Lysa nad Labem
(GPS: 50° 10" 45" N, 14° 47" 37" E). U v8ech nalezenych jedincl byla provedena
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karyologicka studie — stanoveni poctu chromozémua a u nékterych byl sestaven karyotyp.
Jednalo se pfevazné o triploidni samice CGIl se 156 chromozdmy (prace Il, 1V) a pouze
jednu triploidni samici se 150 chromozémy (prace 1V), jednu tetraploidni samici s 206
chromozémy, kterou jsme z morfologického hlediska pavodné identifikovali jako CGl, ale
nasledna molekularné cytogeneticka studie odhalila, Ze se jedna o allotetraploidniho
hybrida CGl a CCA (prace Il). Dale byli vdané lokalité nalezeni jedinci, které jsme
identifikovali jako CCA. VS8ichni CCA méli stabilni pocet chromozému 2n = 100 (prace lI,
). Na zakladé uvefejnénych vysledkl Ize konstatovat, Zze se jedna o triploidni,
unisexualni, klonalni populaci CGlI (prace 1V) a diploidni, bisexualni, pohlavné se mnozici
populaci CCA, jejichz samci jsou schopni iniciovat vajiCko a nastartovat embryonalni vyvoj
gynogeneticky se mnozicich samic CGl, pfiéemz muze v nékterych pfipadech dojit k adici
haploidniho genomu CCA a tak nastat ALLOPOLYPLOIDIE (prace II). Genom nami
nalezeného ALLOPOLYPLOIDNIHO hybrida byl sloZzeny z 50 chromozémG CCA a 156
chromozémli CGIl. Celogenomova DNA CCA byla pouzita jako sonda pro GISH
experiment a tato druhoveé specificka, oznacena DNA identifikovala 50 chromozému z 206,
coz koresponduje s haploidni sadou CCA. Zbylych 156 chromozému bylo matefského
puvodu, coz odhalila sekvence haplotypu cytochrom b ve zkonstruovaném fylogenetickém
strom&. Tento ALLOPOLYPLOIDNI genom vznikd mechanismem podporujici
spermatickou genomovou adici (genome addition) k neredukovanému matefskému
genomu. Lampert et Schartl (2008) popsali tento proces jako triploidizaci diploidniho
genomu formou ,paternal leakage®, my jsme detekovali tetraploidizaci triploidniho genomu.
Stejnym zpusobem by mohly vznikat jesté vysSi ploidni drovné. Tento nalez mizeme
zafadit mezi stale Castéjsi studie pojednavajici o mezidruhovych kfizenich CGlI a CCA
(napf. Papousek et al., 2008; Wouters et al., 2012). Zhu et Gui (2007) inseminovali vajicko
triploidniho CGI spermii CCY a vytvofili mezirodového allotetraploidniho hybrida CGI a
CCY. Pomér rodi¢ovskych genomu uvnitf hybridniho genomu byl 3 CGl: 1 CCY, stejné
jako v nasem pfipadé 3 CGI: 1 CCA. Reprodukéni mechanismy by mély byt pfi nejmensim
podobné. Ukazalo se, Ze triploidni samice CGlI ma, kromé& schopnosti produkovat
neredukované, triploidni gamety (diky APOMIXIlI a PREMEIOTICKE ENDOREPLIKACI),
jesté schopnost zvysit uroven ploidie prostfednictvim inkorporace spermatického genomu.
Mechanismus ve vajiCku, ktery je zodpovédny za rozpoznani homologni a heterologni
spermie byl pravdépodobné naruSen a misto eliminace paternalniho genomu doslo k fuzi
samcCiho a samicCiho pronuklea a vysledkem se stal allotetraploidni hybrid. Nicméné u

nalezenych tetraploidnich karast v minulosti nebyla provedena molekularné cytogeneticka
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analyza, ktera by se zabyvala genomovou kompozici (HalaCka et Luskova, 2000; Halacka
et al., 2003; Téth et al., 2005; Liasko et al., 2010; Mezhzherin et al., 2012), proto neni

vylouc€eno, Ze se jednalo o hybridy.

Vzhledem ktomu, Zze se CCA, puUvodni DRUH naSeho uzemi, stava stale
ohrozenéjSim DRUHEM, informace o ném jsou limitovany malym mnozstvim publikaci
poslednich let (tabulka 1). Karasovi obecnému byla vénovana cela studie (prace Ill). CCA
ma stabilni po€et chromozéma (2n = 100), coZ je v rozporu se studii Raicu et al. (1981),
ktefi nalezli pocet chromozémli CCA z oblasti delty Dunaje (2n = 50). Mezi evropskymi
CCA nebyl doposud nalezen zZadny dalSi CCA, ktery by mél 50 chromozému (vyjma Raicu
et al., 1981), tudiz by se mohlo jednat o preparacni artefakt. Nyni je tézké spekulovat o
nalezenych rozdilech v diploidnim poc¢tu chromozému CCA, dokud nebudou populace
tohoto DRUHU detailnéji cytogeneticky prozkoumany. Podle poctu &tyi pozitivnich signald
diferencialniho barveni (Chromomycin CMAgz, impregnace AgNO3), které byly umistény
v misté sekundarni konstrikce na kratkych ramenech 14. paru submetacentrickych
chromozému a kratkych ramenech 32. paru subtelo az akrocentrickych chromozéml, jsme
dospéli k hypotéze, Ze genom CCA je paleoallotetraploidniho puvodu. Fluorescencni
barvivo DAPI rovnomérné obarvilo vSechny chromozémy v karyotypu CCA bez
intenzivnéjSich barevnych signalu (prace lll), stejné jako DAPI na chromozémech
allotetraploidniho CGl (Zhu et Gui, 2007). C-pruhovani odhalilo bloky konstitutivhiho
heterochromatinu, umisténé na telomerickych ¢astech 7 chromozémovych para (prace lll).
PocCet 14 signald C-pruhovani muze byt druhové specificky markr, obzvlasté u
paleoallotetraploidnich BIOTYPU. Sola et al. (1986); Larhammar et Risiger (1994); David
et al. (2003); Zhang et al. (2008) podpofili hypotézu tetraploidniho pivodu u CCY a to na
zakladé poctu NOR nesoucich chromozému, substitu€nich rychlosti a analyzy sekvenci a
mikrosatelitld. Karyotyp CCY se sklada ze stejného poc¢tu chromozému jako karyotyp CCA
(Hafez et al., 1978) a jsou si evolu¢né natolik pfibuzni, Ze je fadime do stejného kladu
Cyprinini (Yang et al., 2010), proto je dosti pravdépodobné, Ze u téchto dvou pfibuznych
DRUHU doslo ke stejnému evoluénimu procesu — multiplikace chromozémové sady
(pravdépodobné z 50 na 100 chromozému) vlivem mezidruhové hybridizace, pficemz

rodiCovské DRUHY nejsou znami.

Teoreticky by mezidruhova hybridizace méla vést ke klonalité, jejiz nasledek je
polyploidie (Choleva et al., 2012). Polyploidni asexualni KOMPLEXY mohou byt re-
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diploidizovany a nasledkem je maskulinizace a vznik bisexualnich populaci (Fan et Shen,
1990). Pokud tato evolucni trajektorie probéhla u CCA v minulosti, vysledkem by byl pravé
paleoallotetraploidni CCA, ktery se v minulosti rozmnozoval asexualné — gynogeneticky,

jako CGl v pfitomnosti.

Pfi analyze karyotypu diploidniho CGI jsme nalezli nasledujici strukturu: 6 par
metacentrickych (m) + 18 pard submetacentrickych (sm) + 26 pard subtelo az
akrocentrickych (st-a) chromozému (prace VI). Byly analyzovany dva karyotypy vybranych
jedincu CGI se 150 chromozomy. Prvni se skladal ze 42 m + 66 sm + 36 st-a chromozomd
+ 6 mikrochromozém(, druhy obsahoval 36 m + 45 sm + 66 st-a chromozému + 6
mikrochromozéma (prace VI). Karyotyp CGIl se 156 chromozémy se skladal z 30 m, 54
sm, 66 st-a chromozémul a 6 mikrochromozému (prace Il). Tetraploidni hybridni samice
CGI x CCA méla 40 m, 72 sm, 88 st-a chromozému a 6 mikrochromozému (prace II). U
CCA jsme nasli karyotyp s 10 pary m, 18 pary sm a 22 pary st-a chromozému (prace |l,
). Vysledky karyologickych studii jinych autorl jsou uvedeny v tabulce 1. Velikost a tvar
chromozémd je zavisly na stupni spiralizace, ve kterém se momentalné dany chromozém
vyskytuje (Rab et Collares-Pereira, 1995), proto se pocty metacentrickych,
submetacentrickych, subtelocentrickych a akrocentrickych chromozému daného
DRUHOVEHO TAXONU, uvedené rGznymi autory, lidi, obzvlasté u polyploidnich
BIOTYPU.

Skutecnost, na které se autofi s naSimi vysledky ¢aste¢né shoduji, je pfitomnost
Sesti mikrochromozému v karyotypu triploidnich CGI (Penaz et al.,, 1979; Zhou et Gui,
2002; Yi et al., 2003). Karyotyp triploidniho CGI obsahoval 6 mikrochromozému a karyotyp
tetraploidniho hybrida CGl a CCA obsahoval také 6 mikrochromozému (prace Il). Penaz et
al. (1979) identifikovali 6 mikrochromozému v karyotypech ftriploidnich CGl z feky Dyje.
Boron et al. (2011) identifikovali 1 — 6 mikrochromozédmu v karyotypech triploidnich CGI
vyskytujicich se v povodi polské feky Visla. Zhou et Gui (2002) a Yi et al. (2003) provedli
kfizici experiment CGI z Ciny, kde jikry CGI inseminovali spermiemi cejnovce &inského.
Rodicovsti triploidni CGI méli 6 mikrochromozédmu v karyotypu (Zhou et Gui, 2002; Yi et
al., 2003), nové vzniklé triploidni potomstvo mélo 3 — 9 mikrochromozému (Zhou et Gui,
2002) a 5 — 15 mikrochromozémda, z nichz 8 bylo paternalniho pdvodu (Yi et al., 2003).
Zhou et Gui (2002) navic provedli kfizeni triploidnich CGl, jejichz karyotypy obsahovaly

6 mikrochromozomu a vysledné potomstvo mélo stejny pocet mikrochromozému, jako oba
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rodiCe. Dle uvedenych vysledkl lze konstatovat, Zze mikrochromozémy F1 potomstva
nemuseji byt maternalniho puvodu, pfestoZze jejich pocet je totozny s poctem
mikrochromozému matky. Je zfejmé, Ze malé mnozZstvi genetického materialu
pochazejiciho z heterologni spermie, bylo inkorporovano do genomu allogynogenetického
F1 potomstva (Vi et al., 2003), formou adice mikrochromozém (Lampert et Schartl, 2008).
Dalsi paternalni pavod mikrochromozému CGI pochazejicich z hostitelskych, pohlavné se
mnozicich DRUHU, ukazala RAPD analyza (Zhou et Gui, 2002). Naopak tetraploidni
hybridni samice CGI a CCA (prace Il) méla vSech 6 mikrochromozoémd maternalniho

puvodu (obrazek 3, prace ).

S ohledem na invazni charakter populaci CGI, ktery je Siroce rozSifeny, razné
ploidni a s kombinovanou pohlavni a asexualni reprodukci a v pfipadé CCA jako kriticky
ohrozeného DRUHU a nejasnou distribuci moznych diploidnich / paleoallotetraploidnich
BIOTYPU v jeho celém aredlu vyskytu, daldi poznatky v této praci nemalou mérou
pfispivaji k poznani reprodukéni biologie a diverzité jednotlivych forem a BIOTYPU rodu

Carassius.
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DRUHOVY podet karyotyp lokalita zdroj
TAXON chromozomu
C. gibelio 94, 141 neuvedeno Bélorusko Cherfas (1966)
C. gibelio 166 46m+40sm+74st-a+6mch Ceska Penaz et al.
republika (1979)
C. gibelio 94-104 14m+18sm+66st-a Rumunsko  Raicu et al. (1981)
C. gibelio 160 16m+28sm+126st-a byvala Vujosevic et al.
Jugoslavie (1983)
C. gibelio 158 36m+54sm-st+68a byvala FiSter et
Jugoslavie  Soldatovi¢ (1989)
C. gibelio 102, 104 24m+36sm-st+42(44)a byvala Fister et
Jugoslavie Soldatovi¢ (1991)
C. gibelio 100 14m+24sm+62st-a Polsko Boron (1994)
150 26m+50sm+74st-a
C. gibelio 100, 148-156 neuvedeno Madarsko Toth et al. (2005)
C. gibelio 156-162, 200- neuvedeno Recko Liasko et al.
214 (2010)
C. gibelio 100 26m+38sm+36st-a Polsko Boron et al. (2011)
150-165 33m+48sm+75st-a+4mch
C. carassius 104 20m+72sm+12a neuvedeno Chiarelli et al.
(1969)
C. carassius 100 20m+40sm+40a Nizozemsko Kobayasi et al.
(2970)
C. carassius 100 20m+44sm+36a Francie Hafez et al. (1978)
C. carassius 100 52m-sm + 48 st-a Bosna Sofradzija et al.
(1978)
C. carassius 50 20m+12sm+18st-a Rumunsko  Raicu et al. (1981)
C. carassius 100 48ms-m+52st-a Rusko Vasiliev (1985)
C. carassius 100 neuvedeno Ceska Mayr et al. (1986)
republika
C. carassius 100 neuvedeno Polsko Boron et al. (2010)

Tabulka 1: Karyotypova data tykajici se evropskych zastupcti CGl a CCA. Chromozémova Cisla zjisténa

raznymi autory (v pfipadé jednoho Cisla je to modalni pocet u kterého byla prokazana nejvétsi Cetnost). Dale

jsou v tabulce zobrazeny informace o lokalitach, ve kterych ryby byly chyceny a o karyotypech. Udaje jsou
sefazeny podle DRUHOVYCH TAXONU a vzestupné dle data publikace.
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8

R/
A X4

Zavéry a doporuceni pro vyuziti poznatku v praxi

po umeélém kfiZeni razné ploidnich rodi€d CGI vznika potomstvo s pfevazné odliSnymi

chromozdémovymi pocty, nez méli jejich rodice
po&ty chromozémd polyploidnich BIOTYPU CGl jsou variabilni

CGI a CCA mohou vytvafet mezidruhové allotetraploidni hybridy, jejichZ genom se
sklada z matefské ftriploidni chromozémové sady CGI a otcovské haploidni

chromozomove sady CCA

CCA ma stabilni chromozémovou sadu 2n = 100 a je paleoallotetraploidniho puvodu

Cytogenetika a evolu¢ni dynamika KOMPLEXU karasu rodu Carassius pres znacné

mnozstvi studii je stale jeSté nepfili§ dobfe prostudovana a k dalSimu rozvoji této

problematiky by bylo zapotfebi rozsifit poznatky tykajici se introgresivnich hybridizaci

celého KOMPLEXU, zaméfit se na kompozici rodi€ovskych genomu v hybridnim genomu

a jeji evoluci. Dale provést dal$i experimentalni kfizeni rizné ploidnich BIOTYPU / hybrid(

KOMPLEXU Carassius a analyzovat klonalni dédi¢nost, popfipadé unik paternalnich gent

Ci polyploidizaci.

34



9 Seznam odborné literatury

Alves, M. J., Coelho, M. M., Collares-Pereira, M. J. 2001. Evolution in action through
hybridisation and polyploidy in an Iberian freshwater fish: a genetic review. Genetica. 111
(1). 375-385.

Apalikova, O. V., Podlesnykh, A. V., Kukhlevsky, A. D., Guohua, S., Brykov, V. A.
2011. Phylogenetic relationships of silver crusian carp Carassius auratus gibelio, C.
auratus cuvieri, crucian carp Carassius carassius, and common carp Cyprinus carpio as

inferred from mitochondrial DNA variation. Russian Journal of Genetics. 47 (3). 322-331.

Arai, K., Matsubara, K., Suzuki, R. 1993. Production of polyploids and viable gynogens
using spontaneously occurring tetraploid loach, Misgurnus
anguillicaudatus. Aquaculture. 117 (3). 227-235.

Balon, E. K. 2004. About the oldest domesticates among fishes. Journal of fish Biology.
65 (A). 1-27.

Barus, V., Oliva, O. 1995. Fauna CR a SR, Mihulovci a ryby 2. Dil. Academia. Praha. 698
s. ISBN: 8020002189.

Beukeboom, L. W., Vrijenhoek, R. C. 1998. Evolutionary genetics and ecology of sperm-
dependent parthenogenesis. Journal of Evolutionary Biology. 11 (6). 755-782.

35



Bi, K., Bogart, J. P. 2006. Identification of intergenomic recombinations in unisexual
salamanders of the genus Ambystoma by genomic in situ hybridization
(GISH). Cytogenetic and Genome Research. 112 (3-4). 307-312.

Bloch, M.E. 1782. Oekonomische Naturgeschichte der Fische Deutschlands. v. 1. Berlin.
p. 1-128.

Bogart, J. P., Bi, K., Fu, J., Noble, D. W. A., Niedzwiecki, J. 2007. Unisexual
salamanders (genus Ambystoma) present a new reproductive mode for
eukaryotes. Genome. 50 (2). 119-136.

Boron, A. 1994. Karyotypes of diploid and triploid silver crucian carp Carassius auratus
gibelio (Bloch). Cytobios. 80. 117-124.

Boron, A., Kirtiklis, L., Porycka, K., Abe, S., Juchno, D., Grabowska, A,
Duchnowska, K., Karolewska, M., Kuczewska, A., Miroslawska, U., Wierzbicki, P.
2010. Comparative cytogenetic analysis of two Carassius species (Pisces, Cyprinidae)
using chromosome banding and FISH with rDNA. In: 19th ICACGM. Book of Abstracts:
137. Chromosome Research. 20 (10). 749.

Boron, A., Szlachciak, J., Juchno, D., Grabowska, A., Jagusztyn, B., Porycka, K.
2011. Karyotype, morphology, and reproduction ability of the Prussian carp, Carassius
gibelio (Actinopterygii: Cypriniformes: Cyprinidae), from unisexual and bisexual
populations in Poland. Acta Ichthyologica et Piscatoria. 41 (1). 19-28.

Comai, L. 2005. The advantages and disadvantages of being polyploid. Nature Reviews
Genetics. 6 (11). 836-846.

36



Copp, G. H. 1991. Typology of aquatic habitats in the Great Ouse, a small regulated
lowland river. Regulated Rivers: Research & Management. 6 (2). 125-134.

Copp, G. H., Cerny, J., Kovag, V. 2008. Growth and morphology of an endangered native
freshwater fish, crucian carp Carassius carassius, in an English ornamental pond. Aquatic

Conservation: Marine & Freshwater Ecosystems. 18 (1). 32-43.

Cremer, M., Grasser, F., Lanctét, Ch., Muller, S., Neusser, M., Zinner, R., Solovei, I.,
Cremer, T. 2008. Multicolor 3D fluorescence in situ hybridization for imaging interphase
chromosomes. In: Hancock, R. (ed.). The Nucleus. Humana Press. Methods in Molecular
Biology. 463. 205-239. ISBN: 9781597454063.

Danék, T., Kalous, L., Vesely, T., Krasova, E., Reschova, S., Rylkova, K., Kulich, P.,
Petrtyl, M., Pokorova, D., Knytl, M. 2012. Massive mortality of Prussian carp Carassius
gibelio in the upper Elbe basin associated with herpesviral hematopoietic necrosis (CyHV-
2). Diseases of aquatic organisms. 102 (2). 87-95.

David, L., Blum, S., Feldman, M. W., Lavi, U., Hillel, J. 2003. Recent duplication of the
common carp (Cyplrinus carpio L.) genome as revealed by analyses of microsatellite
loci. Molecular biology and evolution. 20 (9). 1425-1434.

Dawley, R. M. 1989. An introduction to unisexual vertebrates. In: Dawley, R. M., Bogart, J.
P. (eds.). Evolution and ecology of unisexual vertebrates. University of the State of New

York. State Education Department. New York State Museum. New York. p. 1-18.

37



Economidis, P. S. 1995. Endangered freshwater fishes of Greece. Biological
Conservation. 72 (2). 201-211.

Fan, Z. T., Liu, G. 1990. The ploidy and the reproductive mechanism of crucian carp,

Carassius auratus gibelio. Journal of Fish Biology. 36 (3). 415-419.

Fan, Z. T., Shen, J. B. 1990. Studies on the evolution of bisexual reproduction in crucian

carp (Carassius auratus gibelio Bloch). Aquaculture. 84 (3). 235-244.

Fister, S., Soldatovié¢, B. 1989. Karyotype analysis of a gynogenetic population of
Carassius auratus gibelio Bloch (Cyprinidae) from Pancevacki Rit [Yugoslavia]. Acta
Veterinaria. 39 (5-6). 259-267.

Fister, S., Soldatovi¢, B. 1991. Karyotype analysis of male and diploid female Carassius
auratus gibelio, Bloch (Pisces, Cyprinidae) caught in the Danube at Belgrade. Evidence for

the existence of a bisexual population. Acta Veterinaria. 41 (2-3). 81-90.

Flajshans, M., Kocour, M., Rab, P., Hulak, M., Petr, J., Bohlen Slechtova, V., Slechta,
V., Havelka, M., Kaspar, V., Linhart, O. 2013. Genetika a Slechténi ryb. JihoCeska
univerzita v Ceskych Budg&jovicich. Fakulta rybafstvi a ochrany vod. Vodiany. 310 s.
ISBN: 9788087437483.

FlajShans, M., Luskova, V., Vetesnik, L., Halacka, K., Rodina, M., Lusk, S., Gela, D.
2004. Diploidni, triploidni a tetraploidni karas stfibfity Carassius auratus z dolniho toku
Dyje: prvni vysledky reprodukcni charakteristiky a experimentalni hybridizace. Biodiverzita
ichtyofauny CR. V. 35-43.

38



FlajShans, M., Pia¢kova, V., Rab, P. 2006. VysSi ploidni urovné u ryb a nékteré problémy
jejich analyzy (RozSifeny abstrakt prace FlajShans, M., Piackova, V., Rab, P. 2005. Higher
ploidy levels in fish and some problems of their analysis, Analyticka cytometrie Ill. 3. 50-
51). Bulletin VURH Vodfiany. 42. 74-76.

FlajShans, M., Rodina, M., Halacka, K., Vetesnik, L., Gela, D., Luskova, V., Lusk, S.
2008. Characteristic of sperm of polyploid Prussian carp Carassius gibelio. Journal of Fish
Biology. 73 (1). 323-328.

Goddard, K. A., Megwinoff, O., Wessner, L. L., Giaimo, F. 1998. Confirmation of
gynogenesis in Phoxinus eos-neogaeus (Pisces: Cyprinidae). Journal of Heredity. 89 (2).
151-157.

Gui, J., Zhou, L. 2010. Genetic basis and breeding application of clonal diversity and dual
reproduction modes in polyploid Carassius auratus gibelio. Science China Life
Sciences. 53 (4). 409-415.

Hafez, R., Labat, R., Quillier, R. 1978. Etude cytogenetique chez quelques especes de
cyprinides de la region Midi-Pyrenees. Extrait du Bulletin de la Société d’Histoire de
Toulouse. 114 (1-2). 1-38.

Hakoyama, H., Nishimura, T., Matsubara, N., Iguchi, K. 2001. Difference in parasite
load and nonspecific immune reaction between sexual and gynogenetic forms of

Carassius auratus. Biological Journal of the Linnean Society. 72 (3). 401-407.

39



Hala¢ka, K., Luskova, V. 2000. Polyploidie u karase stfibfitého (Carassius auratus) v
dolnim toku Dyje — determinace pomoci velikosti jader erytrocytu. In: MikeSova, J. (ed.).
Sbornik referatd z IV. Ceské ichtyologické konference. Jihogeska univerzita v Ceskych
Budéjovicich, Vyzkumny ustav rybarsky a hydrobiologicky ve Vodnanech. Vodnany. s.
110-113. ISBN: 8085887320.

Hala¢ka, K., Luskova, V., Lusk, S. 2003. Carassius ,gibelio” in fish communities of the
Czech Republic. Ecohydrology & Hydrobiology. 3 (1). 133-138.

Hanfling, B., Bolton, P., Harley, M., Carvalho, G. R. 2005. A molecular approach to
detect hybridisation between crucian carp (Carassius carassius) and non-indigenous carp
species (Carassius spp. and Cyprinus carpio). Freshwater Biology. 50 (3). 403-417.

Hensel, K. 1971. Some notes on systematic status of Carassius auratus gibelio (Bloch,
1782) with further record of this fish from the Danube River in Czechoslovakia. Véstnik
Ceskoslovenské Spole&nosti Zoologické. Svazek XXXV (3). 186-198.

Holéik, J., Zithan, R. 1978. On the Expansion and Origin of Carassius auratus in
Czechoslovakia. Folia Zoologica. 27 (3). 279-288.

Hosoya, K. 2000. Cyprinidae. In: Nakabo, T. (ed.). Fishes of Japan with pictorial keys to
the species. Tokai University Press. Tokyo. p. 253-254. ISBN: 4486015703. (in Japanese).

Howell, A. B. 1933. The involved genetics of fish. Science. 77 (1999). 389.

40



Hubbs, C. L., Hubbs, L. C. 1932. Apparent parthenogenesis in nature, in a form of fish of
hybrid origin. Science. 76 (1983). 628-630.

Cherfas, N. B. 1966. Natural triploidy in females of the unisexual form of silver carp

Carassius auratus gibelio Bloch. Genetika. 2 (5). 16-24. (in Russian).

Chiarelli, B., Ferrantelli, O., Cucchi, C. 1969. The caryotype of some teleostean fish
obtained by tissue culture in vitro. Experientia. 25 (4). 426-427.

Choleva, L., Janko, K. 2013. Rise and persistence of animal polyploidy: evolutionary

constraints and potential. Cytogenetic and Genome Research. 140 (2-4). 151-170.

Choleva, L., Janko, K., De Gelas, K., Bohlen, J., Slechtova, V., Rabova, M., Rab, P.
2012. Synthesis of clonality and polyploidy in vertebrate animals by hybridization between
two sexual species. Evolution. 66 (7). 2191-2203.

Iguchi, K., Yamamoto, G., Matsubara, N., Nishida, M. 2003. Morphological and genetic
analysis of fish of a Carassius complex (Cyprinidae) in Lake Kasumigaura with reference
to the taxonomic status of two all-female triploid morphs. Biological Journal of the Linnean
Society. 79 (2). 351-357.

Itono, M., Okabayashi, N., Morishima, K., Fujimoto, T., Yoshikawa, H., Yamaha, E.,
Arai, K. 2007. Cytological mechanisms of gynogenesis and sperm incorporation in
unreduced diploid eggs of the clonal loach, Misgurnus anguillicaudatus (Teleostei:
Cobitidae). Journal of Experimental Zoology Part A: Ecological Genetics and
Physiology. 307 (1). 35-50.

41



Kalous, L. 2005. Pfispévek krevizi koplexu Carassius auratus v Ceské Republice.
Disertaéni prace. Ceskd zemédé&lska univerzita v Praze. Fakulta agrobiologie,

potravinafskych a pfirodnich zdrojd. Praha. 109 s.

Kalous, L., Knytl, M. 2011. Karyotype diversity of the offspring resulting from reproduction
experiment between diploid male and triploid female of silver Prussian carp, Carassius
gibelio (Cyprinidae, Actinopterygii). Folia Zoologica. 60 (2). 115-121.

Kalous, L., Bohlen, J., Rylkova, K., Petrtyl, M. 2012. Hidden diversity within the
Prussian carp and designation of a neotype for Carassius gibelio (Teleostei: Cyprinidae).

Ichthyological Exploration of Freshwaters. 23 (1). 11-18.

Kalous, L., Knytl, M., Krajakova, L. 2010. Usage of non-destructive method of
chromosome preparation applied on silver Prussian carp (Carassius gibelio). In: Kubik, S.,
Bartak, M. (Eds.). Workshop on animal biodiversity, Jevany. Ceska zemé&délska univerzita
v Praze. Praha. p. 57-60. ISBN: 9788021321465.

Kalous, L., Rylkova, K., Bohlen, J., Sanda, R., Petrtyl, M. 2013. New mtDNA data
reveal a wide distribution of the Japanese ginbuna Carassius langsdorfii in Europe.
Journal of Fish Biology. 82. 703-707.

Kalous, L., Slechtova, V. jr., Bohlen, J., Doadrio, I. 2004. Pavod a identifikace ryb rodu
carassius v evropé pomoci molekularné-genetickych dat. In: Vykusova, B. (ed.). Sbornik
referatd z VII. Ceské ichtyologické konference. Jihodeska univerzita v Ceskych
Budéjovicich, Vyzkumny ustav rybarsky a hydrobiologicky ve Vodnanech. Vodnany. s. 69-
73. ISBN: 80858875009.

42



Kalous, L., Slechtova, V. jr., Bohlen, J., Petrtyl, M., Svatora, M. 2007. First European
record of Carassius langsdorfii from the Elbe basin. Journal of Fish Biology. 70 (A). 131-
138.

Kalous, L., Slechtova, V., Slechta, V. 2006. Geneticka diverzita karase stfibfitého
(Carassius 'gibelio’) na uzemi Ceské republiky. In: Vykusova, B. (ed.). Sbornik referatd
z IX. Ceské ichtyologické konference. Jihogeska univerzita v Ceskych Bud&jovicich,
Vyzkumny ustav rybarsky a hydrobiologicky ve Vodnanech. Vodnany. s. 33-36. ISBN:
8085887576.

Kasama, M., Kobayasi, H. 1989. Hybridization experiment between crucian carp
Carassius carassius @ and grass carp Ctenopharyngodon idellus &. Hybridization
experiments in Cyprinida (Il). Nippon Suisan Gakkaishi. 55 (6). 1001-1006.

Kasama, M., Kobayasi, H. 1990. Hybridization experiment between Carassius carassius
¢ and Gnathopogon elongatus elongatus J. Japanese Journal of Ichthyology. 36 (4). 419-
426.

Knytl, M. 2009. Vybrané cytogenetické charakteristiky diploidné — polyploidnich komplexu
rodu Carassius. Diplomova prace. Ceskd zemédélska univerzita v Praze. Fakulta

agrobiologie, potravinaiskych a pfirodnich zdroju. Praha. 65 s.

Knytl, M., Kalous, L. 2009. Mystery of chromosome number of silver Prussian carp
(Carassius gibelio). In: Kubik, S., Bartak, M. (Eds.). Workshop on animal biodiversity,
Jevany. Ceska zemédélska univerzita v Praze. Praha. p. 68-69. ISBN: 9788021320314,

43



Knytl, M., Kalous, L., Rab, P. 2013. Karyotype and chromosome banding of endangered
crucian carp, Carassius carassius (Linnaeus, 1758) (Teleostei, Cyprinidae). Comparative
Cytogenetics. 7 (3). 205-213.

Knytl, M., Kalous, L., Symonova, R., Rylkova, K., Rab, P. 2013. Chromosome studies
of European cyprinid fishes: cross-species painting reveals natural allotetraploid origin of a
Carassius female with 206 chromosomes. Cytogenetic and Genome Research. 139 (4).
276-283.

Kobayasi, H., Kawashima, Y., Takeuchi, N. 1970. Comparative chromosome studies in
the genus Carassius, especially with a finding of polyploidy in the ginbuna (C. auratus

langsdorfii). Japanese Journal of Ichthyology. 17 (4). 153-160.

Kobayasi, H., Ochi, H., Takeuchi, N. 1973. Chromosome studies in the genus Carassius:
Comparison of C. auratus grandoculis, C. auratus buergeri, and C. auratus langsdorfii.

Japanese Journal of Ichthyology. 20 (1). 7-12.

Komiyama, T., Kobayashi, H., Tateno, Y., Inoko, H., Gojobori, T., Ikeo, K. 2009. An
evolutionary origin and selection process of goldfish. Gene. 430 (1). 5-11.

Kottelat, M. 1997. European freshwater fishes. An heuristic checklist of the freshwater
fishes of Europe (exclusive of former USSR), with an introduction for non-systematists and
comments on nomenclature and conservation. Slovak Academy of Sciences. Bratislava.
52 (5). p. 271.

Kottelat, M., Freyhof, J. 2007. Handbook of European freshwater fishes. Publications
Kottelat. Berlin. p. 648. ISBN: 9782839902984.

44



Lamatsch, D. K., Stock, M. 2009. Sperm-dependent parthenogenesis and hybridogenesis
in teleost fishes. In: Schon, I., Martens, K., Dijk. P. V. (eds.). Lost sex: the evolutionary
biology of parthenogenesis. Springer. Netherlands. p. 399-432. ISBN: 9789048127696.

Lampert, K. P., Schartl, M. 2008. The origin and evolution of a unisexual hybrid: Poecilia
formosa. Philosophical Transactions of the Royal Society B: Biological Sciences. 363
(1505). 2901-2909.

Lampert, K. P., Schartl, M. 2010. A little bit is better than nothing: the incomplete
parthenogenesis of salamanders, frogs and fish. BMC biology. 8 (1). 78.

Larhammar, D., Risinger, C. 1994. Molecular genetic aspects of tetraploidy in the

common carp Cyprinus carpio. Molecular Phylogenetics and Evolution. 3 (1). 59-68.

Levan, A., Fredga, K., Sandberg, A. A. 1964. Nomenclature for centromeric position on
chromosomes. Hereditas. 52 (2). 201-220.

Li, Ch. J., Gui, J. F. 2003. Comparative studies on in vitro sperm decondensation and
pronucleus frormation in egg extracts between gynogenetic and bisexual fish. Cell
Research. 13 (3). 159-169.

Liasko, R., Liousia, V., Vrazeli, P., Papiggioti, O., Chortatou, R., Abatzopoulos, T. J.,
Leonardos, I. D. 2010. Biological traits of rare males in the population of Carassius gibelio
(Actinopterygii: Cyprinidae) from Lake Pamvotis (north-west Greece). Journal of Fish
Biology. 77 (3). 570-584.

45



Linnaeus, C. 1758. Systema naturae per regna tria naturae, secundum classes, ordines,
genera, species, cum characteribus, differentiis, synonymis, locis. Tomus |. Editio decima,
reformata. Holmiae. Systema Nat. Ed. 10 (1): i-ii + 1-824. [Nantes and Pisces in Tom. 1, p.

230-338; a few species on later pages. Date fixed by ICZN, Code Article 3].

Liu, S. 2010. Distant hybridization leads to different ploidy fishes. Science China Life
Sciences. 53 (4). 416-425.

Liu, S., Liu, Y., Zhou, G., Zhang, X., Luo, Ch., Feng, H., He, X., Zhu, G., Yang, H. 2001.
The formation of tetraploid stocks of red crucian carp x common carp hybrids as an effect
of interspecific hybridization. Aquaculture. 192 (2). 171-186.

Luo, J., Zhang, Y. P., Zhu, C. L., Xiao W. H., Huang, S. Y. 1999. Genetic diversity in
crucian carp (Carassius auratus). Biochemical Genetics. 37 (9-10). 267-277.

Lusk, S. 1986. Problematika karasa stfibfittho (Carassius auratus) v podminkach
Ceskoslovenska. Zivogisna vyroba. 31 (10). 945-951.

Lusk, S., Barus, V., Vesely, V. 1977. On the question of the occurrence of Carassius

auratus in the Morava River drainage area. Folia Zoologica. 26 (4). 377-381.

Lusk, S., Luskova, V., Halacka, K. 1998. Karas stfibfity — 25 let od jeho pfirozené
introdukce. In: MikeSova, J. (ed.). Sbornik referat z Ill. Ceské ichtyologické konference.
Jihogeska univerzita v Ceskych Budgjovicich, Vyzkumny Ustav rybarsky a hydrobiologicky
ve Vodnanech. Vodnany. s. 135-140. ISBN: 8085887207.

46



Lusk, S., Luskova, V., Hanel, L. 2010. Alien fish species in the Czech Republic and their

impact on the native fish fauna. Folia Zoologica. 59 (1). 57-72.

Luskova, V., Bartonova, E., Lusk, S. 2008. Karas obecny Carassius carassius Linnaeus,
1758 v minulosti obecné& rozsifeny a v souéasnosti ohrozeny druh v Ceské republice. In:
Lusk, S., Luskova, V. (Eds.). Biodiverzita ichtyofauny CR (VII). Ustav biologie obratlovcii
AV CR, v.v.i. Brno. s. 46-53. ISBN: 9788087189016.

Makino, S. 1939. The chromosomes of the carp, Cyprinus carpio, including those of some

related species of Cyprinidae for comparison. Cytologia. 9 (4). 430-440.

Mayr, B., Rab, P., Kalat, M. 1986. NORs and counterstain-enhanced fluorescence studies
in Cyprinidae of different ploidy level. Genetica. 69 (2). 111-118.

Mezhzherin, S. V., Kokodii, S. V., Kulish, A. V., Verlatii, D. B., Fedorenko, L. V. 2012.
Hybridization of crucian carp Carassius carassius (Linnaeus, 1758) in Ukrainian reservoirs

and the genetic structure of hybrids. Cytology and Genetics. 46 (1). 28-35.

Murakami, M., Matsuba, Ch., Fujitani, H. 2001. The maternal origins of the triploid
ginbuna (Carassius auratus langsdorfi): phylogenetic relationships within the C. auratus
taxa by partial mitochondrial D-loop sequencing. Genes & Genetic Systematics. 76 (1). 25-
32.

Muramoto, J. I. 1975. A note on triploidy of the funa. Proceedings of the Japan
Academy. 51 (7). 583-587.

47



Nakamura, M. 1982. Keys to the freshwater fishes of Japan fully illustrated in colors.

Hokuryukan. Tokyo. p. 140-142. (in Japanese).

Neaves, W. B., Baumann, P. 2011. Unisexual reproduction among vertebrates. Trends in
Genetics. 27 (3). 81-88.

Nelson, J. S. 2006. Fishes of the world. Wiley, J. & Sons, Inc. New Jersey. p. 601. ISBN:
471250317.

Nilsson, S. 1832. Prodromus ichthyologiae Scandinavicae. Lundae. i-iv + 1-124.

Nguyen, V. H, Ngo, S. V. 2001. Ca noc not Viet Nam. Tap I. Ho ca chep (Cyprinidae).
[Freshwater fishes of Viet Nam. Volume I. Family Cyprinidae]. p. 622.

Ohara, K., Ariyoshi, T., Sumida, E., Sitizyo, K., Taniguchi, N. 2000. Natural
hybridization between diploid crucian carp species and genetic independence of triploid
crucian carp elucidated by DNA markers. Zoological Science. 17 (3). 357-364.

Ojima, Y., Yamano, T. 1980. The assignment of the nucleolar organizer in the
chromosomes of the funa (Carassius, Cyprinidae, Pisces). Proceedings of the Japan
Academy. 56 B (9). 551-556.

Papousek, l., Vetesnik, L., Halac¢ka, K., Luskova, V., Humpl, M., Mendel, J. 2008.
Identification of natural hybrids of gibel carp Carassius auratus gibelio (Bloch) and crucian

48



carp Carassius carassius (L.) from lower Dyje River floodplain (Czech Republic). Journal
of Fish Biology. 72 (5). 1230-1235.

Penaz, M., Rab, P., Prokes, M. 1979. Cytological analysis gynogenesis and early
development of Carassius auratus gibelio. Acta Scientiarum Naturalium Academiae

Scientiarum Bohemicae Brno. 13 (7). 1-33.

Piferrer, F., Beaumont, A., Falguiére, J. C., FlajShans, M., Haffray, P., Colombo, L.
2009. Polyploid fish and shellfish: production, biology and applications to aquaculture for
performance improvement and genetic containment. Aquaculture. 293 (3). 125-156.

Raicu, P., Taisescu, E., Banarescu, P. 1981. Carassius carassius and C. auratus, a pair
of diploid and tetraploid representative species (Pisces, Cyprinidae). Cytologia. 46 (1/2).
233-240.

Rab, P., Collares-Pereira, M. J. 1995. Chromosomes of European cyprinid fishes

(Cyprinidae, Cypriniformes): a Review. Folia Zoologica. 44. 193-214.

Rab, P., Collares-Pereira, M. J. 2004. Polyploidy in fishes. Distribution, origin and
evolutionary significance. In: Saat, T. (Ed.). XI European Congress of Ichthyology ECI XI.
Estonian Marine Institute. Tallin. p. 62-63. ISBN 9985403967

Rab, P., Roth, P. 1988. Metody analyzy chromozému. In: Baliek, P., Forejt, J., Rubes, J.
(eds.). Metodologicky sbornik k XX. Vyroénimu zasedani. Cytogeneticka sekce
Ceskoslovenské biologické spoleénosti pfi CSAV. Brno. s. 115-124.

49



Rab, P., Bohlen, J., Rabova, M., FlajShans, M., Kalous, L. 2007. Cytogenetics as a tool
in fish conservation: the present situation in Europe. In: Pisano, E., Ozouf-Costaz, C.,
Foresti, F., Kapoor, B. G. (eds.). Fish Cytogenetics. Science Publishers. Enfield. p. 215-
241. ISBN: 9781578083305.

Rabova, M., Volker, M., Pelikanova, S., Rab, P. 2013. Sequential chromosome bandings
in fishes. In: Ozouf-Costaz, C., Foresti, F., Almeida Foresti, L., Pisano, E., Kapoor, B. G.

(Eds.). Techniques of Fish Cytogenetics. Science Publishers. Enfield.

Rylkova, K., Kalous, L. 2013. New finding of non-indigenous Japanese cyprinid fish in the
Czech Republic. Scientia Agriculturae Bohemica. 44 (2). 79-84.

Rylkova, K., Kalous, L., Slechtova, V., Bohlen, J. 2010. Many branches, one root: first
evidence for a monophyly of the morphologically highly diverse goldfish (Carassius
auratus). Aquaculture. 302 (1). 36-41.

Rylkova, K., Kalous, L., Bohlen, J., Lamatsch, D. K., Petrtyl, M. 2013. Phylogeny and
biogeographic history of the cyprinid fish genus Carassius (Teleostei: Cyprinidae) with

focus on natural and anthropogenic arrivals in Europe. Aquaculture. 380-383. 13-20.

Sayer, C. D., Copp, G. H., Emson, D., Godard, M. J., Zieba, G., Wesley, K. J. 2011.
Towards the conservation of crucian carp Carassius carassius: understanding the extent
and causes of decline within part of its native English range. Journal of Fish Biology. 79
(6). 1608-1624.

50



Schartl, M., Nanda, I., Schlupp, I., Wilde, B., Epplen, J. T., Schmid, M., Parzefall, J.
1995. Incorporation of subgenomic amounts of DNA as compensation for mutational load
in a gynogenetic fish. Nature. 373 (6509). 68-71.

Schiemer, F., Spindler, T. 2006. Endangered fish species of the Danube River in Austria.
Regulated Rivers: Research & Management. 4 (4). 397-407.

Schlupp, I. 2005. The evolutionary ecology of gynogenesis. Annual review of ecology,

evolution, and systematics. 399-417.

Sinclair, E. A., Pramuk, J. B., Bezy, R. L., Crandall, K. A., Sites Jr., J. W. 2010. DNA
evidence for nonhybrid origins of parthenogenesis in natural populations of
vertebrates. Evolution. 64 (5). 1346-1357.

Schultz, R. J. 1980. Role of polyploidy in the evolution of fishes. In: Lewis, W. H. (ed.).
Polyploidy. Plenum Press. New York. 13 (lIl). pp. 313-340. ISBN: 13: 9781461330714.

Slavik, O., Bartos, L. 2004. What are the reasons for the Prussian carp expansion in the
upper Elbe River, Czech Republic? Journal of Fish Biology. 65 (A). 240-253.

Smartt, J. 2007. A possible genetic basis for species replacement: preliminary results of
interspecific hybridisation between native crucian carp Carassius carassius (L.) and

introduced goldfish Carassius auratus (L.). Aquatic Invasions. 2 (1). 59-62.

51



Sofradzija, A., Berberovié, L., Hadziselimovié, R. 1978. Hromosomske garniture karasa
(Carassius carassius) i babuske (Carassius auratus gibelio). [Chromosome sets of

Carassius carassius and Carassius auratus gibelio]. Ichthyologia. 10 (1). 135-148.

Sola, L., Arcangeli, R., Cataudella, S. 1986. Nucleolus organizer chromosomes in a
teleostean species of tetraploid origin, Cyprinus carpio. Cytogenetic and Genome
Research. 42 (4). 183-186.

Stock, M., Lamatsch, D. K., Steinlein, C., Epplen, J. T., Grosse, W. R., Hock, R,,
Klapperstiick, T., Lampert, K. P., Scheer, U., Schmid, M., Schartl, M. 2002. A
bisexually reproducing all-triploid vertebrate. Nature Genetics. 30 (3). 325-328.

Stranai, |. 2000. Karas striebristy (Carassius auratus gibelio, Bloch 1782) z pohladu
ohrozenia genofondu pévodnych druhov ryb. In: MikeSova, J. (ed.). Sbornik referata z IV.
Ceské ichtyologické konference. Jihogeska univerzita v Ceskych Budgjovicich, Vyzkumny
ustav rybarsky a hydrobiologicky ve Vodnanech. Vodnany. s. 41-45. ISBN: 8085887320.

Szczerbowski, J. A. 2002. Carassius auratus (Linnaeus, 1758). In: Banarescu, P. M.,
Paepke, H-J. (eds). The Freshwater Fishes of Europe, Cyprinidae 2/Ill and
Gasterosteidae, AULA-Verlag. Wiesbaden. p. 5-41 (lll). ISBN: 3891046588.

Takada, M., Tachihara, K., Kon, T., Yamamoto, G., Iguchi, K. I., Miya, M., Nishida, M.
2010. Biogeography and evolution of the Carassius auratus-complex in East Asia. BMC
evolutionary biology. 10 (1). 7. p. 18.

Tarkan, A. S., Copp, G. H., Zigba, G., Godard, M. J., Cucherousset, J. 2009. Growth

and reproduction of threatened native crucian carp Carassius carassius in small ponds of

52



Epping Forest, south-east England. Aquatic Conservation: Marine and Freshwater
Ecosystems. 19 (7). 797-805.

Tarkan, A. S., Gaygusuz, 0., Giirsoy Gaygusuz, C., Sag, G., Copp, G. H. 2012.
Circumstantial evidence of gibel carp, Carassius gibelio, reproductive competition exerted
on native fish species in a mesotrophic reservoir. Fisheries Management and Ecology. 19
(2). 167-177.

Temminck, C. J., Schlegel, G. 1842. Pisces. In: Siebold, P. F. Fauna Japonica sive
descriptio animalium, quae in itinere per Japoniam, jussu et auspiciis superiorum, qui
summum in India Batava imperium tenent, suspecto annis 1823-1830 collegit, notis,

observationibus et adumbrationibus illustravit. Lugduni Batavorum Arnzt. p. 192-195.

Téth, B., Varkonyi, E. P., Hidas, A., Meleg, E. E., Varadi, L. 2005. Genetic analysis of
offspring from intra- and interspecific crosses of Carassius auratus gibelio by chromosome
and RAPD analysis. Journal of Fish Biology. 66 (3). 784-797.

Ueda, T., Ojima, Y. 1978. Differential chromosomal characteristics in the funa subspecies
(Carassius). Proceedings of the Japan Academy: Physical and Biological Sciences. 54 B
(6). 283-288.

Vasiliev, V. P. 1985. Evolutionary karyology of fishes. Institute of Evolutionary Morphology
and Ecology. USSR Academy of Sciences. Nauka. Moscow. p. 300. (in Russian).

Vélker, M., Kullmann, H. 2006. Sequential chromosome banding from single acetic acid
fixed embryos of Chromaphyosemion killifishes (Cyprinodontiformes,
Nothobranchiidae). Cybium. 30 (2). 171-176.

53



Vrijenhoek, R. C. 1989. Genetic and ecological constraints on the origins and
establishments of unisexual vertebrate. In: Dawley, R. M., Bogart, J. P. (eds.). Evolution
and ecology of unisexual vertebrates. University of the State of New York, State Education

Department. New York State Museum. New York. p. 24-30.

Vrijenhoek, R. C. 1998. Animal clones and diversity. Bioscience. 48 (8). 617-628.

Vrijenhoek, R. C., Dawley, R. M., Cole, C. J., Bogart, J. P. 1989. A list ofthe known
unisexual vertebrates. In: Dawley, R. M., Bogart, J. P. (eds.). Evolution and ecology of
unisexual vertebrates. University of the State of New York. State Education Department.
New York State Museum. New York. p. 19-23.

Vujosevié, M., Zivkovié, S., Rimsa, D., Jurisié, S., Caki¢, P. 1983. The chromosomes of
nine fish species from the Dunav basin in Yugoslavia. Acta Biologica Jugoslavica. E 15
(2). 29-40.

Wei, W. H., Zhang, J., Zhang, Y. B., Zhou, L., Gui, J. F. 2003. Genetic heterogenity and
ploidy level analysis among different gynogenetic clones of the polyploid gibel carp.
Cytometry part A. 56 (1). 46-52.

Wheeler, A. 2000. Status of the crucian carp, Carassius carassius (L.), in the UK.

Fisheries Management and Ecology. 7 (4). 315-322.

Wheeler, A., Easton, K. 1978. Hybrids of chub and roach (Leuciscus cephalus and
Rutilus rutilus) in English rivers. Journal of Fish Biology. 12 (2). 167-171.

54



Wouters, J., Janson, S., Luskova, V., Olsén, K. H. 2012. Molecular identification of
hybrids of the invasive gibel carp Carassius auratus gibelio and crucian carp Carassius
carassius in Swedish waters. Journal of Fish Biology. 80 (7). 2595-2604.

Xie, J., Wen, J. J., Chen, B., Gui, J. F. 2001. Differential gene expression in fully-grown

oocytes between gynogenetic and gonochoristic crucian carps. Gene. 271 (1). 109-116.

Yamashita, M., Jiang, J., Onozato, H., Nakanishi, T., Nagahama, Y. 1993. A tripolar
spindle formed at meiosis | assures the retention of the original ploidy in the gynogenetic
triploid crucian carp, ginbuna Carassius auratus langsdorfii. Development, Growth &
Differentiation. 35 (6). 631-636.

Yang, L., Mayden, R. L., Sado, T., He, S., Saitoh, K., Miya, M. 2010. Molecular
phylogeny of the fishes traditionally referred to Cyprinini sensu stricto (Teleostei:

Cypriniformes). Zoologica Scripta. 39. 527-550.

Yi, M. S., Li, Y. Q., Liu, J. D., Zhou, L., Yu, Q. X., Gui, J. F. 2003. Molecular cytogenetic
detection of parental chromosome fragments in allogynogenetic gibel carp, Carassius
auratus gibelio Bloch. Chromosome Research. 11 (7). 665-671.

Zhang, Y., Liang, L., Jiang, P., Li, D., Lu, C., Sun, X. 2008. Genome evolution trend of
common carp (Cyprinus carpio L.) as revealed by the analysis of microsatellite loci in a

gynogentic family. Journal of Genetics and Genomics. 35 (2). 97-103.

55



Zhao, J., Liu, L. G., Chen, X. L., Qing, N., Dong, Ch. W. 2004. Karyotypic analysis of
multiple teraploid allogynogenetic pengze crucian carp and its parents. Aquaculture. 237
(1). 117-129

Zhou, L., Gui, J. F. 2002. Karyotypic diverzity in polyploid gibel carp, Carassius auratus
gibelio Bloch. Genetica. 115 (2). 223-232.

Zhou, L., Wang, Y., Gui, J. F. 2000a. Analysis of genetic heterogeneity among five
gynogenetic clones of silver crucian carp, Carassius auratus gibelio Bloch, based on
detection of RAPD molecular markers. Cytogenetics and Cell Genetics. 88 (1-2). 133-139.

Zhou, L., Wang, Y., Gui, J. F. 2000b. Genetic evidence for gonochoristic reproduction in
gynogenetic silver crucian carp (Carassius auratus gibelio Bloch) as revealed by RAPD

assays. Journal of Molecular Evolution. 51 (5). 498-506.

Zhu, H. P., Gui, J. F. 2007. Identification of genome organization in the unusual

allotetraploid form of Carassius auratus gibelio. Aquaculture. 265 (1). 109-117.

Zou, Z., Cui, I., Gui, J., Yang, Y. 2001. Growth and feed utilization in two strains of gibel
carp, Carassius auratus gibelio: paternal effects in a gynogenetic fish. Journal of Applied
Ichthyology. 17. 54-58.

56



10 Pfilohy

10.1 Prilohall

prace |

Kalous, L., Knytl, M. 2011. Karyotype diversity of the offspring resulting from reproduction
experiment between diploid male and triploid female of silver Prussian carp, Carassius

gibelio (Cyprinidae, Actinopterygii). Folia Zoologica. 60 (2). 115-121.

57



Folia Zool. - 60 (2): 115-121 (2011)

Karyotype diversity of the offspring resulting
from reproduction experiment between diploid
male and triploid female of silver Prussian carp,

Carassius gibelio (Cyprinidae, Actinopterygii)

Luka$ KALOUS'" and Martin KNYTL!

"Czech University of Life Sciences Prague, Faculty of Agrobiology. Food and Natural Resources,
Department of Zoology and Fisheries, 165 21 Praha 6-Suchdoel, Czech Republic;
e-mail: kalous (@af-czu.cz

2Joint Laboratory of Genetics, Physiology and Reproduction of Fishes of Institute of Animal Physiology
and Genetics, Academy of Sciences of the Czech Republic, vvi., 277 21 Libéchov and University
of South Bohemia in Ceské Budéjovice, Research Institute of Fish Culture and Hydrobiology,
389 25 Vodnany, Czech Republic

Received 8 June 2010; Accepted 25 November 2010

Abstract. Populations of silver Prussian carp (Carassius gibelio) arc known to exhibit different ploidy levels
among their individuals. No consistent information is available regarding chromosome number of triploid
biotype. Generally diploids have 100 chromosomes while triploids have 150-160 chromosomes. The karyotype
of the C. gibelio triploid biotype is characterized by a variable number of small chromosomal elements called
supernumerary chromosomes. Here we report the results of a reproduction experiment between a diploid male
and triploid female with respect to chromosome numbers of the parents and their offspring. Thirty metaphases
of both parents and fifteen individuals of the offspring were investigated. We found variability in chromosome
numbers among analysed offspring with a fluctuation from 150 to 159. In comparison, the chromosome
numbers of male and female individuals were found to be 100 and 159 respectively. Our results show a high

chromosomal plasticity of the Carassius gibelio triploid biotype.
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Introduction

Silver Prussian carp (Carassius gibelio, Bloch,
1782) occurs in a vast territory of Eurasia in two
main biotypes: diploid - evolutionary tetraploid
with 100 chromosomes and triploid — evolutionary
hexaploid with approximately 150 chromosomes
(Kottelat & Freyhof 2007). The triploid biotype is
also known for its gynogenetic form of reproduction
— sperm dependent parthenogenesis (Golovinskaya
ct al. 1965, Penaz et al. 1979). Some authors use the
term allogynogenesis to describe a specific form of
reproduction of silver Prussian carp wherein the male
sperm partially contributes to the genome of offspring
(Yietal. 2003, Zhao et al. 2004).

The original distribution of silver Prussian carp
throughout Europe is unclear duc to a number
of introductions, confusion with feral goldfish
(Carassius auratus), as well as misinterpretation of
the taxonomical status of C. gibelio in older literature
(Kottelat 1997, Kalous et al. 2004). Although there
are many ambiguities of the origin: the expansion of
the triploid biotvpe of C. gibelio in Central Europe is
well documented (Holéik & Zitian 1978). Lusk et al.
(1977) described the first occurrence of an all female
population of C. gibelio in a lower stretch of the
River Dyje in the territory of the Czech Republic. The
study of Penaz et al. (1979) and Lusk & Barus (1978)
revealed that the fish were all triploids and female.,
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and thercfore should reproduce only gynogenctically.
The carp aquaculture in the Czech Republic was then
responsible for the expansion of the triploid biotvpe
of C. gibelio to two other major European basins
of the Elbe and Oder. This was caused by a number
of reasons, ¢.g. the accidental introduction of silver
Prussian carp into common carp stock or its usec as
baitfish by anglers, as well as its occasional escapes
during the draining of ponds or due to floods (Lusk
et al. 1980, Kubecka 1989, Slavik & Barto§ 2004).
Surprisingly. at the beginning of the 1990’s, males
and diploids started to appear within the population of
C. gibelio in the River Dyje alluvium (Halagka et al.
2003, Luskova et al. 2004). In a relatively short time,
the once all female triploid population transformed to
a diploid-polvploid complex with various percentages
of males reaching 43 % (Vetesnik 2005). Similar

and Hydrobiology in Vodnany. Czech Republic. Prior
to any handling, the fish were anaesthetized with
0.6 ml1"!' 2-phenoxyethanol (Merck Co., Darmstadt,
Germany). Hormonal stimulation and gamete
collection followed the methodology of Linhart et
al. (2003). while fertilization and cgg incubation
in experimental trays were carried out according to
Linhart et al. (2006). Blood was sampled according
to Svobodova et al. (1991). Ploidy levels of both
specimens were determined as a relative DNA content
in erythrocytes by means of flow cytometry (Partec
CCA I. Partec GmbH, EU) using 4', 6-diamidino-
2-phenylindol (DAPI). Samples were processed
according to Flajshans et al. (2008). Erythrocytes of
a diploid male gave a relative DNA content of 2n as
the diploid standard.

A number of the hatched offspring (approximately

Table 1. Chromosome numbers of Carassius gibelio reported from Europe.

Locality Numbers of chromosomes Reference
Belarus 94, 141 Cherfas (1966)
Former Yugoslavia 160 Vujosevic et al. (1983)
Czech Republic 160 (166) Penaz ct al. (1979)
Romania 98 Raicuetal. (1981)
Former Yugoslavia 158 Fister & Soldatovic (1989)
Poland 100, 150 Boron (1994)
Hungary 100, 148-156 Toth et al. (2005)

complexes were also recorded from other places in
Europe (Cemy & Sommer 1994, Abramenko et al.
1998, Toth et al. 2000). Few cytogenetic studies
exist on the European population of C. gibelio and
the results are quite variable especially in the triploid
biotype — see Table 1. In anv case, cytogenctics
can be considered a crucial approach in explaining
mechanisms of mysterious phenomena within former
all female populations of C. gibelio such as a sudden
appearance of males and a ploidv level reduction
from 3n to 2n in a short period (Rab et al. 2007). Here
we present the results of a reproduction experiment
between diploid male and triploid female originating
from the locality where the population of silver
Prussian carp was originally established within the
Czech Republic.

Material and Methods

Parental fish were captured during the spring of 2006
in alluvium of the River Dyje close to its confluence
with the River Morava, in South Moravia — Czech
Republic. Fish were transported to the University of
South Bohemia, Research Institute of Fish Culture

100 fish larvac) and both parental specimens were
subsequently kept in aquaria until chromosome
preparation was carried out.

Parental male and female were investigated using a
standard direct procedure for chromosome preparation
from the kidneys according to Rab & Roth (1988).
Both male and female nuclei suspensions were
dropped on slides and air-dried.

Fifteen specimens of offspring were investigated
from 2008 to 2010 using a non-destructive method
of chromosome preparation from regenerated tissue
of caudal fin: a slightly modified protocol of Vélker
& Kullmann (2006) was used. The result of a single
preparation was, in most cases, composed of two
slides with three nuclei rings per specimen. Staining
was processed in a buffered 5 % solution of Giemsa-
Romanowski for 10 minutes, and 30 best metaphase
spreads per individual were examined cach time using
a system composed of a Microscope Olympus BX41TF
(magnification 1000 =), an Olympus SP-350 digital
camera and a computer with QuickPHOTO MICRO
version 2.3 software (PROMICRA. s.r.o.. Praha, Czech
Republic) running on Microsoft®l Windows® XP.

116

59




15 15

10 10
a) 5 s
AT 1T PP AN | 1] P
148150 162 148150 162
15
10
b) .
148 151 162
15 15 15
10 10 10
5 5 5
SRIPTTIN | | /PR SN | | P PR S 1 | | |
148 156 162 148 156 162 148 156 162
c)
15 15 15
10 10 10
5 5 5
0 e R R BB [(EEL N N N N .'..H'.l\ A 0 .\.\I\'......'\.H
148 156 162 148 156 162 148 156 162
15 15 15
10 10 10
d) 5 5 5
SR | | 1 S SR 1 Y I PR SR 11 1 11 Y
148 158 162 148 158 162 148 158 162
15 15 15
10 10 10
e)
5 5 5
148 159 162 148 159 162 148 159 162

Fig. 1. Frequency distribution of chromosome numbers of individuals of offspring resulting from reproduction
experiment. a) two individuals with modal number of chromosomes 150, b) one individual with modal number of
chromosomes 151, ¢) six individuals with modal number of chromosomes 156, d) three individuals with modal
number of chromosomes 158, e) three individuals with modal number of chromosomes 159.
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Chromosome counting was carried out on a PC through
the use of QuickPHOTO-MICRO version 2.3 software
with a “Counting Points™ function. We counted all
chromosomes and chromosomal structures, and we did
not separate microchromosomes due to their difficult
definition and unclear size limits with respect to others
chromosomes.

Results

Male and female were identified by flowing cytometry
as diploid and triploid respectively. The modal
chromosome number of diploid parental male was 100
(70.0 % of investigated metaphases) and the modal
chromosome number of triploid female was 159
(46.6 % of investigated metaphases). Fifteen analysed
individuals of offspring were divided into five groups
with different chromosome numbers — see Fig. 1.

Discussion

Several decades after the appearance of the C. gibelio
triploid biotype in the territory of the Czech
Republic, a fascinating change of ploidy and the male
female ratio within the population was observed.
A cytogenetic study, conducted shortly after the
appearance of all female triploid biotype of C. gibelio
in South Moravia, recorded 160 chromosomes and six
microchromosomes (Penazetal. 1979). Unfortunately.
no other karyological data from the Czech Republic
have been available since 1979.

Our analysis of C. gibelio caught in the same locality
after almost 30 years revealed different chromosome
numbers for male and female, 100 (Fig. 2) and 159
(Fig. 3) respectively. A reproduction experiment
of the 2n male and 3n female shows a variability
of chromosome numbers in 15 specimens of the
offspring (sex undetermined). It is clear that the
C. gibelio triploid biotype does not bear a defined
number of chromosomes. although it does oscillate
above 150. This is in agreement with Zhou & Gui
(2002) and supports the hypothesis of close relations
between East Asian and European populations of
triploid biotypes of silver Prussian carp (Kalous
& Slechtova 2004, Kalous et al. 2007) in terms of
karyology. The presented findings can also explain
inequality in older literature regarding chromosome
numbers of C. gibelio in Europe (see Table 1). In
previous times, authors commonly investigated only
few specimens from one locality caught at the same
time, and therefore they came to the conclusion that
the triploid biotype of C. gibelio possesses only one
specific number of chromosomes. There is also always
a high probability of error when the chromosomes in
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Fig. 2. Metaphase of diploid male parent of silver
Prussian carp (2n = 100) (x 1000).
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Fig. 3. Metaphase of triploid female parent of silver
Prussian carp (3n = 159) (x 1000).

metaphases are counted: this is primarily due to their
high numbers, small size, and the presence of small
chromosomal elements called microchromosomes or
supernumerary chromosomes (Boron 1994). Although
many authors published karyotypes of C. gibelio, they
are generally in disagreement. Without additional
staining or in situ hybridisation it is very complicated
to be oriented in karyological structure. We therefore
present only chromosome numbers gained from a
sizable dataset. Fifteen analysed individuals of the
offspring were divided into five groups according to
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their modal chromosome numbers: 150, 151, 156,
158 and 159. This variability supports a process of
interaction between male and female gametes after
the fertilization of eggs from 3n individual with the
sperm of 2n male. In any case. this interaction leads
to a production of triploid offspring. Since a genetic
analysis of progeny was not performed, we can not be
sure whether these are recombinant offspring, or that

Fig. 4. Metaphase of triploid offspring specimens of
silver Prussian carp with most common chromosome
number (3n = 156) (x 1000).

some/all of the individuals are of gynogenetic origin.
The most common modal chromosome number of
offspring was 156 (Fig. 4), which is also often recorded
from other studies (Yi et al. 2003, Zhao ct al. 2004).
Toth et al. (2005) found 148-156 chromosomes within
the offspring of diploid male and triploid female.
Unfortunately, the authors grouped together the
chromosome numbers of analysed specimens resulting
from the aforementioned reproduction experiment, and
it is not clear if the variability was observed among the
offspring or just within the metaphases.

The dual reproduction modes, including gynogenesis
and sexual reproduction, have been demonstrated to
coexist in the triploid silver Prussian carp (Gui & Zhou
2010). In other words, when the eggs are inseminated
by heterologous sperm from other species, they produce
aclonal lineage of all females by gynogenesis. However.
when homologous sperm of triploid (evolutionary
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hexaploid) male inseminate ecggs of triploid
(evolutionary hexaploid) female. the responding
development mode is sexual reproduction, which
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et al. (2008). The theoretical fertilization of eggs
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the offspring were identified to be triploids with at
least 151 chromosomes. It seems that silver Prussian
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The variability in karyological structure was found
in the gynogenetic fish Poecilia formosa, which is of
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Abstract

A single female with 206 chromosomes and another 26 fe-
males with 156 chromosomes identified as Prussian carp,
Carassius gibelio, and 5 individuals with 100 chromosomes
identified as crucian carp, C. carassius, were sampled during
field survey in one locality in the upper Elbe River. To iden-
tify the origin of females with high chromosome numbers,
comparative karyotype analysis, GISH, with whole C. caras-
sius DNA as probe and phylogenetic positions of sampled
individuals revealed by cytochrome b mitochondrial marker
were performed. GISH showed consistently bright labeling
of 50 chromosomal elements out of 206, corresponding to
the haploid chromosome number of C. carassius. The posi-
tion of these females with high chromosome numbers in a
reconstructed phylogenetic tree was within the clade of C.
gibelio, documenting its affiliation to C. gibelio mitochondri-
al, i.e. maternal lineage. Our findings indicated that the

mother of the female with high chromosome numbers was
a gynogenetically reproducing 156-chromosome C. gibelio
female and the father a bisexually reproducing C. carassius
male. We, therefore, hypothesized that the C. gibelio x C.
carassius allopolyploid female with 206 chromosomes arose
by a mechanism of sperm genome addition to an unreduced

egg of the mother. Copyright © 2013 5. Karger AG, Basel

Interspecific hybridization and production of viable
hybrid offspring is well known among lower vertebrates
[Dawley and Bogart, 1989; Vrijenhoek, 1998; Neaves
and Bauman, 2011]. The relatively higher frequency of
cross-species breeding among fishes is caused by overall
predominance of external fertilization in aquatic envi-
ronment. Moreover, many cyprinid species share simi-
lar spawning grounds in the same time that indeed in-
creases the probability of hybridization events [Wheeler
and Easton, 1978]. Fishes of the genus Carassius are rep-
resented in Europe by 4 taxa: (1) native and highly en-
dangered crucian carp (C. carassius L.) [Kottelat and
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Freyhof, 2007], (2) pan-globally distributed feral gold-
fish (C. auratus L.) [Szczerbowski, 2002], (3) recently
found Japanese Ginbuna (C. langsdorfii, Temminck and
Schlegel 1846) [Kalous et al., 2007], and (4) native Prus-
sian carp (C. gibelio, Bloch 1782) [Luskovd et al., 2010;
Kalous et al., 2012]. Moreover, diploid-polyploid com-
plexes within the genus Carassius exist throughout the
vast territory of its occurrence including biotypes com-
prising individuals with approximately 150 chromo-
somes (‘triploids’) [Kalous and Knytl, 2011] that are of-
ten represented almost exclusively by females [Halacka
etal., 2003]. These females are sperm dependent parthe-
nogens (gynogens) that require sperm of another related
species for their reproduction [Pendaz et al., 1979]. Inter-
estingly, when the heterologous sperm enters the unre-
duced egg of a gynogenetic female, the biological func-
tion of a sperm is reduced to the triggering of egg devel-
opment, and the resulting offspring is a clone of the
mother with the same ploidy level [Golovinskaya and
Romashov, 1947; Yamashita et al., 1993; Vrijenhoek,
1998; Gui and Zhou, 2010]. An appearance of a small
amount of male genetic material in the genome of a gy-
nogenetic offspring was described by Yi et al. [2003],
and this phenomenon is known as paternal leakage
[Toth et al., 2005; Lamatsch and Stock, 2009]. It was also
hypothesized that such leakage can be the reason for
sudden male appearance within the whole female gyno-
genetic populations, due to a possible interspecific trans-
fer of sex-determining genes [Arai et al., 1995; Janko et
al,, 2007; Loewe and Lamatsch, 2008; Neaves and Bau-
man, 2011]. Hybridization between different Carassius
species and biotypes with various ploidy levels appears
to be quite common [Mezhzheryn et al., 2012]. Hybrid-
ization between C. carassius and C. gibelio in alluvium
of the Thaya River, Danube River basin, was recently
demonstrated by microsatellite analyses [Papousek et
al., 2008]. Similarly, a recent ongoing hybridization pro-
cess between native crucian carp C. carassius and intro-
duced goldfish C. auratus was described from the British
Isles by Hanfling et al. [2005] and from Sweden by
Wouters et al. [2012]. Even intergeneric hybridization
between the fishes of the genera Carassius and Cyrpinus
were revealed by several studies [Hénfling et al., 2005;
Zhu and Gui, 2006; Liu, 2010]. On the other hand, the
morphological recognition and identification of such
hybrids is very difficult, due to high external similarities.
Here, we report a discovery and identification of a natu-
ral allotetraploid female resulting from hybridization of
bisexually reproducing C. carassius and gynogenetically
reproducing C. gibelio.

GISH with Whole Carassius carassius
DNA

Materials and Methods

Fish Sampling

A single female with 206 chromosomes and another 26 females
with 156 chromosomes identified morphologically as Prussian
carp, C. gibelio, and 5 individuals with 100 chromosomes identi-
fied as crucian carp, C. carassius, were collected during a field sur-
vey of ichthyofauna in alluvial ponds and old oxbows of the Elbe
River close to the city of Lysa nad Labem (recognized as Bysicky,
GPS: 50°10'33,7"" N, 14°46'25,4" E). The specimens examined
were not deposited as vouchers.

Chromosome Analysis

Mitotic activity was stimulated by intraperitoneal injection of
0.1% CoCl, (1 ml CoCl,/100 g body weight) 24 h before chromosome
preparation. Standard direct procedures for chromosome prepara-
tion from cephalic kidney followed Rab and Roth [1988]. To arrest
cell division in metaphase, 0.1% colchicine (1 ml colchicine/100 g
body weight) by intraperitoneal injection was used. Valid animal use
protocols were in force at IAPG and CULS during this study.

Microscopy and Image Processing

Metaphase chromosomes stained in 4% Giemsa-Romanowski
solution in phosphate buffer (pH = 7) were observed with a micro-
scope BX41TF equipped with a digital camera Olympus SP-350,
and chromosomes were counted by PC software QuickPhoto Mi-
cro. Karyotypes were constructed using PC software Ikaros (karyo-
typing system) version V 3.4.0 and Adobe Photoshop version CS5.
Chromosome morphology was determined according to Levan et
al. [1964]. Analyzed slides with recorded coordinates of selected
metaphases were distained in fixative (methanol and acetic acid;
3:1, v/v) for 3 min and stored at +4°C until the GISH experiment.

Isolation of Genomic DNA

Total genomic DNA was isolated from ethanol preserved tissue
using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany)
according to manufacturer’s protocol.

Genomic in situ Hybridization

Genomic DNA from C. carassius was indirectly labeled by a
standard nick translation reaction using nick translation mix for
inssitu probes according to the manufacturer’s instructions (Roche,
Mannheim, Germany). Total 25 pl of hybridization mixture, con-
taining nick translation mix, NT-dNTPs, labeled dUTPs, DNA
template, and H,O, was incubated for 90 min at 15°C. DNA was
precipitated with salmon sperm (100 pg/ml), 3 M sodium acetate
pH=5.2(25°C) and 96% ethanol. The biotin-dUTP labeled probes
(Roche) were detected by either the Invitrogen (Karlsruhe, Ger-
many) CyTM3-Streptavidin or by FITC-Streptavidin. The digoxi-
genin-dUTP labeled probes (Roche) were detected by either the
Roche anti-digoxigenin-fluorescein or by anti-digoxigenin-rho-
damin diluted according to manufacturer’s instructions. Chromo-
some preparations were dehydrated through ethanol series (70, 80
and 96% for 3 min each) on ice and air-dried. Chromosome prep-
arations were aged for 1 h at 37°C before and after pepsinization
(3 min at 37°C 50 ul aliquot pepsin, 1 N HCl and distilled H,0).

Hybridization and detection during GISH experiments were
carried out as described by Cremer et al. [2008]. Slides were dehy-
drated through ethanol series, air dried and aged again for 45 min
at 37°C. Chromosomal denaturation was carried out in 75% for-
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Table 1. Material used in molecular analyses

Fish n Sex Ploidylevel Chromosome Locality GenBank
number number
C.carassius 5 - 2n 100 Bysicky, Elbe River, Czech Republic ]Q763597
C. gibelio 5 f 3n 156 Bysicky, Elbe River, Czech Republic JQ763598
C.gibelio/ 1 f 4n 206 Bysicky Q763599
C. carassius
C. gibelio 1 f 2n = Cesky Tesin, Olza River, Czech Republic  JN402305*
(neotype)
C. auratus 1 - - - Nanking, Yangtze River, China EU663598**
Cyprinussp. 1 - - - Mekong River, HMO008692*
(outgroup) Thailand

* Sequences from Kalous et al. [2012]; ** sequence from Rylkovi et al. [2010]; cytochrome b haplotypes are
deposited under the corresponding number in the GenBank.

mamid in 2x SSC (pH = 7) for 3 min at 74°C and quickly dehy-
drated through -20°C ethanol series and air dried. Hybridization
mixture with Salmon sperm was denaturated at 86°C for 6 min and
then cohybridized to target slide with the denatured metaphases
from the tetraploid Carassius female under a 24 x 50 mm coverslip.
The slides were incubated for 48 h at 37°C in a dark room. After
hybridization, slides were then washed for 2 x 10 min each in 50%
formamid with 2x SSC, 3 x 7 min each in 1x SSC in water bath at
42°Cand 1 x 20 s in 4x SSC at room temperature. After perform-
ing series of stringency washes, stop reaction was carried out with
2.5% BSA/4x SSC/Tween for 20 min at 37°C under a 24 x 50 mm
coverslip. Chromosomes were counterstained with DAPI (4',6-di-
amino-2-phenylindol) combined with a mounting media (Star-
fish, Cambio, Cambridge, UK).

Microscopy and Image Processing

GISH images were captured with a cooled CCD camera Olym-
pus DP30BW (equipped with a B&W CCD-Chip Sony ICX285-
AL) coupled to an epifluorescence microscope Olympus AX70
equipped with a set of 3 narrowband fluorescent filters. Micro-
graphs were captured with the Olympus Acquisition Software, and
B&W images were processed with the software Microlmage. The
pseudocolor images were analyzed using the Adobe Photoshop
Version CS5. Altogether, 30 metaphases for each specimen were
analyzed.

Molecular Analysis

Detailed information about material used for molecular analy-
sis is listed in table 1. The cytochrome b gene was amplified using
the methods described in Rylkova et al. [2010], with the forward
primer Kai_F 5-GAAGAACCACCGTTGTTATTC-3' and re-
verse primer Kai_ R 5-ACCTCCRAYCTYCGGATTACA-3'
[Slechtové etal., 2006]. PCR products were purified and sequenced
by Macrogen Incooperation (Seoul, Korea).

Theraw chromatograms were manually assembled and checked
by eye for potential mistakes using computer software BioEdit
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5.0.9. [Hall, 1999]; the same program was used to align the se-
quences using the Clustal W algorithm. Dataset was created for cy-
tochrome b analysis, and the phylogenetic relationships were esti-
mated using the methods of maximum parsimony in PAUP* ver-
sion 4.0b10 [Swofford, 2000] and Bayesian analysis using the
program MrBayes version 3.0 [Huelsenbeck and Ronquist, 2001].

Results

Chromosome Analysis

The analyzed individuals included 3 different catego-
ries. Individuals with 2n = 100 chromosomes were unam-
biguously identified as C. carassius, and their karyotypes
consisted of 10 pairs of metacentric (m), 18 pairs of sub-
metacentric (sm) and 22 pairs of subtelo- (st) to acrocen-
tric (a) chromosomes (fig. 1a). All other fishes were iden-
tified as females of C. gibelio, where 26 individuals pos-
sessed 3n =156 chromosomes with a karyotype composed
of 30 m, 54 sm, 66 st to a, and 6 microchromosomes
(fig. 1b), while one female had 4n = 206 and a karyotype
composed of 40 m, 72 sm, 88 st to a, and 6 microchromo-
somes (fig. 1c).

Genomic in situ Hybridization

Biotin-labeled C. carassius genomic DNA hybridized
to the chromosomes of tetraploid female and provided
consistently intensive fluorescent signals on 50 chromo-
somes (fig. 2b) with distinctly pink fluorescence well dis-
criminated from other blue-stained chromosomes. The
positively hybridized chromosomes were graphically sep-
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Fig. 1. Karyotype of male C. carassius (a), of female C. gibelio (b) and of female allotetraploid hybrid of Carassius (c), arranged from
Giemsa-stained chromosomes (shown as inlay). m = Metacentric; sm = submetacentric; st = subtelocentric; a = acrocentric chromo-

somes; mchr = microchromosomes. Scale bar = 10 pm.

arated in the karyotype of tetraploid individual (fig. 3)
and very likely corresponded to haploid chromosomes of
C. carassius (fig. 1a).

Molecular Analyses

The final matrix of the cytochrome b sequences con-
sisted of 1,110 bp containing 152 variable characters with
45 parsimony informative sites. Both employed methods
have recovered topologies with high statistical supports.
All 5 sequences of C. carassius from Bysicky showed one
haplotype (GenBank accession number JQ763597); in
case of C. gibelio from Bysicky one haplotype was found
(GenBank accession number JQ763598). The position of
C. gibelio x C. carassius hybrid (GenBank accession num-
ber JQ763599) in reconstructed phylogenetic tree (fig. 4)
is within the clade of C. gibelio mitochondrial lineage in-
dicating that the mother of the allotetraploid specimen
was C. gibelio. Moreover, the hybrid and 5 individuals of
C. gibelio from Bysicky shared the same haplotype.
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Discussion

Our finding and subsequent genetic analyses of a nat-
ural allotetraploid female of the genus Carassius revealed
its interspecific origin and combination of 3 chromosome
sets of C. gibelio and a haploid one of C. carassius within
one individual genome.

It was clearly demonstrated that the paternal chromo-
some haploid set detected by GISH analysis originated
from C. carassius, while the maternal triploid set could be
assigned by mtDNA markers to C. gibelio, but final con-
firmation must explore nuclear markers. This conclusion
confirmed the previous assumptions because the males of
C. gibelio were not found at the locality, and the local
Prussian carp population consisted of triploid gynogenet-
ic females only [Danék et al., 2012].

Such occasional sperm genome additions in otherwise
gynogenetically reproducing Carassius fishes are likely
more common. Zhu and Gui [2006] reported on an inter-
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Fig. 2. Genomic in situ hybridization ex-
periment using biotin-labeled C. carassius
genomic DNA to the chromosomes of a
tetraploid individual. Metaphase counter-
stained by DAPI shows all 206 chromo-
somes (a), metaphase image stained by bio-
tin with Cy3 filter shows 50 chromosomes
originating from C. carassius (b). Scale
bar = 10 pm.

Fig. 3. Karyotype of an allotetraploid hybrid Carassius female with 206 pseudocolored chromosomes, DAPI (blue) and Cy3 filter (red).

Scale bar = 10 pm.
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JQ763599 Carassius gibelio

JQ763598 Carassius gibelio

JN402305 Carassius gibelio

EUB63598 Carassius auratus

JQ763597 Carassius carassius

HMO008692 Cyprinus carpio

Fig. 4. Phylotree: reconstructed phylogeny of the cytochrome b
haplotype sequences. The numbers at the nodes represent statisti-
cal supports for Bayesian and maximum parsimony analyses, re-
spectively. As outgroup, the sequence of Cyprinus carpio was used.

generic hybrid from China and the cytogenetic analysis
clearly showed the ratio 3 Carassius:1 Cyprinus genomes
combination in the tetraploid fish. The ratio of represen-
tative genomes (C. gibelio:C. carpio) in genome of allotet-
raploid hybrids is the same as in our study (C. gibelio:C.
carassius), thus reproducing mechanism should be at
least similar in both cases.

Besides the report of Zhu and Gui [2006], our finding
proved that gynogenetic triploid females of C. gibelio have
not only the capability to maintain all chromosomes, but
also the ability to elevate ploidy level via sperm incorpo-
ration.

The molecular evidence for an occurrence of natural
hybrids between C. gibelio and C. carassius was already
described by Papousek et al. [2008], but all of them were
considered as diploids (i.e. with 100 chromosomes) with
the assumption that only diploid biotypes of C. gibelio
could have hybridized with C. carassius following the
model of C. auratus and C. carassius hybrids in Great
Britain [Hiinfling et al., 2005].

The explanation of allopolyploidization in gynogenet-
ic Prussian carp can be attributed to the dual reproduc-
tion modes, i.e. gynogenesis and sexual reproduction as
it has been described in Chinese population of polyploid
biotypes of the genus Carassius. These 2 modes are based
on recognition of homologous and heterologous sperm
by ovum. When heterologous sperm enters the egg, the
gynogenesis takes place; the entered sperm does not de-
condense until the first cleavage and triggers embryogen-

282 Cytogenet Genome Res 2013;139:276-283

DOI: 10.1159/000350689

esis. Contrary, when a homologous sperm enters the egg,
the responding development mode is sexual reproduc-
tion; the entered sperm decondenses and forms a male
pronucleus that fuses with the female pronucleus. The es-
tablished zygote undergoes recombination and removes
approximately half of the maternal chromosomes from
the egg or dissolves them in cytoplasm [Zhou et al., 2000;
Gui and Zhou, 2010].

It seems that the ability of sperm recognition and
sperm genome elimination is not flawless, and possible
mistakes can result in the presence of a certain number of
tetraploid individuals within the triploid and diploid bio-
types of the genus Carassius. Although the tetraploids are
rare in the natural population, they are regularly recorded
from various sites in Europe, e.g. Abramenko and
Kravchenko [1998], Halac¢kaand Luskova [2000], Halacka
et al. [2003], Toth et al. [2005], Liasko et al. [2010], and
Mezhzheryn et al. [2012]. This raises the question of what
percentage of tetraploid Prussian carps can be of allopoly-
ploid origin, since the genome composition is not usually
investigated, and fish with different ploidy levels are mor-
phologically indistinguishable [Vasileva, 1990].

It remains unknown whether such a genome addition
mechanism is associated with phylogenetically closely re-
lated Carassius and Cyprinus genomes, or another mech-
anism is involved, for example that a certain amount of
asexual females are available for genome addition as it
was described by Choleva et al. [2012], following the idea
that polyploidy is not a trigger of clonality, but rather a
consequence.
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Abstract

"The karyotype and other chromosomal characteristics the crucian carp (Carassius carassius (Linnaeus, 1758))
were revealed by means of conventional banding protocols (C, CMAs, AgNOR). The diploid chromosome
number (2n) in this species was 100. Its karyotype was composed of 10 pairs of metacentric, 18 pairs of
submetacentric and 22 pairs of subtelo- to acrocentric chromosomes without any microchromosomes.
C-banding identified blocks of telomeric heterochromatin on seven chromosome pairs. The NORs were
situated on the p arms of the 14™ pair of submetacentric chromosomes and on the p arms of the 32™ pair
of subtelo-acrocentric chromosomes; AgNOR-positive signals corresponded to the CMA -positive signals.
These chromosome characteristics may suggest a paleo-allotetraploid origin of C. carassius genome.
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Fish cytogenetics, paleotetraploid, heterochromatin, metaphase chromosomes
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Introduction

The crucian carp, Carassius carassius (Linnaeus, 1758), is a cyprinid fish that inhabits
densely vegetated backwaters and oxbows of lowland rivers, shallow lakes and ponds.
It is a native species to Europe with a distribution extending eastwards from the River
Rhine to the River Kolyma in Siberia (Szczerbowski 2002, Kottelat and Freyhof 2007).
Despite its ability of “tissue breathing” (Blazka 1958) which helps it to survive in un-
favourable conditions, the crucian carp has undergone a substantial decline in many
localities during the last decades (Navodaru et al. 2002, Kottelat and Freyhof 2007,
Sayer et al. 2011). Indisputable disappearance from nature resulted in the inclusion of
the crucian carp in the list of endangered species by authorities of several EU countries
(Economidis 1995, Schiemer and Spindler 2006, Copp et al. 2008, Sayer et al. 2011).

There is a number of factors that may have contributed to the disappearance of
C. carassius, including habitat loss and degradation (Copp 1991, Holopainen and
Tkari 1992, Wheeler 2000), displacement via competition with introduced species
such as the polyploid biotype of the Prussian carp Carassius gibelio (Bloch, 1782),
the Amur sleeper Perccottus glenii (Dybowski, 1877), feral goldfish Carassius auratus
(Linnaeus, 1758) and the common carp Cyprinus carpio (Linnaeus, 1758) (Tarkan
et al. 2012, Litvinov and O’Gorman 1996, Copp et al. 2005, Lusk et al. 2010).
Moreover, all species of Carassius Nilsson, 1832 present in Europe (Rylkovi et al.
2013), including the crucian carp (C. carassius), Prussian carp (C. gibelio), ginbuna
(Carassius langsdorfii Temminck & Schlegel, 1846) and goldfish (C. auratus) are
often confused due to their morphological similarity (Hensel 1971, Kalous et al.
2007). Such confusion may lead to inappropriate stocking of wrong species instead
of intended support of a local endangered population of crucian carp with negative
consequences (Sayer et al. 2011).

Genetic contamination seems to be a very important but hidden threat to C. caras-
sius that has been recently discovered. Hybridization occurs between C. carassius and
C. gibelio (Prokes and Barus 1996). This type of hybridization was later confirmed us-
ing molecular (Papousek et al. 2008, Wouters et al. 2012) and cytogenetic techniques
(Knyt et al. 2013) in Sweden and the Czech Republic. Hybrids between C. carassius
and C. auratus (Hinfling et al. 2005, Smartt 2007) and intergeneric hybrids between
C. carassius and Cyprinus carpio (Hinfling et al. 2005) were discovered in England also
by using microsatellite analysis. We believe that these processes also take place in other
localities where C. carassius, C. auratus and/or C. gibelio co-occur. Moreover, molecu-
lar data suggest that these hybrids are able to reproduce and form filial generations by
backerossing (Hinfling et al. 2005, Wouters et al. 2012).

The cytogenetics of C. carassius is still poorly understood, since only a few studies
of this species based on Giemsa-stained chromosomes are known (Table 1). Interest-
ingly, two different diploid chromosome numbers 2n = 50 and 2n = 100 were reported.

Such an unclear situation encourages us to present cytogenetic analyses of C. caras-
sius with respect to ongoing hybridization processes and threats in European waters.
The present study deals with chromosomal characteristics of crucian carp (C. carassius)

76




Karyotype and chromosome banding of endangered crucian carp, Carassius carassius... 207

Table I. Chromosome numbers and karyotypes of Carassius carassius reported from Europe; NA= not
available.

2n Diploid karyotype Locality Source

104 | 20m+72sm+12a NA Chiarelli et al. 1969

100 | 20m+44sm+36a France Hafez et al. 1978

100 | 52m-sm+48 st-a Drina R., Ukrinski Lug (Bosnia) | Sofradzija et al. 1978

100 | 20m+40sm+40a the Netherlands Kobayasi et al. 1970

50 20m+12sm+18s-ta lower Danube R. (Romania) Raicu et al. 1981

100 | 48m-sm+52st-a Russia Vasilev and Vasileva 1985
100 | NA Elbe R. System (Czech Republic) | Mayr et al. 1986

100 |NA Vistula R. System (Poland) Boron et al. 2010

100 | 20m+36sm+44st-a Elbe R. System (Czech Republic) | This study

from the locality Bysicky in vicinity of the Elbe River (Czech Republic). Prussian carp
(C. gibelio) and crucian carp co-occur in this place and the a hybrid allopolyploid
female with 206 chromosomes was recently discovered there (Knytl et al. 2013). In
this paper, we have used Giemsa staining as well as banding techniques like C, CMA,,
AgNOR and DAPI (4, 6-diamino-2-phenylindole) banding.

Material and methods

Fish sampling

Four females and one male were collected during a field survey of ichthyofauna in
alluvial ponds and old oxbows of the Elbe River close to the city of Lysd nad Labem
(GPS: 50°10.75" N, 14°47.62" E). All five individuals were identified morphologically
as common Carassius carassius (not the dwarf form) according to Szczerbowski (2002)
and Kottelat and Freyhof (2007). This material is deposited as voucher specimens in
the collection of the Department of Zoology and Fisheries, Czech University of Life
Sciences Prague under number KZR141083Cc.

Chromosome preparation and staining

All collected fish were subjected to a non-destructive procedure for chromosome prep-
aration from fin clips developed by Vélker and Kullmann (2006) and modified by
Kalous et al. (2010); 50 metaphases from each individual were analyzed. Metaphase
chromosomes stained in 4 % Giemsa-Romanowski solution in phosphate buffer (pH =
7) were counted with PC software QuickPhoto Micro. Karyotypes were arranged using
PC software Ikaros (karyotyping system), version V 3.4.0 and Adobe Photoshop, ver-
sion CS7. Chromosome morphology was determined according to Levan et al. (1964).
Analyzed slides with recorded co-ordinates of selected metaphases were cleaned in xy-
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lene for 2 minutes, then in benzoin for 2 minutes and finally destained in fixative
(methanol: acetic acid; 3:1, v/v) for 3 minutes. Chromosome slides were then stored at
+4°C for 12 hours before banding experiments. Chromosome banding (CMA,, DAPI,
C and AgNOR) was carried out according to Rdbovd et al. (2013). Different slides
were used for each banding method (non-sequential chromosome banding), except for
the sequential DAPI + CMA.. Valid Animal Use Protocols were in force at the Insti-
tute of Animal Physiology and Genetics and Czech University of Life Sciences Prague
during this study.

Microscopy and image processing

CMA,, DAPI, C-banding and AgNOR images were captured with a cooled CCD cam-
era Olympus DP30BW (equipped with a black-and-white (B&W) CCD-Chip Sony
ICX285-AL) coupled to an epifluorescence microscope Olympus AX70 equipped with
a set of 3 narrowband fluorescent filters. Micrographs were captured with the Olympus
Acquisition Software and B&W images were processed with the software Micro Im-
age. Altogether 200 images (metaphases), i.e. 50 images for each banding type (CMA,,
DAPI, C and AgNOR) were taken and analyzed.

Results
Karyotype

The diploid chromosome number of the examined individuals was invariably 2n = 100
(75 % investigated metaphases). The karyotype consisted of 10 pairs of metacentric
(m), 18 pairs of submetacentric (sm) and 22 pairs of subtelo- (st) to acrocentric (a)
chromosomes without any microchromosomes (Fig. 1).

Chromosome banding and AgNOR staining

Sequential banding (DAPI + CMA)) revealed four CMA -positive bands situated at
the sites of the secondary constrictions on the p arms of the 14" pair of sm chromo-
somes and on the p arms of the 32™ pair of st-a chromosomes (Figs 2b, c, e, f). DAPI
uniformly stained all chromosomes (Figs 2a, d). AgNOR analysis revealed four posi-
tive signals (Figs 3a, b) which corresponded to four CMA, positive signals. C-banding
detected blocks of constitutive heterochromatin at the telomeric and pericentromeric
chromosome regions (Figs 4a, b). Telomeric signals were more intensive than pericen-
tromeric ones. C-banded chromosomes were arranged in an karyotype (Fig. 5). Seven
chromosome pairs had conspicuous C-banded arms.
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Figure 1. Karyotype of C. carassius female arranged from Giemsa-stained chromosomes (shown as inlay);
m — metacentric, s — submetacentric, st — subtelocentric, a — acrocentric chromosomes. Four CMA -
positive (color-inverted) chromosomes (14" pair of sm chromosomes and 32" pair of st-a chromosomes)
are additionally shown in the frames. Bar = 10 pm.

Discussion

The karyotype of all the five individuals of crucian carp from Bysicky ox-bow had the
same diploid chromosome number 2n = 100. This number equalled the value reported
in other previous studies (Table 1) except those by Raicu et al. (1981) and Chiarelli et
al. (1969). Interestingly, Raicu et al. (1981) found the diploid chromosome number
2n = 50 in individuals from the Danube Delta. Although this report might be a result
of a laboratory-generated error (slide mix-up), our closer inspection of the published
karyotype did not provide any obvious answer. Vasilev and Vasileva (1985) discussed
the finding of Raicu et al. (1981) and suggested that the presented karyotype belonged
to a member of the genus Gobio Cuvier, 1816, At present, it is difficult to speculate
more about the observed difference between the reported chromosome numbers unless
detailed population screening of this species will be available. In contrast to the results
obtained by Raicu et al. (1981), the diploid number of 104 chromosomes presented by
Chiarelli et al. (1969) could be most likely attributed to preparation artifact.

The present study demonstrated that karyotype of individuals of C. carassius under
study possessed 10 pairs of metacentric, 18 pairs of submetacentric and 22 pairs of sub-
telo- to acrocentric chromosomes, already reported by Knytl et al. (2013) as a haploid
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Figure 2. a~f Sequential chromosome banding of C. carassius female chromosomes. Metaphases coun-
terstained by DAPI show all 100 chromosomes (a, d), metaphases stained by CMA, show 4 NORs
(b, e white arrows) and the combination of these bandings show 4 identical NORs (c, f white arrows;
green signals)A Bar = 10 pm.
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Figure 3. a~b AgNOR staining metaphases of C. carassius female (a, b black arrows) indicate 4 NOR-

positive sites. Bar = 10 pm.

b

Figure 4. a-b C-banded metaphases of C. carassius female (a, b) show signals localized in the teloce-

meric and pericentromeric chromosome regions. Bar = 10 pm.
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Figure 5. karyotype of C. carassius female arranged from C-banded chromosomes. Seven pairs of chro

mosomes show significant signals (black arrows). Bar = 10 pm.
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component of the genome of the allopolyploid female of C. gibelio. Arrangement of
chromosomes within the karyotype was different compared with other findings (i.c.
Hafez et al. 1978, Sofradzija et al. 1978), probably due to a different level of chromo-
some spiralization (Rdb and Collares-Pereira 1995). Two other available studies dealing
with the number, location and chromosomal characteristics of the major rDNA sites
(Mayr et al. 1986, Boroti et al. 2010) showed four chromosomal sites on two different
sm pairs of chromosomes. We also observed this pattern, i.e. four mutually correspond-
ing CMA, and AgNOR signals respectively, on the secondary constrictions on the short
arms of a single pair of sm chromosomes and another pair of st-a chromosomes. Though
this chromosomal pattern is very common, it represents an additional evidence in favor
of paleotetraploidy of the crucian carp genome as suggested by Vasilev and Vasileva
(1985). This hypothesis must be examined using other techniques, since it was proven in
other similar cases when common carp Cyprinus carpio (Larhammar and Risinger 1994,
David et al. 2003, Zhang et al. 2008) as well as various species of Barbus Cuvier, 1816
(sensu lato) (Chenuil et al. 1999) were also revealed as evolutionary tetraploids based on
sequences and substitutions analyses, as well as microsatellite analyses respectively.

DAPI-counterstained chromosomes did not provide any useful information since
the observed signals were uniform throughout the chromosomes. Similar results were
reported for C. gibelio by Zhu and Gui (2007).

We have performed C-banding on chromosomes of C. carassius for the first time.
Constitutive heterochromatin blocks detected by C-banding method were located in
telomeric regions of 7 pairs of chromosomes. Number of these signals can be a species-
specific marker, especially in paleotetraploid forms.

Although there is no information about sex differences between C. carassius karyo-
types, we have to point out that only one male specimen was included in this study

In respect to its status of a highly endangered fish species and unclear distribution
of possible diploid and/or paleotetraploid forms as well as ongoing hybridization process
with other species of this genus across its range of distribution, the present study is a mod-
erate but important contribution to the cytogenetics and cytotaxonomy of C. carassius.
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Massive mortality of Prussian carp Carassius
gibelio in the upper Elbe basin associated with
herpesviral hematopoietic necrosis (CyHV-2)
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ABSTRACT: From 22 May to 10 June 2011 massive mortality of Prussian carp Carassius gibelio
was observed in alluvial Lake Rehacka close to the Elbe River in the Czech Republic. More than
1400 kg of dead fish were collected and no other fish species were affected. Further molecular and
cytogenetic investigation of fish (n = 232) revealed that the Reha¢ka population of Prussian carp
consisted exclusively of gynogenetic triploid females. The causative agent was identified by
means of molecular and electron microscopy as a herpesviral hematopoietic necrosis virus
(Cyprinid herpesvirus 2, CyHV-2). This is the first report of CyHV-2 from the Czech Republic and
the second finding worldwide of CyHV-2 causing mass mortality of C. gibelio. Some other locali-
ties in the upper Elbe River basin where C. gibelio was affected are also noted. We assume that
the massive wave of deaths of all female gynogenetic Prussian carp can be attributed to limited
genetic variation and the favourable conditions for development of viral disease.

KEY WORDS: Cypriniformes - Herpesvirus - Triploid - Gynogenetic - Mortality

INTRODUCTION

The triploid biotype of Prussian carp Carassius
gibelio Bloch 1782 is considered the most successful
non-native fish in Europe. It easily becomes one of
the dominant species in newly inhabited areas, and it
has a severe impact on the environment and aquacul-
ture (Economidis et al. 2000, Varadi et al. 2000, Ozcan
2007, Luskova et al. 2010, Savini et al. 2010). The type
of reproduction significantly facilitates spreading of
all-female populations due to rapid multiplication re-
alized through sperm-dependent parthenogenesis.

When the eggs of Carassius gibelio are insemi-
nated by males of other species, the heterologous
sperm triggers development but does not contribute
significantly to the formation of the zygote (Gui &
Zhou 2010). This is known as gynogenesis and it

*Corresponding author. Email: kalous@af.czu.cz
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leads to all-female offspring, each of which is consid-
ered a clone of the mother (Lamatsch & Stock 2009).

The first record of the invasive triploid form of
Carassius gibelio in the Czech Republic was in the
lower stretches of the Dyje River (Lusk et al. 1977).
The population was derived from a Danubian inva-
sion (Hol¢ik & Zitrian 1978) and consisted exclusively
of triploid gynogenetic females (Penaz et al. 1979).
Triploid Prussian carp subsequently invaded all 3
main hydrological systems of the Czech Republic
(Lusk et al. 1980, 1998, Lusk 1986), and aquaculture
activities were considered the key factor accounting
for its spread (Slavik & Barto$ 2004). In the Elbe River
basin, an all-female population of C. gibelio was
recorded for the first time in 1989 (Kubecka 1989)
and later became a natural component of all suitable
habitats (Halacka et al. 2003). In the early 1990s, the
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first males and diploids within the population of
C. gibelio in the Dyje River alluvium (Danube basin)
were found (Halacka et al. 2003, Luskova et al. 2004).
In a relatively short time the former all-female
triploid population changed to a diploid-polyploid
complex with up to 43 % males (Vetesnik 2005). Sim-
ilar situations were described in other European
localities (Cerny & Sommer 1992, Abramenko et al.
1998, 2004, Toth et al. 2005).

Certain localities are now represented either by
all-female gynogenetic populations or by the con-
current occurrence of fish with different ploidy and
various proportions of males. However, low genetic
variability in introduced all-female populations of
Prussian carp is expected due to the low number
of initial founders combined with the gynogenetic
type of reproduction (Hanfling 2007). The all-female
clonal populations could also be classified as vulner-
able, since antigen recognition and killing by T-cells
is genetically restricted by the major histocompatibil-
ity complex (MHC) (Somamoto et al. 2009). Lower
tolerance to parasites has been reported in gynogens
(Lively et al. 1990, Moritz et al. 1991, Poulin et al.
2000, Hakoyama et al. 2001).

In the present paper we report the rapid, massive
and selective mortality of thousands of morphologi-
cally and genetically identified Prussian carp from
Lake Rehacka with further investigation of ploidy
level and sex ratio of the Prussian carp and identifica-
tion of the causative agent. The concurrent occurrence
of a massive Kkill of Prussian carp at several other local-
ities in the upper Elbe River basin is also noted.

MATERIALS AND METHODS
Locality

Rehacka alluvial lake (50°10' 39" N, 14°48' 27" E) is
situated close to the Elbe River. The lake covers
12.4 ha and represents an old oxbow of the River
Elbe connected with an old flooded sand pit that is
linked with the river by a pipeline connection. The
water body is administered by the Czech Anglers
Union, Local Organization Celékovice, as a part of
fishing district ‘Labe 19 A’ and includes common fish
stock. According to local fishing statistics and an
ichthyological survey (T. Danek unpubl. data), the
fish stock consists of: Cyprinus carpio, Esox Iucius,
Sander lucioperca, Blicca bjoerkna, Tinca tinca, An-
guilla anguilla, Silurus glanis, Abramis brama, Cte-
nopharyngodon idella, Aspius aspius, Perca fluvi-
atilis, Gymnocephalus cernuus, Hypophthalmichthys

molitrix, Hypophthalmichthys nobilis, Alburnus al-
burnus, Scardinius erythrophthalmus, Rutilus rutilus,
Leuciscus idus, Rhodeus amarus, Ameiurus nebulo-
sus and Carassius gibelio.

Mortality evaluation

Dead fish were collected from the lake by members
of the local organization of the Czech Anglers Union,
and quantities were recorded with information on
water temperature. Additionally, a survey was con-
ducted of representatives of other local organizations
by the Czech Anglers Union along the Elbe River,
and the authors of this study personally carried out
inspections of localities reporting mass mortalities of
Carassius gibelio.

Fish identification and sex determination

Moribund and dead fish were identified morpho-
logically according to Kottelat & Freyhof (2007) and
additionally by sequencing of mitochondrial DNA of
8 specimens. The cytochrome b gene was amplified
by the methods described in Rylkova et al. (2010),
using forward primer Kai_ F (GAA GAA CCA CCG
TTG TTA TTC) and reverse primer Kai_R (ACC TCC
RAY CTY CGG ATT ACA) (Slechtova et al. 2006).
PCR products were subsequently sequenced in both
directions (Macrogen) and aligned. Sequences were
compared with the Genetic sequence database (Gen-
Bank) at the National Center for Biotechnology Infor-
mation (NCBI) using the basic local alignment search
tool (BLASTn) program.

The sex of fish was determined by inspection of
gonads at autopsy of 200 dead fish and in specimens
used in ploidy level determination.

Determination of ploidy level

Thirty-two moribund Prussian carp were used for
ploidy level determination. The ploidy level was
determined by computer-assisted image analyses
using the measurements of mean erythrocyte nuclei
area (MENA) as was proposed by Flajshans (1997).
The blood was obtained with a heparinised syringe
from the fish heart, and blood smears were prepared
as for conventional haematological examination,
then air-dried, fixed in 90 % ethanol, and stained with
4% Giemsa-Romanowski. Blood smears were then
processed on a system consisting of microscope
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(Nikon Eclipse 600, immersion objective 100x), ana-
logue video camera (Hitachi HVC 20) and software
(L.U.C.ILA version 4.71, Laboratory Imaging spol. sr.
0.). The mean area of the nuclei was calculated from
200 erythrocytes for each specimen.

Moreover, the chromosome preparation according
to Rab & Roth (1988) was performed on 3 of 32 dis-
eased fish. Nuclear suspensions were dropped on
slides, stained with 4% Giemsa-Romanovski, and
examined microscopically. The chromosome counts
were realized on the 10 best metaphase plates per
specimen. The ploidy levels of 3 specimens obtained
by chromosomes counts were used as a reference for
the ploidy level determination by MENA and possi-
ble differences were tested by (-tests using the pro-
gram Statistica version 9.1, (StatSoft).

Identification of causative agent

Five moribund fish originating from 3 separate
samplings (sample no. 1736/1 contained 1 fish col-
lected on 27 May 2011; sample no. 1736/2 contained
3 fish collected on 30 May 2011; sample no. 1736/3
contained 1 fish collected on 5 June 2011) were
frozen (-20°C) and transported to the laboratory.
Standard pathological and parasitological examina-
tions (Ergens & Lom 1970) were carried out, and an
ELISA test for spring viremia of carp virus (SVCV)
formerly known as Rhabdovirus carpio (RVC) was
undertaken (Test-Line). Virological examination con-
sisted of isolation on tissue culture and identification
of the pathogen by electron microscopy and PCR.

Preparation of tissue homogenates

Pooled fish tissues were homogenized in a mortar
with sterile sea sand, supplemented with Eagle's
medium Tris MEM (minimal essential medium,
Sigma), pH 7.6, enriched with 10% FBS (foetal bovine
serum, GIBCO) and centrifuged (4°C, 1500 x g,
15 min). The supernatant was incubated overnight at
4°C with the addition of antibiotics (100 TU ml™! of
penicillin and 100 pg ml~! of streptomycin) and after-
wards used for cell line virological testing and for
DNA extraction.

Isolation of viruses on tissue cultures

Monolayers (24 h) of bluegill fibroblast (BF-2),
epithelioma papulosum cyprini (EPC), rainbow trout

gonad (RTG-2) and fathead minnow (FHM) cell lines
in 24-well plates (NUNC) were used for viral isola-
tion. Cultures were inoculated with 3 serial tenfold
dilutions of the examined samples and incubated at
15 and 23°C for 7 d. The cell lines were monitored by
microscope every day for the development of cyto-
pathic effect (CPE). If no CPE was observed, the cul-
tures were frozen, thawed and subcultured for an
additional 7 d. If CPE was not observed after the sub-
culture, the samples were considered negative. Cell
cultures exhibiting CPE were used for identification
of viruses.

Electron microscopy

Supernatant from cell cultures displaying CPE
were studied by electron microscopy. Subcultured
samples were negatively stained with ammonium
molybdate and examined using a Philips 208 trans-
mission electron microscope (TEM) at 18000x magni-
fication and an accelerating voltage of 90 kV.

DNA extraction

Tissue cultures with CPE were used for DNA isola-
tion. The nucleic acid extraction was performed with
a QlAamp DNA Mini kit (Qiagen) according to the
manufacturer's instructions.

PCR and sequencing

Four primer pairs were used in this study; 2 pairs
were used for a nested PCR on the thymidine kinase
of CyHV-3 and 2 other pairs for a nested PCR on the
DNA polymerase of cyprinid herpesviruses (Table 1).
PCR products were subsequently sequenced in both
directions using the ABI PRISM® BigDye® Termin-
ator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems). Sequences were aligned using BioEdit version
5.09 and compared with GenBank using the
BLASTn program.

RESULTS
Mortality evaluation
More than 1400 kg of dead fish were removed

from Lake Rehacka within the period 22 May to
10 June 2011. On 22 May only 30 kg were collected,
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Table 1. Primer pairs used for identification of the virus. Nested PCRs targeted the thymidine kinase gene of herpesviral

hematopoietic necrosis virus (CyHV-3) and the DNA polymerase gene of CyHV. One of 2 possible cycling conditions was

used: (A) 40 cycles of 1 min at 95°C, 1 min at 55°C, 1 min at 72°C, and the reaction was preceded by 94°C for 5 min and finished

at 72°C for 10 min, or (B) 30 cycles of 1 min at 95°C, 1 min at 55°C, 1 min at 72°C, and the reaction was preceded by 94°C for

5 min and finished at 72°C for 10 min. Centre for Environment, Fisheries & Aquaculture Science (CEFAS) protocol can be
obtained at www.cefas.defra.gov.uk

Primer sequences (5'-3") Cycle conditions Size (bp) Source

CyHV-3 thimidine kinase

Outer forward: GGG TTA CCT GTA CGA G A 409 Bercovier et al. (2005)
Outer reverse: CAC CCA GTA GAT TAT GC

Inner forward: CGT CTG GAG GAA TAC GAC G B 348 CEFAS protocol
Inner reverse: ACC GTA CAG CTC GTA CTG G

DNA polymerase gene of cyprinid herpesviruses

Outer forward: CCC AGC AAC ATG TGC GAC GG A 362 Jeffery et al. (2007)
Outer reverse: CCG TAR TGA GAG TTG GCG CA

Inner forward: CGA CGG AGG CAT CAG CCC B 339 Jeffery et al. (2007)
Inner reverse: GAG TTG GCG CAY ACY TTC ATC

with the remaining fish collected on 27 May (700 kg),
30 May (300 kg), 1 June (300 kg), 5 June (100 kg),
and the last dead specimens occurring on 10 June.
Water temperature at the locality during this period
was between 16.1 and 20.5°C. To our knowledge, no
other fish species were affected besides Carassius
gibelio and no newly dead fish were observed after
10 June.

The survey among representatives of the local
organization of the Czech Anglers Union also revealed
the occurrence of a selective kill of Prussian carp in 4
other localities within the upper Elbe Basin (Fig. 1,
numbers 2 to 5; Table 2).

Identification and sex determination of fish
from the Rehacka mortality event

All 232 investigated fish (200 examined grossly and
a further 32 for ploidy determination) were females
and were morphologically identified as Carassius

gibelio sensu Kottelat & Freyhof (2007). Eight fish
that were also investigated genetically shared 1 hap-
lotype of Cyt b mt DNA (final length of sequences
consisted of 1027 characters). Sequence of the haplo-
type was compared in the program BLASTn that
evaluates the percentage of sequence similarity (%S)
and the percentage of sequence overlap (%0O) with
the reference sequence of C. gibelio from GenBank
(Table 3).

Determination of ploidy level

Chromosome preparation of 3 of the 8 specimens
(Table 3) revealed they were triploids with modal
chromosome numbers of 156 (60% of investigated
metaphases), 156 (50 % of investigated metaphases),
and 150 (60% of investigated metaphases). Ploidy
level determination by MENA showed that all 32 in-
vestigated specimens were triploids with values of
the nuclei area mean (+ SD) ranging from 20.7 + 2.2

Table 2. Carassius gibelio. Selective mortalities of Prussian carp in the upper Elbe Basin. Biomass: biomass of dead fish, which
were removed from the locality by local organisations of the Czech Anglers Union during 2011. See Fig. 1 for locations of
localities. nd: no data

Locality Locality Period GPS position Biomass % mortality
number name (kg)

1 Rehacka 22 May-10 June 50°10' 37.956" N, 14° 48' 22.419"E >1400 >95

2 Pnov 30 June-5 July 50° 5" 36.024" N, 15°9' 11.413"E >700 nd

3 Nova Ves 30 June-25 July 50° 3' 24.666" N, 15°9' 35.738" E >5600 >95

4 Trnavka 1 June-11 June 50°1' 56.253" N, 15° 27' 48.229"E 150 nd

5 Hrobice 5 June-19 June 50° 6' 28.754" N, 15° 47’ 23.408" E 100 nd
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Fig. 1. Localities with selective Prussian carp Carassius gibelio mortalities.
Cases (numbers 1 to 5 in main map) are described in Table 2

Table 3. Carassius gibelio. Genetic and cytogenetic identification of 8 speci-
mens of Prussian carp from Lake Rehacka (CgTL006, CgTL008, CgTLO013,
CgTL046, CgTL078, CgTL114, CgTL144 and CgTL113). Basic local alignment
seach tool (BLASTn) comparisons used reference sequence from Carassius
gibelio DQ399929 (Kalous et al. 2007). %S: percentage of overlap sequence
similarity; %O: percentage of sequence overlap; MENA: mean erythrocyte

tion failed to detect parasites or evi-
dence of spring viremia of carp.
Given that the massive mortality was
selective for Carassius gibelio, toxi-
cosis was also excluded.

Isolation of viruses on tissue
cultures and electron microscopy

Three separate fish samples (1736/
1, 1736/2 and 1736/3) produced CPE
on first passage in all 4 cell lines incu-
bated at 23°C and in BF-2, FHM and
RTG 2 cell lines incubated at 15°C.
Cell cultures with clear CPE were
examined by TEM, and viral particles
morphologically similar to a her-
pesvirus were observed (Fig. 4).
These samples were tested by PCR.

PCR and sequencing

nuclei area; Chro: modal chromosome number

Samples with CPE and herpesviral
particles observed in TEM were

Specimen Morphological Ploidy level GenBank %S %0 investigated by nested PCR using
identification MENA Chro Accession No. primers specific for koi herpesvirus
P - —_ » 55 — A (CyHV-3) (Table 1). Negative results
g arassius gibeio n . .

CgTLO08  Carassius gibelio 3n 156  JN546056 100 98 wereipbtained. Subsequently generle
CgTLO13  Carassius gibelio 3n 150  JN546057 100 98 primers for the DNA polymerase
CgTL046  Carassius gibelio  3n - JN546058 100 98 gene of cyprinid herpesviruses were
CgTL078  Carassius gibelio  3n - JN546043 100 98 used (Table 1) and a primary product
CgTL114 CaraSS{us g{bel{o 3n - JN546041 100 98 of 362 bp was obtained in 2 of 3 sepa-

CgTL144  Carassius gibelio  3n = JN546040 100 98 t 1 Th ted PCR
CgTL113  Carassius gibelio  3n - JN546034 100 98 Talc SAmpes: ~HE eSS e
sulted in a specific product of 339 bp

to 23.2 + 2.5 pm?. Comparison of values using a t-test
confirmed no statistically significant difference (p >
0.05) between the 3 reference specimens and the
remaining specimens (Fig. 2). All values are in agree-
ment with those for triploid Carassius gibelio (Kalous
& Petrtyl 2004).

Identification of causative agent of mortality

Diseased Prussian carp had pinpoint red foci at
the base of their fins, red foci in the eyes, haemor-
rhaging of the gills, and some specimens showed
pink-colored skin in the abdominal region and fins
(Fig. 3). Internal organs were soft and reddened.
Standard pathological and parasitological examina-

in all 3 samples (Fig. 5). Products
were sequenced and the sequences were deposited
in GenBank (accession nos. JQ740764, JQ740765
and JQ740766). Nucleotide sequences were com-
pared with GenBank using the BLASTn program and
exhibited 100 % identity with cyprinid herpesvirus 2
DNA polymerase gene (GenBank accession no.
DQ085628.1) (Goodwin et al. 2006a).

DISCUSSION

The causative agent of a massive kill of Prussian
carp was identified as CyHV-2, family Alloherpes-
viridae, genus Cyprinivirus (Davison et al. 2009).
This virus shares morphological similarities with
carp pox herpesvirus (CyHV-1) and koi herpesvirus
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(CyHV-3), but it differs in the clinical
manifestation, host range, antigenic
properties, and growth characteristics
(Waltzek et al. 2005). (CyHV-2) is a
pathogen of goldfish Carassius auratus
(Goodwin et al. 2006b, Jeffery et al.
2007), but recently it was also identified
in C. gibelio in Hungary (Doszpoly
et al. 2011). In the case of Lake Re-
hacka, all affected fish were C. gibelio.
CyHV-2 is associated with mortality

15 A B

Fig. 2. Carassius gibelio. Obtained erythrocyte nuclei area of triploid refer-
ence specimens (A) and the remaining 29 specimens (B) from Lake
Rehacka. Thick black line: mean; box: SD; whiskers: 1.96 x SD

Fig. 3. Carassius gibelio. Freshly dead fish from Lake
Rehacka affected by CyHV-2 showing pinpoint foci at the
base of fins and in the eyes

in at least 2 species of the genus Ca-
rassius— C. auratus and C. gibelio—
but it seems not to be pathogenic for
C. carassius (Jeffery et al. 2006) or
for common carp Cyprinus carpio (Jung
& Miyazaki 1995).

CyHV-2 was originally described in Japan (Jung &
Miyazaki 1995) but it probably has a global distribu-
tion (Waltzek et al. 2009), with mortality reported in
the United Kingdom (Jeffery et al. 2007), USA, Tai-
wan (Goodwin et al. 2006a) and Australia (Stephens
et al. 2004).

The high mortality within goldfish can be attrib-
uted to their low genetic diversity (Rylkova et al.
2010) since this species has experienced intensive
selection during its breeding history (Balon 2004).
We presume that some of the differences in the mani-
festation of the disease at Lake Rehacka in compari-
son to previously described symptoms (Jung & Miya-
zaki 1995, Stephens et al. 2004, Jeffery et al. 2007)
could be influenced by the heterogeneity of affected
species within the genus Carassius.

Fig. 4. Viral particles with a herpesviral morphology isolated in different cell lines and temperatures. (A) Rainbow trout gonad
cell line, 15°C. (B) Epithelioma papulosum cyprini cell line, 23°C. Transmission electron microscopy; negative staining
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Fig. 5. Nested generic PCR of the DNA polymerase gene of

CyHV. Lane M: mass ladder (TrackIt 1 Kb Plus DNA Ladder,

Invitrogen); Lane 1: positive control; Lane 2: negative con-

trol; Lane 3: Sample 1736/1; Lane 4: Sample 1736/2; Lane 5:

Sample 1736/3; Lanes 6 to 8: Same samples after virus multi-
plication in cell line RTG-2, 23°C

The natural populations of Carassius gibelio con-
sist of clonal lineages with the sympatric occurrence
of sexually reproducing individuals (Gui & Zhou
2010). In contrast, in newly inhabited areas the pop-
ulations are characterized by the dominance of fe-
males that take advantage of rapid multiplication
due to sperm-dependent parthenogenetic reproduc-
tion (Hanfling 2007). Our data suggest that the
C. gibelio population from Lake Rehacka is gyno-
genetic since not a single male was found. Moreover,
all investigated specimens were shown to be ftri-
ploids, and only 1 haplotype of Cyt b mtDNA was
shared among 8 sequenced fish.

Populations of asexually reproducing vertebrates
are often considered to be less resistant to patho-
gens due to reduced genetic variability of the host
(Neiman & Koskella 2009). In natural populations
that reproduce sexually, usually only a fraction of
individuals infected by viruses show symptoms of
disease, and a significant part of the clinical vari-
ability observed within populations is explained by
the host genetic background that plays an important
role in the susceptibility to infections (Verrier et al.
2012). This phenomenon changes in a genetically
uniform population caused by artificial selection.
Within the common carp Cyprinus carpio, strains
more or less susceptible to CyHV-3 have been iden-
tified (Shapira et al. 2005, @degard et al. 2010).
High stock densities and low genetic variability can
result in mass mortalities from virus, e.g. in koi carp
(Hedrick at al. 2000), or even in introduced common
carp in a natural environment (Garver et al. 2010).
Animals that reproduce clonally face the same pop-

ulation breakdown possibility when infected by
highly pathogenic viruses due to their obvious
genetic similarity. Although we did not completely
define the genotype diversity of Prussian carp in
Lake Rehacka, only a few clonal lineages are likely
to be present due to the bottle-neck effect associ-
ated with introduction and the gynogenetic type of
reproduction. Our cytogenetic data showed 2 differ-
ent modal chromosome numbers. The triploid bio-
type of Carassius gibelio is known to bear various
numbers of chromosomes from 150 to 162 (Kalous &
Knytl 2011). Particular clones are then usually char-
acterized by a specific chromosome number (Zhou
& Gui 2002). In the case of Lake Rehacka, there are
at least 2 clones, although the cytogenetic data in
the study are very restricted.

After the first dead fish appeared on 22 May, num-
bers rapidly increased within 5 d. One week after the
peak of mortality, only a few newly dead specimens
were found. Estimating mortality in natural water-
bodies is very difficult. However, based on informa-
tion from the local organization of the Czech Anglers
Union and the complete lack of Prussian carp caught
at the locality by anglers in the period 10 June 2011
to July 2012, we assume that all or nearly all of the
Carassius gibelio in Lake Rehacka were eliminated
by the pathogen during this short period.

The rapid progress of the pathogen was also re-
ported in controlled conditions when fish began to
die at 3 to 6 d post-inoculation and cumulative mor-
tality ranged from 60 to 100%, depending on viral
titre, within 13 d at 20°C (Jung & Miyazaki 1995).
CyHV-2 is often present as an inapparent infection
and could be widespread in nature (Goodwin et al.
2009). However, when infected fish are subjected to
stress such as a temperature change, there is a
greater probability of disease outbreaks.

We believe the stress/temperature hypothesis may
explain the initiation of the disease outbreak at
Lake Rehacka and other locations in the upper Elbe
River because a sharp drop in water temperature
occurred from 13 May to 16 May 2011. Additionally
our data showed that the virus replicated well in the
temperature range 15 to 23°C, which is in agree-
ment with Jung & Miyazaki (1995) who noted the
optimum for virus propagation ranging between 15
and 25°C.

We conclude that the massive wave of deaths
of Prussian carp at Lake Rehac¢ka and at other lo-
calities in the upper Elbe River basin can be attrib-
uted to limited genetic variation of Prussian carp
and the favourable conditions for propagation of
CyHV-2.
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Abstract

Here we report on successful preparation of chromosomes using non —
destructive method applied on silver Prussian carp (Carassius gibelio).

Key words: cytogenetics, fish, method, chromosome
1. Introduction

Although a number of methods exist how to obtain chromosomes from
fish, many of them face some methodological constrains for wider use.
Preparation from blood (Hartley & Horne 1985) or from fibroblast culture
(Rodrigues & Collares-Pereira 1996) requires advanced laboratory equipment.
When direct procedure of chromosome preparation from kidneys (Rab & Roth
1988) is used fish is sacrificed and does not survive the analyses. Easy non-
destructive chromosome preparation that ensures fish surviving is required in
some research approaches e.g. reproduction experiments, study of unique or rare
material etc. Moreover in species or complexes that are characterized by high
chromosome number (Ohno et al. 1967, Penaz et al.. 1979 Wei et al., 2003) non
— destructive method using fin regenerates allows us to repeat the analyses and
to gain more precise results. The employed method was described by Volker &
Kullmann (2006) on fish embryos of the genus Chromaphyosemion
(Cyprinodontiformes).
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Here we present the test of applicability of this non—destructive method
of chromosome preparation from fin regenerates applied on polyploid complex
of silver Prussian carp (C. gibelio).

2. Material and Methods

Five specimens of C. gibelio of weight about 50 g were obtained from
various localities in the Czech Republic and included into the experimental trial.

Fish were kept in common aquaria and fed by commercial feed before
the procedure of chromosome preparation.. Temperature of water was kept
around 20 °C.

Three days before analysis the caudal fin tissue of each fish was cut (up
to 10 % of the whole fin) and stock solution (SS) was prepared composed of:
7.48 g NaCl +0.18 g KCl + 0.2 g CaCI2 +0.016 g NaHCO3 all diluted in 1 litre
of Hzo

After three days the regenerated tissue of fin from each individual was
cut and put into a small Petri dish with approximately 5 -10 ml of cultivation
solution (CS) (CS composed of: 14.3 ml SS + 857 ml H,O + 0.025 g
colchicine). A small piece of regenerated fin was exposed in CS for 2 hours in
room temperature. When time ran out a few drops of fixative (methanol + acetic
acid in ration 3:1) were added and the fin was left in this solution for additional
30 min in cold place (6 °C). After 30 minutes CS with few drops of fixative was
replaced by pure fixative (5 — 10 ml) and placed for additional 30 min to a cold
place. After 30 min fixative was replaced by a new one and the last step was
repeated once again.

Then the piece of processed regenerated fin was placed from fixative
into a drop of 50 — 25 % acetic acid on a fine sifter and gently mashed for 10-20
seconds. Drops with nuclei suspension were suck up using micropipette from the
opposite side of a sifter and suspension obtained was placed into an Eppendorf
tube and kept in a cold place.

One drop of suspension was placed on a clean slide warmed up to 45
°C. After 20 seconds the drop of suspension was suck up from the slide by
micropipette and dropped to a different place.

Obtained slides with nuclei were stained by Giemsa and investigated
using microscope BX41TF.

3. Results and discussion
We obtained metaphases of good quality from all investigated
individuals (Fig. 1). Three drops were applied on each slide and each drop

contained at least 10 metaphases. Metaphases were situated mainly on the
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margin of the nuclei rings. The above mentioned method did not require
sophisticated equipment neither sterile environment nor expensive chemicals.
The method ensures the survival of investigated fish. Moreover fish tolerate well
amputation of a small part of their caudal fin and the regeneration is very fast.
We proved that non-destructive chromosome preparation from regenerated fin
can be used routinely in laboratory.
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Fig.1. Metaphase of triploid silver Prussian carp (Carassius gibelio) isolated by
non-destructive method from regenerate of caudal fin (magnification 1000 x).
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The genus Carassius is represented by five species: crucian carp
(Carassius carassius), the cosmopolitan gold fish (Carassius auratus) well
knonwn for its colourful varieties and bizarre shapes of body. Widely distributed
silver Prussian carp (Carassius gibelio) that originated in East Asia and
introduced into Europe in last centuries: the last two distinguishable species are
..Ginbuna™ (Carassius langsdorfii) and “Gengorobuna”™ (Carassius cuvieri) that
occur mainly in Japan.

Our work deals with the cytogenetic characteristics of diploid —
polyploid complex of Silver Prussia carp especially with chromosome numbers
and its karyotypes.

The complex is called diploid — polyploid due to occurrence of diploid
and polyploid individuals within populations. Chromosomes of diploid
individuals occur in pairs (homologous chromosomes) one homologous
chromosome has maternal origin and the second is of parental origin. Both
parents contribute genetically to the (diploid) offspring. Diploid individuals of
Silver Prussian carp are characterized by higher number of chromosomes and
DNA amount in their nuclei in relation to the other members of the family
Cyprinidae. This is due to fact that whole subfamily Cyprininac has evolutionary
tetraploid origin.

Diploid forms of silver Prussian carp reproduce usually bisexually and
they have 100 chromosomes. Polyploid forms of genus Carassius have about
150 chromosomes and are called triploids. Individuals with circa 200
chromosomes are then called tetraploids. Triploids are considered to be
evolutionary hexaploids and tetraploids evolutionary oktaploids. Moreover in
the karyotype of triploid Carassius gibelio we can find microchromosomes and
small elements of chromosomes but their function remains mystery.

Silver Prussian carp can reproduces by gynogensesis - unisexual mode
of reproduction. In gynogenesis, sperm from related species of the family
Cyprinidae or even others activates egg and consequent embryonic
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development. New progeny is genetically identical to the mother and is called
clone.

Natural populations of silver Prussian carp consist usually of females
(more then 80 %) and minor portion of males (up to 20 %). The origin of males
is unknown.

In our study we have analysed diploid males and diploid and triploid
females that form parental generation for crossbreeding experiments. The
offspring of the crossbreeding experiments obtained were analysed as well. We
have used two methods of chromosome preparation from the progeny: 1) Martin
Volker non-destructive method of cytogenetic analyses that allows us to prepare
nuclei suspension repeatedly from the same specimen, 2) invasive method in
which nuclei suspension for cytogenetic analyses is prepared from kidney by
direct procedure.

Suspensions obtained of nuclei were then dropped on slides, stained by
Giemsa-Romanowski and analysed under microscope. Chromosome numbers of
parental generation were determined as well as of their offspring.

Karyotype of diploid silver Prussian carp contained 100 chromosomes
with 12 metacentric, 36 submetacentric and 52 subtelocentric/ telocentric
chromosomes.

As result we can state that variability of chromosome numbers within
individuals of triploid silver Prussian carp exists. Chromosome numbers
fluctuated from 150 to 156. Modal chromosome number was 150. Two
karyotypes of triploid silver Prussian carp were prepared, one from the
individual with 150 chrommosomes were consisted of 42 metacentric., 66
submetacentric 36 subtelocentric/telocentric chromosomes and 6 extra
chromosomes. Second karyotype contained 36 metacentric. 45 submetacentric.
66 subtelocentric or telocentric chromosomes and 6 extrachromosomes.
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