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Abstrakt

Paprskoploutvé ryby (Actinopterygii) jsou druhové nejpocetnéjsi skupinou
obratlovcll na zemi. VéEtSinu jejich druhové diverzity tvoii ryby kostnaté (Teleostei), jejichz
evolucni Gspéch byva spojovan s celogenomovou duplikaci, kterd nastala u vzniku této
skupiny, tj. po jejich divergenci od ostatnich paprskoploutvych ryb. I pfes vzrustajici pocet
genomickych a transkriptomickych studii je dosud nejvice informaci o genomech ryb znamo
na urovni méteni obsahtt DNA a analyzy karyotyptu. Genomy paprskoploutvych a zejména
kostnatych ryb jsou znacné dynamické a obsahuji pestrou Skalu repetitivnich sekvenci,
jejichz variabilita stoji za pozoruhodnym rozpétim ve velikostech jejich genomi a ma vliv i
na diferenciaci karyotypl. Paprskoploutvé ryby jsou proto vhodnym modelem pro fadu
studii, jejichz cilem je objasnit lohu genomové variability v procesu evoluce, morfologické
a ekologické diverzifikace a adaptace. Zejména mapovani repetitivnich sekvenci metodou
fluorescenéni in situ hybridizace (FISH) ptineslo v poslednich dvou desetiletich poznatky
velice uZzitecné pii utvateni predstav o architektute rybich genomt a pti feSeni nejriznéjsich
evoluc¢nich, taxonomickych a ekologickych otazek. Tato prace se zabyva studiem dynamiky
karyotypt, repetitivnich sekvenci a polyploidizace u vybranych druhti Teleostei a
Chondrostei, jejichz ekologicko-evolucni charakteristiky nabizeji moznost konfrontovat tyto
vysledky s komplexnéjsi problematikou. Vedle metod konvencni cytogenetiky bylo
zahrnuto mapovani gend pro ribozomalni RNA, retrotranspozoni a telomerickych
(TTAGGG)n repetic metodou FISH a mezidruhové srovnavaci analyzy metodou
komparativni genomové hybridizace (CGH) a genomové in situ hybridizace (GISH). Nase
vysledky ukazuji, ze dynamika a variabilita repetitivnich sekvenci mohou hrat podstatnou
ulohu v ekologické adaptaci, speciaci a evoluci polyploidnich genomi a to i v kontrastu
s relativné stabilni makrostrukturou karyotypi (pfedevsim diploidniho poctu chromozomii,
2n). Vysledky této prace prokazuji, Ze molekuldrné-cytogeneticky ptistup je stale plodnou
disciplinou, kterd je schopna vnést svétlo do fady dosud neobjasnénych témat na tGrovni
vztahu genomu a evoluce/ekologie rybich druhii a ukazuje na dilezitost integrace

cytogenetickych/cytogenomickych dat s vysledky jinych védeckych ptistupti.

Klic¢ova slova: autopolyploidie vs. allopolyploidie, dynamika genomu, GISH/CGH, FISH,
heterochromatin, chromozémové piestavby, karyotypova diferenciace, ribozomalni RNA,

Teleostei, transponovatelné elementy



Abstract

Ray-finned fishes (Actinopterygii) exhibit the greatest biodiversity among
vertebrates. The vast majority of extant actinopterygian fish species belong to clade Teleostei
- a lineage whose significant evolutionary success might have resulted from a teleost specific
whole-genome duplication (TSGD) that occurred at the onset of this group, subsequent to
its divergence from the rest of actinopterygian lineages. Despite the growing body of
sequenced fish genomes and analyses of their transcriptomes, the largest contribution to
understanding fish genomes comes from analyses of DNA content and from cytogenetics.
Genomes of ray-finned fishes and especially those of Teleostei exhibit vast diversity and
rapid dynamics of repetitive DNA sequences whose variability is reflected in a wide range
of fish genome sizes and in the dynamics behind karyotype differentiation. Therefore, ray-
finned fishes offer a unique opportunity to study genome variability as a driving force
underlying morphological and ecological diversification, evolution and adaptation.
Particularly, the mapping of repetitive DNA sequences by means of fluorescence in situ
hybridization (FISH) has proven to be a very useful and informative approach during the last
two decades and contributed greatly to our understanding of the fish genome architecture
together with new insights into a large amount of evolutionary, ecological and taxonomic
matters and questions. The present study is focused on karyotype differentiation, specifically
on the distribution of repetitive sequences and polyploidy events in selected species of
Teleostei and Chondrostei with the aim to integrate cytogenetic and taxonomic approaches
in order to provide a more complex view of particular evolutionary and ecological features
of the respective fish groups. Together with conventional cytogenetic analysis, we employed
FISH with probes complementary to tandem repetitive sequences such as ribosomal rRNA
genes (rDNA), retrotransposable elements and telomeric (TTAGGG)n sequences.
Additionally, we performed comparative genome hybridization (CGH) and genomic in situ
hybridization (GISH) in order to compare the genomes of hybrid specimens or closely-
related species. Our data clearly show that the dynamics and variability of repetitive
sequences may play a significant role in ecological adaptation and speciation, as well as in
polyploid genome evolution and that this can be traced even in species groups with generally
conserved karyotype macrostructure (particularly for the level of diploid chromosome
number, 2n). Our results have demonstrated the importance of integrating
cytogenetic/cytogenomic approaches with other biological disciplines and that molecular

cytogenetics has an enormous potential in the post-genomic era, hence offering new insights
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towards extending the knowledge on different kinds of unsolved evolutionary-ecological
questions related to the evolution of the fish genome.

Key words: autopolyploidy vs. allopolyploidy, genome dynamics, GISH/CGH, FISH,
heterochromatin, chromosome rearrangements, karyotype differentiation, ribosomal RNA,
Teleostei, transposable elements

11



1. Uvod

Paprskoploutvé ryby (Actinopterygii) jsou monofyletickou skupinou, ktera tvoii vice
nez 95% druhové diverzity vSech ryb na zemi (Volff 2005, Nelson 2006). Zahrnuji pies
30 000 dosud popsanych druh@i® (Sallan 2014, Plistil 2016, Eschmeyer et al. 2016) a
piedstavuji tedy vice nez polovinu Zijicich obratlovct na této planeté (55 000). Jedna se o
extrémné diverzifikovanou skupinu, jejiz zastupci osidlili t€émét vSechny vodni habitaty na
Zemi (Nelson 2006). Nekteré druhy paprskoploutvych ryb se staly vhodnym modelem pro
studium funkce genl a vyvoje obratlovct — typicky napt. danio pruhované Danio rerio a
medaka japonska Oryzias latipes (Furutani-Seiki a Wittbrodt 2004, Mayden at al. 2007,
Takeda a Shimada 2010, McCluskey a Postletwait 2015). Kromé toho se zde najdou vhodné
modelové druhy a skupiny vyuzivané pro studium populaéni genetiky, ekologie a evoluce
(Sallan 2014, Braasch et al. 2015). Nejznaméj$im piikladem je studium ohromné adaptivni
radiace u cichlid z africkych jezer (napt. Kocher 2004). V neposledni fadé se rizné aspekty
biologie ryb studuji ve zvySené mife u hospodaisky vyznamnych rybich druhli, napt. u
jesetert a lososovitych (napf. Porto-Foresti et al. 2007, Havelka et al. 2011).

Recentni paprskoploutvé ryby zahrnuji celkem pét fylogenetickych linii (kterym je
V riznych systémech pfiznavan ruzny taxonomicky status) a z nichz Ctyfi predstavuji
druhové chudé relikty diivé rozsifenych skupin — bichifi (Polypteriformes — dva rody),
jesetefi, lopatonosi a veslonosi (Acipenseriformes — Sest rodd, znichz dva jsou ale
parafyletické), kostlini (Lepisosteiformes - dva rody) a kaprouni (Amiiformes — jeden rod
s jedingym druhem) (Obr. 1). Posledni linii paprskoploutvych ptedstavuji ryby kostnaté
(Teleostei) zahrnujici naprostou vétsinu dnes existujici biodiverzity ryb viibec (pies 4500
rodi) (Nelson 2006). Zatimco na fylogenetické postaveni bichirti a jesetert v ramci
parskoploutvych ryb panuje viceméné nazorova shoda, u ostatnich tfi linii tomu tak neni. Od
chvile, kdy byla rozeznana jejich evolu¢ni odlisnost, tedy vice nez 150 let, se diskutuje o
jejich  vzajemném vztahu. Zatimco prace zalozené na znacich morfologickych,
paleontologickych a jejich kombinacich povazuji kostliny a kaprouny za monofyletickou
skupinu (Holostei) (Obr. 1), ktera je sesterska Teleostei, prace zalozené vice na
nemorfolgickych (tj. molekularnich, biochemickych apod.) znacich povazuji kaprouny a
Teleostei za monofyletickou skupinu (Halecostomi), ktera je sesterska kostlinim. Tento tzv.

Holostei — Halecostomi problém a jeho historii a nejnovéjsi vyvoj v posledni dobé podrobné

1 Ceska druhova jména ryb v této praci jsou uvadéna podle: www.aquatab.net (Plistil 2016).

12


http://www.aquatab.net/

shrnula Sallan (2014). Je také pozoruhodné, Ze rovnéz cytogeneticka data podporuji
konstrukce Halecostomi (Majtanova et al. 2015).

Vedou se Cetné debaty, jak moc k ohromné diverzifikaci kostnatych ryb pfispéla
celogenomova duplikace (TSGD - teleost-specific whole-genome duplication), ktera
probéhla u predka této skupiny piiblizné pred 226-316 miliony lety (Hurley et al. 2007). Je
vSak zcela ziejmé, ze TSGD poskytla novy geneticky material pro evoluci variant gend a
pro re-strukturalizaci rybich genomu (Braasch & Postlethwait 2012). Zna¢na rybi diverzita
muze byt dale pozitivné ovlivnéna faktem, Ze ryby jsou oproti ostatnim skupinam obratlovct
vice tolerantni k nejriiznéjSim zméndm na genomové, chromozomové i genetické tirovni
(Venkatesh 2003, Ravi & Venkatesh 2008) a vykazuji zna¢nou senzitivitu ve smyslu
akumulace repetitivnich sekvenci (Kidwell 2002, Biémont & Vieira 2006). Tyto
charakteristiky se odrazeji mj. v rozsahu diploidnich pocti chromozémia (2n = 12 — 446)
(Arai 2011), ale hlavné ve zna¢ném rozpéti ve velikostech rybich genomu (0,35 — 9,32 pg
DNA/haploidni genom) (Gregory 2016). Pozoruhodna je napi. analyza kompaktnich
genomu Ctverzubcti Tetraodon nigroviridis a Takifugu rubripes, ktefi maji jedny
Z nejmensich genoml mezi obratlovci viibec, a to zejména v disledku zna¢né redukovaného
obsahu repetitivnich sekvenci (Roest Crollius et al. 2000, Aparicio et al. 2002, Fischer et al.
2004, Jaillon et al. 2004).

Zatimco genom ¢tverzubcee rudoploutvého Takifugu rubripes byl v roce 2002 prvnim
pln€ osekvenovanym genomem u ryb (a v pofadi druhym u obratlovcll) (Aparicio et al.
2002), v soucasné dobé jsou jiz k dispozici prvni verze (drafty) genomovych sekvenci
celkem u 60 druht paprskoploutvych ryb (http://www.ncbi.nlm.nih.gov/). Drtivou vétsinu
tvofi zastupci kostnatych ryb, ale nékolik genomi uz je znamo i u jinych rybich skupin (napft.
kostlin Lepisosteus oculatus). V brzké dob¢ se o¢ekava publikace prvnich genomu u jesetert
- Acipenser sinensis (Bernardi et al. 2012), A. naccari
(http://compgen.bio.unipd.it/anaccariibase/), A. ruthenus (Havelka M., osobni sd¢leni) a
také u pti¢nousté ryby Calorhynchus milli (http://esharkgenome.imcb.a-star.edu.sg/), ktera
nasledné muze poslouzit jako wuziteCny outgroup pro Actinopterygii. SoubéZné se
sekvenac¢nimi projekty (a z velké Casti i na podporu jejich spravného poskladani) se u ryb
zaCinaji stale vice objevovat studie zabyvajici se rybi transkriptomikou, konstrukci
nejruzngjSich typii genetickych map a analyzami konzervované syntenie (tedy analyzy
lokust, které se nachazeji spolu na jednom vldkné DNA u jednoho organizmu a hleda se,
zda-li je toto usporadani stejné u dvou ¢i vice srovnavanych druhl; Ehrlich et al. 1997)

(ptehled viz Braasch et al. 2015). Podobné analyzy vSak komplikuje pfitomnost paralogu (tj.
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homologli genli odvozenych genovou duplikaci) po jedné ¢i vice polyploidizacnich
udalostech (Braasch et al. 2015). Navic kvuli problémim s finalnim umisténim repetitivnich
sekvenci byvaji tyto sekvence Casto z poskladaného genomu vyfazeny (piestoze mnohdy
tvofi jeho podstatnou ¢ast) (Van Oeveren et al. 2011). Proto se vi stale relativné malo o
struktufe a organizaci rybich genomi. Dosud bylo v tomto ohledu nejvice informaci ziskano
na zaklad¢ analyz velikosti genoml pomoci méfeni obsahtt DNA a dale prostfednictvim
(molekularn¢) cytogenetickych studii, kde se ukazalo byt mimoiadné cennym zdrojem
informaci mapovani riznych typt repetitivnich sekvenci (napt. Fischer et al. 2004, Martins
2007, Cabral-de-Mello & Martins 2010, Arai 2011, Cioffi & Bertollo 2012). Uloha
molekularni cytogenetiky je i v dnesni (tj. postgenomové) dobé nezpochybnitelna, mj.
sohledem na nutnost tvorby fyzickych map pro ucely spravného poskladani
osekvenovanych genomt (Lewin et al. 2009, Van Oeveren et al. 2011). Navic diky znaénym
pokrokiim v molekuldrni genetice, mikroskopii a bioinformatice se i védni disciplina
zabyvajici se chromozomy neustale vyviji a posouva metodologicky kuptedu a je schopna
nadale poskytnout odpovédi na celé spektrum systematickych, taxonomickych, evoluénich
a ekologickych otazek. Tim spiSe, pokud se ziskana data integruji a interpretuji v kontextu
s vysledky jinych, zejména fylogenetickych, genomickych, popula¢nich ¢i morfometrickych
analyz (Jaillon et al. 2004, Robinson et al. 2008, Oliveira et al. 2009, Mazzuchelli et al. 2012,
Sotero-Caio et al. 2015, Valente et al. 2016). Tato prace se o takovy piistup snazi a pokousi
se poskytnout vhled do dynamiky genomi vybranych skupin paprskoploutvych ryb na
chromozémové a sub-chromozémové urovni pro objasnéni konkrétnich otazek spjatych

s evoluci, ekologii a speciaci u téchto skupin.
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Obr. 1: Systematické ¢lenéni ryb s casovou osou datujici divergence jednotlivych skupin.
Taxonomické skupiny zahrnujici ryby analyzované v této praci jsou zvyraznény Cervenym
textem. Upraveno podle Near et al. 2012.
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2. Cile prace

Jelikoz paprskoploutvé ryby zahrnuji polovinu diverzity vSech obratlovct, byla by
hloubkové analyza na Grovni zastupct vSech jednotlivych skupin obsahové nad ramec této
prace i nad moznosti jedné laboratofe. Sviij cytogeneticky vyzkum jsem proto soustiedil na
vybrané skupiny, které svymi ojedinélymi vlastnostmi nabizeji vhodnou pftilezitost pro
analyzu dynamiky repetitivnich sekvenci za ucelem lepSiho porozumeéni procesim
karyotypové diferenciace a genomové evoluce u paprskoploutvych ryb a kde zaroven mohou
ziskané vysledky pfispet k zodpovézeni komplexnéjSich, zejména evolucné-ekologickych
otazek. Vedle zastupct dvou velkych skupin kostnatych ryb (Cobitoidea a Salmonidae) byli
analyzovani také jesetefi (Acipenseridae) jakozto zastupci bazalnich skupin

paprskoploutvych ryb nepatiicich mezi kostnaté.

Hlavni cile predkladané dizerta¢ni prace lze definovat v nasledujicich bodech:

- Oveéfit potencidl karyotypovych zmén jako evoluéni sily v pozadi enormni
systematické a odtud taxonomické a ekologické diverzifikace mienek celedi
Nemacheilidae (Teleostei: Cobitoidea).

- Prostudovat vliv repetitivnich sekvenci na proces sympatrické speciace u dvou druhii
sithti (Teleostei: Salmoniformes) ze severonémeckého jezera Stechlin — Siroce
roz$iteného siha malého Coregonus albula a endemického siha stechlinského
C. fontanae.

- Popsat moZnosti vyuziti metod GISH a CGH v cytogenetické analyze ryb
a optimalizovat je pro analyzu vybranych skupin paprskoploutvych ryb

- Pomoci metod GISH a CGH analyzovat genomovou kompozici u mezidruhovych
hybridd jeseterti (Chondrostei: Acipenseriformes), vyprodukovanych v akvakultufe
z druhi jeseter maly Acipenser ruthenus, jeseter rusky A. gueldenstaedtii a jeseter
sibifsky A. baerii, ve snaze objasnit cytogenetické pozadi ptetrvavajici fertility u
jesetefich hybridd, casto vysoce polyploidnich.

- Analyzovat puvod endemické sekavky ‘Botia’ zebra (Teleostei: Cobitoidea),
potencialniho hybrida druhti Leptobotia guilinensis (2n) a Sinibotia pulchra (4n).
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3. Literarni prehled
3.1. Zakladni charakteristiky karyotypua ryb

Cytogenetika se stala v tad¢ ptipadd dulezitym pfistupem pro studium evolu¢ni
biodiverzity ryb (Molina 2007, Oliveira et al. 2009, Artoni et al. 2015). Vzhledem k tomu,
ze ryby celkové tvofi vice nez polovinu vSech druhii dnesnich obratlovcl, pfispivaji
cytogenetické analyzy této skupiny zaroven i k objasnéni procesu v pozadi evoluce
a organizace genomd obratlovci obecné (Martins & Cabral-de-Mello 2010). Posledni dosud
publikovany pichled (Arai 2011) zahrnuje pies 3 400 karyotypovanych rybich druhti, coz
pfedstavuje jen nepatrny zlomek z celkové rybi biodiverzity. Piestoze se pocet
karyotypovanych druhit kazdym rokem navySuje, tak s ohledem na kazdoro¢ni
exponencialni nartist novych popsanych rybich druhti (Eschmeyer et al. 2016) se
procentuelné podil znamych karyotypovanych druht spiSe paradoxné snizuje. Abychom
ziskali néjakou ucelenéjs$i predstavu o karyotypové diferenciaci/evoluci ryb, zbyva do
celkové mozaiky poskladat jesté vétSina dilki. Nicméné jiz nyni z dostupnych udaji je
ziejmé, ze ohromna rybi biodiverzita je odrazem dynamickych procesli na genomové tirovni,
které i s ohledem na probéhlé celogenomové duplikace maji pon¢kud voln€j$i manipulacni
prostor a ¢ini tak rybi genom plastickym (Robinson-Rechavi et al. 2001, Venkatesh 2003,
Volff 2005, Ravi & Venkatesh 2008). To se nepochybné odrazi jak v morfologické
a ekologické variabilité (Nelson 2006), tak i v karyotypové diferenciaci a evoluci (Kohn et
al. 2006, Molina 2007, Mank & Avise 2006, Arai 2011, Molina et al. 2014).

Zatimco teplokrevni obratlovci obvykle byvaji velice citlivi na rizné cytogenetické
zmény, jez ve svém dusledku mohou vést k letalité nebo k infertilité (Otto & Whitton 2000),
studenokrevni obratlovci toleruji zmény na chromozémové urovni daleko 1épe (Mable et al.
2011). Proto se mohou tyto zmény daleko efektivnéji projevit jako faktor v pozadi
evolu¢nich procesi u dané skupiny Zivoc¢ichd, zejména tedy u plazi a ryb (Comai 2005, Otto
2007, Mable et al 2011). Zejména nékteré skupiny ryb vykazuji zna¢nou plasticitu genomu
projevujici se zvySenou nachylnosti k opakovanym procesim polyploidizace (napft.
maloostni — Cypriniformes) (Benfey 1989, Amores et al. 1998, Pandian a Koteeswaran 1998,
Leggatt & Iwama 2003, Taylor et al. 2003, Mank & Avise 2006, Yang et al. 2015)
a k produkci mezidruhovych hybridi (Schultz 1969, Dawley & Bogart 1989, Schwartz
2001, Saitoh et al. 2010 a dalsi). Pravdépodobné jsou tyto jevy u paprskoploutvych ryb
podporovany krom vySe zmitiované flexibility genomu rovnéz vysokou frekvenci vyskytu

neredukovanych gamet a sklony k hybridizaci (Mable et al. 2011, Mason & Pires 2015).
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Uvedené zmény spolu s rozdilnou afinitou k akumulaci rtiznych typt repetitivnich
sekvenci vedou k vyraznym zménam ve sloZeni a velikostech rybich genomt, které mohou
byt patrné i mezi blizce ptibuznymi druhy (Hinegardner & Rosen 1972, Hardie & Hebert
2004, Pie et al. 2007, Smith & Gregory 2009, Gregory 2016). Znac¢na variabilita je u ryb
patrnd 1 co se tyce rozpéti diploidnich poc¢ti chromozému — od 2n = 12 u Gonostoma
bathyphilum (Gonostomatidae) (Post 1974) do 2n = 446 u Ptychobarbus dipogon
(Cyprinidae) (Yu & Yu 1990). Avsak u vétSiny druht ryb se diploidni po¢ty pohybuji
v rozmezi od 44 do 52 chromozému (Obr. 2), pficemz téméf 50 % kostnatych ryb ma
karyotyp sestavajici ze 48 nebo 50 chromozomu (Galetti et al. 2000, Leggatt & Iwama 2003,
Mank & Avise 2006), v¢etné vétsiny zastupctt Cypriniformes (Arai 2011). Tento pomér je
do jisté miry ovlivnény velkym poctem analyzovanych druhti ze skupiny ostnoploutvych ryb
(Perciformes), ktera ptredstavuje nejdiverzifikovansi rybi skupinu a kde se u zastupci
nékterych ¢eledi udrzuje zna¢né konzervované 2n = 48 (Mank & Avise 2006, Molina 2007,
Molina et al. 2014). V ramci Teleostei je diploidni pocet 2n = 48 povazovan za puvodni,
pficemz ancestralni karyotyp byl pravdépodobné sestaven vyhradné z jednoramennych

chromozomu (Ohno 1970, Kohn et al 2006).

200
180 .
160
140 -
120
100 - '8
80 - il

Pocet studovanych druh

Obr. 2: Distribuce diploidnich pocti chromozémt (2n) u dosud studovanych skupin
paprskoploutvych ryb. Osa x — 2n; 0sa y — po¢ty studovanych druhi. Upraveno podle Molina
et al. 2014.

18



Zatimco nékteré skupiny ryb jsou znacné konzervativni i ve smyslu neménného
poméru jednotlivych chromozémovych kategorii jako napf. néktefi zastupci jiz
zminovanych Perciformes (Molina 2007, Motta-Neto et al. 2011a, b, Calado et al. 2014),
U jinych skupin je mezidruhové patrna vyrazné variabilita v zastoupeni jednoramennych
a dvouramennych chromozému - napt. u lososovitych (Salmoniformes) (Phillips & Réab
2001). U tady skupin ryb (typicky u maloostnych, Cypriniformes) chromozomy vykazuji
plynuly piechod mezi jednotlivymi chromozémovymi kategoriemi z divodu gradualné se
ménici pozice centromery (napi. Rab & Collares-Pereira 1995, Sola & Gornung 2001).
Nemaly pocet rybich druhi navic ve svych karyotypech udrzuje rizné typy polymorfizmd,
které mohou zahrnovat napf. jedince heterozygotni pro centrické fuze nebo rozpady, coz je
typické napiiklad pro nékteré lososovité (Salmonidae; Thorgaard 1976, Phillips &
Kapucinski 1987, Phillips & Rab 2001) a hlavacovité (Gobiidae; Ene et al. 2003) nebo pro
nékteré halanciky (Notobranchiidae; Volker et al. 2008). N¢kdy se takova variabilita odhali
az po analyze velkého souboru jedincti — objevi se tzv. kryptické karyotypy (napt. Oliveira
et al. 2009). V urcitych ptipadech takové objevy mohou byt znamkou pravé probihajiciho
procesu speciace. Napt. u halan¢ika druhu Chromaphyosemion bivittatum byl pozorovan
maly stupen haplotypové a morfologické diverzity, zatimco karyotypova variabilita na
urovni vnitropopulacni a mezi populacemi je zna¢na, coz indikuje rychlou chromozémovou
evoluci (Volker et al. 2007, 2008). Vice nez dvé karyotypové formy (tzv. karyomorfy) byly
popsany napf. u trahird druhid Hoplias malabaricus (Bertollo et al. 2000) a Erythrinus
erythrinus (Bertollo et al. 2004) (Erythrinidae), mezipopula¢ni rozdily byly zaznamenany
u hadohlavcovitych (Channidae) (Tanomtong et al. 2014). V piipadé H. malabaricus bylo
vSak zjisténo, Ze se jednd o komplex né€kolika kryptickych druhi, s dobie definovanymi
rozdily mezi populacemi a absenci hybridnich jedinct z oblasti, kde se nositelé rtiznych
karyomorf vyskytuji sympatricky (Bertollo et al. 2000, 2007, Cioffi et al. 2012b). Tento druh
apravdépodobné i E. erythrinus budou jisté potfebovat taxonomickou revizi. H. malabaricus
patii spolecné napft. s tilapii nilskou Oreochromis niloticus (Martins et al. 2004), tetrou
drsnoploutvou Astyanax scabripinnis (Piscor et al. 2015), pstruhem duhovym Oncorhynchus
mykiss (Phillips et al. 2001, Porto-Foresti et al. 2007), lososem obecnym Salmo salar (Abuin
et al. 1996, Phillips et al. 2001), kaprem obecnym Cyprinus carpio a karasem stiibfitym
Carassius carassius (Rab et al. 2007, Knytl et al. 2013b) k cytogeneticky
nejprozkoumanéj$im rybim druhtim soucasnosti. Na trovni vétSich taxonomickych celkt
pak miiZzeme zafadit mezi cytogeneticky nejvice prostudované skupiny ryby lososovité

(Salmonidae) (Phillips & Réab 2001), kaprovité (Cyprinidae) (Arai 2011), stikotvarné
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(Esociformes) (Rab 2004), cichlidy (Cichlidae) (Poletto et al. 2010a), jesetery
(Acipenseriformes) (Fontana 2001, 2007, 2016) a ostnoploutvé ryby (Perciformes) jednak z
Neotropické oblasti (Molina 2007, Artoni et al. 2015) a dale pak z oblasti za Antarktickou
koncergenci oceanského vymeéniku (Notothenioidei) (Pisano & Ozouf-Costaz 2000, Pisano
& Ghigliotti 2009).

Jednou ze zédkladnich charakteristik sledovanych pii karyotypové analyze je
distribuce (konstitutivniho) heterochromatinu. Oblasti na chromozémech vykazujici
zvySenou akumulaci heterochromatinu mohou byt dilezitym zdrojem karyotypové
variability a to zejména proto, ze v jejich blizkosti ¢asto dochazi ke dvouvlaknovym zlomim
vedoucim k naslednym chromozémovym piestavbam (Raskina et al. 2008). Mnozstvi a
distribuce heterochromatinu je i u ryb vysoce relevantnim cytogenetickym znakem, ktery
vykazuje variabilitu mezi druhy, populacemi stejného druhu (napt. Molina et al. 2008) nebo
mezi jedinci stejné populace (napi. Mantovani et al. 2000, 2005) a tato variabilita hrala
Vv karyotypové diferenciaci nékterych skupin ryb dulezitou roli (Ojima & Ueda 1978, Mayr
et al. 1985, Souza et al. 1996, Caputo et al. 1997, Margarido & Galetti 2000, Volker et al.
2008, Baumgirtner et al. 2014). Korelace mezi heterogenitou heterochromatinu a znacnymi
zménami ve struktuie karyotypu byla dokumentovana u fady rybich skupin (napt. Caputo et
al. 1997, Cioffi et al. 2009b, 2010b, Blanco et al. 2010a, 2011). Byly popsany i
vnitropopulaé¢ni polymorfizmy spocivajici v rozdilné velikosti ramének homologickych
chromozoému po amplifikaci heterochromatinu (napt. Volker et al. 2007, Baumgirtner et al.
2014). Naopak vyrazné redukovany obsah heterochromatinu u nékterych Perciformes byva
davan do kontextu se stabilitou jejich karyotypid (Molina 2007). Akumulace
heterochromatinu zaroven u nékterych ryb souvisela s evoluci pohlavnich chromozémi
(Centofante et al. 2002, Rosa et al. 2006, Molina et al. 2008, Cioffi et al. 2010b). Typickou
vlastnosti heterochromatinu je jeho komplexni sloZeni z riznych typli tandemovych repetic
a transponovatelnych elementt (TEs) (Lippman et al. 2004, Sharma & Raina 2005).
Primarné se jedna o vysoce repetitivni sekvence lokalizované vétSinou Vv centromerach a
telomerach, ale v genomech se zvySenym obsahem heterochromatinu se bloky
heterochromatinu nachézeji i jinde, jak bylo ukazano napt. u ne¢kterych Neotropickych ryb
(Margarido & Galetti 2000).

V genomech celé fady druhti kostnatych ryb byl konstitutivni heterochromatin
charakterizovan jak na Grovni chromozémové distribuce, tak na urovni sekvence DNA
(zejména u vysoce repetitivnich sekvenci) (Uno et al. 2013 a citace zde uvedené). Tyto

informace pomohly v nékterych ptipadech ovéfit fylogenetické vztahy u blizce ptibuznych
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druhd. Konstitutivni heterochromatin je u ryb studovan pomoci C-pruhovani a za pomoci
barveni AT- a GC-specifickymi fluorochromy (Mayr et al. 1985, Sumner 1990). Oblasti
barvitelné bazove-specifickymi fluorochromy vSak nemuseji nutné odpovidat pouze usektim
konstitutivniho heterochromatinu. GC- specifické fluorochromy u ryb az na vyjimky (u
jeseter; Fontana et al. 1998b) vizualizuji (Casto vyhradn¢) oblasti nukleolarnich
organizatord (NOR; nucleolar organizer region) (Schmid & Guttenbach 1988, Rab et al.
1999, Galetti 2001). Mohou vsak vizualizovat 1 oblasti 5S rDNA (Deiana et al. 2000,
Affonso & Galetti 2005, Morescalchi et al. 2007, Lima-Filho et al. 2014b). Existuji i
pozoruhodné piipady vnitrodruhové variability ve velikosti a pozicich GC-bohatych tseki,
jako napf. u sivena amerického Salvelinus fontinalis (Sliwinska-Jewsiewicka et al. 2015 a
citace zde uvedené).

Karyotypovou analyzu ryb nékdy komplikuje vyskyt mikrochromozomii a B
chromozému. Mikrochromozémy jsou na prvni pohled velmi drobné elementy, ¢asto genove
a GC-bohaté, vykazujici vyssi Cetnost rekombinace (zejména u ptakii; Burt 2002, Axelsson
et al. 2005). Velikostni hranice vymezujici mikrochromozémy od ostatnich chromozomu
Vv karyotypu neni pfesné stanovena (resp. ruzné definice se Casto rozchazeji), ale vétSinou se
takto oznacuji elementy mensi nez 20 Mbp (napt. Rodionov 1996). Mikrochromozomy lze
nalézt napiiklad u jesetert (Acipenseridae) (Fontana 1994, 2001, Fontana et al. 2007) nebo
nékterych cichlid (Cichlidae) (Poletto et al. 2010a) a svoji velikosti se k nim ¢asto blizi i
elementy z druhé zmifiované kategorie — B chromozémy. Ty byly dosud popsany u zhruba
60 druhti ryb, Casto zastupcl trnobiichych (Characiformes) a sumcovitych (Siluriformes)
(Carvalho et al. 2008, Martins et al. 2014, Barbosa et al. 2015), ale i u cichlid (Cichlidae)
(Poletto et al. 20103, b, Fantinatti et al. 2011), kaprovitych (Cyprinidae) (Ziegler et al. 2003)
a lososovitych (Salmonidae; zejména u rodu Coregonus; Jankun et al. 1991, 1995, Phillips
& Rab 2001). Narozdil o mikrochromozémi byvaji B chromozomy v populaci poéetné
variabilni a obvykle jsou tvofeny vysoce a sttedné repetitivni DNA (napt. rDNA, satelitni
DNA - satDNA,; transponovatelné elementy — TEs, aj.) (Camacho 2005). Masivni
akumulace repetitivnich sekvenci mize z B chromozému v nékterych piipadech ucinit
dokonce naopak nejvétsi chromozom v karyotypu (u ryb napt.: Ziegler et al. 2003, Poletto
et al. 2010b). Posledni dobou se ukazuje, ze B chromozémy mohou obsahovat i celou fadu
aktivné prepisovanych gent kodujicich proteiny nebo rRNA (Makunin et al. 2014) véetné
ptipadt u ryb (Yoshida et al. 2011, Pansonato-Alves et al. 2014 a citace v ném uvedené).

Z hlediska mechanizmu urceni pohlavi jsou ryby velice atraktivni skupinou pro

vyzkum, protoze disponuji zna¢nou diverzitou od hermafroditizmu po gonochorizmus a od
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environmentalni determinace pohlavi po genetickou (na tirovni genové ¢i chromozémové)
(Devlin & Nagahama 2002, Schartl 2004, Volff et al. 2007, Kobayashi et al. 2013). Nékteré
skupiny se navic rozmnozuji specialnimi zptsoby asexualni reprodukce (piehled viz Avise
2008; viz dale). Na rozdil od teplokrevnych zivocichii jsou u ryb determinace a diferenciace
pohlavi dva rizné procesy: prestoze je pohlavi u vétSiny ryb uréeno geneticky, proces
pohlavni diferenciace muize byt jesté ovlivnén vnéjsimi faktory jako je teplota a pH vody
anebo hormonalni stimulace. Proto Ize pomoci specifickych manipulaci dodate¢né pohlavi
u ryb zménit (tzv. ,,sex reversal®) (piehledy viz Devlin & Nagahama 2002, Pifferer et al.
2009).

Z hlediska chromozémového urceni pohlavi bylo u ryb popsano celkem osm riznych
systémi pohlavnich chromozoémil od téch zakladnich (XX/XY, XX/XO0, ZZ/ZW, ZZ/70) az
po ruzné slozit&jsi systémy neopohlavni (napf. XX/XY1Y2, X1X1XoXo/X1X2Y, ZZIZW1W>,
21717,7,17,:Z,W) (Devlin & Nagahama 2002). Morfologicky diferencované pohlavni
chromozomy byly nalezeny zatim u zhruba 10% analyzovanych druhi (Devlin & Nagahama
2002). Extrémni piipad chromozémového uréeni pohlavi u ryb byl popsan u ¢tverzubce
Takifugu rubripes, kde jedina substituce (tj. bodova mutace) v genu determinujicim pohlavi
odlisuje chromozémy X a Y (Kamiya et al. 2012). Ukazuje se, Ze systém a/nebo stadium
diferenciace pohlavnich chromozémi se mohou u ryb vyrazné liSit na Grovni blizce
ptibuznych druht (de Oliveira et al. 2008, Henning et al. 2008), riznych populaci toho
samého druhu — napt. u pstruha Onkorhynchus mykiss (Salmonidae) (Colihueque et al. 2001)
a platy Xiphophorus maculatus (Kallman 1984) ¢i na trovni raznych karyomorf v ramci
druhového komplexu — napt. u trahira H. malabaricus (Bertollo et al. 2000, Cioffi et al.
2012b). U nékterych skupin (napt. Salmonidae, Cichlidae) bylo zjisténo, Ze stejné systémy
pohlavnich chromozémi nejsou stejného ptivodu a Ze zde tudiz doslo ke konvergentni
evoluci (Phillips et al. 2001, Woram et al. 2003, Mank & Avise 2009). Tato pozorovani
poukazuji na opravdu znacnou variabilitu, kterd ¢asto nikterak nesouvisi s fylogenetickymi
vztahy v dané skupiné¢ a naznacuje, ze u pfibuznych druhG nezfidkakdy dochdzelo
k pfechodiim mezi riznymi pohlavné-determina¢nimi systémy v prib&hu evoluce (Mank et
al. 2006, Mank & Avise 2009). Tyto zmény mohly zaroven souviset se speciacnimi
udalostmi a ptispét tak ke znacné rybi biodiverzité (Volff2005). Datovani vzniku pohlavnich
chromoz6ému u ryb je vzacné, nicméné dosavadni tidaje ukazuji, Ze kromée skutecné evoluéné
mladych systémi pohlavnich chromozémt (napt. 0,6 MYA, tj. ,,million years ago* neboli
miliony let v ¢ase nazpét u rodu Eigenmannia z ¢eledi bezostnych Clupeiformes; Henning

et al. 2011) mohou byt nékteré dalsi i relativné staré — napi. u jazyka druhu Cynoglossus
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semilaevis (Chen et al. 2014), kde je stafi pohlavnich chromozému datovano na 30 MYA,
nebo u nékterych kostnatych ryb, napt. teter rodu Triportheus (15-25 MYA,; Yano et al., in
rev.), medaky Oryzias latipes (10 MYA; Kondo et al. 2004) a koljusky tiiostné Gasterosteus
aculeatus (10 MYA,; Peichel et al. 2004). Z vyse uvedenych charakteristik vyplyva, ze ryby
jsou velice zajimavym modelem pro studium evoluce pohlavnich chromozému (Devlin a
Nagahama 2002, Volff 2005).

Evoluce zakladnich i odvozenéjSich (neopohlavnich) systémi pohlavnich
chromozému u ryb zahrnuje na cytogenetické urovni zejména chromozémové piestavby a
akumulaci heterochromatinu (napt. Almeida-Toledo et al. 2000, Vicente et al. 2003, Oliveira
et al. 2009, Ross et al. 2009, Cioffi et al. 2010b, 2012a, b, ¢). Dosud popsané pohlavni
chromozémy ryb se vyznacuji riznou mirou heterochromatinizace a obsahem nejriznéjsich
repetitivnich sekvenci (napi. Cioffi et al. 2010b, 2011a, c, Terencio et al. 2012, Yano et al.
2014, Schmid et al. 2016). Dokonce i v ramci rodu miZze neparovy pohlavni chromozém
(alozoém) vykazovat riiznou miru degenerace asociovanou s odliSnym slozenim a mirou
akumulace repetitivnich sekvenci (Yano et al. in rev.). V nékterych ptipadech byly rybi
gonozomy V ¢asném stadiu evoluce odhaleny pravé na zaklad¢ piitomnosti konkrétnich

repetitivnich sekvenci (Haaf & Schmid 1994, Cioffi & Bertollo 2010).

3.2. Specifika studia karyotypové diferenciace ryb

Klasické cytogenetické studie poskytly v obdobi pfed nastupem metod moderni
molekularni biologie prvni informace o organizaci genomi u riznych skupin organizmd.
Kromé konvenéniho barveni Giemsou byly pouzivany rtizné pruhovaci techniky a rovnéz
metoda detekce NOR pomoci dusi¢nanu stiibrného (Sumner 1990, 2003, Ferguson-Smith
2015). Avsak vzhledem k tomu, Ze vSechny plvodni cytogenetické metody byly vyvijeny
primarné za Gcelem analyzy lidskych chromozom, bylo nutné je nasledné optimalizovat
vzdaluje €lovéku. To plati dvojnasobné u ryb, u nichz ohromna diverzita mnohdy nedovoluje
pouZit s Gispéchem jeden obecny standardizovany protokol. Uskali pfedstavuje u ryb mimo
jiné také velmi mala velikost jejich chromozomi, pohybujici se ¢asto v rozmezi 2-5 um
(Jankun et al. 2004). Ani po optimalizaci ov§em nékteré metody neposkytly u konkrétnich
skupin nemodelovych organizmu reprodukovatelné vysledky a v ptipadé ryb (a dalSich
studenokrevnych obratlovct)) predstavuje obvyklou komplikaci nemoznost aplikace
klasickych technik G-, Q- a R-pruhovani (Schmid & Guttenbach 1988, Sumner 1990), tedy

az na par, V soucastnosti opravnéné zpochybnovanych (Majtanova et al. 2016b), vyjimek
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(napt. Baxhall 1983, Gold et al 1990, Yu et al. 1994, Amaro et al. 1996, Medrano et al.
1988). V pozadi téchto odlisnych vlastnosti v barveni chromatinu stoji skuteCnost, ze
genomy vyssich obratlovci jsou ¢lenény do ptiblizné 300 kbp dlouhych AT- nebo GC-
bohatych usekti zvanych izochory (Bernardi 1993, Fortes et al. 2007), které zptisobuji, Ze se
na savCich a ptacich chromozémech vytvaii charakteristicky vzor pruhli. Genomy ryb
a vetsiny obojzivelnikt a plazt tuto charakteristiku postradaji (Medrano et al. 1988, Schmid
a Guttenbach 1988, Bernardi & Bernardi 1990, Schmid et al. 1990, Sumner 1990). Z toho
divodu se cytogeneticky vyzkum u nizSich obratlovcti zamétil kromé urceni 2n a celkového
poctu chromozémovych ramén (Nombre Fondamental, NF) (Matthey 1945) po obarveni
Giemsou zejména na analyzu heterochromatinu a pozdéji, s nastupem metody FISH, na
charakterizaci asociovanych repetitivnich sekvenci a studium jejich dynamiky a evolu¢ni
role (Cioffi & Bertollo 2012). Z metodologického hlediska vyuZzivaly rané cytogenetické
studie u ryb techniky pro analyzu konstitutivniho heterochromatinu, tedy C-pruhovani
(Sumner 1972) a fluorescencni pruhovani (za pouziti bazové-specifickych fluorochromit)
(Mayr et al. 1985), dale pak stanoveni tzv. fenotypu NOR (tj. po¢tu a pozice NOR; Amemiya
& Gold 1988) pomoci dusi¢nanu stiibrného (Howell & Black 1980) a v nékterych spise
vyjimeénych ptipadech bylo pouzito replikac¢ni pruhovani (napt. Jankun et al. 1998, Jankun
2000). Pti postupné aplikaci vyse uvedenych metod na tentyz chromozémovy preparat (S
vyjimkou replikacniho pruhovéni) je mozné ziskat soubor vzort, jejichz kombinaci se
snazime kompenzovat informacni hodnotu, kterou u vysSich obratlovcl zprostfedkovavaji
G-, Q- aR- pruhy. Tento pfistup se oznacuje jako tzv. sekvenéni barveni (piehled viz Rabova
et al. 2015) a je zalozen na rozdilnych mechanizmech plisobeni jednotlivych dil¢ich metod,
kdy kazda z nich ovliviiuje (a ve vysledku destruuje) jinou ¢ast chromatinu. Soubor vzori
ziskany kombinaci metod sekven¢niho barveni ndm muze poskytnout vyznamné voditko pti
konstrukei karyotypt a pfi jejich vzajemném srovnavani. Obdobnymi postupy byla u ryb
odhalena cela fada chromozémovych piestaveb, strukturnich a numerickych polymorfizm1,
systémy pohlavnich chromozomu a variabilita souvisejici s geografickou distribuci (napf.
Volker et al. 2007, Molina 2007). Na druhou stranu, n¢které skupiny ryb maji znacné
konzervativni karyotypy, vzor C-pruhd i fenotyp NOR (Molina 2007, Motta-Neto et al.
2011a, b), a tudiz n&jsou Vv téchto piipadech uvedené postupy pfili§ informativni.

Zakladni metodou molekularni cytogenetiky je fluorescenéni in situ hybridizace
(FISH), ktera umoznuje lokalizovat konkrétni sekvence DNA pifimo na chromozoémech.
S nastupem FISH byly moznosti analyzy karyotypu zna¢né rozsifeny jak u ryb (Phillips &
Reed 1996, Phillips 2001, Cabral-de-Mello & Martins 2010, Martins et al. 2011), tak i u
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dalsich nemodelovych organizmi (napf. Cabrero & Camacho 2008, Raskina et al. 2008,
Carvalho et al. 2009, Nguyen et al. 2010, da Silva et al. 2010). Badatelé se zaméfili zpocatku
zejména na vizualizaci vysoce a stfedné repetitivnich sekvenci zahrnujicich rDNA, histony,
telomery, centromery, TEs a satDNA (Martins et al. 2011). Pfestoze se vétSinou jednalo
0 studium mensiho souboru jedinct dané skupiny, vyskytly se i prace vétsiho rozsahu, na
populacni trovni (Veltsos et al. 2009).

Cytogenetické mapovani repetitivnich sekvenci metodou FISH ukazalo znaény
potencial pfi analyze karyotypové diferenciace ryb (Vicari et al. 2010, Cioffi & Bertollo
2012). Tyto klasické molekularné-cytogentické markery umoziuji dodnes detailn&jsi
mezidruhové srovnavaci studie, a to diky detekci homeologickych chromozémad.
Nejvyuzivangj$i je mapovani genl pro ribozomalni RNA, protoze jejich sekvenéni
konzervativita zna¢né usnadnuje mezidruhovou aplikaci (viz dale). V podobném smyslu lze
vyuzit i tandemové uspotadanych repetic gent pro histony a klastrt TES, ale tyto sekvence
DNA byvaji mén¢ konzervativni, a proto je obvykle vhodné pii piipravé odpovidajicich sond
pomoci PCR vyuZivat degenerované primery a nasledné navrhnout primery specificté;si
(Martins et al. 2011).

Pro izolaci a analyzu zcela novych, dosud nepopsanych repetitivnich sekvenci (¢asto
specifickych jen pro dany druh nebo skupinu ptibuznych druhti — napi. satDNA a TES) byla
(nejen) u ryb aplikovana metoda restrikéniho Stépeni. Pfi vhodném vybéru restrikéni
endonukleazy (tedy enzymu, ktery rozeznava jen urcitou specifickou zrcadlové-symetrickou
sekvenci vramci genomu a S$tépi ji) lze totiz ziskat fragmenty obsahujici konkrétni
repetitivni sekvenci a pouzit je jako sondu pro FISH. Nevyhodou je Casova néarocnost
zahrnujici nutnost testovani riiznych restrikénich endonukleaz, klonovani a sekvenovani celé
fady fragmenti, dokud neni nalezena vhodna kandidatni repetitivni sekvence (Cabral-de-
Mello & Martins 2010, Vicari et al. 2010, Martins et al. 2011). U ryb se tato strategie
osvédcila pti zkouméni ptivodu B chromozomi, struktury centromer a evoluce pohlavnich
chromozomu (Phillips 2001, Caputo et al. 2009, Mazzuchelli & Martins 2009, Vicari et al.
2010). Alternativni strategii pro analyzu dosud neznadmych repetitivnich sekvenci je pouZiti
Cot-1 DNA jako sondy pro FISH. Jedna se o vysoce repetitivni frakci genomu, jejiz izolace
z celkové genomové DNA je zalozena na rychlejsi reasocia¢ni kinetice oproti zbytku
sekvenci v genomu (Britten & Kohne 1968, Zwick et al. 1997). Obvykle se Cot-1 DNA
pouziva jako kompetitivni DNA v riznych hybridiza¢nich experimentech (Trifonov et al.
2009), ale lze ji vyuzit i jako sondu pro FISH, ktera nepfimo reprezentuje zejména satDNA.

U ryb byla tato strategie vyuZita napt. u nékterych ostnoploutvych (Perciformes) (Ferreira
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& Martins 2008, Fantinatti et al. 2011, Costa et al. 2015, Cioffi et al. 2015). V ur¢itych
ptipadech byla pouzita k mapovani na chromozémy i jind (pozd¢jsi) frakce Cot DNA
obsahujici $irsi $kalu repetitivnich sekvenci, napf. u jeseterti (Romanenko et al. 2015). Vedle
mapovani distribuce repetitivnich sekvenci se jiz u ryb zacinaji (pomoci imunodetekce)
mapovat i konkrétni epigenetické modifikace, které s vyskytem repetitivnich sekvenci
a heterochromatinu souvisi — napi 5-metylcytosin (Almeida-Toledo et al. 1998, Schmid et
al. 2016).

S postupem Casu, piestoze zakladni princip metody FISH ztstal zachovan, pokroky
v mikroskopii, bioinformatice a molekuldrni biologii umoznily nové konstrukce
experimentl. Z toho diivodu se v poslednich letech jiz i v ramci rybi cytogenetiky objevuji
prace zamétené na lokalizaci unikatnich sekvenci (zejména genti piitomnych pouze v jedné
kopii na haploidni genom) nebo sekvenci na pohlavnich chromozémech pomoci BAC klonii
(bacterial artificial chromosome) (Li et al. 2011, Garcia-Cegarra et al. 2013, Ghigliotti et al.
2013, Nanda et al. 2014, Taboada et al. 2014, Zhao et al. 2014) a na analyzu pohlavnich
chromozému ¢i mezidruhové homologie pomoci malovacich celochromozémovych sond
(WCP, whole chromosome painting) (Phillips et al. 2001, Diniz et al. 2008, Henning et al.
2008, 2011, Rab et al. 2008, Wang et al. 2009, Nagamachi et al. 2010, 2013, Cioffi et al.
2011d, e, 2013, Machado et al. 2011, Schemberger et al. 2011, Terencio et al. 2012, Pazian
et al. 2013, Blanco et al. 2014, Cocca et al. 2015). Nicméné, v pfipad¢ malovacich sond je u
velké fady rybich druhli téméf nemozné vybrat vhodny, tj. morfologicky jednoznacéné
odliSitelny chromozom, z divodu cCasto jen pozvolna klesajici velikosti chromozomu
v daném karyotypu a jejich malé velikosti (Laudicina & Miihlmann 2015). Proto az na
vyjimky (Henning et al. 2008, Rab et al. 2008) se vétsina studii vyuZzivajicich WCP u ryb
soustfedila na analyzu pohlavnich nebo B chromozémi. Ve snaze usnadnit vybér vhodného
chromozému pro WCP u ryb nékteti autofi doporucuji C-pruhovani (Vicari et al. 2010)
a jini jiz s uspéchem pouzili fluorescenéni barveni (Cioffi et al. 2011d). U pauhotovce druhu
Gymnotus carapo byla dokonce pomoci sortovani chromozémi piipravena témét kompletni
kolekce chromozémi pro malovaci sondy (Nagamachi et al. 2010).

Dalsi modifikaci FISH, ktera zejména v poslednich n¢kolika letech nasla uplatnéni
v rybi molekuldrni cytogenetice, je komparativni genomova hybridizace (CGH) ¢i
genomova in situ hybridizace (GISH) vyuzivajici jako sondu celogenomovou DNA. Tento
pfistup byl zatim u ryb vyuzit zejména pro analyzu genomového slozeni u mezidruhovych
hybrida (Zhu & Gui 2007, Valente et al. 2009, Rampin et al. 2012, Knytl et al. 20133, Pereira
et al. 2013, 2014, Yano et al., in rev., Majtanova et al. 2016a).
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V posledni dob¢ se navic zacina u ryb zavadét i metoda fibre-FISH, ktera umoziuje
natazeni chromozému jest¢ pred hybridizaci a je tedy vhodna pro detailnéj$i mapovani (s
rozliSovaci schopnosti 1-500 kbp), zejména v piipadé analyzy sousedicich nebo
prekryvajicich se (ko-lokalizujicich) mapovanych oblasti (Speicher & Carter 2005, de
Barros et al. 2011, Ozouf-Costaz et al. 2015).

V ramci této dizertacni prace byly kromé analyzy repetitivnich sekvenci metodou
FISH pouzity i vySe zminéné techniky GISH a CGH, o kterych bude podrobnéji pojednano

v samostatné kapitole.

3.3. Analyza repetitivnich sekvenci v genomech ryb

Eukaryotické genomy obsahuji celou skalu sekvenci DNA, které se v daném genomu
vyskytuji ve vét§im poctu kopii. Tyto tzv. repetitivni sekvence vykazuji znacnou evolu¢ni
dynamiku a variabilitu a v mnoha pfipadech zaujimaji vyznamnou ¢ast genomu
(Charlesworth et al. 1994, Jurka et al. 2005, Biémont & Vieira 2006) — konkrétn¢ napft. az
95 % genomu cibule nebo 50 % genomu lidského (piehledy viz Martins 2007, Cabral-de-
Mello & Martins 2010, Cioffi & Bertollo 2012, Lopez-Flores & Garrido-Ramos 2012).
Vysoky obsah repetitivni DNA (60 %) byl zjistén rovnéz u latimérie podivné Latimeria
chalumnae (Amemiya et al. 2013). Obecné se jedna o oblasti genomu, kde dochazi ve
zvySené mife k nukleotidovym substitucim a dalSim zméndm na urovni sekvence DNA,
které podporuji dynamiku této frakce genomu (Wichman et al. 1991, Henikoff et al. 2001,
Cioffi & Bertollo 2012). Opakované byla mj. zjisténa korelace mezi akumulaci blokid
repetitivni DNA a chromozoémovymi prestavbami (Raskina et al. 2008). Pfestoze se
repetitivni sekvence obvykle shlukuji v oblastech genomu s malou ¢etnosti rekombinace —
tedy pfevazné do centromerického a telomerického heterochromatinu (jak ukazuji i studie
na rybach; Sola & Gornung 2001, Cabral-de-Mello & Martins 2010), nejsou oproti
puvodnim predpokladim omezené pouze na oblasti heterochromatinu (Charlesworth et al.
1994, Kejnovsky et al. 2009, Supiwong et al. 2014, Costa et al. 2015 a dalsi).

Repetitivni sekvence lze klasifikovat podle rtznych kritérii. Zakladni tfidéni je
zalozeno na mnoZstvi dané repetice v genomu (vysoce a sttedné repetitivni sekvence) a dale
na jejim uspotadani — jednotlivé kopie mohou byt bud’ uspofadané v tandemu (za sebou),
anebo rozptylené po genomu (Obr. 3) (Sumner 2003, Cioffi & Bertollo 2012). Tandemové
byvaji usporadané satelitni sekvence, mini- a mikrosatelity a stfedné& repetitivni geny (patfici
mezi multigenové rodiny), zatimco mezi rozptylené repetice patii zejména TEs (Jurka et al.

2005). Navic fada genomi prodélala tzv. segmentalni duplikace, pti kterych jsou
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duplikovany fragmenty DNA delsi nez 1 kbp, které mohou byt nasledné organizované
v tandemu nebo premistény do jiné ¢asti genomu (Van de Peer & Meyer 2005, Lopez-Flores
& Garrido-Ramos 2012).

Zejména tandemové repetice podléhaji zna¢né dynamice podpofené amplifikaénimi
procesy a nerovnomérnym crossing-overem a spolu s TEs pfispivaji zna¢nou mérou
K nestabilit¢ genomu (Dover 1986, Lonning & Saedler 2002, Eickbush & Eickbush 2007,
Raskina et al. 2008). Diky uvedenym procesum jsou tandemové repetice zna¢né polymorfni
a mohou byt tedy pouzity jako vhodné markery pro genotypovani jedinci a populaci
(Jeffreys 1985), pro studium evoluce konkrétniho taxonu, identifikaci specifickych (tfeba
pohlavnich) chromozémt, identifikaci homologie chromozémi a chromozémovych
ptestaveb (piehledy viz Martins 2007, Cabral-de-Mello & Martins 2010, Cioffi & Bertollo
2012, Martins et al. 2011).

Diive se predpokladalo, ze vétSina repetitivnich sekvenci neméa v genomu
prakticky zadnou funkci a byly tak povazovany za ptebyte¢nou ¢ast genomu — tzv. ,,junk
DNA* nebo ,,selfish DNA* (Doolittle & Sapienza 1980, Orgel & Crick 1980). Tento nazor
se ovSem Vv poslednich letech vyrazné¢ zmeénil, zejména s ohledem na odhaleni aktivni
transkripce Vv nekodujicich oblastech genomu (ENCODE Project Consortium 2004)
a naakumulaci novych dat, které zménily uhel pohledu na tlohu repetitivnich sekvenci ve
strukturni a funkéni organizaci genomu (Biémont & Vieira 2006, Martins 2007, Cioffi &
Bertollo 2012).

Single/Few copy Repetitive
sequences elements

[ Encoding ] [ “Non-encoding” ] [ Encoding ] [ “Non-encoding” ]

[ Pseudogenes ][ Introns ][ Extragenic DNA ] In tandem

Dispersed

Transposable
elements

[ Satellite DNA ][ Microsatellite ][ Minisatellite ]

]
]

Obr. 3: Organizace eukaryotického genomu a ¢lenéni repetitivnich sekvenci podle Cabral-
de-Mello & Martins 2010.
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Porozuméni dynamice repetitivnich sekvenci a jejich roli v architektuie genomt a
organizaci chromozomu je vzhledem k jejich procentualnimu zastoupeni v genomu velice
dualezité. V poslednich dvou dekadach byla celd fada typti tandemovych nebo rozptylenych
repetitivnich sekvenci analyzovana u ryb, zejména metodou FISH a to se ukéazalo byt jako
velice produktivni (a ekonomicky zaroven relativné nenaro¢ny) piistup pii odhalovani
evolucnich sil v pozadi ohromné rybi biodiverzity (Vicari et al. 2008, 2010, Cabral-de-Mello
& Martins 2010, Cioffi & Bertollo 2012). Repetitivni sekvence poslouzily jako vhodné
markery pro cytotaxonomické a evoluéni studie a doplnily informace, které nebylo mozné
ziskat sekvenovanim genomtl.

Genomy ryb se navzajem co do obsahu repetitivnich sekvenci znacné lisi, a to jak
kvantitativné, tak i kvalitativné. Napfiklad u ¢tverzubce zeleného (Tetraodon nigroviridis),
ktery ma vibec nejmensi genom mezi obratlovci (Hinegardner 1968, Gregory 2016), je
obsah repetitivnich sekvenci velmi maly (Roest Crollius et al. 2000), pti¢emz TES
a pseudogeny se shlukuji vyhradné do omezené oblasti — do kratkych

heterochromatinizovanych ramének subtelocentrickych chromozoémi (Dasilva et al. 2002).

3.3.1. Satelitni sekvence, minisatelity a mikrosatelity

Satelitni DNA (satDNA) jsou tandemové repetice o délce zakladni jednotky
v rozmezi 100 — 1000 nt a o vysokém poctu opakovani (1000 — 100 000) (Charlesworth et
al. 1994, Lopez-Flores & Garrido-Ramos 2012). Jedna se o DNA, ktera pfi centrifugaci
V hustotnim gradientu CsCl tvoti oddéleny (satelitni) pik (Beridze 1986, Plohl et al. 2008).
SatDNA se vyskytuje jen na nékolika mistech v genomu, zejména v centromerach a
telomerach, kde napomahé spravné funkei téchto chromozémovych domén (Charlesworth
et al. 1994, Shapiro & Sternberg 2005, Grewal & Jia 2007). Z diivodt dynamickych procest
spjatych s evoluci tandemovych repetic obecné (nerovnomérny crossing-over, genova
konverze a transpozice; Dover 1986) vznikaji ¢asto druhové-specifické sekvence satDNA —
napt. 5S-HindllI-DNA u trahira H. malabaricus (Martins et al. 2006, Ferreira et al. 2007).
Naopak nekteré satDNA mohou byt spolecné pro celou ¢eled’ nebo tad — jako napt. Pstl a
Hindlll satDNA u jeseterti (Landfredi et al. 2001, Robles et al. 2004). U ryb byly satelitni
sekvence cytogeneticky studovany vétSinou nepiimo, ve spojitosti s analyzou distribuce
konstitutivniho heterochromatinu C-pruhovanim. Praci zamétenych na popis konkrétni
satelitni sekvence na molekularni Grovni a na jeji zamapovani na chromozémy je méné
(ptehledy viz Phillips et al. 2001, Martins 2007, Cabral-de-Mello & Martins 2010, Vicari et

al. 2010, Martins et al. 2011). Rada studii zaméfila pozornost zejména na identifikaci
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satDNA sekvenci souvisejicich S pohlavnimi chromozémy a B chromozomy (Martins 2007),
napt. As51 u tetry drsnoploutvé Astyanax scabripinnis (Mestriner et al. 2000).

Minisatelity zahrnuji repetice dlouhé piiblizné 10 — 100 bp, o po¢tu n€kolika desitek
az stovek kopii v ramci tandemu (Jeffreys 1985). Ackoliv byly popsany u fady rybich druha
(Goodier & Davidson 1998), na chromozémy byla mapovana pouze hrstka z nich — napt. u
lososa obecného Salmo salar (Pérez et al. 1999), nebo u ¢tverzubce zeleného Tetraodon
nigroviridis (Fischer et al. 2004). Druha z uvedenych praci ukazuje asociaci minisateliti
s TEs a naznacuje tak jeden z moznych procest zodpoveédnych za jejich dynamiku.

Mikrosatelity jsou charakteristické jednotkou dlouhou pod 9 nt, ktera se nejcastéji
opakuje 4-40x (ale i vice) a vytvari tandemové bloky ne del$i nez 1 kbp (Tautz & Renz 1984,
Chistiakov et al. 2006). Mikrosatelity se z hlediska dynamiky chovaji podobné jako
minisatelity; uplatiuji se zde procesy ektopické (=nealelické¢) rekombinace,
nerovnomérného crossing-overu, replikacni sklouznuti DNA polymerazy a asociace s TES
(Schlotterer 2000, Ellegren 2004, Scacchetti et al. 2015a a prace zde uvedené). Rozdil oproti
minisatelitim spociva v rozdilné distribuci na chromozémech a jejich potencialni funkci
v genomu (Lopez-Flores & Garrido-Ramos 2012). Kromé toho mikrosatelity jsou daleko
vice polymorfni, a proto se posléze vice uplatnily jako markery vyuzivané ve forenzni,
populaéni a evoluéni genetice (piehled viz Ellegren 2004). Jejich distribuce na
chromozomech byla zatim studovana jen u nékolika druhd ryb, ale v posledni dobé pocet
takto zaméfenych praci prudce stoupa (viz dale). Ukazuje se, ze mikrosatelity mohou byt
Siroce zastoupené v euchromatinu i v heterochromatinu a nékteré mohou byt dale
preferencné lokalizovany napt. na B chromozémech (Milani & Cabral-de-Mello 2014) nebo
pohlavnich chromozémech (Kubat et al. 2008, Pokorna et al. 2011, Kejnovsky et al. 2013)
a to vcetné¢ ptipadli publikovanych u ryb (Nanda et al. 1990, Cioffi et al. 2011a,b, c;
Schemberger et al. 2011, Xu et al. 2013, Cioffi et al. 2015, Ziemniczak et al. 2015).
Neziidkakdy se mikrosatelity shlukuji v telomerach nebo subtelomerickych oblastech —
napt. u trnobfichych (Characiformes) (Hatanaka et al. 2002, Cioffi et al. 2011b, Scacchetti
et al. 2015c).

V této praci sice nebyly zadné konkrétni satDNA ani mini- nebo mikrosatelity
cytogeneticky analyzovany, ale piitomnost jejich genomové-specifickych variant
nepochybné sehrdla vyznamnou tlohu pii analyzach rybich genomt metodami GISH a

CGH.
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3.3.2. Telomery

Telomery jsou specidlni ribonukleoproteinové struktury na koncich chromozoémi,
slozené ze specifickych G-bohatych tandemovych repetic DNA, proteinovych komplexa
(nazyvanych souhrnné¢ ,,shelterin®) a nekodujici telomerické RNA (TERRA) (de Lange
2005, Azzalin et al. 2007, O"Sullivan & Karlseder 2010). Hlavni funkce telomer je chranit
konce eukaryotickych chromozémil pfed enzymatickou degradaci a pted fuzemi s jinymi
chromozémy; zabranit rozpoznani koncti chromozdému enzymatickou masinerii pro opravu
dvouvlaknovych zloma a zamezit zkracovani chromozémit vyplyvajiciho z mechanizmu
replikace na opozdéném vldkné DNA (Olovnikov 1973, Blackburn & Greider 1995, Bolzan
& Bianchi, 2006). U telomerické DNA ryb, stejn¢ jako u ostatnich obratlovci, je zakladni
jednotkou opakovani hexamer (TTAGGG), (Moyzis et al. 1998, Meyne et al. 1989, 1990).
Telomery vykazuji zna¢nou délkovou variabilitu mezidruhovou, vnitrodruhovou i v ramci
chromozomu jedné bunky (Zijlmans et al. 1997, Canela et al. 2007). U ryb se tato variabilita
pohybuje mezi 2-15 kbp (Elmore et al. 2008). Krom¢ své obvyklé ptitomnosti na koncich
chromozomu se mohou telomerické repetice vyskytovat i v jinych ¢astech genomu jako tzv.
intersticialni telomerické sekvence (ITSs) (ptehledy viz Bolzan & Bianchi 2006, Lin & Yan
2008, Ruiz-Herrera et al. 2008). V takovych ptipadech mohou byt pozistatkem po
nejriznéjsich chromozémovych piestavbach — ¢asto fuzich, méné Casto inverzich (napf.
Meyne et al. 1990, Metcalfe et al. 1998, Go et al. 2000, Nanda et al. 2002b, Hartmann a
Scherthan 2004, Mota-Velasco et al. 2010, Ocalewicz 2013), ale mohou rovnéz byt
vysledkem procesi transpozice nebo nékterych mechanizmi opravy dvouvlaknovych zlomi
v DNA (Azzalin et al., 2001, Nergadze et al. 2007). V ptipadech zejména evoluéné starSich
chromozoémovych piestaveb uZz nemusi byt ITSs pfitomny, poptipadé¢ nemusi byt zahrnuty
do prestavby jiz od poc¢atku (napt. u Robertsonovych (Rb) translokaci mysi; Garagna et al.
1995, Nanda et al. 1995), anebo mohou byt pfitomny v tak malém poctu kopii, ze jsou
cytogeneticky nedetekovatelné. Byly vSak popsany 1 situace, kdy se ITSs naopak zachovaly
u evolucéné starSich piestaveb, zatimco u recentnich se nedochovaly (Nanda et al. 2002b).
ITSs jsou povazovany za oblasti nachylné ke k rekombinacim (Ashley & Ward 1993, Nanda
et al. 2002b) a mohou potencialné vést k naslednych druhotnym centrickym rozpadiim a
inverzim (Slijepcevi¢ 1998, Lin & Yan 2008). ITSs se vyskytuji napfi¢ rGznymi taxony
vcetné obojzivelnikil, ptakt, hlodavei a savct (Meyne et al. 1990, Schmid et al. 2010) a
byly popsany i u celé fady druhti ryb (ptehled Ocalewicz 2013). ITSs ryb casto asociuji
s konstitutivnim heterochromatinem (napt. Meyne et al. 1990, Cioffi et al. 2010a, Scacchetti

etal. 2011, Rosa et al. 2012) a mohou v né€kterych piipadech sousedit nebo ko-lokalizovat i
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s oblastmi NOR (napft. Ocalewicz et al. 2004, Gornung et al. 2004, Pomianowski et al. 2012)
nebo 5S rDNA (Rosa et al. 2012). Mohou dokonce pokryvat i celé mikrochromozomy jako
napf. u nékterych jeseteri (Fontana et al. 1998a, 2004). N¢které studie naznacuji, ze zejména
v ptipadech rozsahlych ITSs (tzv. heterochromatinové ITSs, het-1TSs) se jiz nemusi jednat
0 telomerické sekvence sensu stricto, nybrz o tzv. ,telomere-like* sekvence, které se
amplifikuji riznymi mechanizmy jako soucast satelitni sekvence (Garrido-Ramos et al.
1998, Metcalfe et al. 2004, Ruiz-Herrera et al. 2008). V kazdém ptipad¢ FISH se sondami
komplementarnimi k telomerickym sekvencim mize poskytnout velice cenné informace o
recentnich nebo relativné neddvnych procesech souvisejicich se zménami na chromozémové
urovni (v ramci ryb napt. Cioffi et al. 2010a, Cioffi et al. 2011a, ¢, Ocalewicz 2013,
Ocalewicz et al. 2013), a muze byt dale velice uzite¢na i V ptipadech, kdy neni lehké
definovat konce jednotlivych chromozomi — napiiklad pti analyze meiotickych multivalentt

pohlavnich chromozomil (pt. Sichova et al. 2015).

3.3.3. Stiedné repetitivni geny (multigenové rodiny)

V analyze karyotypt metodou FISH patii mezi nejuzivané;jsi takové sondy, které jsou
komplementarni ke genlim tvofici tzv. multigenové rodiny (Cabral-de-Mello & Martins
2010). Obecné se jednad o skupiny gent, které byly odvozené genovou duplikaci a maji
sekvenéni shodu nad 50 % (Martins & Wasco 2004, Nei & Rooney 2005, Lopez-Flores &
Garrido-Ramos 2012). Tyto paralogni geny mohou byt rozptylené po genomu (jako
napiiklad ¢ichové receptory savcll) nebo mohou byt organizovany v tandemu (globinové
geny), pri¢emz mohou vytvaret 1 vétsi bloky stiedné repetitivnich sekvenci (napt. rRNA,
histony nebo geny pro malé jaderné RNA — snRNA; ,,small nuclear RNA*) (Nei & Rooney
2005). Duvodem tohoto uspofadani je skute¢nost, ze v bufice je potieba velké mnozstvi
produktli téchto genii. Z hlediska cytogenetického mapovani pak poskytuji dvé zasadni
vyhody: 1) jejich repetitivni povaha umoZznuje pomérné snadnou vizualizaci pomoci
standardni metody FISH (na rozdil od unikatnich sekvenci, jejichz délka je pod limitem
rozliSovaci schopnosti béZzného protokolu) a déle 2) se ¢asto jedné o geny, jejichz sekvence
je velmi konzervovana. V ramci ryb bylo nejvice studii zaméfeno na lokalizaci genti pro
ribozomalni RNA. Za uplynulych 20 let byly charakterizovany fenotypy rDNA (tedy pocet
a distribuce obou klastrt rDNA) u zhruba stovky (5S rDNA) az nékolika set (45S rDNA)
rybich druhti z nejrtiznéjsich skupin (piehledy viz Martins & Wasko 2004, Cabral-de-Mello
& Martins 2010, Gornung 2013). Kodujici oblasti rDNA patii mezi vibec

nejkonzervovanéjsi sekvence napti¢ organizmy (Hillis & Dixon 1991), takze se prislusné
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vyrobené hybridiza¢ni sondy daji aplikovat na celou $kalu ptibuznych a mnohdy i
nepiibuznych taxont (pfikladem za vSechny budiz pouziti 28S rDNA sondy z mysi na
chromozomy kostlina obecného Lepisosteus osseus; Rab et al. 1999). Samotna pozice lokust
konkrétnich repetitivnich genti mize mit zna¢nou informacni hodnotu v ramci analyzy
blizce ptibuznych druhti nebo jedincti daného druhu z rtiznych subpopulaci. Rozdily v poctu
a distribuci lokusti rDNA jiz poslouzily v fad¢ studii jako tzv. mezidruhovy (Amemiya &
Gold 1990, Kirtiklis et al. 2010) ¢i mezipopulacni (pf. Ferreira et al. 2007, Cioffi et al. 2009a,
b, Lima-Filho et al. 2012) cytotaxonomicky marker, véetné pfimého uplatnéni v akvakultuie
(Porto-Foresti et al. 2007). Rozdily ve fenotypu rDNA mohou dale pomoci odhalit
ptitomnost a povahu chromozémovych piestaveb (napt. Porto-Foresti et al. 2004, Vicari et
al. 2010, Bellafronte et al. 2011, Machado et al. 2011). Ne vzdy ovSem shodné fenotypy
rDNA u dvou blizce ptibuznych druhii znamenaji, Ze sledujeme klastry rDNA skutecné na
homeologickych chromozémech (Milhomem et al. 2013). I tak nam informace o poctu a
pozicich daného klastru repetitivnich genti mize v nékterych piipadech naznacit evolu¢ni
vzdalenosti a vztahy v rdmci souboru studovanych druhti. VySe zminéné neplati zejména
v ptipadech, kdy jsou pocet a pozice klastrit dané multigenové rodiny pfili§ konzervativni
nebo naopak pftili§ polymorfni.

Informacni hodnota mapovani repetitivnich gend vzriistad s potem testovanych
markerti. U ryb se v poslednich letech vedle ribozomalni RNA za¢inaji ve vétsi mife
vyuzivat sondy komplementarni k tandemové uspofddanym genlim pro rizné histony
(Pendas et al. 1994a, Hashimoto et al. 2011, 2013, Lima-Filho et al. 2012, Pansonato-Alves
et al. 2013a, b, Silva et al. 2013, 2014, Costa et al. 2014, 2016, Utsunomia et al. 20144,
Daniel et al. 2015) a taktéz pro U1 a U2 snRNA (Merlo et al. 2010, Ubeda-Manzanaro et al
2010, Cabral-de-Mello et al. 2012, Merlo et al. 2012a, b, Supiwong et al. 2013, Utsunomia
et al. 2014b, Garcia-Souto et al. 2015, Scacchetti et al. 2015b, Silva et al. 2015). Drtiva
vétsina praci v rybi cytogenetice popisuje mapovani repetitivnich genit metodou FISH na
mitotické chromozomy, ale najdou se i prace na meiotickych bivalentech (napi. Cioffi &
Bertollo 2010, Sampaio et al. 2014). Z popula¢niho hlediska byly na urovni zejména rDNA
FISH dosud nejvice zkoumany u trahir H. malabaricus (Erythrinidae) (napt. Born & Bertollo
2000, Ferreira et al. 2007, Cioffi et al. 2009a, b, Blanco et al.2010a, b,) a tetra Astyanax
scabripinnis (Characidae) (piehled viz Piscor et al. 2015).
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3.3.3.4. Geny pro ribozomalni RNA a jejich dosavadni studium u ryb

Vsechny aspekty bunééného rlstu a vyvoje jsou zavislé na biogenezi ribozému a
nasledné syntéze proteinil. Jelikoz bunka potfebuje velké mnozstvi ribozoému, potiebuje
syntetizovat i velké mnozstvi ribozomalni RNA (rRNA), ktera je jejich podstatnou soucasti
(Prokopowich et al. 2003). Navic se rRNA neda pouzit opakované pro syntézu vysledného
produktu podobn¢ jako mRNA (,,messenger RNA®). Z téchto diivodi rRNA zaujima asi 80
% veskeré RNA v bunce (Prokopowich et al. 2003). Efektivni expresi napomaha repetitivni
charakter transkripcnich jednotek pro rRNA, které se na chromozomech shlukuji do oblasti
oznacovanych jako rDNA (ribozomélni DNA). Geny pro ribozomalni RNA patii mezi
nejlépe prostudované a zmapované oblasti DNA napfi¢ organizmy. Eukaryotické genomy
se vyznacuji dramatickymi rozdily v poctu kopii transkripénich jednotek rDNA (pfiblizné
od 20 do 20 000) (Long & Dawid 1980, Prokopowich et al. 2003, Weider et al. 2005),
pricemz cela tfada (pfedevsim epigenetickych) mechanizmt dale reguluje, jaké mnozstvi
z téchto kopii bude skute¢né prepisovano do RNA (McStay & Grummt 2008). Odhaduje se,
ze a7 50 % rDNA je obvykle transkripéné inaktivni (Schleisinger et al. 2009).

Geny pro rRNA jsou na chromozémech uspotadany do dvou separatnich klastri,
které se v genomech obratlovcll (a vétSiny eukaryot) obvykle nachazeji na odliSnych
chromozémech (de Lucchini et al. 1993, Suzuki et al. 1996). Hlavni klastr rDNA koduje
geny pro 28S, 5,8S a 18S rRNA, které jsou pfepisovany dohromady jako prekurzorova
molekula se sedimenta¢nim koeficientem? 45S (odtud oznadeni 45S rDNA). Soudasti
transkripcni jednotky jsou jesté¢ dva vnéjsi piepisované mezerniky (ETSs; external
transcribed spacers — ETS1 a ETS2) a dva vnitini pfepisované mezerniky (ITSs; internal
transcribed spacers — ITS1 a ITS2). Jednotlivé transkripéni jednotky rRNA jsou od sebe
oddéleny mezigenovym mezernikem (IGS; intergenic spacer), ktery obsahuje rtzné
regulacni oblasti (Long & Dawid 1980, Eickbush & Eickbush 2007) (Obr. 4). Poiadi
jednotlivych komponent transkripcni jednotky je u eukaryot vysoce konzervované: 5'-
ETS1-18S-1TS1-5,8S-1TS2-28S-ETS2-3" (viz Obr.4).

Oblast na chromozoému, kde se nachazi 45S rDNA, je totozna s NOR. Jiz v telofazi
na konci mitézy se okolo pfepisovanych rRNA zacind formovat jadérko — nemembranovy
subkompartment, ve kterém probihé vétSina krokti biosyntézy ribozémti (Scheer et al. 1993,
Schwarzacher & Wachtler 1993, Gerbi et al. 2003). NOR aktivné piepisované v interfazi

zUstavaji nadale despiralizované a byvaji tak patrné na mitotickych chromozémech jako

2 Jedna se o koeficient pro ultracentriugaci; hodnota S (neboli Svedberg) je relativni &islo vyjadiujici
pohyblivost dané ¢astice pii centrifugaci.
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sekundarni konstrikce, protoze se slabé barvi Giemsovym barvivem (Heliot et al. 1997,
Sumner 2003). Soucasné¢ zde zUstavaji asociované nékteré proteinové komponenty
transkripéniho aparatu, které lze vizualizovat metodou impregnace stiibrem (Howell &
Black 1980). Tato metoda ma ovSem tu zasadni nevyhodu, Ze zobrazi pouze NOR aktivni
v pfedchozi interfazi (Miller et al. 1976) a n€kdy naopak zobrazi i jiné tseky na
chromozomech (napf. bloky heterochromatinu nebo kinetochory) (Suja et al. 1990, Dobigny
et al. 2003).

Druhy klastr rDNA se exprimuje mimo oblast jadérka a je tvofen pouze
tandemovymi repeticemi genu pro 5S rRNA (majici u ryb konzervativni délku 120 bp), ktery
se pravideln¢ stfida s kopiemi nepiepisovaného mezerniku (NTS; non-transcribed spacer)
(Long & Dawid 1980). 5S rDNA obvykle vykazuje vyssi pocet kopii nez ostatni rRNA geny
(Martins 2007). Zatimco kodujici oblasti vSech rRNA gent jsou velmi konzervativni (jsou
to jedny z nejkonzervativnéjSich sekvenci viibec), mezerniky byvaji sekvenéné znaéné
variabilni a lze se na jejich zakladé mapovat evoluéni rozdily mezi blizce pfibuznymi druhy
(Hillis & Dixon 1991, Eickbush & Eickbush 2007, Pinhal et al. 2011). U ryb byva enormné
variabilni zejména mezernik v 5S rDNA, a to jak sekvenc¢né, tak délkové (Martins & Wasco
2004, Pinhal et al. 2011, Campo & Garcia-Vasquez 2012, Merlo et al. 2012b, Rebordinos et
al. 2013).

a) 45 SrDNA locus

> il ETS ITS1 ITS2 s

Db s [sEs] s

rDNAunit .~ i
NTS NTS

Obr. 4: Organizace gend pro ribozomalni RNA u eukaryot. A tandemové repetice 45S
rDNA; vyfez zndzornuje uspofadani genil v transkripcni jednotce a asociovany mezigenovy
mezernik (IGS); na obrazku neni zndzornén druhy vnéjsi prepisovany mezernik (ETS2) za
genem 28S. B tandemové repetice 5S rDNA, vyiez znazoriuje kddujici oblast genu pro 5S
rRNA a asociovany neptepisovany mezernik. Upraveno podle Martins et al. 2011.
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Jako ancestralni se pro ryby jevi fenotyp rDNA, kdy jeden par chromozoému
Vv karyotypu nese 45S rDNA a jiny chromozémovy par nese 5S rDNA (Martins & Galetti
2001, Sola et al. 2003, Gornung 2013). V ptipadé 45S rDNA byl tento trend pozorovan
U 72 % dosud analyzovanych ryb (Gornung 2013). Evolu¢ni dynamika klastri rDNA ale
muze byt i pomérné znacnd. Zatimco u nékterych skupin ryb je pocet obou klastrit rDNA
druhové specificky a da se tudiz pouzit jako cytotaxonomicky marker (Amemiya & Gold
1988, Martins & Galetti 1999, Almeida-Toledo et al. 2002, Martins et al. 2006), u jinych ryb
byl pozorovan zna¢ny polymorfizmus v poctu lokust, a to nejen mezi jedinci stejného druhu,
ale i intra-individualn¢ (Castro et al. 2001, Jankun et al. 2001, Rabova et al. 2001, Jorge &
Moreira-Filho 2004, Boron et al. 2006, Gromicho & Collares-Pereira 2007, Cioffi et al.
2010a, 2015, Martins et al. 2013, Lima-Filho et al. 2014b, Pereira et al. 2014, Traldi et al.
2015). To plati zejména pro taxony, kde byly popsany abnormalni fenotypy rDNA,
zahrnujici mnohdy az extrémné vysoké pocty lokusi pro jeden ¢i druhy klastr rDNA. Takové
prace jsou znamé u ryb ze skupin Perciformes (Affonso & Galetti 2005, Poletto et al. 2010b),
Gymnotiformes (Scacchetti et al. 2011, 2012), Characiformes (Lima-Filho et al. 2014b),
Cypriniformes (Singh et al. 2009), Salmoniformes (Pendas et al. 19934, Fujiwara et al. 1998,
Castro et al. 2001, Jankun et al. 2001) a Siluriformes (Maneechot et al. 2016). Podobné
ptipady byly zaznamenany také u jinych obratlovct (Cazaux et al. 2011, Britton-Davidian
et al. 2012), bezobratlych (Hirai et al. 1996, Veltsos et al. 2009) a rovnéz u rostlin (Pedrosa-
Harand et al. 2006). U tulipanu Tulipa fosteriana bylo odhaleno pomoci FISH rekordnich
71 signalt 5S rDNA, nékteré z nich ale prokazatelné odpovidaly nekompletnim nefunkénim
kopiim téchto genti (Mizouchi et al. 2007). U ryb byl rekordni pocet 54 lokust 5S rDNA
zaznamenan u Kefickovce Clarias batrachus (Maneechot et al. 2016). Dalsi vysoké pocty
byly popsany napf. u skalary Pterophyllum leopoldi (42 lokusti 18S rDNA; Schneider et al.
2013a), trahira E. erythrinus (vice nez 20 lokusti 5S rDNA,; Cioffi et al. 2010a) a n&kterych
cichlid (14-15 lokust 5S rDNA; Poletto et al. 2010b, Nakajima et al. 2012). Variabilitu
fenotypti rDNA dale podporuje u ryb obzvlasté Casty polymorfizmus délky klastru 45S
rDNA, ktery je mezi homology chromozomi ¢asto zpisobem nerovnomérnym crossing-
overem a odlisnou spiralizaci (Collares-Pereira & Rab 1999). Dale byva popisovan
polymorfizmus ve smyslu pfitomnosti/absence rDNA lokusu v rdmci homologickych
chromozomu (napi. Castro et al. 2001, Boron et al. 2006). V nékterych piipadech lze u ryb
na druhové trovni (nikoliv v rdmci celych skupin) pozorovat rovnéz syntenii obou typi
klastri rDNA a nebo jejich piimou ko-lokalizaci v daném lokusu (Pendas et al. 1994b,
Drouin & de Sa 1995, Moran et al. 1996, Fujiwara et al. 1998, Almeida-Toledo et al. 2002,
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Fontana et al. 2003, Hatanaka & Galetti 2004, Diniz et al. 2008, Kirtiklis et al. 2010, Hett et
al. 2011, Rossi et al. 2012, Marquioni et al. 2013, Supiwong et al. 2014), potazmo jejich
asociaci s jinymi repetitivnimi geny (Drouin & de Sa 1995, Hashimoto et al. 2011, 2013,
Lima-Filho et al. 2012, Pansonato-Alves et al. 2013a, b, Silva et al. 2013, 2015).
Predpoklada se, ze dané usporadani vznikaji spise jako vedlejsi efekt dynamickych procesi
V genomu, zejména v piipadé polyploidia (Ma & Gustafson 2005) mezidruhovych hybrida
(napi. Pereira et al. 2014).

Z hlediska distribuce na chromozémech je u ryb patrny rozdil mezi obéma Klastry
rDNA. 45S rDNA se vétsinou vyskytuje v telomerickych nebo subtelomerickych castech
chromozému (Gornung 2013) a fada praci naznacuje, Ze to by mohl byt diivod disperze této
rDNA u nékterych druhti ryb, jelikoZz v koncovych ¢astech chromozomit €astéji dochazi k
nehomologni rekombinaci a translokacim (Mantovani et al. 2005). 5S rDNA se naopak
pievazné nachazi v intersticialnich nebo pfimo pericentromerickych oblastech (Martins &
Galetti 2001, Cioffi & Bertollo 2012), coz tomuto klastru podle n¢kterych autord poskytuje
urcitou evolu¢ni stabilitu (Martins & Galetti 2001), napt. z divodu vétsi ochrany pied
transpoziéni aktivitou (Noleto et al. 2007, Sczepanski et al. 2007). Nicméné, jak je patrné
z predchozich odstavct, i tento klastr rDNA muze u ryb vykazovat zna¢nou variabilitu
Vv poctu lokust. Za zminku stoji, ze nékdy se rDNA u ryb nachazi na pohlavnich
chromozomech a to jak na tom parovém (X, Z; Moran et al. 1996, Born & Bertollo 2000,
Phillips et al. 2004) tak na alozému (Y, W; Artoni & Bertollo 2002, Diniz et al. 2008,
Ghigliotti et al. 2013, Lima-Filho et al. 2014a, Scacchetti et al. 2015a, b, Yano et al., in rev.),
piipadné na obou (Parise-Maltempi et al. 2007, Machado et al. 2011, Pucci et al. 2014,
Scacchetti et al. 20153, b).

Z vyse uvedeného vyplyva, Ze vyskyty neobvyklych fenotypli rDNA se nezdaji byt
tak vzacné, jak se puvodné predpokladalo a s pfibyvajicim poctem studii se postupné méni
nézor na charakter rDNA jako na stabilni cytogeneticky marker. Cim dél tim vice je naopak
patrné, ze se jedna o znaéné dynamickou frakci genomu. Jak jiz bylo zminéno vyse, geny
kodujici rRNA jsou zhlediska sekvence jedny z nejkonzervovangjSich oblasti
eukaryotického genomu, které prochazeji minimalnimi zménami v prabéhu stovky miliont
let. Tento stav ale miZe paradoxné piispivat k nestabilit¢ genomu, protoze sekvencni
stabilita genti pro rRNA spolu s jejich repetitivnim charakterem zaroven zvysuji riziko
heterolognich synapsi v meidze, které mohou vést k nerovnomérnym crossing-overim mezi
nehomologickymi chromozoémy, tj. k ektopickym (nealelickym) rekombinacim (Raskina et

al. 2004, 2008, Rebordinos et al. 2013). Popsany mechanizmus je ale zaroven soucasti
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procesu prispivajich k udrzovani sekvencni homogenity kopii rDNA. Dynamika genovych
klastri byva popisovana pomoci konceptii ,,concerted evolution“ a ,birth-and-death
evolution® (terminy nemaji Ceské ekvivalenty), poptipadé pomoci pfechodnych modela
(Eickbush & Eickbush 2007, Nei & Rooney 2005, Pinhal et al. 2011). ,,Concerted evolution*
popisuje evoluci konkrétniho klastru genti jako proces, ktery pomoci mechanizmil
nerovnomérného crossing-overu a genové konverze udrzuje uniformitu sekvence dané
multigenové rodiny v konkrétnim genomu (resp. dochazi k homogenizaci dané sekvence na
vSech ptitomnych lokusech). Tento koncept plati pro tandemové repetice obecné. Zatimco
pro vysvétleni dynamiky 45S rDNA je concerted evolution dostacujici, u 5S rDNA je situace
komplikovan¢jsi a dany model musi byt doplnén o koncept vyse zminéné ,,birth-and-death
evolution®, ktery popisuje vznik a fixaci novych sekvenénich variant 5S rDNA pomoci
duplikaci (Nei & Rooney 2005, Pinhal et al. 2011, Vierna et al. 2013). Z hlediska ruznych
variant totiz u 5S rDNA (a to zejména u ryb) Casto nachazime v genomech riizné varianty
lisici se obvykle sekvenci a délkou NTS (Pendas et al. 1994b, Moran et al. 1996, Martins &
Galetti 2001, Martins & Wasco 2004, Eickbush & Eickbush 2007, Pinhal et al. 2011,
Rebordinos et al. 2013) a tyto varianty ¢asto zahrnuji i pseudogeny (Martins & Wasco 2004).
Neziidka byva pfitomna jedna dominantni varianta 5S rDNA doplnéna o minoritni lokusy
s odlisnou sekvenci (Messias et al. 2003). Zda se tedy, ze homogenizace procesem concerted
evolution probiha jen u nékterych klastri 5S rDNA, zatimco zbylé varianty se vyvijeji
nezavisle a postupné se délkove 1 sekvenéné odlisuji (Martins 2007).

V poslednich letech je ovSem stale vice zfejmé, Ze dynamice zejména lokusti rDNA
napoméhd jesté dalsi faktor. Rada studii ukazala, ze zmény ve fenotypech rDNA neni mozné
vzdy zcela vysvétlit jen klasickymi chromozémovymi piestavbami (Dubcovsky & Dvotéak
1995, Raskina et al. 2004, 2008, Datson & Murray 2006) a navic bylo zdokumentovano, ze
uréita mnozina mobilnich genetickych elementd, tedy TEs, preferencné inzeruje svoje kopie
do lokusi rDNA (Jakubczak et al. 1991, Kalendar et al. 2008, Zhang et al. 2008). To je
mozné mj. I diky tomu, Ze se v genomu nachazi nadbytek kopii genl pro ribozomalni RNA,
a tedy urcité mnozstvi inzerovanych TEs do rDNA muize byt buiikou tolerovano (Eickush &
Eickbush 2007). Navic v konkrétnich pfipadech, zejména u ryb, byla disperze rDNA genii
piimo spjata se sou¢asnym vyskytem nékterych TES v danych lokusech (Cioffi et al. 2010a,
de Silva et al. 2011, Nakajima et al. 2012, Costa et al. 2013, Silva et al. 2013). Diverzité TEs

u ryb je vénovana nasledujici kapitola.
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3.3.4. Transponovatelné elementy (TES)

Genomy ryb vykazuji znacnou variabilitu ve velikosti a jednim z hlavnich
odpovédnych faktort je — podobné jako u ostatnich obratlovct — rozdilna akumulace TES
(Kidwell 2002, Biémont & Vieira 2006, Feschotte & Pritham 2007, Bohne et al. 2008,
Chalopin et al. 2015a). Jedna se o tseky DNA, které jsou schopné se vV ramci jadra dané
bunky pfemistit zZ jednoho mista genomu na jiné a pfitom se kopirovat anebo po sobé
zanechat dvouvlaknovy zlom. Na zaklad¢ jejich struktury a mechanizmu transpozice jsou
TEs klasifikovany do dvou hlavnich tiid: 1) retrotranspozony (RTEs) a 2) DNA transpozény
(DTESs) (Kidwell 2002, Wicker et al. 2007). Piestoze dfive byly TEs povazovany za frakci
genomu, kterd nema zadnou funkci a nijak nepfispiva k zivotaschopnost organizmu (,,junk
DNA*) (Doolittle & Sapienza 1980) a ktera se tedy jen samoucelné kopiruje se zbytkem
genomu do dcefinych bunék (,,selfish DNA*) (Orgel & Crick 1980), dnes je naprosto ziejmé,
ze TEs hraji celou fadu velice vyznamnych roli v evoluci a v architektufe genomu.
Konkrétné mohou podporovat vznik chromozémovych piestaveb (Lonning & Saedler 2002,
Raskina et al. 2008), ovliviiovat regulaci genové exprese piilehlych gent (Medstrand et al.
2005, Shapiro & Sternberg 2005, Slotkin & Martienssen 2007) nebo hrat ulohu pii
diferenciaci pohlavnich chromozému (napt. Harvey et al. 2003, Steinemann & Steinemann
2005, Chalopin et al. 2015b). V neposledni fad¢, nékteré TEs mohou mit vliv na stabilitu
genomu a na jeho evoluci prostiednictvim riznych epigenetickych procest (Jurka et al.
2007, Slotkin & Martienssen 2007). Byly rovnéz popsany role TEs pti adaptaci daného
organizmu na nové podminky (Casacuberta & Gonzales 2013). TEs evidentn¢ zvySenim
genetické variability podporuji schopnost genomu vyvijet se, kdyz se zméni externi
podminky (Rebollo et al. 2010, Hua-Van et al. 2011).

Mnozstvi a zastoupeni jednotlivych TEs v genomech riznych organizmi miZe byt
do zna¢né miry odrazem komplexity jejich obrannych mechanizmi proti transpozicni
aktivit¢ (Abrusan & Krambeck 2006). Obranné mechanizmy hostitelského genomu spolu
s Cetnosti transpozice, kompetici mezi jednotlivymi typy TEs a dal§imi vlivy jako je velikost
populace a zpisob reprodukce daného organizmu vedou K jedine¢nosti z hlediska obsahu
TEs u riznych evolu¢nich linii (Le Rouzic a Capy 2006). Explozivni re-aktivace TEs miize
byt odpovédi na stres, zpisobeny napt. polyploidizacni udalosti, mezidruhovym kiizenim,;
anebo se mizZe jednat o abioticky (environmentalni) stres (McClintock 1984, Capy et al.
2000, Rebollo et al. 2010, Belyayev 2014). Duvodem, pro¢ pti hybridizaci a polyploidizaci
dochazi ke znacné re-aktivaci TEs, je nahla deregulace epigenetickych regulacnich

mechanizmu (Fontdevila 2005, Arkhipova a Rodriguez 2013).
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Ptestoze jsou rybi genomy obecné vice kompaktni nez napiiklad genomy sav¢i, byla
Vv nich pozorovana nejvétsi diverzita TEs v ramci obratlovet. De facto kazda skupina TEs je
v genomech ryb néjakym zpiisobem zastoupena (Volff et al. 2003, Volff 2005, Dettai et al.
2007, Chalopin et al. 2015a). Recentni analyzy naznacuji pievahu DTEs u kostnatych ryb
pfispivajicim k variabilité velikosti jejich genomu (Gao et al. 2016). Diverzita (nikoliv vsak
kvantita) zejména RTEs zustala v porovnani tfeba s lidskym nebo mySim genomem velmi
znacna 1 v redukovanych kompaktnich genomech c¢tverzubcii (Roest Crollius et al. 2000,
Aparicio et al. 2002, Volff et al. 2003). Z hlediska procentualniho zastoupeni TEs v genomu
ma z dosud analyzovanych druhi zatim nejméné ¢tverzubec Tetraodon nigroviridis (6 %) a
nejvice danio pruhované Danio rerio (56 %, tedy piiblizn¢ 10x vice) (Chalopin et al. 20153,
Gao et al. 2016). Obsah a distribuce TEs se mohou znac¢né lisit v ramci stejné vyvojové linie
véetné blizce piibuznych druhti (napi. Cioffi et al. 2010, Ferreira et al. 2011b) a mohou tak
mit vliv na variabilitu ve velikostech genomu. Je dale zajimavé, ze napt. sladkovodni ryby,
které obvykle tvoii mensi efektivni populace nez ryby motské, maji obecné vétsi genomy
(Yia Streelma 2005). Stoji taky za povS§imnuti, ze mnoho rybich TEs zlstava stale aktivnich
(Bouneau et al. 2003, Huang et al. 2012).

Komplexni pohled na distribuci TEs v ramci genomu je nezbytny pro pochopeni
interakci a koevoluce TEs s hostitelskym genomem. Proto je zadouci kombinovat
sekvenacéni data s cytogenetickou analyzou (Dettai et al. 2007, Valente et al. 2016).
V posledni dobé rychle nartista pocet praci, které se u ryb vénuji fyzickému mapovani
transponovatelnych elementi pomoci metody FISH (piehledy viz Ferreira et al. 2011b,
Costa et al. 2013). Zatim jsou ale dostupné informace jen u velmi malého zlomku druhti
z celkové diverzity (cca kolem 60 druhil). Z toho divodu zatim neni mozné v SirSim
kontextu chépat distribu¢ni vzor a evolucni role TEs v rdmci fylogenetickych vztahi ryb. Je
vSak ziejmé, Ze zatimco n¢kdy byvaji TEs rozptylené po véstiné chromozémi daného
karyotypu (Ozouf-Costaz et al. 2004), vétSinou tvoii viditelné shluky v konkrétnich
oblastech genomu jako napiiklad pobliz centromer nebo rDNA (Cioffi et al. 2010, Valente
et al. 2011). Mezi nejhojné&ji studované elementy patii non-LTR (,,long terminal repeat)
RTEs rodiny Rex (elementy Rexl, 3 a 6), které byly poprvé popsany u platy skvrnité X.
maculatus (Volff et al. 1999) a byly aktivni béhem evoluce celé fady rybich linii (VolIff et
al. 2000, Volff 2005, Ferreira et al. 2011b, Costa et al. 2013). Distribuce téchto elementt se
lisi v ramci kostnatych ryb — u nekterych skupin se shlukuji v oblastech heterochromatinu,

ptipadné vyhradné v centromerach (Ozouf-Costaz et al. 2004, Teixeira et al. 2009, Cioffi et
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al. 2010, Valente et al. 2011), u jinych jsou zase rozptylené po celém genomu (Ozouf-Costaz
et al. 2004, Ferreira et al. 2011a, Pansonato-Alves 2013b, Daniel et al. 2015). Dosud
publikované studie piisuzuji elementiim rodiny Rex mozné role ve speciacnich procesech,
pii vzniku pohlavnich a B chromozomu a aktivni ucast na chromozémovych piestavbach ¢i
disperzi lokusi rDNA (Ziegler et al. 2003, Ozouf-Costaz et al. 2004, Martins 2007, Cioffi
et al. 2010, Cioffi & Bertollo 2012, Terencio et al. 2012, Silva et al. 2013). V ramci ryb byl
dokonce popsan 1 ptiklad idajného horizontalniho pienosu TEs (Koga et al. 2000).

3.4. Chromozémové prestavby a jejich vyznam v karyotypové diferenciaci ryb

Struktura karyotypu je obvykle do zna¢né miry specifickou charakteristikou dané¢ho
zivocisného nebo rostlinného druhu a zmény v poctu, morfologii a velikosti chromozomil
mohou byt vniméany bud’ jako dasledek, anebo jako piimy diivod speciacnich udalosti (White
1973, 1978, King 1993, Sumner 2003, Raskina et al. 2008). A¢ to nemusi byt vzdy pravidlem
(napt. Molina et al. 2002, Molina 2007), karyotypy rtiznych druht se od sebe lisi z divodu
nejriznéjsich chromozdémovych piestaveb a obvykle neni jednoduché urcit smér, jakym tyto
zmény probéhly (tj. smér karyotypové diferenciace). Potfebné podplirné tidaje nam vsak
muze poskytnout fylogeneticky strom urcujici vztahy mezi zkoumanymi druhy a/nebo tzv.
outgroup (tj. karyotyp druhu patticiho do piibuzné, pokud mozno sesterské skupiny)
(Sumner 2003, Dobigny et al. 2004). Velice dulezité je rovnéz stanovit tzv. ancestralni
karyotyp — tj., jaky karyotyp mél spole¢ny predek dané taxonomické skupiny (Dobigny et
al. 2004). Je také nutné pocitat s tim, ze v nékterych ptipadech pozorované ptestavby nejsou
(zatim) kauzaln¢ spojené se speciaci, nybrz se udrzuji Vramci daného druhu jako
polymorfizmy, které Casto vytvareji mezipopulaéni rozdily a predstavuji riizné karyomorfy
(King 1993). Vyskyt chromozémovych polymorfizmu v ptirodnich populacich eviduje cela
fada praci (White 1973, 1978, King 1993, Hoffman et al. 2004). Vedle polymorfizmi
mensiho rozsahu ovSem v nékterych ptipadech karyotypova analyza odhali kryptické druhy
nebo druhovy komplex, cozZ je obzvlasté dulezité v pfipadech, kdy jiné typy analyz (napf.
morfometrickd analyza) zaddné rozdily neodhali (Volobouev et al. 2002).

Abychom se mohli bavit o karyotypové diferenciaci a potazmo o chromozémové
speciaci, musime si nejprve definovat, jaky je mechanizmus vzniku nejbéznéjSich
chromozdémovych ptrestaveb, jaky vliv maji na Zivotaschopnost jedince, jakym zplisobem
mohou byt fixovany v populaci a jaky je jejich vliv na proces speciace. O téchto tématech

pojednavaji nésledujici podkapitoly.
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3.4.1. Zakladni typy prestaveb a jejich vliv na Zivotaschopnost a fertilitu

Pfredmétem nasledujicich odstaved neni  vycerpavajici  ptehled vsech
chromozémovych ptestaveb, nybrz nastin mechanizmu vzniku a disledky téch
nejbéznéjsich z nich, které se ve zvysSené mife uplatnily v karyotypové diferenciaci/evoluci
napfi¢ organizmy. AC bych nerad opomijel dulezity piispévek deleci, duplikaci a
reciprokych ¢i nereciprokych translokaci nezahrnujicich centromeru, svoji pozornost
zameiim zejména na inverze, centrické fize a rozpady, tandemové flze a adice
heterochromatinu (King 1993, Schmid et al. 2010). Tyto piestavby nejen, ze jsou nejcastéji
popisovanymi mechanizmy zmény 2n a NF v ramci karyotypové diferenciace (byt bohuzel
nékdy v ramci mylné interpretace; prehled viz Schubert & Lysak 2011), ale rovnéz budou
dale diskutovany v kontextu s vysledky této prace.

Chromozomova inverze je piestavba, pii které dojde obvykle ke dvéma
dvouvldknovym zlomim v ramci jednoho chromozému, vystépeny segment se prevrati
0 180° a posléze dojde k jeho opétovnému znovuspojeni s matefskou molekulou DNA.
K inverzi muze dojit mj. také mechanizmem ektopické rekombinace zahrnujici dvé kopie
téze tandemové repetice (Casto TEs) na daném chromozému (Delprat et al. 2009). Pokud je
soucasti invertovaného segmentu centromera, jedna se o inverzi pericentrickou, v opacném
ptipadé se bavime o inverzi paracentrické. V konecném disledku se zméni potadi nékterych
genti na chromozomu, muze dojit ke zméné v jejich expresi, a pokud se jednalo o inverzi
pericentrickou, miize se vice ¢i mén¢ zménit morfologicka kategorie chromozému (King
1993, Schmid et al. 2010). Pro jedince heterozygotniho pro danou inverzi potom plati, ze
Vv profazi prvniho meiotického déleni, aby spolu mohly parovat homologni chromozomy,
vznikne v oblasti parovani invertovaného segmentu s piivodni neinvertovanou oblasti tzv.
inverzni smycka. Pokud Vv oblasti inverzni smy¢ky nedojde ke crossing-overu, polovina
gamet ponese chromozom s inverzi, ale jinak se nic zasadniho z hlediska zivotaschopnosti
potomstva nestane. Podobny vysledek bude mit i1 dvojity crossing-over v ramci smycky.
Pokud ale dojde uvniti smycky k jednoduchému crossing-overu mezi invertovanou
a neinvertovanou chromatidou, povede to pii nasledné segregaci chromozomu ke tvorbé
gamet, znichz polovina ponese chromozém s duplikaci adeleci riznych segmentil.
Takovéto aberantni gamety povedou ke vzniku nezivotaschopného potomstva (White 1973,
Hoffmann & Rieseberg 2008, Lysak & Schubert 2013). Pokud tedy neni rekombinace
V oblasti pfestavby n€jakym zplisobem potlacena, je heterozygot pro inverzi silné selektivné
znevyhodnén z hlediska reprodukce (King 1993, Hoffman & Rieseberg 2008, Schmid et al.

2010). I ptesto bylo zjiSténo, ze na rozdil od rostlin vétSina inverzi nema u zZivocichll vliv na
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redukci fitness (John 1981, Coyne et al. 1993, Bardhan & Sharma 2000, Rieseberg 2001,
Coyne a Orr 2004). Naopak, inverze hraly velmi podstatnou ulohu v karyotypové evoluci
mnoha zivoc¢isnych skupin (White 1973, Green a Sessions 2007).

Centrické flize jsou nejrozsifenéj$im typem chromozoémové piestavby v karyotypové
evoluci vramci dosud studovanych organizmt (King 1993, Schmid et al. 2010).
Analogickym procesem V opacném smeéru probihaji centrické rozpady, které jsou obecné
méng¢ Casté (napt. Qumsiyeh 1994). Na rozdil od inverzi, centrické fuze a rozpady méni 2n
a zcela jasné méni také velikost a morfologii zucastnénych chromozému. Fuze navic
zahrnuje dva nehomologické chromozomy, zatimco vyse popisované inverze se odehravaji
pouze v ramci jedné vazebné skupiny. Nejznaméjsi popisovanou formou jsou faze a rozpady
Robertsonova typu. K Robertsonovym (Rb) translokacim/fazim dochazi tehdy, pokud dva
jednoramenné (akrocentrické nebo subtelocentrické) chromozémy fuzuji spolu v oblasti
centromery za vzniku napadné vétSiho dvouramenného (submetacentrického nebo
metacentrického) elementu, pfiCemz se ztraci kratkd raménka piivodnich chromozomi
(sensu Robertson 1916). Produkt Rb translokace ma posléze dvé centromery lokalizované
vedle sebe, ale ty se funkéné chovaji jako jeden celek, nebo je jedna ptivodni centromera
inaktivovana. N¢kdy se centromera produktu Rb translokace na cytologické Grovni projevi
jako napadny blok pericentromerického heterochromatinu (napt. Schmid et al. 2010). To
zalezi zejména na tom, na kterém misté v plivodnich chromozomech dojde ke zlomim —
jestli v kratkych (p) raménkach anebo pfimo uvniti satelitni sekvence centromery. V tom
druhém pfiipadé vznika jesté¢ jako meziprodukt miniaturni chromozom s centromerou a
pokud je eliminovan pfi naslednych bunécnych délenich, mlize Rb translokace vést
k dédicnému snizeni 2n (Lysak & Schubert 2013). Rb translokace mohou vzniknout i
v pfimém disledku zkraceni telomer na kritickou délku, v dasledku diskontinualni replikace
na opozdéném vlakné DNA (tzv. ,,end replication problem®) (Olovnikov 1973, Allsopp et
al. 1995, Slijepcevi¢c 1998). Vlivem translokace dochazi ke vzniku novych vazebnych
skupin, maze dojit k pferuSeni vazby genu s regulacni oblasti, ke tvorbé chimérickych genti
a k deregulaci exprese geni v oblasti prestavby (aktualni piehled viz Roukos & Misteli
2014). V profazi prvniho meiotického déleni se u hetrozygota s translokaci tvofi trivalent ze
dvou jednoramennych a jednoho ekvivalentniho dvouramenného homologického
chromozomu a nasledné dochazi k segregaénim problémutim i bez tc¢asti rekombinace. Na
urovni jedince zplsobuji Rb (a jiné reciproké) translokace produkci asi 40%
nebalancovanych gamet, poruchu fertility, poruchy spermatogeneze, vznik deformovanych

spermii aj. (King 1993, Roux et al. 2005, Vozdova et al. 2014). U ¢lovéka jsou Rb
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translokace nejbéznéjsi chromozémovou piestavbou (Page et al. 1996). Z evoluéniho
hlediska ale vznik stabilni Rb translokace, nasledovany jeji fixaci v polymorfni populaci,
muze vyustit v post-zygotickou reproduktivni izolaci homozygotti pro danou piestavbu
(Baker & Bickham 1986, Ropiquet et al. 2008). Klasickym modelem pro mezipopula¢ni
variabilitu Rb translokaci je my§ domaci Mus musculus domesticus, u které byla zjisténa
ohromna diverzita 2n zptisobena Rb translokacemi zahrnujicimi pfiblizné 60 % vSech
moznych kombinaci piavodnich telocentrickych chromozomu (tj. pfes 100 tzv.
,metacentrickych ras*) (Hauffe et al. 2012 a citace zde uvedené). Konkrétn¢ pravé u mysi
se ukdazalo, ze heterozygotni sestava chromozémi zahrnutych v Rb translokaci ma
minimalni efekt na fitness (Hauffe a Searle 1998, Sans-Fuentes et al. 2010). U savct obecné
napomohla vzniku Rb translokaci fada faktort — velikosti chromozomu, obsah GC-bohaté
DNA, genova denzita, nehomologni rekombinace mezi repetitivnimi sekvencemi a eroze ¢i
inaktivace telomer na p-raménkach (Slijepéevi¢ 1998, Garagna et al. 2001, Ruiz-Herrera et
al. 2010, Wesche & Robinson 2012).

V piipadé tandemové fuze dva chromozémy fizuji svymi konci, a pokud je nasledné
jedna puvodni centromera inaktivovadna, vede to ke vzniku stabilniho produktu. Béznym
ptipadem je flize dvou malych akrocentrickych chromozomt za vzniku velkého
jednoramenného elementu. Dusledkem tandemové fuze je redukce 2n a zména NF.
Segregacni poméry v meidze jsou u heterozygota podobné jako u centrickych fizi a rozpadi
(King 1993, Schmid et al. 2010). Tandemové flize byvaji ¢asto pozorovany u organizmdl,
Vv jejichz karyotypech je pfevaha jednoramennych chromozému a markerem této piestavby
muze byt intersticialni blok konstitutivniho heterochromatinu v dlouhych (q) raménkach
(King 1993). Tandemové fuze byly dominantni piestavbou v Karyotypové evoluci jelinkt
rodu Muntjac (Lee et al. 1993, Hartmann a Scherthan 2004).

Adice heterochromatinového bloku miiZze vzniknout napf. amplifikaci
pericentromerického heterochromatinu za vzniku riizné dlouhych heterochromatinovych p-
ramének. Piipadna disperze na dal§i chromozémy miize byt podpofena lokaci na konci
chromozomu, které jsou nachylngjsi k pfenosu genetického materidlu a nendhodnym
uspofadanim chromozomii (resp. pfiblizeni telomer) V interfaznim jadie podle modelu
popsaného Schweizerem & Loidlem (1987). Heterochromatinizace kratkého raménka muize
byt rovnéz disledkem inverze (King 1993). Kfizici experimenty ukazaly, ze adice
heterochromatinu u heterozygotii nema obvykle zadny negativni vliv na fertilitu, a tak zde

pfili§ neplsobi evolucni tlak proti tvorbé riiznych polymorfizmi. Takové polymorfizmy pak
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mohou setrvat v ramci populace velmi dlouho. Nicméné vysoky obsah heterochromatinu
Vv genomu zvySuje pravdépodobnost vzniku dalSich typt prestaveb (King 1993).

Vramci ryb obvykle jednoduché polymorfizmy zahrnujici pouze jednu
chromozdémovou piestavbu nemaji obvykle zadsadni negativni vliv na zivotaschopnost a na
fitness (tj. reprodukéni zdatnost) u heterozygotnich jedinct, jak bylo popsano v ptipadé
centrickych fuzi a rozpadi u zéstupci lososovitych (Salmonidae) (napt. Phillips &
Kapuscinski 1987, 1988) a hlavacovitych (Gobiidae) (Ene et al. 2003) nebo v piipadé jinych
typt translokaci u gudeovitych (Goodeidae) (Turner et al. 1985). Mezi zajimavé piipady
patii vyskyt plné zivotaschopnych a fertilnich dvojitych heterozygotti pro dvé rtzné
ptestavby (inverze a centrické rozpady) u lososa Oncorhynchus gorbuscha (Phillips et al.
1999). Naopak, paracentricka inverze zahrnujici NOR u pstruha duhového O. mykiss byla

asociovana s letalitou u homozygotnich jedinct (Porto-Foresti et al. 2004).

3.4.2. Modely chromozémové speciace

Karyotypova diferenciace zahrnuje 1) chromozoémové piestavby vytvarejici
vnitropopulac¢ni karyotypovou variabilitu a 2) rizné karyotypové zmény, jez se fixuji
v riznych populacich. Z evolu¢niho thlu pohledu je nejzajimavejsim aspektem karyotypoveé
diferenciace potencial chromozémovych piestaveb prispét ke speciaci a adaptaci jako
efektivni post-zygotickd bariéra. Nicméné, jak je zfejmé z néckterych karyotypoveé
konzervativnich skupin zivocicht (vacnatci, medvédi, kocky aj.), speciace nemusi nutné
zmény na karyotypové trovni zahrnovat (White 1973, 1978, King 1993, Qumsiyeh 1994).

Modely chromozémové speciace mohou byt rozdéleny do dvou zakladnich skupin.
Do té prvni patii modely tradi¢ni (tzv. ,,hybrid-sterility models*) (White 1978, King 1993,
Rieseberg 2001), které predpokladaji, ze urcité typy chromozémovych ptestaveb jako jsou
translokace, inverze, fuze a rozpady mohou mit negativni vliv na fertilitu a na
zivotaschopnost potomkii daného jedince vlivem mechanizmi popsanych vyse. Vysledné
gamety (nebo zygota z nich vznikla) jsou nasledné nezivotaschopné, coz vytvaii bariéru
mezi jedinci s piestavbou a jedinci se standardnim karyotypem. Absence genového toku
mezi populacemi lisicimi se v dané ptestavbé nakonec vede ke speciaci. Takto koncipované
modely ovSem narazi na fakt, ze ptestavba, ktera v heterozygotnim stavu zpusobi zna¢nou
redukci fitness, mize byt v populaci fixovana jen za urcitych podminek — napf. pomoci
meiotického tahu, genetického driftu v malych inbrednich populacich anebo v ptipadé
pozitivni selekce ve prospech nové vzniklé kombinace alel, jejichZ pfitomnost v silné genové

vazb¢ hraje né&jakou duleZitou ulohu v adaptaci na lokalni podminky prostiedi (White 1978,
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Lande 1985, King 1993, Rieseberg 2001, Kirkpatrick & Barton 2006, Kawakami et al.
2011). Tyto podminky nejsou v pfirodé az tak casté, aby takto koncipovany model
chromozomové speciace mohl byt Siroce uplatnén (Rieseberg 2001, Ayala & Coluzzi 2005,
Butlin 2005). Mimoto, v piipadé€, Ze prestavba piili§ fitness jedince nesnizi, bude naopak
snadno fixovéna a nebude mit moc velky vliv na reproduk¢ni izolaci dané populace, tedy
nepovede ke speciaci (Rieseberg 2001, Navarro & Barton 2003). Proti tradicnim modelim
nakonec hovofi i experimentalni data, protoze bylo prokazano, Ze napf. inverze u zivocicht
Casto fitness neredukuji (viz vyse).

Druha skupina modela (tzv. ,,suppressed-recombination models*) je zalozena na vice
recentnich pfedstavach o principu chromozémové speciace. Takové modely piedpokladayji,
Ze V blizkosti zlomt u pfestaveb v heterozygotnim stavu je znaéné redukovan az inhibovan
crossing-over — pravdépodobné proto, Ze piestavba narusuje parovani chromozomu (Noor
et al. 2001, Rieseberg et al. 2001, Ayala & Coluzzi 2005, Butlin 2005, Faria & Navarro
2010). V oblasti vymezené chromozémovou piestavbou a v jejim okoli se tedy mohou zagdit
akumulovat rozdily na Urovni sekvence DNA, protoze v daném misté¢ nebude dochazet
k rekombinaci a to umozni geniim lokalizovanym v této ¢asti chromozomu odlisit se na
sekvenéni urovni. Postupna akumulace rozdilti mezi jedinci liSicimi se v dané prestavbé
muze znaéné piispét k divergenci druhd. Suprese rekombinace je tedy faktor, ktery uréuje
potencial chromozomové piestavby vést ke speciaci (Noor et al. 2001, Rieseberg 2001,
Navarro & Barton 2003). Rozdil od ptedchozi skupiny modeli spo¢iva v tom, ze modely
potlaceni (suprese) rekombinace poc¢itaji S kumulativnim efektem — tj. vznik chromozomové
prestavby a nasledné sekvencni odliSeni. Chromozomova piestavba pfitom nemusi mit
negativni efekt na fitness, aby mohla ke speciaci vést (Rieseberg 2001). Modely na této bazi
byly podpoteny teoreticky i empiricky (Navarro & Barton 2003, Coyne & Orr 2004, Ayala
& Coluzzi 2005, Kirkpatrick & Barton 2006, Feder & Nosil 2009, Faria & Navarro 2010).
Vétsina z nich se zaméfila na analyzu efektu chromozdémovych inverzi, 1 kdyZ posledni
dobou zacinaji pfibyvat také prace zaméfené na Rb translokace (Dumas et al. 2015).

Zmény na Urovni chromozoémovych piestaveb vedou k preusporaddani soucasnych
genovych vazeb, coz mize mit rizny vliv na expresi genil anebo celych genovych klastrt.
Takové zmény mohou byt zaroven dilezitym zdrojem evolu¢nich inovaci (Butlin 2005,
Faria & Navarro 2010). Suprese rekombinace v oblasti chromozomové piestavby miize mit
za nasledek, ze se v této oblasti chromozému budou postupné hromadit (a dostavat do silné
genové vazby) alely, které mohou mit vliv na lepsi adaptaci daného druhu na ptisluSnou

lokalitu (Noor et al. 2001, Butlin 2005, Kirkpatrick & Barton 2006, Hoffmann & Rieseberg
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2008, Faria & Navarro 2010, Guerrero & Kirkpatrick 2014), nebo se dostanou do vazby
geny piimo asociované s reprodukéni izolaci (Kawakami et al. 2011). To muze vést
k divergenci dvou populaci i bez nutnosti pferuSeni genového toku.

Nekteré prace naznacuji, ze genomy konkrétnich taxonomickych skupin jsou
nachylné kuréitym typim piestaveb, coz se posléze muze napf. odrazit v podobné
adaptabilit¢ na ur¢ité podminky prostfedi. Dany jev se nazyva karyotypova ortoselekce
(White 1973, 1978, King 1993) a miize souviset mj. s distribuci repetitivnich sekvenci, které
se mohou na iniciaci prestaveb podilet (King 1993, Raskina et al. 2008). Napf. u myS$i M.
musculus domesticus byla popsana pozitivni korelace mezi nachylnosti k Rb translokacim a
vyskytem AT-bohatych pericentromerickych repetitivnich sekvenci (Redi et al. 1990). Dalsi
typické piiklady karyotypové ortoselekce jsou Rb translokace u turovitych (Gallagher &
Womack 1992) nebo centrické rozpady u zastupct psovitych selem (Graphodatski et al.
2001).

Jaké procesy vlastné stoji v pozadi karyotypové evoluce/diferenciace ryb? Jaké jsou
hybné sily, které urcuji, zdali bude mit karyotyp ptfevahu jednoramennych nebo
dvouramennych chromozémi a jaké jsou dusledky? S ohledem na ohromnou biodiverzitu
paprskoploutvych ryb, neumoziuje dosud limitovany pocet karyotypovanych druhti vyvodit
obecnéjsi zavéry o mechanizmech karyotypové diferenciace celé skupiny. Pro nékteré
jednotlivé fady paprskoploutvych ryb vSak uz ale relevantni data dostupna jsou, napt. u
Salmoniformes (Phillips a Rab 2001), Esociformes (Rab 2004) a Perciformes (Molina 2007,
Artoni et al. 2015) Soucasné teorie o trendech karyotypové diferenciace paprskoploutvych
ryb zahrnuji mechanizmus meiotického tahu na trovni vétsich taxonomickych celkt, a ti¢ast
karyotypové ortoselekce nasledné na urovni ¢eledi a rodi (Molina et al. 2014) Meioticky tah
(sensu Sandler & Novitski 1957) vede Kk preferen¢ni segregaci chromozoémui v meidze a
mize mit za nasledek postupnou akumulaci jednoramennych nebo dvouramennych
chromozomu v karyotypu konkrétnich skupin ryb. Specialni vyznam je piisuzovan
pfedev§im tahu centromerickému, kde variace Vv sekvenci centromer a struktufe
asociovanych centromerickych proteini hraji roli v rozdilnych schopnostech centromer
vazat mikrotubuly déliciho vieténka (Malik 2009). Kromé téchto piedstav byla jiz diive
konkrétn¢ u Salmoniformes uspésné aplikovana hypotéza, kterou formuloval Qumsiyeh
(1994) pro karyotypovou evoluci savcti. Qumsiyeh (1994) ptedpoklada, Ze zmény 2n a NF
prostfednictvim konkrétnich chromozémovych piestaveb mohou byt selekéné zvyhodnény
z dvodu jejich efektu na zvySeni nebo sniZzeni rekombinace, coz miize mit V konecném

dusledku znaény vliv na schopnost adaptace na specifické podminky prostiedi.
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Zatimco u nékterych skupin kostnatych ryb karyotypovéa variabilita pozitivné
koreluje s pozorovanou diverzitou napf. ve tvaru téla (z dosud nezminovanych tieba
u hadohlavcovitych Channidae; Cioffi et al. 2015 a citace zde uveden¢), u jinych skupin
naopak zjevné karyotypova diferenciace nehraje az tak zasadni evolu¢ni tilohu. Naptiklad
u halané¢ika Chromaphyosemion bivittatum je maly stupenn haplotypové a morfologické
diverzity doprovazen neobvyklou vnitropopula¢ni i mezipopulaéni karyotypovou diverzitou
(Volker et al. 2007, 2008) a naopak, n¢které ¢eledi ostnoploutvych ryb (Perciformes) maji
extrémné konzervované karyotypy na urovni 2n i NF a pfitom vykazuji ohromnou variabilitu

v morfologii t¢la (Molina 2007, Motta-Neto et al. 2011a, b).

3.4.3. Cytologicka detekce chromozomovych prestaveb a jejich interpretace

Pocet chromozému a NF jsou dobrymi voditky pro detekci karyotypovych zmén.
Obvykle ale timto zptisobem zachytime jen ty nejnapadnéjs$i chromozémové prestavby —
konkrétn¢ tandemové fize, centrické fuze a rozpady a pericentrické inverze. Naopak béznou
cytogenetickou analyzou obvykle nezachytime vétSinu reciprokych translokaci, které jsou
nckterymi autory povazovany za nejcastéjsi typ chromozomové piestavby v karyotypové
evoluci (Schubert & Lysak 2011). Velice napadnym naznakem flzi a rozpadd je zména 2n
pii soucasné nezménéném NF. Prave pro usnadnéni kvantifikace téchto typta prestaveb byla
charakteristika NF ptivodné navrzena (Matthey 1945). Pericentrické inverze naopak mohou
pozménit NF, ale 2n zustane stejné. Paracentrické inverze oproti tomu odhalime jen ndhodou
(nepocitame-li klasické studie na polytennich chromozémech; piehled viz Schmid et al.
(2010), a to sice pokud jsou asociované s néjakym cytologicky detekovatelnym markerem
(blok heterochromatinu, rDNA lokus apod.) (u ryb napf. Porto-Foresti et al. 2004). Asociace
s bloky heterochromatinu v§ak mize byt vhodnym markerem pro detekci celé fady jinych
chromozémovych piestaveb (Badaeva et al. 2007). Vhodnou metodou pro detekci
invertovanych segmentti na chromozémech je CO-FISH (hybridizace jednovlaknovych
sond), diky které muze byt zjisténa dokonce orientace hybridizovaného tseku (Robinson et
al. 1998, Garagna et al. 2001). Nékdy neni vyhodnoceni mechanizmi karyotypové
diferenciace Upln€ jednoznacné a dana pozorovani mohou byt nespravné interpretovana
(Schubert & Lysak 2011). Pro detailnéjsi studium karyotypové diferenciace/evoluce se stale
vice uplatiuje analyza vyuzivajici FISH s celochromozémovymi malovacimi sondami
(napt. Kubickova et al. 2002, Chaves et al. 2004, Vozdova et al. 2011) a to vcetné rybi
cyogenetiky (.viz kapitola 3.2 a zejména studie Nagamachi et al. 2010).
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3.4.4. Chromozomové prestavby v karyotypové diferenciaci ryb

Na zéklad¢ srovnavaci analyzy genomii medaky, zebficky, ¢tverzubce a genomu
lidského dosli Ravi & Venkatesh (2008) k zavéru, ze v genomech kostnatych ryb se vyskytly
chromozémové prestavby vieho druhu ve vétsi mife neZ u ostatnich obratlovci. Cetné
cytogenetické studie ukazaly, Ze karyotypy konkrétnich skupin formovaly pievazné
pericentrické inverze a Rb translokace, pfipadné tandemové fuze a centrické rozpady.
Vyrazny vliv pericentrickych inverzi na karyotypovou diferenciaci byl popsan napt. u
nékterych Perciformes (Molina & Galetti 2004, Kavalco 2005, Molina 2007, Pucci et al.
2014), ptestoZze obecné je tato skupina vnimana z karyotypového hlediska jako znacné
konzervativni (Molina et al. 2002, Molina 2007, Motta-Neto et al. 2011a, b). Rb translokace
(ptipadné tandemové fhze a centrické rozpady) byly popsany napi. u lososovitych
(Salmonidae) (Rab & Phillips 2001), kde byly dokumentovany i rtizné populace polymorfni
pro danou piestavbu (Thorgaard 1976, Phillips & Kapucinski 1987). Podobné polymorfni
populace byly popsany rovnéz u nékterych sumcii (Siluriformes) (Porto et al. 2014),
hlavacovitych (Gobiidae) (Ene 2003) a jednoho mexického druhu z ¢eledi gudejovitych
(Cyprinodontiformes) (Turner et al. 1985). Centrické rozpady byly popsany zejména u
sumct (Silurformes) (Artoni & Bertollo 2001, Kavalco et al. 2005, Milhomem et al. 2010,
Mariotto et al. 2011, Rosa et al. 2012, Maneechot et al. 2016) a piedevsim pro celed’
Locariidae jsou hlavnim mechanizmem karyotypové diferenciace (Artoni & Bertollo 2001).
Adice AT-bohatého heterochromatinu byly popsany u halan¢iki (Volker et al. 2007, 2008).
Neni ndhodou, Ze vySe popsané piipady se tykaji zejména sladkovodnich ryb. U motskych
vzhledem kabsenci geografickych piekazek (Galetti et al. 2000). Vyjimecné ale i u
moftskych ryb byly pozorovany polymorfizmy tfeba na Girovni centrickych fuzi ¢i rozpadd —
napt. u sledé bélomotského Clupea pallasi marisalbi (Lajus 2007).

Ackoliv jsou chromozémové piestavby vyznamnym mechanizmem speciace a u ryb
mély nepochybné dulezity vliv na diverzifikaci druhli v rdmei rdznych podskupin, ponékud
nadtazengj$i roli mély v evoluci genomi (a karyotypti) ryb zmény celogenomové, kterym se

veénuje nasledujici kapitola.
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3.5. Polyploidie a jeji vyznam v evoluci ryb
3.5.1. Polyploidie — obecna charakteristika a vymezeni terminu

Polyploidie je stav, kdy se v somatickych butikach vyskytuje vice nez dvé kompletni
sady chromozomu. Jedna se v podstaté o extrémni ptipad duplikace, ktera v tomto piipadé
postihuje cely genom (whole genome duplication, WGD). Polyploidizace neboli WGD se
vyskytla u pfedchiidct celé fady skupin dneSnich obratlovct, rostlin a hub a fada autort
piipisuje tomuto procesu zna¢ny vyznam z hlediska druhové diverzifikace (ptehled viz Cox
etal. 2014). Polyploidie se vyskytuje obzvlasté u rostlin, kde podle souc¢asnych genomovych
a cytogenetickych analyz prodélaly vSechny vyssi rostliny alespon jednu WGD (Jaillon et
al. 2009, Soltis et al. 2009, Van de Peer et al. 2009, Jiao et al. 2011). U zivocicht je odliseni
polyploidnich populaci od téch diploidnich na morfologické trovni Casto téméef nemozné,
ovSem uzitim genetickych a cytogenetickych metod pocet polyploidnich forem Zivoéicht
postupné nardsta (piehled viz Bogart & Bi 2013). I tak ale zatim stale zGstava faktem, Ze u
zivocichl se polyploidie vyskytuje méné nez u rostlin. Diivodd, pro¢ tomu tak je, byla
vyi€ena cela fada. Patii mezi né: 1) pfitomnost pohlavnich chromozémd, 2) komplexné;si
ontogeneticky vyvoj, 3) nizsi schopnost kompenzace poméru velikost/pocet bunék (prehledy
viz Mable 2004, Mable et al. 2011). V piipadé¢ pohlavnich chromozémt dochazi u
polyploidt k problémtim spjatym s jejich chybnou segregaci do dcetfinych bun¢k a muize
dojit 1 k poruseni kompenzace davky genli (Hartl & Ruvolo 2012). Byly ovSem popsany i
protiargumenty, pro¢ by napf. ptitomnost pohlavnich chromozém u zivo¢isnych polyploid
vadit spravné reprodukci nemusela (Mable 2004). Z hlediska vyvoje, generuje polyploidie
dle ocekavani pred¢asnou mortalitu nebo t€zké vyvojové abnormality zejména u vysSich
obratlovct (Otto & Whitton 2000). Nicméné i tak hrala polyploidie u obratlovcii nepochybné
velmi dulezitou evolu¢ni ulohu, krom jiného i diky tomu, Ze umoziuje sympatrickou
speciaci (Otto & Whitton 2000).

K polyploidii dochazi v disledku piisobeni riznych biotickych a abiotickych stresti
— napt. fyzikdlnich (zejména teplotni), nebo jako duasledek hybridizacni udélosti ¢i
pfestarnuti gamet. Za urcitych okolnosti se tento stav mize evolu¢né fixovat za vzniku
nového (polyploidniho) taxonu. Pfi znalosti diploidnich pfedki mizeme potom hovofit o
evolué¢ni polyploidizaci. Po polyploidni udalosti ovSem genom vlivem fady mechanizmu
(viz déle) nastoupi fazi postupné re-diploidizace vedouci az (u sexudlné se rozmnozujicich
organizmil) k obnoveni tvorby bivalentli namisto multivalent v meidze a zde pak hovoiime
o biologickém diploidovi (Tyal¢ & Parisod 2013). Z hlediska objevovani polyploidnich

druhti pak nastdva problém, pokud polyploidni piivod tuSime, ale nejsou znami piimi
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predchiidci daného druhu. Snadnost identifikace polyploidniho ptivodu druhu souvisi rovnéz
se stafim polyploidiza¢ni udalosti — napt. u paleopolyploidii uz genom dosel do tak pokrocilé
faze re-diploidizace, zZe je prakticky nemozné rozpoznat piipadné parentalni genomy a byva
obtizné rozpoznat polyploidii samotnou (pichledy viz Flajshans et al. 2013, Tyalé & Parisod
2013).

3.5.2. Autopolyploidie a allopolyploidie

Polyploidie mtze byt vysledkem znasobeni celé sady chromozémi u jednoho druhu
(autopolyploidie) a nebo se muze jednat o spojeni dvou rtiznych genomu pti mezidruhové
hybridizaci (allopolyploidie) (Otto 2007, Flajshans et al. 2013). V pfipadé
autopolyploidizace miizou byt pfi¢inou poruchy gametogeneze (spontanni porucha
segregace chromozomii béhem prvniho nebo druhého meiotického déleni) a nésledné
splynuti gamet, z nichz jedna — (at’ uz spermie nebo vajicko) — ma neredukovanou (tedy
diploidni) sadu chromozému. Dale mize byt pti¢inou starnuti ovulovanych oocytl a nebo
muze dojit k poruse rozchodu chromozémi v ¢asném embryu. Zapiisobit mohou i vlivy
prostiedi, které mohou zpiisobit poruchy v procesu fertilizace gamet (piehledy viz Flajshans
et al. 2013, Mason & Pires 2015). Allopolyploidizace zahrnuje inkorporaci jednoho nebo i
vice genomt blizce ptibuznym druhti procesem hybridizace. M4 obvykle za nasledek zménu
normalniho bisexualniho typu rozmnozovani na néktery typ rozmnozovani asexualniho (viz
kap. 3.5.7.).

Pfestoze mame stile znacné omezené znalosti ohledné procesi spjatych s
allopolyploidizaci a jejimi dusledky (Ma & Gustafson et al. 2005, Parisod et al. 2010a,
Abbott et al. 2013), tak se zda, Ze v pfirodé ma u studenokrevnych Zivocichi tato forma nad
autopolyploidii pfevahu, coz by mohlo byt vysvétleno napft. ptitomnosti dvou riznych sad
genetického materidlu, které mohou poskytnout vétSi moznosti pro nésledné evoluc¢ni
procesy spjaté s adaptaci a vyvojem daného polyploida (Mallet 2007). U rostlin vSak
pievazuje autopolyploidie (Ramsey & Schemske 1998), ov§em neni zatim Gplné patrné, jaké
z toho ptesné pro rostliny plynou evolué¢ni dusledky (Comai 2005, Parisod et al. 2010b).

Prestoze auto- i allopolyploidie miiZze vést k reprodukéni izolaci ¢asti populace
daného druhu, projevuji se oba mechanizmy jinak v kone¢ném disledku. Autopolyploidni
jedinci se od diploidnich vzhledové pftilis nelisi a obyvaji i podobnou nebo stejnou niku, coz
vede ke kompetici mezi diploidnimi a polyploidnimi jedinci, diky ¢emuz se polyploidni linie
nemusi dlouhodobé udrzet (Zhang & King 1993). Pokud autopolyploidni jedinci za¢nou

obyvat jinou niku, je mozna jejich ko-existence s diploidnim druhem — napt. sekavec Cobitis
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biwae (Kusunoki et al. 1994, Saitoh et al. 2010). Vznik allopolyploidnich jedincu je vice
komplexni process, ktery miize zahrnovat i obdobi asexudlni reprodukce. Hybridni
potomstvo ma vétsi potencial adaptovat se na jinou niku nez autopolyploidi (Arnold &
Bennett 1993, Brochmann et al. 2004, Paun et al. 2011). U ryb jsou piikladem
allotetraploidni linie pakaprovcoviti (Catostomidae) (Uyeno & Smith 1972, Ferris a Whitt
1980), nebo pocetné polyploidni linie kaprovitych (Cyprinidae) Yang et al. 2015).

3.5.3. Dynamika genomu po polyploidiza¢ni udalosti

Polyploidizace funguje jako okamzitd a GCinnad bariéra genového toku, jelikoz
potomci rodi¢ll o rtizném stupni ploidie se bud’ nevyvijeji, nebo jsou sterilni, z diivodu
nebalancovaného poc¢tu chromozému (Comai 2005). Polyploidizace tak miize vétSinou vést
ke speciaci.

Polyploidie je spojena s fadou dynamickych zmén probihajicich na genomové a
epigenetické trovni. Patii mezi né¢ chromozémové prestavby, mobilizace TEs, umlc¢eni
nékterych gend a jev zvany ,,genome downsizing* (viz dale) (Parisod et al. 2010a, b, 2012,
Tyalé a Parisod 2013). Soucasné dochazi i k akumulaci repetitivnich sekvenci, které se
vyvijeji rychleji nez sekvence unikatni (Schwarzacher et al. 1989).

Jiz delsi dobu je obecné pfijimana myslenka, Ze polyploidizace vyrazné zvySuje
plasticitu genomu, ktera nasledné urychluje genomovou evoluci prostfednictvim riznych
strukturnich zmén, vytvafenim novych genovych komplexti a zejména pak diky pfitomnosti
redundantnich kopii gend (Ohno 1970, 1999, Taylor & Raes 2004). Tyto nadbytecné kopie
genll pfitomné v genomech polyploidil jednak poskytuji nové kombinace alel, coZ miiZe vést
1) ke znaéné akceleraci evoluce u daného polyploidniho genomu (heterdzni efekt) a 2) k
eliminaci moZzného neptiznivého vlivu recesivnich alel (Comai 2005, Madlung 2013). Navic
je zde mensi selekéni tlak na tyto nadbytecné kopie a ty mohou po akumulaci riznych mutaci
ziskat nové funkce (neofunkcionalizace) (piehled viz Cuypers & Hogeweg 2014). Takové
geny se mohou ukazat v ur¢itém ohledu jako evolu¢né vyhodné a mohou vést potencialné
az ke speciaci. K udrzeni fyziologie organizmu totiz staci dvé alely daného genu, tudiz
selekce nepiisobi na vSechny alely polyploida stejné (Rong et al. 2010). Mnohem castéji se
vSak nadbyte¢né kopie vlivem naakumulovanych mutaci, inzerci TEs nebo vlivem
epigenetickych ~ modifikaci  stanou  zcela  nefunkénimi  (non-funkcionalizace,
pseudofunkcionalizace) (Kidwell & Lisch 1997, Lynch & Conery 2000). Posledni moznosti
je, ze dojde krozlozeni funkce mezi pivodni a nadbyteCnou kopii daného genu

(subfunkcionalizace) (Lynch a Conery 2000).
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DalSim disledkem polyploidizacni udélosti je deregulace mechanizmi, které se
podilely na uml¢ovani TEs, a tak dochazi ke znacnému nartstu transpozi¢ni aktivity (Matzke
& Matzke 1998, Ma & Gustafson et al. 2005, Parisod et al. 2010a, b). To se projevuje
zejména u allopolyploidu (viz dale), protoze zde piichazeji do styku dva puvodné odlisné
genomy, které nejsou obvykle zcela kompatibilni z hlediska obrannych mechanizmi proti
transpozici. Re-aktivace TEs muze vést k rapidnim zménam na urovni uspofadani genomu i
na Grovni exprese ruznych gent (Raskina et al. 2008, Rebollo et al. 2010, Bento et al. 2013).
Jiz Barbara McClintock (1984) navrhla, ze v disledku polyploidni udalosti mize k
uvedenym procesim dojit. Jeji tzv. “teorie genomového Soku” byla dosud v praxi
pozorovana u mnoha allopolyploidnich rostlin a v kone¢ném disledku miize znamenat ztraty
funkce nékterych genti, poruchy v meiotickém parovani chromozémi, zmény v metylac¢nich
vzorech a nebo chromozémové prestavby (Cox et al. 2014). Genetické a epigenetické
modifikace zahrnuté v reorganizaci zejména allopolyploidnich genomt byly jiz popsany v
fad¢ pripadi (prehled viz Bento et al. 2013)

Bylo prokazéno, Ze po polyploidiza¢ni udalosti neni vysledny genom sumou
velikosti genomi plvodnich (resp. dvojnasobek plivodniho genomu u autopolyploidie),
nybrz ze v disledkli reorganizacnich procestt dochdzi ke snizeni celkového obsahu DNA.
Dochazi totiz k jevu oznaGovanému jako ,,genome downsizing®, pti némz mohou i podstatné
¢asti chromozoémul (zejména u autopolyploidi) byt ztraceny. Tyto zmény jsou ziejmé
nezbytné k tomu, aby néjakym zplisobem byla nastavena Zivotaschopnost polyploidniho
genomu. Genome downsizing je pravdépodobné velice rozsifeny jev (Leitch & Bennett
2004), ktery vyznamné piispiva k procesu re-diploidizace. Nakonec se po urcité dobé
nastfada tolik genomickych/cytogenetickych zmén, Ze miZze byt vysledny genom
charakterizovan jako diploidni (resp. re-diploidizovany) (Otto & Whitton 2000, Ma &
Gustafson 2005, Tyalé & Parisod 2013).

3.5.4. Polyploidizaé¢ni udalosti v evoluci obratlovci

Soucasné modely chromozémové evoluce (Nakatani et al. 2007) ptredpokladaji, ze u
predchiidcii dnesnich obratloveli doslo ke dvéma celogenomovym duplikacim (2R neboli
,»two rounds‘‘ hypotéza) — prvni z nich u piedchiidcii dnesnich obratlovcii a druhd pti vzniku
Celistnatcti (Gnathostomata) (Ohno 1970, 1999, Panopoulou & Poustka 2005, Volff 2005,
Froschauer et al. 2006) (Obr. 5). Mezi dikazy 2R hypotézy patii nalezy paralognich gent v
riznych genovych rodinach (Becak 2014).
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V ramci paprskoploutvych ryb nastala jesté tfeti WGD (3R hypotéza) u vzniku
kostnatych ryb (tj. po jejich divergenci od ptedki dnesnich jeseterti, veslonosi a kostlintl) a
to v obdobi asi pred 226-350 miliony let (Christoffels et al. 2004, Hoegg et al. 2004,
Vandepoele et al. 2004, Inoue et al. 2005, Meyer & Van de Peer 2005, Hurley et al. 2007)
(Obr. 5). K této udalosti (nazyvané také jako ,,teleost-specific genome duplication TSGD)
tedy doslo az po divergenci linie Teleostei od predkli dneSnich jeseterti a veslonost
(Acipenseriformes), bichirt (Polypteriformes), kaprouni (Amiiformes) a kostlini
(Lepisosteiformes) (Birstein et al. 1977, Ludwig et al. 2001, Volff 2005, Froschauer et al.
2006, Crow et al. 2012). Dukazy hovofici pro spravnost 3R hypotézy pochazeji z analyzy
konzervované syntenie a vysledky potvrdily i sekvenacni projekty (piehled viz Glasauer a
Neuhauss 2014). Casové zatazeni TSGD a skutegnost, Ze kostnaté ryby tvoii 99 % soucasné
rybi biodiverzity naznacuji ohromny potencidl polyploidie jako evolu¢niho mechanizmu
(Amores et al. 1998, Taylor et al. 2001, Hoegg et al. 2004, Crow et al. 2006, Santini et al.
2009, Inoue et al. 2010). To je patrné i piesto, ze dosud bylo zmapovano na genomové ¢i
cytogenetické Grovni jen 10 % rybi biodiverzity.

Nicméné je tfeba pfipomenout, ze 1 v ramci Acipenseriformes doSlo k ur¢itym
specifickym polyploidiza¢nim udalostem — jesetefi (Acipenseridae) prodélali svoje vlastni
tii specifické WGD (Obr. 5) a veslonosi (Polyodon) jednu nezavislou WGD (Crow et al.
2012). Dalsi celogenomové duplikace se odehraly u kostnatych: Botiidae (Slechtova et al.
2006), Catostomidae (Uyeno & Smith 1972). Cyprinidae (David et al. 2003, Yang et al.
2015), Salmonidae (MacQueen & Johnston 2014) (Obr. 5) a zjevné i Callichthyidae
(Oliveira et al. 1992; Taylor & Oliveira, ustni sdéleni P. Rabovi).

Pro uplnost je dobré uvést, ze vedle 2R a 3R a udalosti u Acipenseriformes dale
prob&hla celd fada dalSich polyploidizacnich udalosti nezavisle na sobé u riznych linii
niz8ich obratlovcl tj. vedle ryb jest€ zejména u obojzivelnik; Mable et al. 2011). U
teplokrevnych obratlovci jsou pfipady polyploidie vzacné — napf. byla dlouho
piedpokladana u osmaka poustniho Tympanoctomys barrerae (Gallardo et al. 1999, 2004),
ale analyza pomoci malovacich sond ukazala, Ze tomu tak nejspiSe neni (Svartman et al.
2005) a tento ptipad bude nepochybné I nadalem predmétem diskuze. U clovéka byly
vyjimeéné popsany piipady triploidnich déti, které se dozily téméf jednoho roku (Takabachi

et al. 2008 a citace zde uvedeng).
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Obr. 5: Systematické ¢lenéni ryb s ¢asovou osou datujici divergence jednotlivych skupin a
s vyznac¢enim jednotlivych polyploidizacnich udalosti. WGD1 a WGD2 — prvni dvé
celogenomové duplikace u zrodu obratloveii; TSGD — celogenomové duplikace specificka
pro kostnaté ryby (Teleostei); AGDs — polyploidizacni udalosti specifické pro jesetery a
lopatonosy (Acipenseriformes); CGD — celogenomova duplikace u kaprovitych; SaGD —
celogenomova duplikace u pfedka dnesnich lososovitych (Salmonidae). MYA — million
years ago (miliony let v ¢ase nazpét). Upraveno podle Braasch a Postlethwait 2012.

3.5.5. Diikazy 3R hypotézy a protokaryotyp obratlovci
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Posledni dobou bylo publikovano nékolik srovnavacich studii zabyvajicich se
analyzou konzervované syntenie mezi obratlovci, jejichz genom byl jiz sekvenovan (Jaillon
et al. 2004, Naruse et al. 2004, Woods et al. 2005, Kohn et al. 2006, Nakatani et al. 2007).
Na zaklad¢ srovnani genomu ¢lovéka, kura domaciho, zebfiCky, Ctevrzubce Tetraodon
nigroviridis a medaky byl zrekonstruovan pravdépodobny hypoteticky karyotyp predchiidce
dnesnich obratlovct (2n = 22), ¢tvernozet (2n = 36) a kostnatych ryb (2n =24) (Kohn et al.
2006). Uvedené hypotetické tdaje do znacné miry odpovidaji skuteCnym soucasnym
pomértim, a jelikoz vétSina dneSnich kostnatych ryb ma karyotyp s diploidnim pocétem

chromozoému 2n = 48, tak tyto vysledky podporuji 3R hypotézu.

3.5.6. Vyskyt polyploidie u ryb

Rizné nezavislé, paralelni polyploidiza¢ni udalosti probéhly u fady raznych skupin,
rodl, druhti nebo populaci. Nejveétsi pocet ptipadd polyploidie u ryb je znam zejména u
evoluéné bazalnich kostnatych ryb a u nékterych Ostaryophysi (skupina zahrnujici
Cypriniformes, Characiformes, Siluriormes, Gymnotiformes a Gonorynchiformes). U
Ostaryophysi je z polyploidniho hlediska nejvyznaméjsi tad Cypriniformes (maloostni),
jehoz pod¢eled’ Cyprininae zahrnuje nejvice polyploidnich druht v ramci paprskoploutvych
ryb vubec (pies 400) (Amores et al. 1998, Leggatt & Iwama 2003, Taylor et al. 2003, Arai
2011, Yang et al. 2015 Froese & Pauly 2016), obvykle se jedna o tetraploidy (~ 100
chromozomtl) nebo hexaploidy (~ 150 chromozomii). Patii sem napi. Barbus (Chenuil et al.
1999), hybridni polyploidni (3x nebo 4x) komplexy karasii (Takada et al. 2010, Jakovli¢ &
Gui 2011, He et al. 2012, Li et al. 2014, Luo et al. 2014) nebo tfeba kapr obecny Cyprinus
carpio, ktery ma paleotetraploidni piivod (Larhammar & Risinger 1994, David et al. 2003)
stejné jako ostatni zastupci tribu Cyprinini (Yang et al. 2010, 2015). Velice zajimavym
pfipadem je potom druh Ptychobarbus dipogon, u né¢hoz bylo napocitano az 446
chromozému (Yu & Yu 1990, Cui et al. 1991), coz je nejvyssi dosud pfirozeny znamy pocet
chromozoéml u obratlovcd. V ramci sesterské linie Leuciscinae je dobré (opét) zminit
hybridni polyploidni komplex jelct Squalius alburnoides (Alves et al. 2001). Jako piiklady
dalsich polyploidnich Cypriniformes uvedu: pefickovce Heteropneustes fossilis
(Siluriformes) (Pandian & Koteeswaran 1999), hybridni polyploidni komplexy sekavcu
rodu Cobitis a piskoiti rodu Misgurnus (Cobitidae) a tetraploidni linii u sekavek celedi
Botiidae (o nichz bude detailngji pojednéno pozdéji) (Slechtova et al. 2006). Dalsi rybi
skupiny s vysokym poctem polyploidnich druhli jsou Salmoniformes, Catostomidae a

Acipenseriformes (Eschmeyer 2016). Piipady polyploidie u evolu¢né mladsich skupin jsou
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popsany jen vyjimecné — napft. u Perciformes (rod Channa) (Legatt & lwama 2003, Gregory
2005) a Cyprinodontiformes (Schultz 1969). Neni vsak Gplné jasné, jestli sledovany trend
distribuce polyploidie u ryb neni jen disledkem nedostatku ptislusnych dat.

Spontanni polyploidie je v ptfirodé u ryb velmi ¢astym a Siroce dokumentovanym
jevem (Benfey 1989, Pandian & Koteeswaran 1998, Rab et al. 2007). Ukazalo se, ze rybi
genomy jsou natolik plastické a tolerantni k polyploidii, Ze u nich 1ze pomérné jednoduchymi
technikami polyploidii indukovat experimentalné (napt. pomoci tepelného nebo tlakového
Soku), ¢ehoz se dodnes hojné vyuziva v akvakultufe. Dané polyploidni formy maji Siroké
vyuziti — napf. k produkci trznich ryb o vy$s$i hmotnosti (zejména u pstruha duhového) nebo
pti vysazovani sterilnich polyploidi do volnych vod (zejména do sportovnich rybatskych

revira) (Piferrer et al. 2009).

3.5.7. Polyploidie, hybridizace a asexualni reprodukce u ryb

U ryb jsou popsany piipady dvou typu asexualni reprodukce — hybridogeneze a
zejména gynogeneze. Celkem bylo dosud u nizSich obratloveli objeveno vice nez 80
hybridnich komplexii (Alves et al. 2001). Obvyklou indikaci pii takovém objevu je
pritomnost celosamici populace a nebo pfitomnost jedinct rizné ploidie na jedné lokalité
(Drozd et al. 2010).

Pfi gynogenezi samicky produkuji diploidni vajicka, ktera k nastartovani procesu
embryogeneze sice potiebuji splynuti se sam¢i spermii, ale nejdojde ke splynuti prvojader
(tj. sam¢i jadro se rozplyne v cytoplazmé vajicka a jeho genetickd informace se nepienese
do potomstva). Potomstvo je nasledné celosamici, jedna se o klony matky (Lamatsch &
Stock 2009). Mezi gynogeneticky se rozmnoZujici ryby patii napt. diploidné-polyploidni
complex sekavcu rodu Cobitis (Vasil'ev & Vasil'eva 1982, Vasil'ev et al. 1989, Rab et al.
2000, Bohlen & Ritterbusch 2000, Bohlen & Rab 2001, Janko et al. 2007), karast
(Carassius) (Rab et al. 2007, Knytl et al. 2013a) a taky zZivorodka kiizena Poecilia formosa
(Turner et al. 1980, Lampert et al. 2005).

Hybridogenezi se u ryb rozmnoZuje napt. komplex ryb rodu Poeciliopsis (Schultz
1969, Vrijenhoek 1989) a komplex jelce iberského Squalius alburnoides (ptehled viz
Gromicho & Collares-Pereira et al. 2007). Béhem hybridogeneze dochazi v gametogenezi
hybridd k eliminaci jednoho rodi€ovského genomu a tito jedinci pak v gametach ptenaseji
pouze genom druhého rodi¢ovského druhu. Hybridni jedinci se pak pafi pouze s jedinci

rodicovského druhu, jehoz genom byl premeioticky eliminovan (Lamatsch & Stock 2009).
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V malém procentu ptipadii dojde béhem procesu asexudlni reprodukce ke splynuti
prvojader a zvysi se ploidni stupeni u potomka cestou adice genomu (Choleva et al. 2012).
V ptipad€, ze ma hybridni jedinec diploidni genom, stane se pii nahodné adici dalSiho
genomu hybridnim triploidem. Byly popsany ptipady, kdy tito hybridni polyploidi nasli
svoji novou ekologickou niku a nakonec populacné prevladlli nad sexudln€¢ se mnozici
formou. Nakonec, muze dojit k adici dal§iho genomu (prostfednictvim tzv. “triploidniho
mostu”) a vznikne potomstvo tetraploidni, které uz se miize mnozit opét sexudlné (protoze
maji sudy pocet chromozomovych sad ) (Ramsey & Schemske 1998). Muize se u nich tak
obnovit sexudlni reprodukce, s funkéni meidzou a probihajici rekombinaci a stanou se tak v
podstat¢ biologickymi (funkénimi) diploidy (Alves et al. 2001, Piferrer et al. 2009, Lamatsch
& Stock 2009, Bogart & Bi 2013, Choleva & Janko 2013, Collares-Pereira et al. 2013,
Sternberg & Saura 2013).

3.5.8. Cytogenetické metody vyuZitelné pro studium polyploidie

Existuje celd fada metod, které ndm mohou pomoci odhalit piivod polyploidie u
daného organizmu. Velmi ¢asto pouZivanou metodou je pritokova cytometrie (Rab et al.
2007, Flajshans et al. 2013), dale pak stanoveni karyotypu, kvantifikace obarvenych jadérek
Vv bunikach, mikrodenzitometrie a méteni velikosti bun¢k a jader (Flajshans et al. 2013).
Nejmoderngj$i metody jsou jiz schopné analyzovat genovou expresi u allopolyploidil za
ucelem podrobnéjsiho studia jejich genomové kompozice a evoluce (Duchemin et al. 2015).
Z Cisté molekularné-cytogenetickych metod je metodou prvni volby genomova in Situ
hybridizace (GISH) nebo komparativni genomova hybridizace (CGH).

CGH byla piivodné navrZena jako metoda pro detekci rozdillh mezi genomem
zdravych a nadorovych bunék na cytogenetické tGrovni (Kallioniemi et al. 1992). Tato
technika byla pozd¢ji pfizpisobena pro studium mezidruhovych hybridi a nasla Siroké
uplatnéni zejména u rostlin (Schwarzacher et al. 1989, Chester et al. 2010). Pozd¢ji byla
vyuzita i na detekci pohlavnich chromozomu i u ryb (Traut et al. 1999, 2001). Princip metody
spo¢iva v aplikaci odlisné znacenych celogenomovych sond DNA (které nalezi bud’ dvéma
parentdlnim druhiim pii analyze hybridl, nebo samci a samici pfi analyze pohlavnich
chromozémt). Sondy jsou hybridizovany soucasné¢ na chromozdémovém preparatu, coz
umoznuje detekovat molekuldrni rozdily mezi nimi. V piipadé pohlavnich chromozomii
bude jedna ze sond nasedat vyrazné silnéji na nehomologni ¢ast neparového chromozému.
Pfi analyze genomu hybrida budou diferencialné znaceny chromozoémy rodi¢ovskych druhd.

Zatimco CGH vyuziva dvé ruzné znacené celogenomové sondy, varianta GISH pracuje
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pouze s jednou. Mechanizmus GISH/CGH zavisi zejména na pfitomnosti genomove-
specifickych rozptylenych repetitivnich sekvenci (predev§im RTEs, satDNA a
mikrosatelity), které se obvykle vyvijeji rychleji neZ unikatni oblasti genomu (Charlesworth
et al. 1994) a diky kterym lze odlisit oba studované genomy (Schwarzacher et al. 1989,
Schubert et al. 2001, Kato et al. 2005). Takovych sekvenci je zejména v rostlinnych
genomech velké mnozstvi (Schwarzacher et al. 1989). V nékterych ptipadech (pfedevsim u
taxond s malymi genomy) nemusi byt metoda UspéSna anebo jsou rozdilové signaly
omezeny do oblasti bohatych na repetitivni DNA (Raina a Rani 2001, Lyséak a Lexer 2006).
I pro takové ptipady vSak uz byla vyvinuta varianta protokolu GISH/CGH (Jang a Weiss-
Schneeweiss 2015).

GISH nebo CGH se obvykle aplikuji za pouziti kompetitivni neboli blokujici DNA
jednoho z analyzovanych druht ¢i pohlavi (Traut et al. 1999, 2001), nebo za pouziti Cot-1
DNA (Sealey et al. 1985, Trifonov et al. 2009). Diivodem je nutnost vyvazat (resp. blokovat)
zejména vysoce repetitivni tandemové sekvence, které by vlastni hybridizaci na
chromozomy mohly piekryt specifické signaly. Dale je vhodné eliminovat i dalsi spole¢né
sekvence DNA. Napf. u GISH je znacena sonda jednoho genomu blokovana kompetitivni
DNA pftipravenou z druhého genomu a tato blokujici DNA odejme spolecné sekvence
V hybridiza¢ni smési, a tedy ve vysledku hybridizuje na chromozoémy v idedlnim piipadé jen
ta frakce sondy, ktera obsahuje pouze sekvence specifické pro jeden genom. V nékterych
ptipadech mezidruhové GISH (zejména pii varianté zvané ,.komparativni genomova in Situ
hybridizace®, cGISH) se alternativn€ nepouziva kompetitivni DNA Zadna (She et al. 2012).

Metody CGH i GISH jsou pouzivany napt. k detekci pohlavnich chromozému
zejména v piipadech, kdy jsou rozdily mezi nimi na cytologické irovni velmi nepatrné,
chromozomy jsou pfili§ malé, pocet chromozomil je pfili§ vysoky nebo nefunguji pruhovaci
metody (Traut et al. 1999, 2001). Timto piistupem byly objeveny nebo potvrzeny pohlavni
chromozomy Vv rané fazi diferenciace napf. u obojzivelnika a plazt (Ezaz et al. 2005, Ezaz
et al. 2006, Martinez et al. 2008, Koubova et al. 2014, Altmanova et al. 2016). Ve
vétsing téchto pfipadii by nebylo moZné odhalit pohlavni chromozémy bé&znymi
cytogenetickymi metodami. U ryb byla podobna analyza provedena u dania pruhovaného D.
rerio, platy skvrnité X. maculatus a zivorodky duhové Poecilia reticulata, kde byly nasledné
lokalizovany pohlavné-specifické oblasti na chromozémech v ramci ¢asné faze diferenciace
gonozomi (Traut and Winking 2001). Recentné byla metodou CGH rovnéz lokalizovana
samici specificka oblast na W chromozoému u tetry znamenané Triportheus signatus (YYano

etal., inrev).
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Pro ucely identifikace parentdlnich genomd u mezidruhovych hybridd,
allopolyploidt a nebo pfi analyze mozné mezidruhové introgrese byla metoda GISH/CGH
pouzivana zejména u rostlin (Schwarzacher et al. 1989, Jiang & Gill 1994, Kato et al. 2005,
Lim et al 2007, Matoba et al. 2007, Markova & Vyskot 2009). V ramci analyzovaného druhu
je dokonce mozné rozeznat i tii rizné genomy — napf. vV karyotypu hexaploidni pSenice
Triticum (Han et al. 2003, 2004, Mahelka et al. 2011, 2013). GISH/CGH ovSem nasly
uplatnéni i pii analyze parentalnich genomu u hybridnich obojzivelnikl (napt. Bi & Boragt
2006, Zalesna et al. 2011), ¢i tfeba mekkyst (Huang et al. 2015). U ryb konkrétné GISH
pomohla pii identifikace genomt u allotetraploidnich hybridii gynogeneticky se
reprodukujici samice karase stiibfitého Carassius auratus gibelio (Zhu & Gui 2007, Knytl
et al. 2013a), identifikaci genomového slozeni u hybridnich sekavcti rodu Cobitis
(Majtanova et al. 2016a), pfi analyze hybridniho komplexu jelcti rodu Squalius podceledi
Leuciscinae (Pereira et al. 2013, 2014) a pii detekci chromozémové eliminace u
mezidruhovych hybrida Oryzias latipes a O. hubbsi (Sakai et al. 2007).

Posledni moznosti je aplikace mezidruhové GISH pro zmapovéni distribuce
sekvenéné konzervovanych tisekd na chromozomech mezi blizce nebo vzdalené piibuznymi
druhy — tak jako napf. u tilapie Oreochromis niloticus (Valente et al. 2009).

GISH a CGH jsou finanén¢ nenaro¢né metody vhodna pro studium organizace
genomu zejména u nemodelovych organizmi, u kterych vétSinou dosud nejsou zndmé

celogenomové sekvence.
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3.6. Modelové skupiny ryb zahrnutych v této praci

3.6.1. Cobitoidea (Teleostei: Cypriniformes)

Rad maéloostni (Cypriniformes) je z hlediska druhové diverzity nejvétsi skupinou
sladkovodnich ryb na této planeté (Nelson 2006, Mayden.et al. 2009, Saitoh et al. 2011).
Vétvi se do dvou hlavnich fylogenetickych linii — 1) Cyprinoidea zahrnujici napt. celed’
kaprovitych a 2) Cobitoidea, ktera sdruzuje Celedi sekavcovitych ryb. Cobitoidea se v
soucasnosti ¢leni do deseti ¢eledi zahrnujicich pfiblizné 1100 druht, pficemz n¢kdy se jako
jedendacta Celed pocitaji Catostomidae, jejichz fylogeneticky vztah ke zbytku sekavct vSak
neni dosud zcela objasnén (Slechtova et al. 2007, Kotelatt 2012) (Obr.6). Sekavcovité ryby
se vyskytuji témét ve vSech vodnich systémech Eurasie. Jedna se obvykle o drobné bentické
ryby, v jejichZ evoluci doslo k ohromné diverzifikaci, jeZ se odrdzi ve zna¢né diverzité v
morfologii téla a ekologickych specializacich. Cytogenetika zastupcii Cobitoidea je dosud z
velké ¢asti neprozkoumana; dosud byli analyzovani (pfevazné konvenéni cytogenetickou
analyzou) jen nékteti zastupci Celedi Botiidae, Catostomidae, Cobitidae, Nemacheilidae a
Vaillantellidae (Uyeno a Smith 1972, Bohlen et al. 2008, Arai 2011, Kaewmad et al. 2014).
Zvlastni pozornost byla dosud soustfedéna zejména na zastupce Celedi Cobitidae, kde bylo
odhaleno nékolik polyploidiza¢nich udélosti (Saitoh et al 2010, Arai 2011), jez v n¢kterych
ptipadech souvisely s pfechodem na asexudlni zplisob reprodukce — v drtivé vétsin€ piipadii
na gynogenezi (Vasil'eva & Vasil'ev 1998, Bohlen & Ritterbusch 2000, Bohlen & Rab
2001), vyjimecné na tzv. meiotickou hybridogenezi (detail viz Morishima et al. 2008).

3.6.1.1. Mienky (Nemacheilidae)

Mrenky predstavuji nejdiverzifikovanéjsi skupinu sekavcovitych ryb. Zahrnuji 46
rodli s 600 popsanymi druhy (Kottelat 2012). Je to soucasn¢ i skupina geograficky
nejrozsifenéjsi. Zastupce mienek lze najit takika ve vSech eurasijskych vodnich tocich od
Portugalska po Japonsko a od sibifskych fek po Javu. Kromé vySe uvedeného se mienky
vyznacuji i znacnou diverzitou morfologickou, distribu¢ni (hojné rozsifené vs. endemitni
druhy) a diverzitou ve schopnosti kolonizovat Sirokou Skalu vodnich habitati. Nékteii
zastupci (Triplophysa stoliczkaya) byli nalezeni dokonce ve vysce téméf 5200 metri nad
motem (v Himalajich), coZ je vramci ryb rekordni zdznam a naopak jedinci druhu
Triplophysa zhaoi byli nalezeni v jeskyni v Turfanské prolakling (Xinjiang, Cina), v hloubce
50 m pod motem, tedy na jednom z nejhloub¢;sich mist v ramci sladkovodnich ryb (piehled
viz Kottelat 2012).
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Obr. 6: Systematické ¢lenéni nadceledi Cobitoidea a nejbliz§ich sesterskych skupin.
Upraveno podle Bohlen a Slechtova 2009 a Kottelat 2012.

3.6.1.2. Sekavky (Botiidae)

Sekavky celedi Botiidae obyvaji asijské toky stfedné velkych a vétSich fek od
Pakistanu po Japonsko a od Javy po Rusko. Mezi jejich typické morfologické charakteristiky
patii vysunovatelny suborbitalni trn (Nalbant 2002). Na rozdil od ostatnich sekavcu se
nejedna o striktné bentické ryby. Sekavky byly diive zahnuty v ¢eledi Cobitidae, ale pozdéji
bylo prokazano, Ze se jedna o nezavislou vyvojovou linii v rdmci Cobitoidea (Slechtova et

al. 2007). Na zakladé rozsahlé fylogenetické analyzy (Slechtova et al. 2006) bylo prokézano,
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ze se Botiidae ¢leni do dvou podceledi, z nichz jedna zahrnuje pouze diploidni druhy
(Leptobotiinae) a druhd pouze druhy tetraploidni (Botiinae). Ob& podceledi (zahrnujici
celkem 9 rodl) maji zcela separované oblasti vyskytu. Zatimco Leptobotiinae se vyskytuji
v severnich ¢astech Asie, Botiinae obyvaji jizni a zapadni oblasti. Pouze v jizni Ciné dochazi
ke kontaktu ryb rodu Sinibotia (Botiinae) se sekavkami rodu Leptobotia a Parabotia
(Botiinae). Dosavadni tdaje favorizuji polyploidiza¢ni udalost jako hybnou silu v pozadi

separace Botiinae a Leptobotiinae (Slechtova et al. 2006).

3.6.2. Lososoviti (Teleostei: Salmoniformes)

Skupinu Salmoniformes tvoii jedina celed’, Salmonidae, a ta zahrnuje 11 rodd a 70
druhti (Nelson 2006). Patii sem atlanti¢ti a pacificti pstruzi a lososi, siveni, hlavatky a lenci
(Salmoninae), sihové (Coregoninae) a lipani (Thymallinae) (Obr. 7). Téméf vSechny druhy
jsou vyznamné z hlediska akvakultury. Navic je tato skupina pozoruhodna i z evolu¢né-
genetického hlediska. U ptedka Salmoniformes totiz doslo k autopolyploidizac¢ni udalosti
(nasledné po 3R) zhruba pied 88-103 miliony let (Macqueen & Johnston 2014). Vzhledem
k tomu, Ze diploidni pfedci lososovitych jiz zcela vyhynuli, je cela Celed” polyploidni
(Phillips & Rab 2001). Dikazem polyploidie budiz dvojnasobna velikost genomi ve
srovnani s nejblizs§i skupinou Esociformes (Phillips a Rab 2001), setrvavajici tvorba
tetravalentt v meidze (Lee & Wright 1981, Oliveira et al. 1995) a pozistalé genové
duplikace (Moghadam et al. 2005, Koop & Davidson 2008). Mapovani pomoci BAC FISH
odhalilo u lososovitych rozsahlé syntenni bloky, které zlistaly konzervované po miliony let
(Phillips et al. 2006, Berthelot et al. 2014).

Po autotetraploidizaci byl prvni hypoteticky protokaryotyp lososovitych slozen ze
100 akrocentrickych chromozému (Phillips & Rab 2001). V ramci re-diploidizace (ktera
jesté neskonéila — viz vySe a Sakamoto et al. 2000) doslo postupné k celé¢ fadé
chromozdémovych prestaveb, nejCastéji Rb translokacim, které vedly k diverzifikaci
karyotypu a adaptivni radiaci druhd (Phillips & Rab 2001). Neukonéené re-diploidizaci
krom jiného nasvédcuje 1 mezidruhova variabilita v poctu chromozémovych ramének u
zastupct podceledi Coregoninae, Salmoninae a Thymallinae (Jankun et al. 2007, Caputo et
al. 2009, Ocalewicz a Dobosz 2009, Ocalewicz et al. 2013). Karyotypy lososovitych spadaji
do dvou charakteristickych kategorii. Zatimco v kategorii A se 2n pohybuje kolem 80

chromozomu, kategorii B tvoii zastupci s 2n kolem 60 chromozomu (Phillips & Rab 2001).
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Obr. 7: Systematické Clenéni Celedi lososovitych (Salmonidae) a nejblizsich sesterskych
skupin. Upraveno podle MacQueen a Johnston 2014.

3.6.3. Jeseteri (Chondrostei: Acipenseriformes)

Jesetefi a veslonosi jsou jednou z nejstarSich dosud zijicich skupin paprskoploutvych
ryb — stafi podobné jako bichifi a kostlini (Sallan 2014). Pivod této skupiny ryb se datuje
do obdobi jury, tedy do doby ptiblizné pied 200 miliony let (Bemis et al. 1997, Hurley et al.
2007). Patti sem jeseteii a lopatonosi (Acipenseridae; 25 druhll) a dva druhy veslonost
(Polyodon) (Bemis et al. 1997). Rada morfologickych znakt téchto ryb nese archaické prvky
(Rocek 2002).

Jeseteti jsou velice zadouci pro vyzkum genetiky a evoluce z celé fady davodu.
Jednim z nich je fakt, Ze se odd¢lili od piechiidct dnesnich kostnatych ryb jesté pred treti
genomovou duplikaci (Ohno 1970, Fontana 1994, Bemis et al. 1997, Ludwig et al. 2001).
(Cyto)genetické a genomické udaje u této skupiny tak mohou byt velice uzitecné jako
outgroup pii objasiiovani procesii souvisejicich s 3R hypotézou. Z cytogenetického hlediska
maji jeseteti karyotyp, ktery u ryb nema obdoby — je slozeny z vétsiho poctu
mikrochromozému a mensiho po¢tu makrochromozomu. JelikoZ jesetefi prodé¢lali nékolik
naslednych celogenomovych duplikaci (viz vyse), mizeme u nich odlisit celkem tfi ploidni
urovné: paleotetraploidi (2n = 4x ~ 120; napt. A. ruthenus), paleooktaploidi (2n = 8x ~ 240;
napt. A. baerii, A. gueldenstaedtii) a paleododekaploidi (2n = 12x ~ 360; napi. A.
brevirostrum) (Birstein et al. 1997, Havelka et al. 2011, 2016, Fontana 2016). Jesetefi tedy
vykazuji jedny z n&jvétsich poctli chromozomu mezi obratlovei. Nékteré studie zalozené na
cytogenetickém mapovani (nejen) 5S a 45S rDNA a na molekularnich analyzach

mikrosatelitli ovSem naznacuji, ze jeseteti se 120 chromozémy by mohli byt (minimalné

64



z funk¢niho hlediska) diploidi, s 240 chromozomy tetraploidi atd. Vysledky se ovSem nedaji
vztadhnout na cely genom, a tak dodnes neni zcela rozhodnuto, ktera verze polyploidni série
je ta spravna. Z cytogenetického hlediska muze byt pro vyfeseni této otazky velmi uzitecnym
nastrojem mapovani unikatnich sekvenci zaklonovanych v BAC klonech a WCP (Fontana
et al. 2007). Pozoruhodny je fakt, ze druhy jestert s riznym stupném ploidie se mohou mezi
sebou libovoln¢ kitizit (uméle i v ptirod€) a vzniklé potomstvo s intermedidrnim poctem
chromozomu je plné fertilni a Casto vysoce ploidni (Havelka et al. 2011, 2013, 2014, 2016).
Hybridni potomstvo je navic schopné kiizit se s rodiCovskym druhem (Havelka et al. 2011,
2013). Polyploidie u jesetert se tedy zda byt v tomto svétle s vysokou pravdépodobnosti

allopolyploidii, ovSem dosavadni udaje naznacuji, Ze u veslonosii doslo naopak

k autopolyploidii (Symonova et al. 2010).

Obr. 8: Vybrani zastupci studovanych skupin paprskoploutvych ryb. A Acipenseridae;
B-C Botiidae; D-F Nemacheilidae; G-H Salmonidae. A) Acipenser ruthenus,

B) Chromobotia macracantha, C) Sinibotia pulchra, D) Nemachilichthys ruppelli,

E) Schistura pridii, F) S. notostigma, G) Coregonus albula, H) C. fontanae. A, B, E —
www.fishbase.org (Froese & Pauly 2016); C, D, F—Bohlen J., UZFG AV CR; G-H — Schulz
a Freyhof 2003.
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4. Material a metody
4.1. Pouzity biologicky material

V pribéhu dizertaéni prace byly pro cytogenetickou a molekuldrné biologickou
analyzu zpracovany vyhradné ryby zakoupené od zahrani¢nich a tuzemskych soukromych
chovateld, chovatelti akvarijnich ryb, z rybich farem anebo byly uloveny na konkrétnich
lokalitach na zaklad¢ patti¢nych povoleni. Pro izolaci DNA a piipravu chromozémovych
preparati byla vyuzita svalova tkan, krev nebo ocasni ploutev. Lihové preparaty
zpracovanych jedinct jsou ulozeny ve sbirce Ustavu Zivo¢isné fyziologie a genetiky AV CR,

V.V.I.

4.2. Vyé&et pouzitych metod

Konven¢ni cytogenetika
Ptiprava chromozomovych preparatii z ploutvi a ledvin, barveni Giemsou, C-pruhovani,
fluorescenéni pruhovani, detekce nukleolarnich organizatord (NOR) pomoci dusi¢nanu

stfibrného

Molekularni cytogenetika

Jednobarevna a dvoubarevna FISH, TSA-FISH, PNA-FISH, GISH, CGH

Mikroskopie

svételna, fluorescencni
Prace s DNA
izolace, separace, stanoveni koncentrace, PCR, neradioaktivni znaceni (pomoci PCR, nick

translace), sonikace, celogenomova amplifikace pomoci WGA kitl

Genové inZenyrstvi

Klonovani genti

Prace se sekvencemi

BLAST/n, GenBank
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5. Vysledky

5.1. Souhrnny komentai K publikacim zahrnutym do dizertace

Predklddana dizertaéni prace se zabyva srovnavaci karyotypovou analyzou u
paprskoploutvych ryb. Jedna se ovSem o nejdiverzifikovanéjsi skupinu obratlovci, proto
jsem svoji pozornost soustfedil jen na vybrané skupiny, jejichz charakteristiky jsou néjakym
zptsobem vhodné pro feSeni otazek spjatych s karyotypovou diferenciaci/evoluci a jejim
vlivem na evoluéni a ekologické procesy. Abychom mohli plnohodnotné vyuzit
cytogeneticka data, ve vétSing pripadi predkladané publikace kombinuji cytogeneticky
pristup s dal§imi védeckymi disciplinami/pfistupy jako je fylogeneze (Sember et al. 2015,
Bohlen et al., in rev.), sekven¢ni analyza repetitivnich sekvenci (Symonova et al. 2013b,
Sember et al. 2015), artificialni produkce hybridi (Symonova et al. 2013a) a morfometrie
(Bohlen et al. in rev.).

V prvni publikaci zatazené do dizerta¢ni prace (Sember et al. 2015) se zaméfujeme
zejména na podrobnou srovnavaci karyotypovou analyzu u mienek ¢eledi Nemacheilidae.
Duvody, pro¢ jsme si pro dané ucely vybrali zrovna tuto skupinu ryb, jsou nasledujici: 1)
nase laboratof se jiz del§i dobu zabyva (na cytogenetické a fylogenetické trovni) fenoménem
asexualni reprodukce u sekavct rodu Cobitis, patfici do ¢eledi Cobitidae, sesterské skupiny
mienek (naptf. Bohlen & Ritterbusch 2000, Bohlen & Rab 2001, Janko et al. 2007), 2)
vzhledem k charakteristikam popsanym v kapitole 3.6.1.1 jsou Nemacheilidae skupinou
vykazujici znaény potencial pro ekologickou adaptaci a jsou velmi tspésni v kolonizaci
nejruznéjSich habitatt. Cilem publikace Sember et al. 2015 bylo objasnit, jak dalezity vliv
mély zmény na trovni karyotypu na evolu¢ni procesy v pozadi ohromné diverzifikace této
skupiny sekavcovitych ryb, protoZze u studovanych sesterskych skupin (Cobitidae,
Catostomidae a Botiidae) byly vlivem polyploidizace a/nebo ptfechodem na asexualni mod
reprodukce zmény na chromozémové a genomové Urovni evidentné podstatnym evolué¢nim
faktorem (Uyeno & Smith 1972, Rab et al. 2000, Bohlen & Ritterbusch 2000, Bohlen & Rab
2001, Slechtova et al. 2006 a dalii). Az dosud bylo o mienkach publikovano jen nékolik
praci, které se zabyvaji témét vyhradné zékladnim popisem karyotypu (Arai 2011,
Gaffaroglu et al. 2012, Kumar et al. 2014, Esmaelli et al. 2015), proto zlistavala tato otazka
ukazuji, ze ohromnd diverzifikace mienek celedi Nemacheilidae je spojena se znacnou
cytogenetickou variabilitou, ktera je ovSem patrnd az na sub-chromozomalni tGrovni (tj.

analyzy distribuce a sekvencniho slozeni (konstitutivniho) heterochromatinu a pfedevsim na
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urovni mapovani tandemovych repetitivnich sekvenci). Naopak z hlediska 2n se skupina jevi
jako pfevazné konzervativni a homogenni. Analyza fenotypti rDNA — a¢ fylogeneticky
neinformativni — ukazala skrytou variabilitu spojenou s dynamikou repetitivnich sekvenci,
zejména v piipade 5S rDNA, kde je navic patrna korelace mezi zvySenym poctem lokusii 5S
rDNA a endemizmem.

Publikace Symonova et al. (2013b) se detailn¢ vénuje fenoménu multiplikace lokust
rDNA, ktery byl stejné€ jako u mienek (Sember et al. 2015) pozorovan i u sihti podceledi
Coregoninae. Hlavnim tématem studie Symonova et al. (2013b) je analyza adaptivni radiace
a ekologické speciace v severonémeckém jezete Stechlin, vzniklém po posledni dobé ledové
(. pred 12-15 tisici lety), na piikladu dvou sympatrickych druhti sihd. Sihové (zastupci
lososovitych ryb) podstupovali Vv riznych postglacialnich jezerech v Eurasii a Americe
opakované cykly ustupii do reftigii a sekundarnich kontakt tak, jak se sttidaly doby ledové
a meziledové. Dusledkem nejen toho Casto tvori v jezerech sympatrické druhové pary nebo
jeden ancestralni druh da vzniknout vice novym druhim (napi. Vonlanthen et al. 2009). Patfi
proto mezi vhodné modely adaptivni speciace (Hudson et al. 2011). Sihové jsou rovnéz
idealnim modelem pro studium cCasnych post-zygotickych bariér, protoze reproduktivni
izolace mezi sympatrickymi druhy je mnohdy recentni udalosti (Bernatchez et al. 2010,
Dion-Coté et al. 2014, 2015). Ve studii Symonova et al. (2013b) analyzujeme sympatricky
par sihd tvofeny druhy Coregonus albula a C. fontanae. Zatimco C. albula je druh rozsifeny
i vjinych jezerech, C. fontanae je endemit pro jezero Stechlin (Schulz & Freyhof 2003) a
lisi se zejména svoji neobvykle malou velikosti téla (nejmensi v ramci sihli), obdobim
kladeni jiker (Schulz & Freyhof 2003) a metabolickou adaptaci (Ohlberger et al. 2008).
Cilem této publikace bylo analyzovat pomoci molekularné-cytogenetickych metod
chromozomové pozadi divergence obou druhl a faktory, které mohly pfispét k jejich
reproduktivni izolaci V jejich sympatrickém (i kdyZ ne p¥imo syntopickém?) aredlu. Jedna se
o prvni cytogeneticky vhled do dané problematiky, ktera byla u sihi jiz diive analyzovana
na nékolika desitkach studii zahrnujicich data fylogeneticka, biogeografickd, (populacn¢)
geneticka, morfologicka nebo eko-fyziologické (napi. Ostbye et al. 2005, 2006, Landry &
Bernatchez 2010, Dalziel et al. 2015, Laporte et al. 2015). Nase vysledky ukazuji, zZe
endemitni druh C. fontanae ma piekvapivé vysoky pocet (kompletnich i nekompletnich)
lokusti pro 45S rDNA (az 40 signala), které byly pravdépodobné rozsifeny po genomu

procesem transpozice. Domnivame se, ze zvySena aktivita TEs spolu s explozivnim

3 Sympatrické druhy se vyskytuji ve stejné oblasti, ale nemusi nutné sdilet konkrétni lokalitu. Syntopické
druhy sdileji i stejnou lokalitu.
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nartstem téchto lokusti 45S rDNA mohli zpisobit rozdil v Cetnosti (zejména nehomologni)
rekombinace u obou parentalnich druhti a ve svém dusledku napomoci divergenci obou
druhti a nasledné speciaci. Pfedpokladana zvysena aktivita retrotranspozonu Rex1 mohla byt
do jisté miry odpovédi na environmentalnimi stres, ktery by mohl souviset s nedostatkem
potravy V jezete Stechlin.

Dynamika nikoliv konkrétnich vybranych, ale vSech genomové-specifickych
disperznich repetitivnich sekvenci byla zkoumana ve tieti studii (Symonova et al. 2013a),
kterd se zaméfila na komparativni analyzu genomu u hybridt jeseterd druht Acipenser
ruthenus, A. baerii a A. guldenstaedtii vyprodukovanych v akvakultuie. Vysoka tolerance
jeseter k hybridizaci ptedstavuje v soucasnosti problémy pro rybolovem znaéné
redukované a kriticky ohrozené ptirodni populace, jelikoz hybridni jedinci mohou ptivodni
druhy v jejich lokalitach i zcela nahradit a tim padem ptispét k jejich vyhubeni. Detailngjsi
vhled do mechanizmi na tGrovni dynamiky genomu umoziujicich jeseterim uspéSnou
mezidruhovou hybridizaci miize napomoci konzerva¢nim strategiim u této ohrozené skupiny
ryb. Kombinace vysledkt metod GISH a CGH zde odhalila, ze genomy rodi¢ovskych druhti
se na mitotickych metafazich hybridniho jedince navzajem 1i§i pouze repetitivnimi
sekvencemi, které jsou akumulovany na mikrochromozémech a na nékterych mensich
makrochromozomech. Oproti tomu zbylé makrochromozomy nevykazovaly druhové-
specifické signaly, pravdépodobné tak obsahuji spise unikatni sekvence a obecné oblasti s
s pomalejsi evolu¢ni dynamikou. Je mozné, Ze toto uspoiadani a preferen¢ni distribuce
genomoveé-specifickych repetitivnich sekvenci predevS$im na mikrochromozomy hraje
vzniku fertilniho a vysoce ploidniho potomstva.

Jelikoz druhd a tfeti publikace zahrnovala metodu CGH, kterou bylo potieba
v mnoha ohledech pro uvedené rybi skupiny optimalizovat, doslo k vytvofeni unikatniho
protokolu, ktery byl publikovan jako kapitola v recentné vydané knize shrnujici soucasné
pokroky v metodach rybi cytogenetiky (Symonova et al. 2015).

V posledni publikaci (Bohlen et al., in rev.) se vracime k fenoménu polyploidie a
k sekavcovitym rybam. V popiedi zajmu tohoto vyzkumu jsou sekavky celedi Botiidae, u
kterych se predpoklada na zakladé dostupnych dat (Doadrio & Perdices 2005, Slechtova et
al. 2006) polyploidiza¢ni udélost pti separaci dvou hlavnich vyvojovych linii — diploidni
podceledi Leptobotiinae a tetraploidni Botiinae. Zatimco vétSina zastupcti Leptobotiinae a
Botiinae se svym arealem v ramci Asie nepfekryva, na nékterych vodnich tocich v Cing se

spolu vyskytuji urcité druhy Sinibotia (Botiinae), Leptobotia a Parabotia (Leptobotiinae).
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Nase studie analyzuje sekavky druht Sinibotia pulchra, ‘Botia” zebra (Botiinae) a
Leptobotia guilinensis (Leptobotiinae), vyskytujicich se sympatricky v ur¢itém useku
jihoCinské feky Li. Je pozoruhodné, ze a¢ ostatni kongenerické druhy rodt Sinibotia a
Leptobotia maji zna¢né rozsifeni v ramci Asie (v€etné S. pulchra), druhy 'B.” zebra a L.
guilinensis jsou endemitem pro danou lokalitu. Pozoruhodna je dale napadna podobnost
zminénych druhi v fad¢ diagnostickych morfologickych znacich. Cilem studie Bohlen et al.,
in rev. proto bylo analyzovat a posoudit, zda-li druh sekavky 'B.” zebra nevznikl
mezidruhovym kiizenim druhti L. guilinensis a S. pulchra. Nase analyza kombinovala
morfologicka, fylogeneticka a cytogeneticka data. Vysledky fylogenetické a cytogenetické
analyzy jsou v rozporu s morfologickymi udaji, a tedy s nejvetsi pravdépodobnosti se
nejednd o hybrida, nybrz o druh s vybornou morfologickou adaptaci (napodobujici diploidni
druh L. guilinensis) na dané prostiedi. S urcitou pravdépodobnosti by se mohlo jednat o
mimézii neboli mimikry znamou napft. u pancéinickll rodu Corydoras (Alexandrou et al.
2011).
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Abstract

Background: Loaches of the family Nemacheilidae are one of the most speciose elements of Palearctic freshwater
ichthyofauna and have undergone rapid ecological adaptations and colonizations. Their cytotaxonomy is largely
unexplored; with the impact of cytogenetical changes on this evolutionary diversification still unknown. An
extensive cytogenetical survey was performed in 19 nemacheilid species using both conventional (Giemsa staining,
C- banding, Ag- and Chromomycin As/DAPI stainings) and molecular (fluorescence in situ hybridization with 55
rDNA, 45S rDNA, and telomeric (TTAGGG),, probes) methods. A phylogenetic tree of the analysed specimens was
constructed based on one mitochondrial (cytochrome b) and two nuclear (RAGT, IRBP) genes.

Results: Seventeen species showed karyotypes composed of 2n =50 chromosomes but differentiated by
fundamental chromosome number (NF =68-90). Nemachilichthys ruppelli (2n=38) and Schistura notostigma
(2n =44-48) displayed reduced 2n with an elevated number of large metacentric chromosomes. Only
Schistura fasciolata showed morphologically differentiated sex chromosomes with a multiple system of the
XYY, type. Chromomycin As (CMAs)- fluorescence revealed interspecific heterogeneity in the distribution of
GC-rich heterochromatin including its otherwise very rare association with 55 rDNA sites. The 455 rDNA sites
were mostly located on a single chromosome pair contrasting markedly with a pattern of two (Barbatula
barbatula, Nemacheilus binotatus, N. ruppelli) to 20 sites (Physoschistura sp.) of 55 rDNA. The cytogenetic
changes did not follow the phylogenetic relationships between the samples. A high number of 55 rDNA sites
was present in species with small effective population sizes.
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Conclusion: Despite a prevailing conservatism of 2n, Nemacheilidae exhibited a remarkable cytogenetic
variability on microstructural level. We suggest an important role for pericentric inversions, tandem and
centric fusions in nemacheilid karyotype differentiation. Short repetitive sequences, genetic drift, founder
effect, as well as the involvement of transposable elements in the dispersion of ribosomal DNA sites, might
also have played a role in evolutionary processes such as reproductive isolation. These remarkable dynamics
of their genomes qualify river loaches as a model for the study of the cytogenetic background of major
evolutionary processes such as radiation, endemism and colonization of a wide range of habitats.

Keywords: Fish cytotaxonomy, Karyotype variability vs. 2n uniformity, FISH, 45S - 5S ribosomal genes,
Chromosome banding, Pericentric inversion, Robertsonian translocation, Effective population size

Background

Cypriniformes, the largest order of freshwater fishes
globally, is composed of two highly diverse Palearctic
superfamilies — Cyprinoidea and Cobitoidea [1, 2]. Cobi-
toidea, or “loaches”, are a group of small benthic fishes
which are one of the most common elements of
Eurasian freshwater ichthyofauna. To date, Cobitoidea
includes about 1100 species, currently recognized in ten
families [3], and yet only representatives of Cobitidae,
Botiidae, Catostomidae and Vaillantellidae have so far
been studied cytogenetically. Several cases of highly di-
verse karyotypes and polyploidy have been discovered in
the first three families, although not in Vaillantellidae
[4]. The Botiidae family consists of two subfamilies dif-
fering in ploidy levels (one diploid and one tetraploid)
[5]. In Cobitidae, several independent polyploidization
events occurred [6, 7], in some cases after hybridization,
leading to an asexual mode of reproduction [8-10].
From these limited data we can see that cytogenetic
changes might have played an important role in the evo-
lution of loaches and it remains an open question as to
whether this is also true for the remaining cobitoid
lineages.

With nearly 600 recognized species in 46 genera [3],
Nemacheilidae, or “river loach”, represents the most di-
verse family of loach fishes, as well as being the most
widespread with a distribution area ranging continuously
from Portugal to Japan, and from most Siberian rivers to
Java [11]. Importantly, river loaches are also very abun-
dant within this enormous distribution area, occurring
in virtually all rivers in Europe and Asia. On the other
hand, their distribution pattern varies considerably;
while some species are geographically very restricted,
others are widely distributed, a feature often found even
within the same genus, e.g., Schistura [3]. Additionally,
Nemacheilidae have colonized an unusual variety of hab-
itats including standing swamps, torrential rapids, major
rivers, small forest streams, caves and lakes. Their eco-
logical diversity is further illustrated by them being both
the highest (above sea level) and the lowest (below
ground level) freshwater fish in the world [3]. All these
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characteristics make Nemacheilidae a vital model for
evolutionary study and our candidate group with which
to evaluate the impact of cytogenetic changes on their
diversity.

Despite the vast biodiversity within Nemacheilidae, the
cytogenetics and cytotaxonomy of this group remain
poorly explored. Giemsa-stained chromosomes have
been studied in only 24 species [7, 12—14] and banding
techniques were performed solely in the single species
Barbatula barbatula [15] while no molecular cytogenet-
ics had previously been applied. From this limited data,
karyotypes of most analysed species display the stable
diploid chromosome number 2n = 50, while interspecific
karyotype variability in the number of chromosomal
arms (Nombre Fundamental, NF) is apparent (see, e.g.,
[15-17]). In some species, intraspecific variability in 2n
and karyotype composition has also been documented
[17-20]. Polyploidy has been recorded only in one
species B. ‘barbatula’ (2n=3x=75) [21]. The scarce
available data does indicate the extensive but unexplored
cytogenetic diversity of nemacheilid loaches.

The aim of this study is to assess cytogenetic variabil-
ity within the Nemacheilidae family using conventional
and molecular chromosome markers and to evaluate
these data with regards to the evolutionary processes
behind morphological and ecological diversification. A
representative sampling of 19 species from eleven genera
were used to investigate karyotypes, heterochromatin
distribution and chromosomal characteristics of both
rDNA classes and (in some cases) the telomeric sequence
motif (TTAGGG),. All cytogenetic characteristics were
mapped onto a phylogenetic tree based on molecular ana-
lyses of one mitochondrial and two nuclear genes.

Methods

Animals

Fifty-two individuals belonging to 19 different nemachei-
lid species were analysed (Table 1). Their distribution
areas are specified in Fig. 1 and references for taxonomic
identification are given in Additional file 1: Supplementary
Methods 1. All analysed specimens were obtained from
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Table 1 Species under study, their sex, origin and geographical distribution

Species Individuals ~ Source (country, province, river basin)  Distribution

Barbatula barbatula (Linnaeus, 1758) 3 Czech Republic, Stfedocesky kraj, Elbe  widespread (Europe, Asia)

Lefua costata (Kessler, 1876) 2Q Republic of Korea, Gangwon, Geojin widespread (Korea, China)
Mesonoemacheilus guentheri (Day, 1867) 14,12 Ornamental fish trade moderately widespread (southern India)
Nemacheilus binotatus (Smith, 1933) 18,12 Ornamental fish trade moderately widespread (Thailand)
Nemachilichthys ruppelli (Sykes, 1839) 18,12 Ornamental fish trade moderately widespread (southern India)
Paracanthocobitis pictilis (Kottelat, 2012) 29 Ornamental fish trade endemic to Ataran river (Myanmar)
Paracanthocobitis zonalternans (Blyth, 1860) 1 31 Myanmar, no details known widespread (Bangladesh to Malaysia)
Petruichthys brevis (Boulenger, 1893) 14,12 +1  Ornamental fish trade endemic to Inle Lake (Myanmar)
Physoschistura elongata (Sen & Nalbant, 2 Ornamental fish trade endemic to Shilling county (northeast India)

in Singh, Sen, Banarescu & Nalbant, 1982)
Physoschistura sp. 2

Pteronemacheilus lucidorsum 18,12
(Bohlen & Slechtova, 2011)

Schistura bolavenensis (Kottelat, 2000) 3 Laos: Champasak, Mekong
Schistura corica (Hamilton, 1822) 13,39 Ornamental fish trade

Schistura fasciolata (Nichols and Pope, 1927) 24,12 Ornamental fish trade

Schistura hypsiura (Bohlen, Slechtovd & 134,19 +3  Ornamental fish trade
Udomritthiruj, 2014)

Schistura notostigma (Bleeker, 1863) 6 Ornamental fish trade

Schistura pridii (Vidthayanon, 2003) 2 Ornamental fish trade

Schistura savona (Hamilton, 1822) 3 Ornamental fish trade
Seminemacheilus lendlii (Hanko, 1924) 13,12 Turkey, Anatolia, no details known

Myanmar, Shan, Salween

Myanmar, Shan, Irrawaddy

endemic to surrounding of Inle Lake (Myanmar)

endemic to upper Myitnge river basin (Myanmar)

moderately spread (Bolaven plateau, Laos)
widespread (northern India, Bangladesh)
widespread (southern China and northern Vietnam)

endemic to southern Rakhine state (Myanmar)

endemic (Sri Lanka)
local endemic (northern Thailand)
widespread (northern India, Bangladesh)

endemic to southeast Anatolia (Turkey)

ornamental fish trade, from a commercial fish farm
or from private aquarium fish breeders. All experi-
mental procedures involving fishes were approved by
the Institutional Animal Care and Use Committee of
the IAPG AS CR, according with directives from the
State Veterinary Administration of the Czech Republic,
permit number 217/2010, and by permit number CZ
02386 from the Ministry of Agriculture of the Czech
Republic. Voucher specimens are deposited to the fish
collection of the Laboratory of Fish Genetics, IAPG,
CAS, Libéchov.

Chromosome preparation and analysis of constitutive
heterochromatin

Mitotic chromosomes were obtained from regenerating
fin tissue by the technique described by Vdlker et al.
[22] and Volker and Rab [23], with slight modifications
(see Additional file 1: Supplementary Methods 2). For
conventional cytogenetic analysis, chromosomes were
stained with 5 % Giemsa solution (pH 6.8) (Merck,
Darmstadt, Germany). Selected slides were destained in
methanol:acetic acid fixation (see above) and re-used
for the other techniques. For fluorescence in situ
hybridization (FISH), slides were dehydrated in an
ethanol series (70, 80 and 96 %, 3 min each) and
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stored in a freezer (-20 °C). Visualization of the con-
stitutive heterochromatin was done by C-banding
according to Haaf and Schmid [24] using 4',6-diamidino-
2-phenolindole (DAPI) (Sigma, St. Louis, MO, USA)
counterstaining. Fluorescence staining was performed se-
quentially or in separate experiments by GC-specific
fluorochrome Chromomycin A; (CMA3) (Sigma-Aldrich)
[25] and AT-specific fluorochrome DAPI (Sigma-Aldrich)
[26], following Mayr et al. [27] and Sola et al. [28]. In
P. elongata, a silver staining technique was employed
according to Howell and Black [29]. At least ten meta-
phases per specimen were analysed, in some cases se-
quentially. In a few cases, metaphases with incomplete
2n were selected (see Figs. 6i and 7a; Additional file 2:
Figure S1K), but were sufficient enough to present the
required features. Chromosome morphology was classified
according to Levan et al. [30], but modified as m —
metacentric, sm — submetacentric, st — subtelocentric,
a — acrocentric, where st and a chromosomes were scored
as uniarmed, together in one category.

DNA isolation and probe preparation

Whole genomic DNA was extracted from fin tissue
using the conventional phenol-chloroform-izoamylalcohol
method [31] using PhaseLock Eppendorf tubes (5SPRIME,
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Fig. 1 Distribution areas of the investigated species of Nemacheilidae. a Asia, b Europe, ¢ China. 1 = N. ruppelli, 2 — M. guentheri, 3 — S. notostigma,
4 - S, corica and S. savona, 5 - P. elongata, 6 — P. zonalternans, 7 - P. lucidorsum, 8 - S. hypsiura, 9 - P. sp. and P. brevis, 10 - S. pridii, 11
12 - N. binotatus, 13 - S. bolavensis, 14 - S. fasciolata, 15 - B. barbatula, 16 - S. lendlii, 17 — L. costata

P. pictilis,

Gaithersburg, USA) to prevent protein contamination,
or the Qiagen DNAeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). rDNA fragments were obtained by
polymerase chain reaction (PCR) using previously de-
scribed primers (see Additional file 3: Table S1; for
PCR conditions see Additional file 1: Supplementary
Methods 3). The resulting PCR products were puri-
fied using QIAquick PCR purification Kit (Qiagen),
with multiple bands being electrophoresed in 0.8 %
agarose gels and purified using QIAquick Gel Extraction
Kit (Qiagen). DNA fragments were cloned to pDrive
Cloning Vector (Qiagen) and transformed into QIAGEN
EZ Competent Cells (Qiagen). Selected recombinant
plasmids were isolated by QIAprep Spin Miniprep Kit
(Qiagen) and sequenced in both strands by Macrogen
(South Korea, Netherlands). Chromatograms of ob-
tained sequences were verified and assembled using
SeqMan Pro 10.1.2 (LaserGene, DNASTAR, Madison,
W1.). The resulting consensus sequences were con-
firmed using NCBI BLAST/N analysis [32] and se-
lected clones used to construct FISH probes.
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Probes were labelled by PCR with biotin-16-dUTP
(Roche, Mannheim, Germany) or digoxigenin-11-dUTP
(Roche). For each slide 200 ng of 5S rDNA, 200 ng of
45S rDNA and 25 pg of sonicated salmon sperm DNA
(Sigma-Aldrich) were added and the resulting probe
precipitated in 96 % ethanol, washed in 70 % ethanol,
air-dried and re-dissolved in hybridization buffer (50 %
formamide, 10 % dextran sulphate, 2x SSC, 0.04 M
NaPO, buffer, 0.1 % SDS, Denhardt reagens, see [33]) to
give a final concentration of 25 ng/ul for each rDNA
probe.

For telomeric FISH, non-templated PCR with primers
(TTAGGG)s and (CCCTAA); was carried out according
to Ijdo et al. [34]. The amplified product was labelled
using Nick Translation Mix (Abbot Molecular, Illinois,
USA) with biotin-16-dUTP, taking 3-4 h to reach opti-
mal probe size (100-500 bp).

FISH analysis
FISH was carried out according to Cremer et al. [35]
with several modifications. Briefly, dehydration in an
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ethanol series (70, 80 and 96 %, 3 min each) was
followed by thermal aging for 1-2 h at 37 °C and 30 min
at 60 °C. Prior to hybridization, the chromosomes were
treated with RNase A (200 pg/ml in 2x SSC) (Sigma-
Aldrich) for 90 min at 37 °C in a humid chamber
and digested with pepsin (50 pg/ml in 10 mM HCI,
3 min, 37 °C). Slides were subsequently denatured in
75 % formamide (pH 7.0) (Sigma-Aldrich) in 2x SSC
at 74 °C for 3 min, and then immediately cooled and
dehydrated in 70 % (cold), 80 % and 96 % (RT) ethanol.
The hybridization mixture was denatured at 86 °C for
6 min and immediately chilled on ice for 10 min. 10-20 pl
of probe mixture was applied to a denatured slide and
hybridization was performed overnight at 37 °C in a dark
humid chamber. Post-hybridization washes were done
twice in 50 % formamide in 2x SSC (pH 7.0) at 42 °C for
5 min and three times in 1x SSC at 42 °C (7 min each) be-
fore equilibration washing in 2x SSC at RT for 20 s. Prior
to probe detection 500 pl of 3 % BSA (Vector Labs,
Burlington, Canada) in 4x SSC in 0,01 % Tween 20 was
dropped onto the slide (at 37 °C for 20 min) as a blocking
treatment. Probes were detected by Anti-Digoxigenin-
Rhodamine (Roche) and Streptavidin-FITC (Invitrogen
Life Technologies, San Diego, CA, USA) along with Anti-
Digoxigenin-Fluorescein (Roche) and Streptavidin-Cy3
(Invitrogen Life Technologies) to exclude any artificial re-
sults (influenced e.g.,, by the type of applied antibody).
Experiments with altered labelling (biotin for 45S and
digoxigenin for 5S rDNA) were included to verify the ob-
served patterns. All rDNA FISH pictures presented here
are pseudocoloured in red for the 45S rDNA probe and in
green for the 5S rDNA.

The slides were incubated with antibodies at 37 °C for
60 min in a dark humid chamber, washed four times
(7 min each) in 4x SSC in 0.01 % Tween (pH 7.0) at
42 °C and the chromosomes then counterstained with
DAPI in mounting medium (Cambio, Cambridge,
United Kingdom), covered and sealed with a coverslip.

To enhance telomeric FISH signals, tyramid signal
amplification (TSA) was performed using a kit with tyra-
mide conjugated with Alexa 488 fluorochrome (Invitrogen
Life Technologies).

After image processing FISH slides selected for
fluorescence banding and/or C-banding were washed
in 4x SSC in 0.01 % Tween (pH 7.0) and dehydrated
in an ethanol series.

Microscopy and image analysis

Giemsa-stained chromosomes and FISH images were
inspected using a Provis AX70 Olympus microscope
with a standard fluorescence filter set. FISH images were
captured under immersion objective 100x with a black
and white CCD camera (DP30W Olympus) for each
fluorescent dye using Olympus Acquisition Software.
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The digital images were then pseudocoloured (blue for
DAPI, red for Rhodamine or Cy3, green for FITC or
Alexa488) and superimposed with Microlmage soft-
ware (Olympus, version 4.0). FISH karyotype images
were optimized and arranged using Adobe Photoshop,
version CS6. Karyotypes from Giemsa-stained and C-
banded images were arranged in IKAROS (Metasystems)
software.

Phylogenetic analyses

Phylogenetic hypothesis was based on the analyses of
three molecular markers: mitochondrial cytochrome b
(cyt b), recombination-activating gene 1 (RAGI) and
interphotoreceptor retinoid-binding protein (IRBP). The
primers and PCR reaction protocols for cyt b and RAGI
followed Slechtovi et al. [5, 36], and Chen et al. [37] for
the IRBP amplification (for details, see Additional file 1:
Supplementary Methods 4). The same sets of PCR
primers were used for sequencing (summarized for all
genes in Additional file 3: Table S1). All three genes
were sequenced for each of the 39 analysed specimens
of Nemacheilidae.

Chromatograms were edited and assembled using
SeqMan Pro 10.1.2 (LaserGene, DNASTAR). The se-
quences were aligned in BioEdit 7.0.5.3 [38] and eval-
uated based on their amino acid translation.

Prior to the phylogenetic analyses, the congruence
among the three gene partitions was assessed using the
incongruence length difference (ILD) test [39] with 1000
replication as implemented in PAUP 4.0b10 [40]. Since
the test did not reveal any significant conflict (see the
Results), all three datasets could be concatenated into a
single matrix.

Alignments of all three genes were concatenated into
a single 2998 bp dataset (1124 bp of cyt b, 974 bp of
RAGI and 900 bp of IRBP) and 40 individuals (39
Nemacheilidae plus 1 outgroup). All sequences but one
(cyt b sequence of Botia lohachata) are original data and
were deposited in GenBank [41] under the accession
numbers [KP738491 - KP738609] (see Additional file 4:
Table S2).

Phylogenetic analysis of the concatenated dataset
was performed using the partitioned Bayesian infer-
ence in MrBayes 3.2.2 [42]. The dataset was parti-
tioned by genes and codon positions, involving in total
nine partitions. The analysis was set to six Metropolis
Coupled Markov Chains Monte Carlo (MCMCMC)
with default heating conditions, searching the tree
space for 5 milion generations under the GTR+ G +1
settings for each partition, in two runs, starting with
random trees and a sampling frequency of each 100
generations. The log-likelihood score distribution was
examined to determine the burn-in values. The first
1000 trees were discarded as burn-in and the remaining
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ones were used to build a 50 % majority rule consensus
tree and statistical support of clades was assessed by pos-
terior probabilities.

Results

Sequence analysis of RAG1, IRBP and cyt b

The RAGI, cytochrome b and IRBP datasets consisted of
974 (30 % of variable positions), 1124 (44 % v.p.) and
900 bp (35 % v.p.), respectively. The ILD test did not
reject the null hypothesis about the homogeneity of
any of the analysed datasets: P=0.94 for RAGI vs. cyt b,
P =0.71 for ¢yt b vs. IRBP and P = 0.14 for RAGI vs. IRBP.
Therefore the data were concatenated into a single dataset
for the further analysis, altogether providing a dataset of
2998 bp.

In the final phylogeny all analysed species were identi-
fied as monophyletic and well-separated lineages. The
topology shows a prominent basal split into one major
clade that contains Nemacheilus binotatus from northern
Thailand plus all samples from Myanmar, India, Sri Lanka
and Turkey and a second major clade that is composed
from all samples from China, Laos, Europe and Korea.
Within the first major clade, four subclades are visible: the
first containing N. binotatus, the second Schistura savona
and both species of Paracanthocobitis, the third solely
Nemachilichthys ruppelli and the fourth containing all
remaining samples from the genera Mesonoemacheilus,
Schistura, Physoschistura, Seminemacheilus, Pteronema-
cheilus and Petruichthys. Within the second major clade,
three subclades are visible: the first containing Lefua
costata from Korea, the second B. barbatula from
Europe and the third with two species of Schistura
from Laos and China.

Sequence analysis of 5S and 28S rDNA

PCR amplification of 28S rDNA resulted consistently in
a fragment 300 bp in size, containing partial sequence of
28S rRNA coding region. Sequences for P. elongata, S.
bolavenensis, S. corica, S. fasciolata as well as for Botia
almorhae (from related family Botiidae) were deposited
in GenBank [41] (see Additional file 5: Table S3). For 5S
rDNA, a high degree of variability, both in length as well
as in number of putative 5S rDNA fragments was ob-
served among the analysed species, so sequenced frag-
ments from Esox lucius (300 bp) and B. almorhae
(500 bp) were used for constructing the FISH probe.
The sequence of 55 rDNA fragment from E. lucius was
verified in GenBank [EF514228]. The sequence of 5S
rDNA from B. almorhae (deposited in GenBank; see
Additional file 5: Table S3) contained a partial sequence
of the 5S rDNA coding region (83 bp) and a putative
NTS (non-transcribed spacer). For detailed analysis of
nemacheilid 5S rDNA, we selected 200 and 600 bp PCR
fragments from two specimens of S. pridii. Thirteen
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clones were sequenced and verified in BLAST/N and
also searched against the Repbase database at the Gen-
etic Information Research Institute (GIRI) [43] for the
presence of transposable elements (TEs) or other repeti-
tive sequences. Indeed, each cloned sequence contained -
next to the 71 bp of the 5S rRNA gene coding region - a
putative NTS (85 bp or 475 bp) containing a fragment
(54 bp) of L1-2_ DR non-long terminal repeat (non-
LTR) retrotransposon (RTE) at the 3'end (Additional
file 6: Figure S2). The differences between both PCR
fragments were thus in the length of the putative
NTS and in the distance of the RTE fragment from
the 5S rRNA coding region. No such association be-
tween TEs and rDNA loci was observed in the 5S
rDNA of B. almorhae or in the 28S rDNA fragments
characterized in this study.

Cytogenetic characteristics

Figure 2 summarizes 2n, karyotype structure, NF and
rDNA phenotypes (i.e., number and position of both
major and minor rDNA sites) within the phylogenetic
tree context analysis. Seventeen out of 19 species dis-
played karyotypes with uniform 2n=50, but with a
marked variability in NF values (68-90) (Figs. 2, 3 and 5;
Additional file 7: Figure S3). In the remaining two spe-
cies, karyotypes with reduced 2n were observed: N. rup-
pelli (2n=38) (Fig. 4a), S. notostigma (2n=44 or 48)
(Additional file 8: Figure S4A, C, E). Two different kar-
yomorphs occured in examined individuals of the latter
species — with 2n =44 (five individuals, Additional file 8:
Figure S4A, C) and with 2n=48 (a single individual,
Additional file 8: Figure S4E). Karyotypes of both species
exhibited a significantly higher number of large m chro-
mosomes compared to karyotypes with 2n =50. Except
for the large m chromosomes in N. ruppelli (six pairs)
and S. notostigma (one or two pairs), karyotypes in all
other species were composed of comparatively small
chromosomes, gradually decreasing in size. Very tiny
chromosomes were observed in L. costata, P. pictilis,
P. zonalternans, S. hypsiura and S. savona. Centro-
mere positions often gradually differed making it diffi-
cult to establish strict borderlines between formal
chromosomal categories.

In almost all species no intraspecific numerical or
structural polymorphisms between males and females
that might indicate the presence of sex chromosomes
were detected, although only females were examined in
L. costata and P. pictilis and unsexed specimens in 7
other species — see Table 1. However, in S. fasciolata,
males exhibited 2n =51 chromosomes with a karyotype
composed of (9 m + 20sm + 22st-a) while a female pre-
sented a 2n=50 (8 m +20sm + 22st-a), suggesting the
presence of a multiple XY;Y, sex chromosome system
(Fig. 5a, c).
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Fig. 2 Phylogenetic relationships and karyotype characteristics of inspected nemacheilids. 2n, karyotype characteristics, FN, 455 and 55 rDNA
patterns are plotted onto phylogenetic tree obtained by Bayesian analysis based on the mitochondrial (cytochrome b) and nuclear (RAGT, IRBP)
genes. diograms represent partial karyotypes with chromosomes bearing 45S rDNA (red signals) and 5S rDNA (green signals). Polymorphic rDNA
sites are in brackets. Note higher numbers of 55 rDNA sites in the majority of endemic species (whose taxonomic names are in bold italics). Note:
in P. elongata, only the karyotype version from one individual is presented, to avoid confusion due to the high number and variability of rDNA

Heterochromatin distribution and composition

The distribution of constitutive heterochromatin was
studied by CDD (CMA3/DAPI) banding in all species
and C-banding in a subset of 10 species (Additional
file 9: Table S4). The C-banding and DAPI patterns
were usually congruent with the exceptions observed
in N. ruppelli and S. bolavenensis, where also some
CMA;-positive (CMA3") regions (NOR-associated) were
slightly positively heteropycnotic after C-banding at the
same time (Fig. 4c; Additional file 2: Figure SIL). In the
remaining species, the CMA;" regions did not match the
C-bands. With the exception of N. ruppelli and S. lendlii
(Fig. 4c; Additional file 2: Figure S1Q) all other species
displayed generally low or moderate levels of AT-rich
C-heterochromatin. In almost all species, its predom-
inant location was in the pericentromeric regions of
some or all chromosomes, except for S. corica, where
only a few interstitial bands and two whole-arm
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heterochromatic regions (p-arms, sm) were apparent
(Additional file 2: Figure S1M). In one or more
chromosomal pairs of m-sm type in M. guentheri, P. sp., S.
bolavenensis, S. hypsiura and S. lendlii (Additional file 2:
Figure S1D, I, L, N, Q) the heterochromatin encompasses
a substantial part or even the entire arm of the chromo-
some. These regions were adjacent to 5S or 45S rDNA
only in S. bolavenensis, S. corica and S. lendlii. Few hetero-
chromatic p-arms of st-a chromosomes were observed in
L. costata, M. guentheri, N. ruppelli, P. zonalternans and
S. pridii (Fig. 4c, Additional file 2: Figure S1B, C, D, G, O).
Huge heterochromatic regions were found flanking the
primary constrictions of m chromosomes in N. ruppelli
(six pairs, Fig. 4c), S. notostigma (one or two pairs,
Additional file 8: Figure S4C), S. savona (one pair,
Additional file 2: Figure S1P) as well as in one (male) or
two (female) st chromosomes in S. fasciolata (Fig. 5d). In
the latter species, compared to Giemsa-stained karyotypes,



Sember et al. BMC Evolutionary Biology (2015) 15:251

Page 8 of 22

A Barbatula barbatula AS390

“
ma® K& 28
1- 3
sm|AS WK RE % Ko KA
4. -9
N RA AR DD 4n 06 A&
10-
sta @A BRA DA B6 BA 4¢ 0a
A Bn
-25 —
C Physoschistura sp. A7545
1- -5
sm "0‘& \ " in NN
6- 1
& | AOAR N no
12-
st-a
LAY e Nt n . -
-25

Fig. 3 Karyotypes of selected nemacheilid species after Giemsa staining and dual-colour (55/45S) rDNA FISH. Giemsa-stained karyotypes
od, arrows) and 55 rDNA (green, arrowheads) probes on (a, b) B. barbatula, (c, d) P. sp.

ith 455 rDNA (
th DAPI and the ir

(left column) and dual-colour FISH (
The FISH chromosomes were counterstainec

ges were converted to grayscale. Bar

Barbatula barbatula A8394

> »

A7546

10 pm

this heterochromatic region was confined to the st
chromosome present on one homologue in males and on
both homologues in females. Also noticeable was the
C-heterochromatic block on the male-specific single
large m chromosome. Furthermore, intercalar DAPI-
positive bands were clearly visible after C- or CDD
banding in a subset of sm/st chromosomes (from one
to four pairs) in B. barbatula, N. ruppelli, N. binotatus,
S. bolavenensis, S. corica and S. notostigma, often
appearing as dot-like sites located proximally on the q
arms. Finally, a polymorphic AT-rich p-arm was ob-
served in one homologue of pair 18 in M. guentheri, but
only in the male karyotype (Additional file 7: Figure S3D).

CMA; labelled only GC-rich regions associated exclu-
sively with NORs in seven species (L. costata, P. brevis,
P. sp., S. fasciolata, S. pridii, S. savona and S. lendlii),
but also with 5S rDNA regions in seven other nemachei-
lids (Additional file 9: Table S4). More specifically,
species with only some 5S rDNA sites being CMA;'
(e.g., M. guentheri, P. zonalternans, P. elongata) (Fig. 6b,
g; Additional file 10: Figure S5B) and others with all of
them (e.g, B. barbatula, N. ruppelli, S. notostigma)
(Figs. 4b and 6a, i). In six out of seven species, we
observed the 55 rDNA/CMA;" pattern directly by se-
quential application of CDD banding and rDNA FISH
(Fig. 6b, g-i) In S. corica (Fig. 6f), however, a similar
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conclusion was based on observation of remarkably high
number of CMA;" sites and their distribution in centro-
meres and chromosomal p-arms, similarly to 55 rDNA
sites. In P. pictilis, P. lucidorsum and S. hypsiura, associ-
ation of CMA;" and 5S rDNA sites was inconclusive
(Fig. 6d; Additional file 10: Figure S5D, F). In N. binota-
tus and S. bolavenensis, CMA; labelled NORs and some
other regions non-related to 55 rDNA (Fig. 6¢, h). A
more complicated pattern was observed in P. elongata
(with a subset of CMA;" 5S rDNAs and additional
CMA;" regions) and S. notostigima (where all 5S rDNAs
were CMA3;" and other CMA;" regions also appeared)
(Fig. 6g, i; Additional file 10: Figure S5G). Finally, S. cor-
ica displayed an extensive dispersal of CMA3" regions
with locations in all centromeres, some p-arms and
along the single pair of NOR (Fig. 6f).

rDNA phenotypes

All karyotypes resulting from the rDNA FISH experi-
ments are shown in Figs. 3, 4 and 5; Additional file 7:
Figure S3, Additional file 8: Figure S4B, D, F and
Additional file 11: Figure S6B, D and partial idio-
grams showing rDNA phenotypes in the phylogenetic
context are summarized in Fig. 2. In most species,
the 28S rDNA probe (i.e., corresponding to the NOR-
associated major ribosomal cluster 45S rDNA, which
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codes for 28S, 58S and 18S rRNA genes) showed
only one pair of NOR-bearing chromosomes located
in CMA3;" sites. NOR phenotypes with two or more
loci were observed in P. zonalternans (Additional file 11:
Figure S6B), S. savona (not shown; see later in the
text), S. lendlii (Additional file 7: Figure S3V) and es-
pecially in P. elongata with the number of sites ran-
ging from 12 (Additional file 11: Figure S6D) to 14
(Fig. 6g). In the latter, not more than six NORs were
stained also by AgNO; impregnation (data not shown).
The 45S rDNA sites were located exclusively terminally
(m) or covered entire p-arms of a particular st-a chromo-
some pair. By contrast, we found a considerable variability
in the number of 55 rDNA sites, ranging from two
(B. barbatula, N. binotatus, N. ruppelli, S. notostigma;
Figs. 3b and 4b; Additional file 7: Figure S3F and
Additional file 8: Figure S4B, D) to 20 (Physoschistura sp.;
Fig. 3d). The 5S rDNA clusters were mainly located
in pericentromeric regions or distributed in the entire
p-arms of some st-a chromosomes, but location in/nearby
centromeres of m-sm chromosomes was also observed
(B. barbatula, N. ruppelli, P. lucidorsum, S. notos-
tigma; Figs. 3b and 4b; Additional file 7: Figure S3L
and Additional file 8: Figure S4B, D). In two species
we observed one pair of chromosomes with a syntenic
association of both rDNA classes (P. brevis — pair 13,
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Additional file 7: Figure S3J; N. ruppelli — pair 8, Fig. 4b)
and another two species displayed direct co-localization
of them (P. zonalternans — pair 12; P. elongata — pairs 4
and 12 — Additional file 11: Figure S6B, D). In the latter
species there is an intraspecific variability in the number
of both rDNA clusters as well as the number of their
co-localization sites, based on observation of 5S rDNA
ranging between 14 and 16 sites (Fig. 6g and Additional
file 11: Figure S6D) and even six co-localized rDNA
sites in some metaphases (Fig. 6g). Here, we further
observed intraspecific variability in 1) size polymorph-
ism, especially in 45S rDNA (best seen on FISH kar-
yotypes of S. bolavenensis and S. corica — Additional
file 7: Figure S3N, P) 2) polymorphism in the presence/
absence of homologous rDNA sites (P. pictilis — pair 10;
S. lendlii — pair 3 and S. notostigma — pairs 12 and
22, Additional file 7: Figure S3H, V, Additional file 8:
Figure S4D, F), 3) number of rDNA sites (S. corica - pair
17; S. hypsiura — pair 18, Additional file 7: Figure S3P, R;
S. notostigma - compare Additional file 8: Figure S4B
and F), 4) heterozygosity for inversion involving rDNA
loci (P. zonalternans — pair 10; P. elongata — pair 5,
Additional file 11: Figure S6B, D), and 5) linkage of the 5S
rDNA locus to a putative sex chromosome (S. fasciolata —
Fig. 5b). Interestingly, a conspicuous difference in the
5S rDNA phenotype was discovered between two
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Fig. 5 Karyotypes of male and female of S. fasciolata after different cytogenetic protocols. a female (2n = 50), b-d male (2n =51). a, ¢ conventional
Giemsa staining, b dual-colour FISH with 45S rDNA (red, arrows) and 5S rDNA (green, arrowheads) probes, d C-banding. Putative sex chromosomes
of female are boxed b, d next to those of the male karyotype. Note the presence of 5S rDNA site (b) and prominent pericentromeric heterochromatic
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karyomorphs of S. notostigma. While the karyomorph
with 2n=48 (1 specimen) exhibited five sites of 5S
rDNA (all in pericentromeric regions of the st-a chro-
mosomes, Additional file 8: Figure S4F), the karyo-
morph with 2n=44 displayed only two of them,
adjacent to centromeres of large-sized m chromo-
somes (5 specimens) (Additional file 8: Figure S4B, D).
In S. savona, we observed considerable intraspecific
variability being shown from two to four signals of 45S
and from two to eight signals of 5S rDNA cluster (data
not shown). In this species, however, it was not possible
to conclusively distinguish whether this was the result
of high intraspecific and intra-individual variability or
whether it was artificial due to the limited visibility of
the hybridization signals on such extraordinarily small
chromosomes and so, these results are not discussed
further.

Telomeric FISH

In order to document interstitial telomeric sites (ITSs)
as remnants of chromosomal rearrangements, we
employed FISH with conserved vertebrate telomeric
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(TTAGGG), repeat [44] in a subset of seven species
(L. costata, N. binotatus, N. ruppelli, P. brevis, P.
elongata, S. corica and both karyomorphs of S. notos-
tigma). As expected, the telomeric probe labelled the
ends of all chromosomes, and no ITSs were revealed
in five out of seven species (Fig. 7b, ¢ and Additional
file 12: Figure S7A-D). Clear ITSs, however, were ob-
served consistently on ten metaphases of N. binotatus
(Fig. 7a) and 15 metaphases of N. ruppelli (Fig. 4d).
In N. binotatus, a single pair of ITSs occurred prox-
imally on the g-arms of the largest chromosome in
the karyotype (pair 11). These ITSs co-localized with
sequentially heterogeneous AT/GC-rich heterochro-
matic regions. In N. ruppelli, three pairs of extensive
and three pairs of faint pericentromeric ITSs were ob-
served in large-sized m chromosomes (Fig. 4d). These six
ITSs were coincident with AT-rich C-heterochromatin
(Fig. 4c). Moreover, in this species additional large
ITSs were also scattered all along the region of the
single pair of 455 rDNA (compare Fig. 4b and d).
The high intensity of some ITSs signals resulted in
very limited visibility of natural telomeric signals on
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A Barbatula barbatula A8393 B Mesonoemacheilus guentheri | C Nemacheilus binotatus

D Paracanthocobitis pictilis
Q@ A6940

G Physoschistura elongata
A7541

Fig. 6 (See legend on next page.)
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(See figure on previous page.)

Fig. 6 Mitotic metaphases of selected nemacheilid species after CDD banding. a, ¢, d, e, f single metaphases; b metaphase arranged with boxes
showing particular chromosomes sequentially after CDD banding and dual-colour rDNA FISH. g-i whole metaphases arranged sequentially — after
CDD banding (upper row) and corresponding dual-colour FISH showing locations of 455 rDNA and 55 rDNA (fower row). a B. barbatula, b M. guentheri,
c N. binotatus, d P. pictilis, e P. brevis, f S. corica, g P. elongata, h S. bolavenensis, i S. notostigma. For better contrast, CDD-banded pictures
were pseudocoloured in red (for CMA3) and green (for DAPI). FISH metaphases follow the same colour scheme as in Figs. 2, 3, 4 and 5. Arrows
show CMA3*/45S rDNA sites, arrowheads show CMA3*/5S sites, open arrowheads show a putative CMA3*/5S sites and open arrows show
CMA3" regions non-related to rDNAs and minor/putative CMA;™ sites. In the particular case of M. guentheri (b), note the CMA;-negative
55 rDNA sites (denoted by asterisk), while the remaining boxes clearly show CMA5"/5S rDNA sites. In non-sequential metaphases (a-f), considering the
number and location of CMA5™ signals in comparison to respective FISH karyotypes (Fig. 2 and Additional file 7: Figure S3), the association between
455 rDNA and CMA;" sites is clearly apparent from pics. and the same is true also for some or all 55 rDNA sites in (a, d and f). Due to
the close proximity of 55 rDNA sites to centromeres (which are usually AT-rich and display bright fluorescence), some CMA;*/5S rDNA
sites are not clearly apparent from the pictures, therefore they are boxed with a separate channel for CMA; (red) (b, g, i). Note the significant
spreading of CMA3" regions in centromeres of S. corica (f) and CMAs-positive ITSs in N. binotatus (c). Bar=10 pm

the chromosomal ends. Finally, in N. ruppelli and S.
notostigma, some p-arms of small or medium-sized
st-a were entirely covered by telomeric repeats.

Discussion

Topology of the phylogenetic tree

In our phylogenetic reconstruction the seven analysed
species of Schistura do not form a monophyletic
lineage, but appear as polyphyletic. This result reflects
the massive flaws in the present taxonomy of this
genus as already formerly stated by several taxono-
mists who referred to Schistura as ‘a provisional, poly-
phyletic assemblage’ [45], ‘polyphyletic’ and ‘waste-basket
name’ [46] or ‘possibly not monophyletic’ [47]. The
observed polyphyly of Schistura is therefore not sur-
prising, but most likely reveals the true natural rela-
tionships between the analysed taxa. The two analysed
species of Physoschistura turn out not to be closely re-
lated, supporting the former opinion that P. elongata
is not closely related to the Burmese species of Phy-
soschistura [47].

Karyotype differentiation and evolution

Karyotypes of B. barbatula, L. costata, P. pictilis, S. fas-
ciolata and S. savona were revisited, whereas the
remaining 14 species were examined for the first time.
Our study thus increased the number of karyologically
described river loaches to 38. Comparison of nemachei-
lid karyotypes reported in former studies with results
presented here (Fig. 2) showed a different degree of con-
gruence. While in B. barbatula our karyotype descrip-
tion matched the previous report of Vasil'ev [48] only,
the karyotype of P. pictilis (formerly as Acanthocobitis
botia) differed slightly in morphological classification
from that recorded by Rishi et al. [49]. Also, we evalu-
ated the karyotype of L. costata as having a higher num-
ber of biarmed elements than in Kim et al. [50].
Moreover, the karyotype of S. fasciolata described here
is not consistent with that reported by Yu et al. [19],
where no sex chromosomes were found, but one speci-
men of S. fasciolata with 44 chromosomes was included.
Finally, karyotypes of S. savona reported in Khuda-
Bukhsh et al. [18] consisted of 36 chromosomes while

A Nemacheilus binotatus
Q AB927

Fig. 7 Mitotic metaphases of selected

Laf st chromosomes (c). Bar=10 um

B Schistura corica 3 A6945

nemacheilid species after TSA FISH with telomeric (TTAGGG),, probe. a N. binotatus, b S. corica, ¢ S. notostigma
(karyomorph with 44 chromosomes). Chromosomes with the telomeric repeat probe (green co
red colour for better contrast. Arrows point to the chromosomes with [TSs (a). Arrowheads show telomeric probe covering entire p-arm

C Schistura notostigma A7

re counterstained with DAPI, pseudocoloured in
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our results showed uniformly 2n =50 in all three exam-
ined specimens. All these discrepancies may have
resulted - besides the differences in chromosomal
morphology classification due to difficulties described in
the previous section — from the description of chromo-
somally different populations or by the misidentification
of some species in the earlier studies.

Seventeen out of 19 analysed species showed con-
served karyotypes with 2n=50 (Figs. 2, 3 and 5;
Additional file 7: Figure S3 and Additional file 11:
Figure S6). This 2n has been already documented for the
majority of previously surveyed river loaches [7, 12-14] as
well as in some other loach families [4] and cyprinid fishes
[7, 51]. Similar karyotypes (with either 48 or 50 chromo-
somes) were found in more than 50 % teleost species, thus
indicating high conservativeness of this 2n [52]. Add-
itionally, the 2n=48 with exclusively monoarmed
chromosomes is hypothesized to be ancestral for all
Teleostei [53, 54].

Despite the generally stable karyotype macrostructure,
the river loaches analysed here varied greatly in the pro-
portion of chromosome types reflected by the increase or
decrease of the NF value. The occurrence of species with
similar karyotypes did not correspond with their phylo-
genetic relationships. Changes of NF without changes of
the 2n are strong indicatives that nemacheilid chromo-
somes have evolved by diverse intrachromosomal rear-
rangements, such as various types of centromeric shifts.

We further recorded two species with karyotypes
exhibiting reduced 2n, namely N. ruppelli (2n=38)
and S. notostigma (2n=44 or 48). In the latter, our
sample included two different karyomorphs. A single
individual with 48 chromosomes did not show any
significant differences in morphology and in sequences of
IRBP, RAGI and cyt b in comparison to individuals with
2n = 44. Since we do not know the exact localities of ana-
lysed specimens, we cannot conclude, whether this result
indicate the interpopulational variability.

In both species, reduction in 2n was accompanied
by an increased number of large m chromosomes, im-
plying their origin via one or several centric fusions
of Robertsonian (Rb) type. Based on comparison of
2n and NF [55] and with respect to prevailing 2n = 50
in examined nemacheilids, N. ruppelli most likely
underwent six Rb translocations, while karyotype dif-
ferentiation in S. notostigma probably involved one Rb
translocation (in karyomorph 2n = 48) and two Rb translo-
cations, one tandem fusion and one para/pericentric
inversion (in karyomorph 2n = 44), respectively. Accord-
ing to our phylogenetic analysis (Fig. 2), N. ruppelli and
S. notostigma are not closely related, therefore the re-
duction of 2n in these species apparently represents in-
dependent events. Furthermore, the combined results
from C-banding and telomeric FISH suggest a slightly
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different scenario of karyotype changes in both species
(see below).

Besides our study, the evidence of reduced 2n among
Nemacheilidae has already been documented for Nema-
cheilus selangoricus (2n=40) [17], Paracobitis potanini
(2n=48) [19], S. fasciolata (2n=44) [19], S. savona
(2n=36) [18] and Triplophysa siluroides (2n =48)
[20]. A different bias towards an increased number of
either mono- or biarmed elements was apparent in
these species. Some nemacheilid species (or at least
representatives from some subpopulations) thus tend
to reduce their 2n via centric or tandem fusions. Except
for the studied males of S. fasciolata here and the report
on triploidy [21], karyotypes of river loaches analysed to
date did not exceed 2n = 50 ([7, 12—14], this study).

Our data show that karyotypes in nemacheilid loaches
have diversified mainly via centric or tandem fusions
and pericentric inversions. In general, such chromo-
somal rearrangements can act as an efficient barrier for
gene flow (by suppressing recombination in the affected
region) and thus can contribute to speciation and/or
local adaptation processes [56—-58].

Distribution and sequence composition of constitutive
heterochromatin

Heterochromatin is an important source of karyotype
diversification in several fish groups (e.g., [27]) and its un-
usual distribution may sometimes correspond to remnants
of particular chromosome rearrangements [59]. As we
present here, the karyotypes of river loaches differ greatly
in their distribution of AT-rich C-heterochromatin
(Additional file 9: Table S4), and contain some notice-
able common patterns. We especially emphasise a) the
dot-like intercalary heterochromatic bands on the g-arms
of sm or st chromosomes, very close to the centromere
(e.g., in B. barbatula, N. binotatus, S. bolavenensis and
S. notostigma) and b) the presence of entirely hetero-
chromatic arms in some elements (e.g., in M. guentheri,
S. bolavenensis, S. corica, S. hypsiura and S. lendlii).
Both observed patterns might be related to pericentric
inversions (heterochromatinization of short arms are
usually the result of this kind of rearrangement) and/or
heterochromatin block addition [60]. The dot-like inter-
calary sites could be also explained by tandem fusions
[60, 61], but considering the constant 2n in the majority
of species under study, it would only be a plausible
explanation for S. notostigma. Interestingly, although
the presence of large biarmed chromosomes with en-
tirely (or almost entirely) heterochromatic arms was
shared by five nemacheilid species (M. guentheri, P. sp.,
S. hypsiura, S. corica and S. lendlii), these regions were
adjacent to rDNA clusters only in two of them (S. corica
and S. lendlii). Whether these chromosomes are homeo-
logous among some of the mentioned species and
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whether the heterochromatic blocks contribute to the
dynamics of rDNA clusters remains inconclusive. Also,
polymorphism regarding the addition of AT-rich hetero-
chromatic p-arms was observed in one pair of chromo-
somes in M. guentheri. While the male was heterozygous
for the presence of a prolonged heterochromatic arm, the
female possessed only the short variants. Comparable re-
sults have been previously documented in some other
fishes ([62] and references therein) and may be ex-
plained by an unequal crossing-over or by transposition/
amplificaton processes involving a DAPI-rich centromeric
region [22]. The last intriguing feature was the presence of
large blocks of AT-rich heterochromatin in the pericentro-
meric region of the largest m chromosomes of N. ruppelli
and S. notostigma. These regions are possibly rem-
nants of pericentromeric heterochromatin of previ-
ously monoarmed elements. Similar feature displayed
also S. savona on one m chromosome pair, however,
with unreduced 2n = 50.

In fishes, GC-rich DNA segments labelled by CMA;
are almost exclusively associated with NORs [63, 64],
with some exceptions in sturgeons [65]. NOR regions
were usually not visualized after C-banding, thus most
likely suggesting that GC-rich sequences were inserted
into the intergenic spacers (IGSs) of the 45S rDNA ar-
rays [63, 66]. Additionally, nearly half of the species ana-
lysed showed further CMA;" sites restricted to 5S rDNA
regions — a feature that up to now has only been found
among fishes in some Polypteriformes [67] and Perci-
formes, namely in Centrarchidae [68], Pomacanthidae
[69] and Gobiidae [70]. Deiana et al. [68] attributed this
feature to the presence of GC-rich repeats in NTS. Par-
ticularly interesting was the observation of all centro-
meres being CMA3" in S. corica — a similar feature as,
for instance, in Gobiidae [71, 72] and Polypteriformes
[73]. Also in the genus Cobitis, high number of CMA3*
regions were recorded which were non-related to NORs
(together with CMAj-negative NOR sites) [74]. In a re-
cent study, some CMA;" regions non-related to NORs
were observed also in P. elongata, S. bolavenensis and
S. notostigma. Therefore, our results represent another
example that CMA;-staining and 45S rDNA FISH do
not always correspond and that CDD banding itself is
not sufficient for the proper identification of NORs in
fishes (discussed in [75, 76]).

The scattered occurrence of non-45S rDNA GC-
rich sites does not appear to imply any correlation
with phylogenetic relationships. However, the phylo-
genetically most derived species (P. brevis and Phy-
soschistura sp.) apparently lack GC-rich 5S signals
(Fig. 6e and Additional file 10: Figure S5C). The evo-
lutionary significance of this type of variability is still
under debate. For instance, the sequence composition of
heterochromatin can be associated with the different
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success of recombination processes and with a propensity
to some kind of chromosome rearrangements. Here, the
GC-rich regions were involved in two Rb translocations in
S. notostigma and one of the resulting fusion points also
involved a 55 rDNA site, because karyomorph with
2n =48 display higher number of exclusively termin-
ally located 5S rDNA and GC-rich sites, while karyo-
morph with 2n =44 exhibit reduced number of such
regions, with some of them being apparently re-
located to the pericentromeric region of large m
chromosomes (Fig. 6i; Additional file 8: Figure S4B, F
and Additional file 10: Figure S5G). Hence, centric fu-
sion is very likely partly responsible for the reduction
of 55 rDNA sites from five (karyomorph with 2n =48,
st chromosomes, Additional file 8: Figure S4F) to two
(karyomorph with 2n =44, m chromosomes, Additional
file 8: Figure S4B, D). A similar scenario could also explain
the largest sm pair in N. ruppelli (no. 8, Fig. 4b), with
GC-rich 5S rDNA in the centromeric region. However,
considering the other six pairs of large m chromo-
somes with marked large pericentromeric heterochro-
matin and ITSs (as evidence of Rb translocation;
Fig. 4c, d), there is no space for additional fusions
since 2n = 38 had already been reached. Therefore, two
alternative explanations for this discrepancy can be hy-
pothesized: 1) the occurrence of conspicuous pair 8 in
N. ruppelli, with syntenic association of both rDNAs,
may be the result of Rb translocation only in the case
of parallel fission of some other previously metacentric
pair (resulting possibly in st-a pairs 18 and 19, with a
markedly strong telomeric signal on the p-arms,
Fig. 4d) or 2) synteny of both clusters on chromosome
pair 8 has been caused by another type of transloca-
tion event, non-affecting the 2n.

GC-rich regions are more prone to high recombin-
ation rates [77]. In a similar way, GC-rich centromeres
have been hypothesized to be favoured or even essential
in the process of Rb translocations in some gobiid fishes
[71, 72]. On the other hand, the majority of Rb translo-
cations in N. ruppelli originated from elements containing
AT-rich centromeres, and therefore it appears that more
mechanisms exist for Rb translocations besides involve-
ment of GC-rich regions. These findings contrast with
those studies, but are consistent with results observed in
killifishes [22] and Mus musculus domesticus [78].

Due to the number of reports evidencing 5S rDNA in
the centromeres of fused chromosomes are gradually in-
creasing in fishes [79, 80], it raises the question whether
the 5S rDNA region could contribute in some way to
the fusion process or it is only a consequence of it. It
has been suggested that 5S rDNA can serve as break-
points for the fusion due to its intensive activity and
chromatin decondensation [80] but further data support-
ing this hypothesis would be required.
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In our study, GC-rich sequences may be involved in
the dispersion and homogenization of GC-rich/5S rDNA
sequences as well as 455 rDNA sites and 5S/45S co-
localized sites in the genome of P. elongata by ectopic
recombination, similarly as observed in Gobiidae [70].
However, other nemacheilid species bearing GC-rich/5S
rDNA regions do not display such extensive disper-
sion of 55 rDNA. Thus, other factors such as trans-
position together with stochastic processes in isolated
populations may have been involved in the dynamics
of GC-rich/5S rDNA sites. Similarly, a combination of
transposition and unequal crossing-overs could have
contributed to the dispersion of GC-rich centromeres
in S. corica.

Our results from C- and CDD- banding further rein-
forced our initial hypotheses about the roles of pericen-
tric inversions and centric/tandem fusions as the main
processes underlaying the karyotype differentiation of
examined river loaches. Collectively, our data point to a
substantial heterogeneity both in heterochromatin distri-
bution and composition among the analysed river
loaches, resulting probably from intense dynamics at
chromosomal and genomic levels.

Sex chromosomes

While the majority of analysed species lacked morpho-
logically differentiated gonosomes, we identified a putative
multiple sex chromosome system XYY, in S. fasciolata.
The two Y chromosomes in males (m and st) possibly
arose from a double-strand break (or fission) in one
proto-Y chromosome, followed perhaps by intrachromo-
somal rearrangements, such as pericentric inversions, in
the larger element. Interestingly, the FISH results showed
a pericentromeric 5S rDNA site on a putative X chromo-
some — a situation previously observed e.g., in rainbow
trout [81]. In general, about 10 % of fish species cytoge-
netically examined to date exhibit morphologically dif-
ferentiated gonosomes [82] and within them, only a few
cases of the multiple system XY;Y, have been reported
(e.g., [83-85]), with apparently phylogenetically inde-
pendent origins among genera and families. Our finding
is the first observed in river loaches. However, because
our sample was rather small, we can not exclude the
possibility that we are still dealing with a polymorphism
instead of a sex chromosome system. Therefore our
conclusions should be further confirmed using com-
parative genomic hybridization (CGH) [86] and analyses
of meiotic chromosomes on a larger sample base.

Telomeric FISH pattern

Tandemly-arrayed telomeric (TTAGGG), repeats are
usually present at the ends of vertebrate chromosomes,
ensuring their stability and integrity. However, they also
occasionally appear in non-telomeric locations (ITSs),
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possibly as putative markers of previous chromosomal
rearrangements, transpositions or as the result of DNA
repair mechanisms ([87-89] and references therein). In
L. costata, P. brevis, P. lucidorsum and S. corica and
both karyomorphs of S. notostigma, the telomeric signals
were restricted to the chromosome ends. Although some
metaphases displayed putative intercalar telomeric sites,
the lack of a second terminal signal on the particular
chromosome suggests that these signals label natural
telomeres. ITSs were therefore only found in N. ruppelli
and N. binotatus. In the latter species, the single prom-
inent ITS located interstitially on the long arm of the
largest st pair may indicate a pericentric inversion or a
tandem fusion event. Since the ancestral diploid
chromosome number (2n=50) remained unchanged,
the observed pair of ITSs is rather a relic of a previous
pericentric inversion, although such types of rearrange-
ment are not frequently associated with retained telo-
meric repeats in vertebrates ([90, 91]). The intense
telomeric signal may be the result of an additional amp-
lification of telomeric repeats either before or after the
rearrangement, or, in the case of N. binotatus, could
have originated from a relatively recent pericentric inver-
sion. The failure to detect ITSs in the majority of the
remaining species does not necessarily mean, that inver-
sions did not occur as it is possible that the residual
traces of ITSs have been lost or reduced to such a
low copy number as to be undetectable by FISH ana-
lyses. The telomeric FISH also provided the interest-
ing evidence that the mechanism of Rb translocations
differs significantly between species with reduced 2n
(N. ruppelli and S. notostigma). While N. ruppelli
possessed several huge pericentromeric ITSs, none
were found in S. notostigma. As described by Slijepcevic
[92], the mechanism of Rb translocations can be either
1) associated with a loss of telomeric sequences prior to
fusion or 2) with their preservation in otherwise inacti-
vated telomeres. Moreover, there is also the possibility
that 3) some degenerate telomere-like sequences may
become part of the centromeric heterochromatin and
subsequently expand along this region as a result of
the action of a variety of amplification mechanisms
[92, 93]. We suggest that a combination of scenarios
2) and 3) apply in N. ruppelli, while S. notostigma
followed the first scenario, hence residual telomeric
sequences were absent at the fusion points. The as-
sumption of amplified centromeric ITSs in N. ruppelli
is based on their remarkably stronger signal compared
to native telomeres and on their C-positive character.
ITSs often co-localize with heterochromatin blocks
[87, 88, 94] and large, mostly centromeric ITSs simi-
lar to those in N. ruppelli (sometimes referred to as
heterochromatic ITSs, or “het-ITSs”), have previously
been described in other fishes as well as in a variety
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of other organisms [88, 89]. Interestingly, additional
ITSs were found to be associated with the 45S rDNA
cluster in N. ruppelli as confirmed by FISH and CDD
banding. This association has been previously described
in Anguilliformes, Mugiliformes, Salmonifromes and
Syngnathiformes [89] and was believed to play a role in
the silencing of additional 45S rDNA copies [95]. This
seems unlikely in N. ruppelli, however, as the telomeric
repeats perfectly match with the entire region of the only
pair of 455 rDNA. Alternatively, the mechanism of rDNA
silencing could be more complex or prone to leakage of
rDNA expression in some way. Finally, large ITS-like
blocks covering entire p-arms of some monoarmed chro-
mosomes as observed in N. ruppelli and S. notostigma
bring another example of enormous nemacheilid cytogen-
etic variability.

Genomic organization and distribution of rDNA clusters
Mapping of tandemly-arrayed repetitive sequences has
proven to be an important tool for karyotype analysis
[59] and this is especially true for ribosomal RNA genes.
The rDNA phenotypes are often species-specific and
have been used as cytotaxonomic markers [96]. How-
ever, a number of reports demonstrating extensive inter/
intra-specific variability of these markers is still growing
in fishes [97-100], other animal groups [101] and plants
[102]. Here, we point to the conservative NOR pheno-
type, presented by one pair bearing 45S rDNA signals in
15 out of 19 nemacheilid species. Although the possibil-
ity of interspecific homeology of NOR-bearing chromo-
somes is rather unlikely, definitive proof based, for
instance, on the approach described by Milhomem et al.
[103] is missing. From all our samples we documented
multiple 45S rDNA sites only in P. elongata (Fig. 2).
Subsequent analysis made by silver staining detecting
only NORs actively transcribed in the preceding meta-
phase [104] revealed not more than six loci (data not
shown), thus, some extra loci are either nonfunctional or
silenced.

We observed a conservative NOR phenotype of one
major rDNA bearing pair — a pattern found in more
than 70 % of examined fish species to date [76]. In con-
trast, we detected a considerable variability in the pat-
tern of 5S rDNA ranging from two to 20 sites (Fig. 2).
The presence of a single pair of both rDNA clusters is
thought to be the plesiomorphic condition in teleost
fishes, whereas two or more chromosome pairs bearing
either 45S or 5S rDNA sites represent a derived condi-
tion [76, 105]. In our study, only B. barbatula and N.
binotatus exhibited karyotypes with the ancestral 2n = 50
together with one pair of both rDNA clusters and in
B. barbatula, our results confirmed the previously re-
ported NOR phenotype based on silver staining [15].
In the remaining two species exhibiting the characteristic
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teleost rDNA phenotype the karyotypes were derived
(N. ruppelli and S. notostigma). A variable 55 rDNA
pattern in combination with a conservative NOR
phenotype has been observed in some fish groups [70]
while other fish groups have shown the opposite situation
(variable 45S and conservative 5S rDNA; [106]).

The 45S rDNA site has a predominantly terminal pos-
ition on the different chromosomes of the analysed spe-
cies, while the 5S rDNA is located almost exclusively in
the pericentromeric regions or it covers entire p-arms of
monoarmed chromosomes. Pericentromeric or, more
generally, interstitial position of 5S rDNA appears to be
universal among fishes [107].

In fishes, the chromosome locations of both rDNA
multigene families are usually on different chromo-
somes, perhaps due to 1) the elimination of possible re-
arrangements between both multigene families and 2) to
allow rDNA clusters to evolve independently [105, 108].
On the other hand, exceptions with syntenic location or
direct co-localization of both rDNA clusters (or their
linkage to other multigene families) has already been
documented in a variety of vertebrates [109, 110], in-
cluding reports from several fish groups [111] as well as
in loaches of the family Cobitidae [98], a sister lineage to
nemacheilids. This pattern is rather patchily distributed
across the phylogenetic trees and was also evidenced in
our study. In N. ruppelli, the 55 rDNA loci occupied the
pericentromeric region of a big m chromosome while
the 455 rDNA was situated terminally on the q-arm of
the same chromosome. In P. brevis, a similar association
was observed in one pair of big st elements. Moreover,
direct co-localization of rDNA clusters was observed in
two species: one pair in P. zonalternans and from four
to six co-localized sites in P. elongata. Such a rare
situation has probably no evolutionary advantage as
both classes of rRNA genes are transcribed by differ-
ent RNA polymerases [109]. Therefore, this constitu-
tion is a possible consequence of recent genome
instability and reshuffling as typically observed in
hybridization events [100].

In all species analysed here, a size polymorphism in
the homologous 45S rDNA sites was apparent. Such
an observation is relatively common among fishes and
is attributed to the processes of unequal crossing-over
or the amplification of adjacent heterochromatin [112].
We also observed an intraspecific polymorphism in
terms of the number of rDNA sites present (S. corica,
S. hypsiura, S. notostigma) and a polymorphism in the
presence/absence of rDNA site on one homologous
chromosome in S. notostigma (5S rDNA and 45S
rDNA), S. lendlii (female, 45S rDNA) as well as for
both females of P. pictilis (5S rDNA). Unfortunatelly,
the limited number of specimens available in our
sample is insufficient to conclusively determine either
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fixation or heterogeneity of this feature in the popula-
tion. Similar heterozygous constitutions of rDNA FISH
signals have been commonly observed in several spe-
cies of fishes (e.g., [112, 113]) including some from
Cobitidae [74, 97, 98]. The lack of signal on one of the
homoloques may be a direct consequence of sequence
elimination due to unequal crossing-overs, often re-
lated to a process of concerted evolution in tandemly-
repeated genes [114] or by the activities of repetitive
DNA such as TEs [59, 115]. Finally, we also observed
the polymorphism caused by rDNA loci inversion in
P. zonalternans and P. elongata. This feature, present
in Cobitidae [98], suggests a strikingly similar dynam-
ics of rDNA loci in these closely related loach fam-
ilies as well as another clue about the contribution of
inversions to the karyotype differentiation of river
loaches.

Our study has revealed an extensive dispersion of
multiplied sites of 5S rDNA and also of 45S rDNA in
nemacheilids. The dominance of the ancestral 2n =50
karyotype in Nemacheilidae refutes chromosomal rear-
rangements as the trigger mechanism for this dispersion,
but amplification and dispersion of 55 rDNA clusters
may also be caused by transposition and unequal
crossing-over or ectopic recombination between various
tandemly-arrayed sequences in adjacent heterochroma-
tin [102, 115, 116]. Thus, rDNA clusters themselves can
provide a substrate for non-homologous recombination,
thereby promoting chromosomal rearrangements [101].
A significant fraction of the rDNA units in animals are
interrupted by TEs highly specialized for insertion into
conserved sites within the rRNA genes [114, 117] and
recent studies suggested that they might cause rDNA
mobility [118-120]. Co-localization of non-LTR RTEs of
the Rex family with rDNA followed by a subsequent ex-
pansion of rDNA sites have been uncovered by FISH
analyses for 5S [94] and 45S rDNA [121, 122]. It is
tempting to hypothesize that a similar mechanism
could cause the amplification of 5S/45S rDNA in
other fish species with documented extensive rDNA
dispersion. In our study, we have found the non-LTR
retrotransposon L1-2_DR element, from the Tx1 clade
(L1 lineage) — inserted close to a coding region of 5S
rDNA in S. pridii. This element has been previously
described in zebrafish [123].

Since the karyotype of S. pridii exhibit a large number
of 55 rDNA loci (18), the L1-2_DR may have been
inserted into the N'TS of both analysed 5S variants and
subsequently retrotransposed to other chromosomal
loci. RTEs of this L1 family preferentialy jump into AT-
rich regions [123], therefore the AT-rich pericentromeric
heterochromatin of S. pridii located adjacent to 5S
rDNA could serve as a primary location for this mech-
anism. Alternatively and/or as secondary consequences,
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the L1-2_DR (or other TEs) could provide the substrate
for non-homologous (ectopic) recombination between
centromeres of several chromosomes in S. pridii yielding
to a dispersion of 55 rDNA to other sites. Both hy-
potheses deserve further investigation regarding the
localization of L1-2_DR elements on the chromo-
somes of S. pridii and also the investigation of pos-
sible rDNA/TEs association in other river loaches
through FISH analysis. However, we can not rule out the
hypothesis, that L1-2_DR elements are just following the
spread of 5S rDNA and not driving it (for additional note,
see Additional file 1: Supplementary Discussion).

The variation observed in the distribution of 55 rDNA
sites implies a complex microevolutionary mechanism
behind the organization of nemacheilid genomes. The
final questions are: wheter or not a dispersion of 5S
rDNA is only a byproduct of rapid genomic change, is
there any possible contribution to the host genome
worth maintaining such a high number of copies, or are
the excessive copies most likely sentenced to pseudogen-
ization and elimination? Could an extensively elevated
number of rDNA loci somehow contribute to the speci-
ation process? We are still far from understanding this
but some indications have come from studies on 45S
rDNA in notothenoid fishes [111] and humans [124].
According to Pisano and Ghigliotti [111] the differential
pattern of the rDNA phenotype could have a possible
adaptive significance in subzero temperatures. Further-
more, the study of Gibbons et al. [124] shows that 45S
rDNA dosage is correlated with mitochondrial DNA
abundance and with the expression of some chromatin
modifiers thereby affecting mitochondrial-related pro-
cesses and changes in global gene expression. However,
whether a similar correlation is true also for 55 rDNA
dosage remains an open question (but see [125]). Thus,
such an explanation does not yet fit our hypotheses
about the mechanisms behind nemacheilid radiation
success, although, it does suggest a frame in which to
evaluate the contribution of multiple 5S rDNA to adap-
tation and speciation processes.

Conclusively, our data suggest frequent changes of 5S
rDNA phenotypes in contrast to the stable pattern of
45S rDNA. Extensive variability of 5S rDNA loci may be
regarded as an indicator of significant intragenomic pro-
cesses [115, 116] and thus can be viewed in the context
of an incipient stage of speciation, where evolutionary
changes driven by the dynamics of repetitive DNA are
currently in action [59]. This process can be also re-
lated to extreme ecological conditions possibly result-
ing in (re)activation of TEs [122]. As documented in
several animal and plant species, elevated activity of
TEs may contribute to adaptation to a new environ-
ment [126, 127]. Furthermore, the processes of trans-
position and/or ectopic recombination were not likely
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restricted only to regions of 55 rDNA. Numerous
studies have documented the involvement of TEs in
chromosomal rearrangements [59, 115, 126, 128]. We
therefore conjecture that TEs might also contribute to
the dynamics of nemacheilid genomes in this way.

Phylogenetic and ecological inferences

We have used a phylogenetic tree to show the relation-
ships between the analysed individuals. When mapped
on this tree, the observed cytogenetic characteristics did
not reflect the phylogenetic pattern, suggesting that cer-
tain cytogenetic character stages, like a lowered number
of chromosomes, did not occur in closely related, but in
non-related species. Therefore the parallel occurrence of
cytogenetic character stages in two species is not the re-
sult of a single evolutionary event, but of convergence or
parallel evolution. Our study has revealed a high vari-
ability in cytogenetic characters with almost none of
them producing a phylogenetic signal. Therefore, a vast
number of independent events with no general direction
must have happened to cause the observed cytogenetic
variability. The frequent occurrence of independent
cytogenetic changes as revealed by the phylogenetic
reconstruction further emphasises the high mutational
activity of the nemacheilid genome at the cytogenetic
level.

In contrast to the general observation of independent
cytogenetic events, one of the variable cytogenetic char-
acters did show an interesting pattern. The highest num-
bers of 55 rDNA loci (up to 20 sites) were almost
exclusively observed in local endemics or inhabitants of
small, fragmented habitats (P. brevis, P. elongata, P. sp.,
S. hypsiura and S. pridii — see Fig. 2). This produces a
comparably small effective population size and therefore
a small gene pool for the species, encouraging the estab-
lishment of new chromosomal patterns through genetic
drift, meiotic drive and inbreeding [60]. In P. brevis the
actual population size is quite large, but as it occurs only
in a single lake, it can be assumed that the species has
undergone through a serious bottleneck during the
colonization of this area.

Conclusions

Our data provides important information regarding the
karyotype differentiation trends in Nemacheilidae. The
majority of surveyed species showed the karyotype char-
acteristics common for teleost fishes - e.g., 2n = 50 chro-
mosomes with a slightly changing centromere position, a
single pair of NOR and its association with GC-rich
blocks of heterochromatin. However, a number of devia-
tions were also apparent — e.g, reduced 2n in two
species, atypical locations of GC-rich heterochromatin
(e.g., in 5S rDNA sites), cases of multiple rDNA sites
and the presence of putative sex chromosomes. While
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conventional staining showed prevailing uniformity of
the nemacheilid karyotypical macrostructure, analysis at
the molecular-cytogenetic level revealed much more
variability and greater diversity than previously expected.
An increased number of 55 rDNA sites were observed,
especially in species with a small effective population
size. The mechanisms responsible for such intense dy-
namics can possibly be attributed to the presence of re-
petitive sequences and could contribute to enormous
success of Nemacheilidae in their colonization and ex-
ploitation of new niches, as well as with their adaptation
processes. Our study presents river loaches as a new at-
tractive model fish group for investigating the dynamics
of cytogenetic markers in association with evolutionary
and ecological questions. Importantly, we have also
introduced a new non-invasive technique for obtain-
ing chromosome spreads for molecular-cytogenetics
protocols.
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Additional file 1: Supplementary Methods 1. Taxonomic identification
of nemacheilids. Supplementary Methods 2. Preparation of chromosomes
from regenerating fin tissue. Supplementary Methods 3. PCR conditions
of 55 and 45S rDNA amplification. Supplementary Methods 4. PCR
conditions of RAGT, IRBP and cyt b amplification. Supplementary
Discussion. Possible functional consequences of excessive 55 rDNA
copies. (PDF 181 kb)

Additional file 2: Figure S1. Mitotic metaphases of selected nemacheilid
species after C-banding or DAPI-staining. (AD,C,FGH.JMO,PQ) DAPI
staining; (D,EKLN) C-banding improved with DAPI counterstaining.
Metaphases from both methods are converted to inverted pictures.
(A) B. barbatula, (B) L. costata, (CD) M. guentheri (E) N. binotatus, (F) P. pictilis,
(G) P. zonalternans, (H) P. brevis, (I) P. sp., ) P. elongata, (K) P. lucidorsum,
(L) S. bolavenensis, (M) S. corica, (N) S. hypsiura, (O) S. pridii, (P) S. savona,
(Q) S. lendlii. Arrows depicts whole-armed heterochromatin, arrowheads
denote interstitial heterochromatin, the asterisk indicates C-positive
NORs (as rare feature among species under study). For comparison of
banding patterns between both methods, see pics. C and D. Note
that several species share marked interstitial heterochromatic sites
indicating the remnants of putative chromosomal rearrangements
(e.g. pericentric inversion) (AE,LMQ). Of particular interest are the
completely heterochromatic arms in m-sm chromosomes occuring in
a subset of species (CD,L,M,P,Q). Note also heterochromaic p-arms in
some st-a chromosomes (C,D,EQOP). Bar=10 um. (ZIP 4276 kb)

Additional file 3: Table S1. Primer sequences used in this study.
(PDF 221 kb)

Additional file 4: Table S2. GenBank accession numbers of cyt b, IRBP
and RAGI sequences of nemacheilids and one botiid species (B. lohachata).
(XLSX 17 kb)

Additional file 5: Table $3. GenBank accession numbers of 55 and 285
rRNA sequences of four nemacheilids (P. elongata, S. bolavenensis, S. corica,
S. fasciolata) and one botiid species (B. almorhae). (XLSX 14 kb)

Additional file 6: Figure S2. Sequence alignment of cloned 55 rDNA
fragments from S. pridii. Nucleotide sequences (5-3') obtained from both
specimens (A7548, A7549) corresponding to the short (A) and long (8)
variant of 5S rDNA, containing partial 55 rDNA coding sequence (green),
partial sequence of L1-2_DR non-LTR retrotransposon (in red) and a
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putative non-transcribed spacer (NTS) (rest of the sequence). In the short
fragment (A), the consensus sequence is shown for specimen no. A7548
and only base changes according to this sequence are shown for the
specimen no. A7549. Dots indicate the upper consensus sequence.
Sequence of the long fragment (B) was assembled only from specimen
no. A7548. (PDF 111 kb)

Additional file 7: Figure S3. Karyotypes arranged from Giemsa-stained
chromosomes and dual-colour FISH showing 5S and 45S rDNA sites.
Giemsa-stained karyotypes (left column) and dual-colour FISH (right
column) with 455 rDNA (red, arrows) and 55 rDNA (green, arrowheads)
probes on (AB) L. costata, (CD) M. guentheri, (EF) N. binotatus, (GH) P. pictilis,
(1)) P. brevis, (KL) P. lucidorsum, (MN) S. bolavenensis, (O,P) S. corica, (QR) S.
hypsiura, (S,T) S. pridii, (UV) S. fendlii, (W) S. savona. The FISH chromosomes
were counterstained with DAPI and the images were converted to
grayscale. Inset (D) — chromosome pair 18 from M. guentheri female
showing absence of heterochromatic p-arm in contrast to a single
homologue in the male karyotype. Inset (V) depicts the absence of a
45S rDNA site on one homologue in female (pair 3). In P. brevis (J),
note the syntenical association of both rDNAs on pair 13. Note also
the intense size polymorphism in S. bolavenensis (pair 1) (N) and S. corica
(pair 7) (P). Additional polymorphic rDNA sites from the other specimen
are boxed for S. corica (pairs 7 and 17) (P) and S. hypsiura (pair 18) (R).
Bar=10 um. (ZIP 2482 kb)

Additional file 8: Figure S4. Karyotypes of S. notostigma after different
cytogenetic protocols. (A-D) karyomorph with 44 chromosomes, (E,F)
karyomorph with 48 chromosomes. (A E) conventional Giemsa staining,
(C) C-banding, (B,D,F) dual-colour FISH with 45S rDNA (red, arrows) and
5S 1DNA (green, arrowheads) probes. Arrangement of st-a chromosome
pairs 18 and 19 (E,F) demonstrates a putative origin (centric fusion) of
metacentric chromosome pair 2 (A-D). Note also chromosome pairs
heterozygous for presence/absence of 455 rDNA site (pair 12) (D) or
5S rDNA site (pair 22) (F). Finally, notice conspicuous regions of constitutive
heterochromatin located in centromeres of metacentric pairs 1 and 2 and
those located intercalarly on g-arms of sm chromosome pairs 11, 13,
14, 15, 17. Bar=10 pm. (TIF 540 kb)

Additional file 9: Table S4. Distribution of AT- and GC-rich sites and its
relation to constitutive heterochromatin and rDNA regions in nemacheilid
genomes as inferred from C-banding, DAPI- and CMA3-stainings. Species
order reflects their phylogenetic relationships. (XLSX 13 kb)

Additional file 10: Figure S5. Mitotic metaphases of selected
nemacheilid species after CDD banding. (A) L. costata, (B) P. zonaltemans,
(Q) P.sp., (D) P. lucidorsum, (E) S. fasciolata, (F) S. hypsiura, (G) S. notostigma
(karyomorph with 48 chromosomes) (H) S. pridi, () S. savona, ()) S. lendlii.
Pictures were pseudocoloured in red (for CMA;s) and green (for DAPI).
Bar=10 um. (TIF 2549 kb)

Additional file 11: Figure S6. Karyotypes of P. zonalternans and

P. elongata after Giemsa staining and dual-colour (55/45S) rDNA FISH.
455 rDNA (red, arrows) and 55 rDNA (green, arrowheads) probes on (A,B)
P. zonalternans and (C,D) P. elongata. Insets — chromosomes showing
co-localization of 455 and 5S rDNA — P. zonalternans, pair 12 (B); P. elongata
pairs 4, 12 (D). For clarity, chromosomes are arranged as separated images
for each rDNA probe. Note also the heterozygosity for inverted 455 rDNA
locus - P. zonalternans, pair 10 (B); P. elongata, pair 5 (D). The asterisk
denotes a missing chromatid in one homologue of chromosome pair
25 in P. elongata (D). Bar =10 pm. (TIF 522 kb)

Additional file 12: Figure S7. Mitotic metaphases of selected
nemacheilid species after TSA FISH with telomeric (TTAGGG), probe.
(A) L. costata, (B) P. brevis, (C) P. lucidorsum, (D) S. notostigma (karyomorph
with 48 chromosomes). Chromosomes with the telomeric repeat probe
(green) are counterstained with DAPI, pseudocoloured in red for better
contrast. Bar =10 pm. (TIF 785 kb)
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Additional file 1

Supplementary Methods

1) Taxonomic identification of nemacheilids

Specimens were identified following:

[1] Banarescu P, Nalbant TT. A generical classification of Nemacheilinae with description of
two new genera (Teleostei: Cypriniformes: Cobitidae). Travaux du Museum d’Histoire

Naturelle “Grigore Antipa”. 1995;35:429-96.

[2] Bohlen J, Slechtova V: A new genus and two new species of loaches (Teleostei:

Nemacheilidae) from Myanmar. Ichthyol Explor Freshw. 2011;22:1-10.
[3] Bohlen J, Slechtova, V, Udomritthiruj K. Schistura hypsiura, a new species of loach
(Cobitoidea: Nemacheilidae) from South-West Myanmar. Raffles Bull Zool. 2014;62:21-

e

[4] Kottelat M. Indochinese Nemacheilines, a revision of nemacheiline loaches (Pisces:
Cypriniformes) of Thailand, Burma, Laos, Cambodia and southern Viet Nam. Pfeil,

Miinchen. 1990;1-262.

[5] Kottelat M. Fishes of Laos. Wildlife Heritage Trust: Colombo; 2001

[6] Menon AGK. The fauna of India and adjacent countries. Pisces. Vol. IV. Teleostei —

Cobitoidea. Part 1. Homalopteridae. Zoological Survey of India, Calcutta. 1987;1-260.
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[7] Singer RA, Page LM. Revision of the zipper loaches, Acanthocobitis and Paracanthocobitis
(Teleostei: Nemacheilidae), with descriptions of five new species. Copeia. 2015;103:378-
401.

[8] Vidthayanon C: Schistura pridii, a new nemacheiline loach (Teleostei: Balitoridae) from

Upper Chao Phraya drainage, northern Thailand. Ichthyol Explor Freshw. 2003;14:307-10.

2) Preparation of chromosomes from regenerating fin tissue

Briefly, the posterior margin of the caudal fin was cut off and the tissue was used for DNA
extraction. Three weeks later, the regenerated tissue of the fin was collected again and
subsequently incubated in Ringer solution [9] with combined mitostatic (0.025% colchicine)
and hypotonic effect (2h, RT). Next, three rounds of cold fixation with methanol:acetic acid 3:1
(v/v) were performed (25 min at 4°C each). Occasionally, the last fixation step was prolonged
overnight. The fixed fin tissue was minced in 50% acetic acid. The resulting suspension was
dropped onto pre-heated slides (50°C) and excess removed after 20 sec. This non-invasive
technique developed by [10] enabled us to examine very rare and/or very small-sized species

included in the study without sacrificing the indviduals.

[9] Ogawa M, Yagasaki M, Yamazaki F: The effect of prolactin on water influx in isolated gills
of the goldfish, Carassius auratus L. Comp Biochem Physiol. 1973;44A:1177-83.

[10] Volker M, Sonnenberg R, Rab P, Kullmann H. Karyotype differentiation in
Chromaphyosemion killifishes (Cyprinodontiformes, Nothobranchiidae). II: cytogenetic
and mitochondrial DNA analyses demonstrate karyotype differentiation and its evolutionary

direction in C. riggenbachi. Cytogenet Genome Res. 2006;115:70-83.
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3) PCR conditions of 5S and 45S rDNA amplification

Thermal profiles were based on [11] (for 5S rDNA) and [12] (for 45S rDNA). A 50 ul PCR
reaction mix was prepared with 10 uM of each set of primers, 1x Taq buffer with MgCl,, 100
ng of template DNA, 2.5U Taq polymerase Unis (Top Bio, Prague, Czech Republic) and 10
mM of each dNTP (Top Bio). Desired fragments were obtained after 35 cycles of amplification

with annealing at 55°C (for 5S rDNA) or 34 cycles with annealing at 53°C (for 45S).

[11] Alves-Costa FA, Martins C, de Matos FDC, Foresti F, Oliveira C, Wasko AP. 5S rDNA
characterization in twelve Sciaenidae fish species (Teleostei, Perciformes): Depicting gene
diversity and molecular markers. Genet Mol Biol. 2008;31:303-7.

[12] Zhang Q, Cooper RK, Tiersch TR. Chromosomal location of the 28S ribosomal RNA gene

of channel catfish by in situ polymerase chain reaction. J Fish Biol. 2000;56:388-97.

4) PCR conditions of RAGI, IRBP and cyt b amplification

PCR amplifications of cyt b, IRBP and RAG1 were performed in 25 pl reaction volumes of 10
mM Tris-HCI, 50 mM (NH4)2SO4, 0.1% of Triton X-100, 1.5 mM MgClz, 2 mM TMA
oxalate (PCR enhancer), containing 5 nmol of each nucleotide, 1.25 U of Taq polymerase (all
chemicals by Top-Bio) and 12.5 pmol of each primer.

The PCR reaction profile for cyt b and RAGI (carried out on M]J Research
thermocycler) included 5 min of initial denaturation at 95°C, touch-down profile of 1 min at
94°C, 1 min 30 s at 60-55°C (1°C/cycle) and 2 min at 72°C, followed by 30 cycles with
annealing temperature held at 54°C. The reaction was completed by final extension at 72°C
for 7 min. The amplification of /RBP consisted of 2 min of initial denaturation at 95°C
followed by 35 cycles each including denaturation step at 94°C for 30s, a primer annealing

step at 59°C and 54°C for primer combinations 101F+1162R and 109F and 1001R,
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respectively for 30s, and elongation at 72°C for 45s. The PCR was completed by a final

elongation step of 5 min at 72°C.

Supplementary Discussion

Possible functional consequences of excessive 5S rDNA copies

If so many 5S rDNA copies are present: how is expression regulated in an unbalanced ratio
with 45S rDNA clusters? Although retrotransposed 5S rDNA was proven to stay potentially
functionable [13], there is a high probability that FISH could also label some of the pseudogenic
variants, commonly occuring among different fish species [14]. Alternatively, centromeric

satellite sequences derived from 5S rDNA have been reported in some fishes [15].

[13] Drouin G: Expressed retrotransposed 5S rRNA genes in the mouse and rat genomes.

Genome. 2000;43:213-5.

[14] Martins C, Wasko AP: Organization and evolution of 5S ribosomal DNA in the fish
genome. In: Williams CR, editor. Focus on genome research. Hauppauge: Nova Science

Publishers; 2004. p.335-63.

[15] Martins C, Ferreira IA, Oliveira C, Foresti F, Galetti PM Jr. A tandemly repetitive

centromeric DNA sequence of the fish Hoplias malabaricus (Characiformes: Erythrinidae)

is derived from 5S rDNA. Genetica. 2006;127:133-41.
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Cytochrome b

Primer Name Sequence 5-3’ Direction Reference
Glu L.Ca14337-14359: GAAGAACCACCGTTGTTATTC AA F [16]
Thr H.Ca15568-15548: ACC TCC RAT CTY CGG ATT ACA R [16]
RAG 1

Primer Name Sequence 5-3’ Direction Reference
RAG-1F AGC TGT AGT CAG TAY CAC AAR ATG F [17]
RAG-Rv1 TCC TGR AAG ATY TTG TAG AA R [18]
IRBP

Primer Name Sequence 5’-3’ Direction Reference

IRBP 101F  TCM TGG ACA AYT ACT GCT CAC C = [19]

IRBP 109F AAC TAC TGC TCR CCA GAAAARC F [19]

IRBP 1001R GGA AAT GCATAG TTG TCT GCAA R [19]

IRBP 1162R TGG TGG WCT TYA GGC ACT TGT R [19]
5S rRNA

Primer Name Sequence 5'-3’ Direction Reference

5SA TAC GCC CGA TCT CGT CCG ATC F [20]

5SB CAG GCT GGT ATG GCC GTA AGC R [20]
28S rRNA

Primer Name Sequence 5-3’ Direction Reference

28SA AAA CTC TGG TGG AGG TCC GT E [27]

28SB CTT ACC AAA AGT GGC CCACTA R [21]
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Table S2 GenBank accession numbers of cyt b, IRBP and RAG1 sequences.

Voucher ID Taxon GenBank Acc. No. IRBP 2 GenBank Acc. No. RAG 1 GenBank Acc. No. cytochrome b
AA4184  |Petruichthys brevis Bankit1797300 A4184 KP738491 Bankit1797337 A4184 KP738531 Bankit1797562 A4184 KP738571
AA4185 |Petruichthys brevis Bankit1797300 A4185 KP738492 Bankit1797337 A4185 KP738532 Bankit1797562 A4185 KP738572
A4341  |Nemachilichthys ruppelli Bankit1797300 A4341 KP738493 Bankit1797337 A4341 KP738533 Bankit1797562 A4341 KP738573
A4345  |Nemachilichthys ruppelli Bankit1797300 A4345 KP738494 Bankit1797337 A4345 KP738534 Bankit1797562 A4345 KP738574
A4618 |Schistura bolavenensis Bankit1797300 A4618 KP738495 Bankit1797337 A4618 KP738535 Bankit1797562 A4618 KP738575
A4620 |Schistura bolavenensis Bankit1797300 A4620 KP738496 Bankit1797337 A4620 KP738536 Bankit1797562 A4620 KP738576
A4833  |Seminemacheilus lendlii Bankit1797300 A4833 KP738497 Bankit1797337 A4833 KP738537 Bankit1797562 A4833 KP738577
A4834  |Seminemacheilus lendlii Bankit1797300 A4834 KP738498 Bankit1797337 A4834 KP738538 Bankit1797562 A4834 KP738578
A5300 |Schistura fasciolata Bankit1797300 A5300 KP738499 Bankit1797337 A5300 KP738539 Bankit1797562 A5300 KP738579
A5301 |Schistura fasciolata Bankit1797300 A5301 KP738500 Bankit1797337 A5301 KP738540 Bankit1797562 A5301 KP738580
A5302 |Schistura fasciolata Bankit1797300 A5302 KP738501 Bankit1797337 A5302 KP738541 Bankit1797562 A5302 KP738581
A5331 |Paracanthocobitis zonalternans Bankit1797300 A5331 KP738502 Bankit1797337 A5331 KP738542 Bankit1797562 A5331 KP738582
A5332 |Paracanthocobitis zonalternans Bankit1797300 A5332 KP738503 Bankit1797337 A5332 KP738543 Bankit1797562 A5332 KP738583
AB922  |Schistura hypsiura Bankit1797300 A6922 KP738504 Bankit1797337 A6922 KP738544 Bankit1797562 A6922 KP738584
AB6925 |Schistura hypsiura Banklt1797300 A6925 KP738505 Banklt1797337 A6925 KP738545 Banklt1797562 A6925 KP738585
AB6926 |Nemacheilus binotatus Bankit1797300 A6926 KP738506 Bankit1797337 A6926 KP738546 Bankit1797562 A6926 KP738586
A6927 |Nemacheilus binotatus Bankit1797300 A6927 KP738507 Bankit1797337 A6927 KP738547 Bankit1797562 A6927 KP738587
AB6935 |Mesonoemacheilus guentheri Bankit1797300 A6935 KP738508 Bankit1797337 A6935 KP738548 Bankit1797562 A6935 KP738588
AB940 |Paracanthocobitis pictilis Bankit1797300 A6940 KP738509 Bankit1797337 A6940 KP738549 Bankit1797562 A6940 KP738589
A6941 |Paracanthocobitis pictilis Bankit1797300 A6941 KP738510 Bankit1797337 A6941 KP738550 Bankit1797562 A6941 KP738590
AB942 |Lefua costata Bankit1797300 A6942 KP738511 Bankit1797337 A6942 KP738551 Bankit1797562 A6942 KP738591
AB945  |Schistura corica Bankit1797300 A6945 KP738512 Bankit1797337 A6945 KP738552 Bankit1797562 A6945 KP738592
AB948 |Schistura corica Bankit1797300 A6948 KP738513 Bankit1797337 A6948 KP738553 Bankit1797562 A6948 KP738593
AB953  |Schistura corica Bankit1797300 A6953 KP738514 Bankit1797337 A6953 KP738554 Bankit1797562 A6953 KP738594
A7519 |Schistura notostigma Bankit1797300 A7519 KP738515 Bankit1797337 A7519 KP738555 Bankit1797562 A7519 KP738595
A7520 |Schistura notostigma Bankit1797300 A7520 KP738516 Bankit1797337 A7520 KP738556 Bankit1797562 A7520 KP738596
A7521 |Schistura notostigma Bankit1797300 A7521 KP738517 Bankit1797337 A7521 KP738557 Bankit1797562 A7521 KP738597
A7530 |Schistura savona Bankit1797300 A7530 KP738518 Bankit1797337 A7530 KP738558 Bankit1797562 A7530 KP738598
A7532 |Schistura savona Bankit1797300 A7532 KP738519 Bankit1797337 A7532 KP738559 Banklt1797562 A7532 KP738599
A7545 |Physoschistura sp. Bankit1797300 A7545 KP738520 Bankit1797337 A7545 KP738560 Bankit1797562 A7545 KP738600
A7546 |Physoschistura sp. Bankit1797300 A7546 KP738521 Bankit1797337 A7546 KP738561 Bankit1797562 A7546 KP738601
A7548 |Schistura pridii Bankit1797300 A7548 KP738522 Bankit1797337 A7548 KP738562 Bankit1797562 A7548 KP738602
A7549 |Schistura pridii Bankit1797300 A7549 KP738523 Bankit1797337 A7549 KP738563 Bankit1797562 A7549 KP738603
A8393 |Barbatula barbatula Banklt1797300 A8393 KP738524 Banklt1797337 A8393 KP738564 Banklt1797562 A8393 KP738604
A8394 |Barbatula barbatula Bankit1797300 A8394 KP738525 Bankit1797337 A8394 KP738565 Bankit1797562 A8394 KP738605
A8465 |Pteronemacheilus lucidorsum Bankit1797300 A8465 KP738526 Bankit1797337 A8465 KP738566 Bankit1797562 A8465 KP738606
AB8466 |Pteronemacheilus lucidorsum Bankit1797300 A8466 KP738527 Bankit1797337 AB466 KP738567 Bankit1797562 A8466 KP738607
A7541 |Physoschistura elongata Bankit1797300 A7541 KP738528 Bankit1797337 A7541 KP738568 Bankit1797562 A7541 KP738608
A7542  |Physoschistura elongata Banklt1797300 A7542 KP738529 Banklt1797337 A7542 KP738569 Banklt1797562 A7542 KP738609
A0054 |Botia lohachata Bankit1797300 A0054 KP738530 Bankit1797337 A0054 KP738570 AY887793*

*Note: Botia lohachata cytochrome b has been already deposited to GenBank in 2006 and published in: Slechtova V, Bohlen J, Freyhof J, Rab P. Molecular phylogeny of the Southeast Asian freshwater fish family
Botiidae (Teleostei: Cobitoidea) and the origin of polyploidy in their evolution. Mol Phylogenet Evol. 2006;39:529—41.
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Table S3 GenBank accession numbers of 5S and 28S rRNA sequences.

Voucher
ID Taxon GenBank Acc. No. 5SrDNA GenBank Acc. No. 455 rDNA
A0425 Botia almorhae Banklt1823064 KR611604 BankIt1823059 KR611600
AT7541 Physoschistura elongata BankIt1823061 KR611601
A4619 Schistura bolavenensis BankI1t1822868 KR611599
A6952 Schistura corica BankI1t1823062 KR611602
A5301 Schistura fasciolata BankIt1823063 KR611603
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A

Schistura pridii A7548 short

Schistura pridii A7549

Schistura pridii A7548 short GGCTTTCCT TGATTTCGTT TTCAACTGAA T

Schistura pridii AT549 = Wi e iee e s woeeaiete s et s

Schistura pridii A7548 short

Schistura pridii A7549

B

Schistura pridii A7548

Schistura pridii A7548 IGGCWTTCCT TGATTTCGTT TTCAAYTKAT GCCMTTCGCC TACAGGCTCA GTKTTMATTT WTTCATCTCC
Schistura pridii A7548 ATGCCTAGAC AGCCCAGTGA CTGTTGCTGA RCGAWGTGAG GCTTTTCAAA AATCAACGAA ATSAAAGGAT
Schistura pridii A7548 GAAAGGCATC ATTCCGACTW WGGAWAAACK ARTSGGATAC GCAAAGAAYR AAAAACATKW AAAATAATCT
Schistura pridii A7548 AAAACKCAGT TRTGCTCGCC GGCGTCATTC TSRASCGGGC AAGTAAACGG GACATCTGAC GARTGAGAAC
Schistura pridii A7548 CMTCAWGGGA GTCCCAGGTR AAAGTAAMAT KTTTCTTCCT AATATTAAGC CTGCTCTTGG GACATTCCAA
Schistura pridii A7548 AMAGAAACCC AAGCAGTGGC WTGAAGGGGA AGAGTCGCRT GGTAGCCGTC CAGCTCTTGG CTAGCTAGGA
Sehistura pridii A7543 WIITTTARAR AKCCTGCAGG TCACMGCCTC TTTCGCTTAC GGCCATACCA GOCTGA
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Table S4 Distribution of AT- and GC-rich sites and its relation to constitutive heterochromatin and rDNA regions in nemacheilid genomes.

Species C-bandin * 5 CMA," sit GC-rich | GC-rich
D g DAPI” sites Aq” sites 45S rDNA|5S rDNA
Petruichtys brevis not analysed centromeres + some p-arms (st) 2 signals (45S) + -
Physoschistura sp. not analysed huge interstitial bands (1 pair m) 2 signals (45S) + -
Schistura pridii centromeres + some p-arms (st) congruent with C-banding 2 signals (45S) + -
Pteronemacheilus lucidorsum some centromeres + some p-arms (st) congruent with C-banding 4 - 6 signals (45S + some 5S/other regions ?) + *inc

) . whole arms (1 pair m, adjacent to 45S . . .
Schistura corica rDNAY), interstitial bands (1 - 2 pairs st) congruent with C-banding all centromeres + 45S + 5S/other regions + +

centromeres, many interstitial
Seminemacheilus lendlii not analysed bands, whole arms (3 pairs m- 3 signals in female (45S) + -
sm)
huge pericentromeric regions (4 pairs
Schistura notostigma (2n = 44) | m), other centromeres + interstitial (up congruent with C-banding 6 signals (45S + 5S + other regions) + +
to 4 pairs st, g-arms)

. . +i itial . .

Schistura notostigma (2n = 48) not analysed some cer\tromeres Interstitia 14 - 15 signals (45S + 5S + other regions) + +
(up to 2 pairs) + some p-arms st-a
Physoschistura elongata not analysed majority of centromeres 45S + some 5S + other regions + +
Schistura hypsiura whole arms (2 pairs sm + some st-a) + congruent with C-banding 4 - 8 (45S + some 5S/other regions ?) + *inc
some centromeres
Mesonoemacheilus guentheri whole arms (1 pair m, 1 - 2 pairs st, p- congruent with C-banding 4 signals (some 5S + 45S) + +
arms) + some centromeres
huge pericentromeric regions (5 - 6 pairs
- . m), interstitial (1 pair sm), whole-arms | congruent with C-banding except .
N hilichth Il . . . : 4 Is (5S + 45S + +
emachiiichthys rueppetl (coinciding with NOR, 1 pair sm) + some NOR regions signals ( )
centromeres
Paracanthocobitis zonalternans not analysed centromeres + some p-arms (st) 6-8 signals (45S + some 5S) + +
Paracanthocobitis pictilis not analysed some centromeres 3-5 signals (5S + 45S) + *inc
huge pericentromeric regions (1
Schistura savona not analysed pair m), some p-arms (st) + 3 signals (45S) + -
centromeres
interstitial bands (coinciding with
Nemacheilus binotatus not analysed ITS, 1 pair st) + some 4 signals (45S + ITS) + -
centromeres
Schistura fasciolata pericentromeric regions (X, Y1) + some congruent with C-banding 2 signals (45S) + -
centromeres

. . whole arms (3 pairs sm), interstitial (1 - | congruent with C-banding except e . )
Schistura bolavenensis 2 pairs sm) + NOR (1 pair m) NOR regions 5 - 6 signals (45S + other regions) +
Barbatula barbatula not analysed interstitial bands (4 - 5 pairs st) + 4 signals (5S + 45S) + +

some centromeres

Lefua costata centromeres + some p-arms (st) congruent with C-banding 2 signals (45S) + -

*inc = inconclusive results
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mediating extensive ribosomal DNA
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Abstract

Background: Sympatric species pairs are particularly common in freshwater fishes associated with postglacial lakes
in northern temperate environments. The nature of divergences between co-occurring sympatric species, factors
contributing to reproductive isolation and modes of genome evolution is a much debated topic in evolutionary
biology addressed by various experimental tools. To the best of our knowledge, nobody approached this field
using molecular cytogenetics. We examined chromosomes and genomes of one postglacial species pair, sympatric
European winter-spawning Coregonus albula and the local endemic dwarf-sized spring-spawning C. fontanae, both
originating in Lake Stechlin. We have employed molecular cytogenetic tools to identify the genomic differences
between the two species of the sympatric pair on the sub-chromosomal level of resolution.

Results: Fluorescence in situ hybridization (FISH) experiments consistently revealed a distinct variation in the copy
number of loci of the major ribosomal DNA (the 45S unit) between C. albula and C. fontanae genomes. In

C. fontanae, up to 40 chromosomes were identified to bear a part of the major ribosomal DNA, while in C. albula
only 8-10 chromosomes possessed these genes. To determine mechanisms how such extensive genome
alternation might have arisen, a PCR screening for retrotransposons from genomic DNA of both species was
performed. The amplified retrotransposon Rex! was used as a probe for FISH mapping onto chromosomes of both
species. These experiments showed a clear co-localization of the ribosomal DNA and the retrotransposon Rex! in a
pericentromeric region of one or two acrocentric chromosomes in both species.

Conclusion: We demonstrated genomic consequences of a rapid ecological speciation on the level undetectable
by neither sequence nor karyotype analysis. We provide indirect evidence that ribosomal DNA probably utilized the
spreading mechanism of retrotransposons subsequently affecting recombination rates in both genomes, thus,
leading to a rapid genome divergence. We attribute these extensive genome re-arrangements associated with
speciation event to stress-induced retrotransposons (re)activation. Such causal interplay between genome
differentiation, retrotransposons (re)activation and environmental conditions may become a topic to be explored in
a broader genomic context in future evolutionary studies.
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Background

Intra-lacustrine fish speciation as an example of eco-
logical speciation is a much debated topic in evolution-
ary biology addressed by various experimental tools,
mostly in complex systems with a number of species, in
particular in ancient freshwater lakes [1]. In Europe,
with its comparatively depauperate fish fauna, issues of
adaptive radiation and ecological speciation in fishes are
highly relevant in temperate postglacial lakes (originat-
ing after the last glaciation i.e. 12—15 kyrs BP). To assess
potential modes of speciation in fishes, numerous model
systems are available [2], among which one of the best
groups with a robust knowledge on adaptive speciation
and complex speciation patterns in postglacial lakes
are coregonine fishes (Coregoninae, [3]) [4-6]. Within
coregonines, their numerous sympatric species pairs
and recent species flocks [7-9] are of particular import-
ance [10]. In Coregonus, based on extensive genetic and
population genetic [11], phylogenetic, biogeographic,
morphological and eco-physiological data, six potential
modes of speciation have been proposed [12]. However,
none of these approaches utilized cytogenetic data des-
pite salmonid fishes, to which coregonines belong, being
one of the best karyologically studied fish groups in
terms of the number of species, populations, individuals
and material (adults and embryos) examined. Available
cytogenetic data demonstrate that salmonids include two
basic karyotypes — the high chromosome number 2n ~ 80
(type A and its derivatives) and the low chromosome
number 2n ~ 60 (type B and its derivatives) — co-occurring
in all recognized salmonid phylogenetic lineages (except
graylings, Thymallinae), including whitefish, ciscoes and
innconu (Coregoninae). Species with the type B karyotypes
have in common either prominent anadromous behaviour
and/or are found in lacustrine environments and are likely
products of intra-lacustrine speciation (for review [13]).
Such apparent parallelism might be explained by specific
life history strategies leading in both types of environments
to small effective population sizes, thus, enabling increased
probability of fixation of genic or chromosomal mutations.
Observed evolution of chromosome number in salmonids
is likely affected by selection for increased or decreased
genetic recombination rate as proposed by Quimseyh
[14], explaining high variability in chromosome numbers
in mammals based on fundamental numbers (NF, chromo-
some arms number).

In this study, we examined chromosomes and genomes
of the sympatric species Coregonus albula and C. fontanae
in the dimictic Lake Stechlin, northern Germany to test
whether the above outlined parallelism on karyotype
differentiation in intralacustrine species pairs can also be
observed in incipient speciation processes in young post-
glacial lakes. Both species are pelagic zooplanktivores, but
they differ considerably in their size, spawning time
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[15] and temperature-dependent metabolic physiological
adaptations [16]. Up to now, C. fontanae has not yet
been subjected to any cytogenetic analysis as opposed to
C. albula (see [17] and references therein). The level of
genetic differentiation between C. albula and C. fontanea
tested by combined analyses of mitochondrial DNA
and microsatellite loci showed a weak differentiation
(FsT=0-0.008) between these two species when
compared with another sympatric species pair C. albula
and C. lucinensis [18]. Further population genetic
analyses based on 1244 polymorphic AFLP loci
demonstrated a lower differentiation between allopatric
than sympatric populations of the C. albula complex
and suggested a rather complex colonization history
than simple sympatric speciation [6]. Therefore, we have
employed a novel approach in this field to explore the
up to now neglected aspects of genome evolution in this
species pair and used different parts of ribosomal DNA
of the 45S rDNA unit as cytotaxonomic markers.

At the first stage of this study, we have employed
conventional methods of karyotype analysis (Giemsa and
Ag staining, CMA3 and DAPI fluorescence). At the
second stage, we have performed molecular cytogenetic
analyses (CGH and FISH with various rDNA fragments
and non-LTR retrotransposons as probes) to identify any
differences between chromosomal complements of these
two species on the sub-chromosomal level of resolution
since the karyotype analyses showed no significant
differences. At the third stage, we performed molecular
biological analyses of the 45S ribosomal RNA genes and
the RexI non-LTR retrotransposon. Furthermore, we
discuss these results in the context of populations of
small effective sizes under extreme stress conditions
under which retrotransposons (re)activation could have
contributed to accelerated speciation.The major cluster
of ribosomal RNA genes is expressed as the 45S tran-
scriptional unit (Figure 1). This unit consists of 18S,
5.8S and 28S rDNA genes, separated by internal
transcribed spacers (ITS1, ITS2) and surrounded by
external transcribed spacers (ETS). The 45S rDNA units
are arranged in tandem repetitions with high copy
numbers [19,20] therefore, they represent a useful
cytotaxonomic marker. The individual units are
separated by intergenic spacers (IGS) [21,22]. The struc-
ture and the order of genes within the unit are highly
conserved among Eukaryota [23]. Different parts of the
45S transcriptional unit display different mutational
rates. The most conserved region is the 18S rRNA gene
and the most variable are ITSs [23].

Results

Karyotyping and comparative cytogenetics

Karyotypes of both examined ciscoes were very similar
(2n = 80 in both species) and both belong to the
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Figure 1 Schematic representation of the 45S rDNA unit and FISH probes construction including primers nesting sites. (not to scale).

karyotype category A sensu [13]. They both had 8 pairs
of meta- (m) to submetacentric (sm) and 32 pairs of
acrocentric (a) chromosomes (both sexes in C. fontanae,
only males in C. albula were available), The NF was 96
in both species (Figure 2a-d). The sequential
Chromomycin A3 (CMAj, particularly specific for CG
rich regions) and DAPI (specific for AT rich regions)
stainings revealed in both species a varying number of
6-8 sites with CMA3"/DAPI signals. The signals
occurred at telomeric regions of 3-4 metacentric
chromosomes and at pericentromeric regions of 3—4
acrocentric/submetacentric chromosomes (Figure 3a, b).
In some nuclei, several other weakly CMAJ regions
not corresponding to DAPI" signals mostly with
pericentromeric locations were observed (Figure 3a). This
variability occurs on the inter-individual as well as on the
intra-individual level.

Cytogenetic mapping of ribosomal DNA and comparative
genomic hybridization (CGH)

Fluorescence in situ hybridization (FISH) with 28S
ribosomal DNA (rDNA) probes derived from two non-
overlapping regions of the 28S rRNA gene of both
species (an 800 bp region adjacent towards the 5'-end
of the 28S rDNA gene and a 300 bp region adjacent
towards the 3'-end) showed strikingly different results.

FISH using the shorter fragment as a probe revealed the
presence of 6-10 chromosomes in both C. albula and
C. fontanae bearing such sequences distributed similarly
as the CMA3/DAPI" (Figure 3c for C. albula only).
FISH with the longer fragment revealed bright signals
on 6-10 chromosomes in C. albula (shown in co-
localization with Rex! retrotransposon, Figure 4c) but up to
40 signals (varying numbers) on chromosomes in C. fontanae
(Figure 3d). Most of the signals of the 800 bp probe of
the 28S rDNA in C. fontanae were localized in the AT
rich (i.e. DAPI") centromeric or pericentromeric regions
of acrocentric chromosomes. Two signals of the 800 bp
28S rDNA probe corresponded to the major NOR sites
evidenced also by the 300 bp rDNA and the CMAj3/
DAPI staining that were localized in telomeric regions
of two large metacentric chromosomes (Figure 3d).

To verify these striking differences between C. albula
and C. fontanae, we carried out a set of reciprocal
comparative genomic hybridization (CGH) experiments.
A mixture of the whole genome DNA (gDNA) of both
C. albula and C. fontanae was hybridized simultaneously
to both C. fontanae and C. albula chromosomes. This
resulted in nearly no significant differences on C. albula
chromosomes, i.e. a balanced hybridization of both
gDNA probes was observed (Figure 3e). While signal of
the C. fontanae gDNA when in situ compared with the
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Figure 2 Giemsa-stained metaphase plates and corresponding karyogram of C. albula (a, c) and C. fontanae (b, d). Bar=5 um.
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Figure 3 Metaphase plates and karyograms of C. albula and C. fontanae showing Chromomycin A3/DAPI staining, FISH and CGH
experiments. Chromomycin Az (CMA;) fluorescent staining (green) and DAPI (blue) staining in C. albula @) and C. fontanae (b). FISH with the
28S rDNA (300 bp probe) (red), DAPI counterstaining (blue) in C. albula (c). FISH with the 285 rDNA (800 bp probe) (red), DAPI counterstaining
(blue) in C. fontanae (d). A set of reciprocal comparative genomic hybridization (CGH) experiments to C. albula chromosomes (e) and C. fontanae
chromosomes (f). In both (e, f), the C. albula genomic DNA was labelled in red and the C. fontanae genomic DNA in green. Bar=5 um

C.fontanae

C. albula gDNA onto C. fontanae chromosomes was
distinctly overrepresented in mostly pericentromeric
regions of about 40 chromosomes (green signals in
Figure 3f). This pattern corresponded to results of the
FISH experiment with 800 bp 28S rDNA to C. fontanae
chromosomes.

To assess quantitative differences in the distribution
of the whole 45S rDNA unit in both species, a further
set of comparative FISH experiments with a cocktail of
the 18S rDNA and ITS1-ITS2 (including 5.8S rDNA) as
probes amplified from both of the genomes were
performed to C. albula and C. fontanae chromosomes.
In the genome of C. albula, both the ITS1 and ITS2
were present in 6—12 signals with a varying number of
signals (Figure 4a). In the genome of C. fontanae, both
the ITS1 and ITS2 were multiplied to the same extent
as the 800 bp 28S rDNA part, ie. a varying number of
approximately 40 signals (Figure 4b). The subsequent
FISH experiment with the 185 rDNA in both species
showed the number of 6-10 signals (Figure 4d for

C. fontanae only). The typical chromosomes bearing
rDNA signals in the unamplified condition (i.e. ITS1-ITS2
and 28S rDNA in C. albula and 18S rDNA in
C. fontanae) are shown in Figures 4e-f. There is a repro-
ducible difference in location of one of the 28S rDNA in
C. fontanae (when compared with C. albula) related to a
distinct DAPI" band on a large metacentric chromosome
pair (Figure 4f). In C. albula, the rDNA signal was always
located on the opposite arm than the DAPI" band oc-
curred (Figure 4e). In C. fontanae, one signal is located on
the same arm and one signal is on the opposite one
(Figure 4f). The construction of the FISH probes used in
this study is visualized in Figure 1.

Molecular characterization of multiplied rDNA sites

To determine mechanisms how such extensive multipli-
cation of parts of rRNA genes in C. fontanae might have
arisen, a PCR screening for non-LTR retrotransposons
in genomic DNA of both species was performed.
Retrotransposons of the Rex family are known to have
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prior to its multiplication in C. fontanae. Bar=5 um.

Figure 4 Metaphase plates and selected chromosomes of C. albula and C. fontanae showing FISH experiments. FISH with [TS2 (red) as
probe hybridized to C. albula (a) and to C. fontanae (b), counterstained with DAPI. Double-FISH analysis with the Rex! retrotransposon (red) and
the 800 bp 28S rDNA (green) to C albula (c), detail of the chromosome with Rex1 and 285 rDNA co-localization in inset. FISH with the 185 rDNA
(red) to C. fontanae chromosomes (d) counterstained with DAPI. Chromosomes bearing the ITS2 (red) signal in C. albula (e). Chromosomes
bearing the 185 rDNA signals (red) in C. fontanae (f). Chromosomes on (f) represent the hypothetically ancestral condition of rDNA distribution

C. fontanae

invaded fish genomes in multiple lineages [24] and to also
insert into rDNA, particularly in fishes [25]. Therefore,
the retroelements Rexl, Rex3 and Rex6 were tested in
this study. FISH with the Rex3 and Rex6 retroelements
yielded inconclusive results. The Rex! element, as a
probe hybridized to chromosomes of C. albula and
C. fontanae, typically showed a dispersed pattern of
signals on all chromosomes with a distinct accumulation
in a pericentromeric region of one single acrocentric
chromosome. Co-hybridization of the Rex! element with
the 800 bp 28S rDNA probe in a double-FISH experiment
showed co-localization of these two probes typically on
one (exceptionally two to several), mostly acrocentric
chromosomes in both C. albula and C. fontanae (Figure 4c
for C. albula only, detail of the co-localization in inset).
The Rex1 signal with a distinctly weaker intensity occurred
dispersed also on other sites corresponding to the NOR loci
in both genomes. The sequences of the Rex! derived from

the C. albula and C. fontanae genome were deposited in
GenBank under the accession numbers JQ731754 and
JQ731760, respectively.

Sequencing of the 18S and 28S rDNA, as well as ITS1
and ITS2 (deposited in GenBank under accession
numbers JQ731749-JQ731753 and JQ731755-JQ731759)
yielded no significant differences in these genes between
C. albula and C. fontanae.

Discussion
Our findings of extensive genomic re-arrangements of a
substantial fraction of the 455 rDNA unit in the C. fontanae
genome when compared with the situation in C. albula are
in strong contrast with previously reported low genetic
differentiation between these two species [6,18].

Our results indicate that in the genome of C. fontanae
next to the complete 6-10 NOR loci corresponding to
similar number of NOR-bearing chromosomes in C. albula,
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up to 30 supernumerary and incomplete NOR loci occur.
This is supported by results of the sequential fluorescent
staining (CMA; and DAPI), showing about 68 signals in
karyotypes of both species, although on chromosomes of
C. fontanae the signals were slightly weaker. However,
these supernumerary sites in C. fontanae were not
represented by repeating of the complete 455 rDNA unit
(i.e. 18S rDNA, ITS1, 5.8S rDNA, ITS2, 28S rDNA), but
only by a part including probably complete ITS1 and ITS2
and a part of the 28S rDNA adjacent to the ITS2, i.e. the
5" end of the 28S rDNA gene (the region of 5.8S rDNA
was not investigated separately).

Most of the supernumerary signals of the 455 rDNA
in chromosomes of C. fontanae were localized in the AT
rich pericentromeric regions as well as the major accu-
mulation of the Rex1I retrotransposon on both C. albula
and C. fontanae chromosomes. This is in accordance
with findings of other authors describing accumulations
of transposable elements in centromeric heterochroma-
tin e.g. in genome of humans [26] and in a cichlid fish
Cichla kelberi [27,28]. TEs in fishes generally tend to
insert to heterochromatic areas of chromosomes ([29];
reviewed by [30]). There are also records of specific
integration of some non-LTR retrotransposons at the
rRNA genes found in most animal phyla (summarized
by [31]), in insects Drosophila melanogaster and
Bombyx mori [32] or in the fish Erythrinus erythrinus,
where Rex3 retrotransposons were found in the 5S
rRNA genes [25].

In the above-mentioned E. erythrinus fish, a similar
multiplication of rRNA genes was described [25]. In that
case, four karyomorphs of E. erythrinus differ in their
chromosomal number, karyotype, presence or absence
of heteromorphic sex chromosomes and numbers of 55
rDNA loci. The karyomorph A in E. erythrinus showed
only two 5S rDNA loci, while in the karyomorph D,
21-22 5S rDNA loci could be observed. All 5S rDNA
sites co-localized with the Rex3 retrotransposon. On the
other hand, no changes in the heterochromatin and
18S rDNA patterns were found between these two
karyomorphs [25]. Such two karyomorphs within a sin-
gle species E. erythrinus may be seen as an incipient
stage of a speciation event. This situation can thus rep-
resent an initial stage, later resulting in the condition
observed in morphologically [15], ecologically and
physiologically [33,34] diverged species pair C. fontanae
and C. albula described in this study. A similar observa-
tion of extremely multiplied NOR sites (46 and 49
countable FISH signals), however, without any further
detailed analysis, were reported in brook char Salvelinus
fontinalis (Salmonidae) [35].

In salmonid fishes, TEs have been studied intensively
[30,36,37]. Microarray studies showed that transcription
of rainbow trout transposons is activated by external
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stimuli, such as toxicity, stress and bacterial antigens [38].
In the oligotrophic Lake Stechlin, the food availability
for coregonines was extremely limited and the size at
maturity and the maximal size of C. albula are far
behind the other populations of this species in adjacent
lakes in northern Germany [39]. C. fontanae is the
smallest species of the genus Coregonus in Europe [8].
Raising both species in the laboratory demonstrated that
both grew much larger if supported with unlimited food
(unpublished obs., Freyhof). Therefore, it can be
speculated that both species, especially C. fontanae, live
in an extreme permanent starvation in the Lake
Stechlin. It can be also hypothesized that the spring-
spawning habit of C. fontanae might have originated
simply by the shift of sexual maturity in the part of the
population that has not been able to attain sexual
maturity in autumn due to the lower food intake and
hence environmental starvation stress.

Link between environmental stress and chromatin
modification/regulation

Effects of stress on the genome can result in important
perturbations creating new combinations better compat-
ible with survival (summarized by [40]; more recently
reviewed by [41]). After the discovery of transposable
elements (TE) more than 50 years ago, their mutagenic
effect had been increasingly viewed in association with
rapid genome reorganizations by the creation of new
regulation patterns and chromosome restructuring during
last years [41]. Stress activated mobilization of these
elements by failure of epigenetic silencing (the host
defence model of repressing the movement of mobile
elements; [42,43]) can lead to (re)activation of mobile
elements and consequently to major and rapid genome
alterations [40,41,44,45].

Barbara McClintock [46] already considered TE as a
source of hypermutagenicity creating viable and fertile
individuals from a stressed population under risk of ex-
tinction. Moreover, she originally named TE “controlling
elements” due to their ability to alter gene activity and
genome structure [47].

TE-mediated genome rearrangements as a factor in
speciation

With growing evidence for the importance of TEs in the
genome evolution, the role of TE-mediated genome
changes in the speciation by their possible contribution to
pre- and post-mating reproductive isolation formation
has been increasingly taken into account and discussed
generally in eukaryotes [48,49], Drosophila [50], fishes
[51], mammals [52], and plants [53]. However, lack of
experimental data makes it difficult to prove this possi-
bility (reviewed by [51,54,55]). On the other hand, [41]
provides an overview of TE transposition bursts
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concomitant with radiation periods in seven cases. The
same authors also discuss TE-induced rapid speciation
associated with the ability of TEs to induce chromo-
somal rearrangements. Therefore, the sympatric species
pair C. albula and C. fontanae in the context of other
congeneric coregonine species and their variable evolu-
tionary history in the Eurasian post-glacial lakes appears
to be a suitable model system for exploring mechanisms
of genomic differentiation and speciation with or with-
out TE contribution.

In a very similar, but North American study system
(lake whitefish species pairs, Coregonus spp.), [56] next
generation sequencing (NGS) showed that TEs appeared
to be highly expressed in hybrids between two recently
diverged species. This may be potentially the mechanism
responsible for post-zygotic reproductive isolation.
Moreover, NGS can be viewed as a useful tool comple-
mentary with molecular cytogenetic approach presented
in this study enabling confirmation of here documented
results and search for other candidate groups of TEs
involved in the genome re-arrangements and accelerated
speciation.

Conclusion

In the sympatric species pair C. albula and C. fontanae,
we encounter a complex situation involving several
evolutionary phenomena and factors. Firstly, a rapid
ecological speciation event with an unclear sympatric
scenario, ie. the derived species C. fontanae fully
differentiated from C. albula physiologically, ecologic-
ally and morphologically within about 12 — 14 kyrs in
the newly colonized Stechlin Lake after the last glacier
retreated [15]. Secondly, genetic differentiation of these
two species remained weak as the combined analyses of
mtDNA and microsatellite loci [18] showed, as well as
major karyotypic and chromosomal markers presented
in this study. This is in contrast with extensive genome
re-arrangements in a large proportion of the 455 rDNA
cassette in C. fontanae when compared with its most
likely ancestral species — C. albula. The genome re-
arrangements are exhibited as a distinct loci number
differences and relocation of variable number (about
30) AT rich pericentromeric regions in C. fontanae. The
molecular mechanism behind these re-arrangements
might be a retrotransposition of a part of the 455 rDNA
unit mediated by retrotransposons. Retrotransposonal
activity can be mobilized under certain conditions
(stress, environmental changes) and cause rapid and
extensive structural changes to the host genome. These
structural genomic differences in C. fontanae accumulated
to pericentromeric heterochromatin in almost half of the
chromosome complement. This might then have been
acting as a partial but permanent reproductive barrier by
hampering recombination, thus, enabling and accelerating
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the morphological, ecological and physiological differenti-
ation of C. fontanae. Moreover, interspecific hybridization
between the old and the newly arising species might have
activated retrotransposonal activity in hybrids resulting in
hybrid sterility or unviability as reviewed by [51]. The
population genetic parameters of this speciation event,
favouring fixation of the re-arranged genomes, remain to
be elucidated in detail, but small effective population size
is a good hypothesis to be tested.

Methods

Materials

For this study, we had 12 individuals of Coregonus albula
(Linnaeus, 1758) and 16 individuals of C. fontanae [15],
both from Lake Stechlin (northern Germany, Brandenburg,
53° 10" N; 13° 02’ E). All fish were raised in the laboratory
under identical conditions as described by [33,34]. In
C. albula, 3 individuals (samples alb 1, 2 and 5, males
only) yielded metaphases usable for down-stream FISH
and CGH experiments. In C. fontanae, 3 individuals also
(samples font 2, 5 and 7, both males and females)
yielded usable chromosome preparations. Of all studied
individuals, we isolated genomic DNA from fin clips
and muscles. All tissue and DNA samples, including cell
suspensions and chromosome preparations, are
deposited in the Laboratory of Fish Genetics of the
Institute of Animal Physiology and Genetics (IAPG).
This study was covered by the “Valid Animal Use
Protocols” Nr. CZ 00221 at the IAPG issued by the
Czech Ministry of Agriculture on 10 June 2009.

Chromosome preparations

Metaphases were prepared according to [57] with slight
modifications. Briefly, the fish were injected with 0.1%
colchicine solution (w/v, SIGMA), 1 ml/100 g body
weight, for 45 minutes then sacrificed by overdose of
anaesthetic 0.5% Phenoxyethanol (v/v, SIGMA). Kidneys
were removed, dissected in 0.075 M KCl and the cell
suspension free of tissue fragments was hypotonized
for 8 min in 0.075 M KCIl, fixed in methanol: acetic
acid 3:1 (v/v) fixative, washed twice in fixative, and
finally spread onto slides (Superfrost quality). Mitotic
activity was not stimulated because these fish showed
extremely high sensitivity to agents increasing mitotic rate.
Simultaneously, the blood (around 0.5 ml) was collected
from all analysed individuals by fine heparinized syringe
for leukocyte culture according to the protocol of [58].
Briefly, partly washed leukocytes were cultivated in 5 ml
of a complete medium composed of TC 199 (SIGMA,
St. Louis, MO, USA), 10% FBS Superior (Biochrom, Berlin,
Germany), 0.5% Antibiotic Antimycotic Solution (SIGMA),
1% Kanamycin monosulfate (SIGMA), 1% LPS (SIGMA),
0.2% PHA HI15 (Remel, Lenexa, KS, USA) and 0.175yl
Mercaptoethanol (SIGMA) at 19.5°C for 6-7 days,
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then 2 drops of the 0.1% colchicine were added for
45 minutes at RT and cells harvested as for the direct
preparation described above.

Fluorescence in situ hybridization (FISH) and comparative
genomic hybridization (CGH)

Probes for im situ hybridization experiments were
produced either by PCR (FISH probes) or directly from
the genomic DNA (CGH probes). Probes were indirectly
labelled with haptens (biotin and digoxigenin) by means
of nick translation (whole genomic DNA and FISH probe
longer than 600 bp) using the Roche Nick Translation
Mix (Roche, Mannheim, Germany; Cat.No. 11745808910)
according to the manufacturer’s instructions. Shorter
DNA fragments were labelled by PCR using the Roche
PCR DIG Labeling Mix (Cat.No. 11585550910). The
biotin-dUTP  labelled probes (Roche, Cat. No.
11093070910) were detected by either the Invitrogen
Cy™3-Streptavidin (Invitrogen, San Diego, CA, USA;

Table 1 PCR primers used in this study
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Cat.No. 43-4315) or by the FITC-Streptavidin (Cat.No.
43-4311). The digoxigenin-dUTP labelled probes
(Roche, Cat.No. 11093088910) were detected by either
the Roche Anti-Digoxogenin-Fluorescein (Cat.No.
11207741910) or by the Anti-Digoxigenin-Rhodamin
(Cat.No. 11207750910). An unlabelled DNA competitor
for suppression of nonspecific hybridization of fragment
size of 100-200 bp was added with 20-fold the concen-
tration of the DNA probe in CGH experiments. The
CGH DNA probe concentration was 1 ug per reaction
for both genomes compared. An aging of chromosome
preparations at 37°C for 3 hours was carried out prior
to each of the hybridization experiment. Pepsinization,
hybridization and detection were carried out under
conditions as described by [59].

All rDNA FISH probes were constructed using published,
mostly generally used PCR primer sets of the 455 rDNA
unit to cover its major regions and to map them physically
onto chromosomes.

Name Region of DNA/FISH probe Primer sequence (5'to3) Ref.
285 A 3' end of the 28S rDNA involving the regions A and B, F primer AAA CTC TGG TGG AGG TCC GT [61]
285 B Internally nested in the regions A and B of the 285 rDNA, R primer CTT ACC AAA AGT GGC CCA CTA [61]
285 C1 5" end of the 285 rDNA adjacent to the [TS2, F primer ACC CGC TGA ATT TAA GCA T [62]
285 D2 Internally nested in the region C3 involving D2, C2, D1, C1, R primer TCC GTG TTT CAA GAC GGG [63]
ITS1 3" end of the 185 rDNA adjacent to the ITS1, F primer TCC GTA GGT GAA CCT GCG G [64]
ITS2 3" end of the 5.85 rDNA adjacent to the ITS2, R primer GCT GCG TTC TTC ATC GAT GC [64]
ITS3 5" end of the 5.85 rDNA adjacent to the ITS1, F primer GCA TCG ATG AAG AAC GCA GC [64]
ITS4 5"end of the 28S rDNA adjacent to the ITS2, R primer TCC TCC GCT TAT TGA TAT GC [64]
NS1 5"end of the 18S rDNA F primer GTA GTC ATA TGC TTG TCT [64]
NS2 18 S rDNA R primer GGC TGC TGG CAC CAG ACT TGC [64]
NS3 18 S rDNA F primer GCA AGT CTG GTG CCA GCA GCC [64]
NS4 18 S rDNA R primer CTT CCG TCA ATT CCT TTA AG [64]
NS5 18 S rDNA F primer AAC TTA AAG GAA TTG ACG GAA G [64]
NS6 18 S rDNA R primer GCA TCA CAG ACC TGT TAT TGC CTC [64]
NS7 18 S rDNA F primer GAG GCA ATA ACA GGT CTG TGA TGC [64]
NS8 3" end of the 185 rDNA R primer TCC GCA GGT TCA CCT ACG GA [64]
RTX1F1 Rex1 F primer TTC TCC AGT GCC TTC AAC ACC [28]
RTX1R3 Rex1 R primer TCC CTC AGC AGA AAG AGT CTG CTC [28]
RTX3F1 Rex3 F primer TAC GGA GAA AAC CCATTT CG [65]
RTX3F2 Rex3 F primer AAC ACC TTG GCT GCG CCT AG [65]
RTX3F3 Rex3 F primer CGG TGA YAA AGG GCA GCC CTG [28]
RTX3R1 Rex3 R primer AAA GTT CCT CGG TGG CAA GG [65]
RTX3R2 Rex3 R primer CCR GGG GTG GAT GAR RTC CGC CC [65]
RTX3R3 Rex3 R primer TGG CAG ACN GGG GTG GTG GT [28]
RTX6F Rex6 F primer TAA AGC ATA CAT GGA GCG CCA C [28]
RTX6R Rex6 R primer GGT CCT CTA CCA GAG GCC TGG G [28]
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PCR amplification of FISH probes and the analysis of the
45S rDNA unit

All primer sets used in this study are summarized in
Table 1. Primers nesting within the 45S rDNA unit rele-
vant for this study are shown in Figure 1. Thermal
profiles were used according to references given in
Table 1. FISH probes were constructed from PCR
conducted on the respective species as they were later
hybridized. All sequences used in this study as FISH
probe or in the molecular-biological analyses of the 45S
rDNA unit were deposited in the GenBank [60] under
accession numbers JQ731749 - JQ731760.

Cloning, sequencing and sequences analysis

PCR products were cloned using the QIAGEN PCR Clon-
ing Kit and QIAGEN EZ Competent Cells (Qiagen,
Hilden, Germany); the plasmids were isolated from the
cells with Qia PREP Spin Miniprep Kit according to the
manufacturer’s instructions. The primary PCR products
were first sequenced on the ABI 3130 Genetic Analyzer
(Applied Biosystems, Hitachi, Foster City, CA, USA) using
the BigDye Terminator Cycle Sequencing Kit (Applied
Biosystems). Furthermore, cloned DNA fragments that
were later applied as FISH probes were commercially
sequenced by Macrogen (Seoul, South Korea). The com-
mercially obtained sequences were subjected to online
megablast or discontiguous megablast [66] searches at the
National Center for Biotechnology Information (NCBI)
[67], where their similarity to the sequences deposited in
the GenBank databases was checked.

Microscopy and image processing

Chromosome preparations were analysed with the Provis
AX70 Olympus microscope equipped with standard fluor-
escence filter sets. Gray-scale hybridization signals on
chromosomes and/or DAPI counterstained chromosomes
were captured by the CCD camera (DP30W Olympus).
Using the Olympus Acquisition Software, black and white
images were pseudo-coloured and superimposed with the
software Microlmage. The colour images have been
analyzed and processed with Adobe Photoshop, Version
CS5. The chromosomes were classified using the nomen-
clature proposed by [68]. Karyotypes based on the
Giemsa-stained chromosomes were produced using the
IKAROS (Metasystems) software. Chromosomal formulas
were formed according to [69].

Abbreviations

AFLP: Amplified fragment length polymorphism; CGH: Comparative genomic
hybridization; CMA;: Chromomycin A;; DAPL: 4/, 6-diamidino-2-phenylindole;
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Abstract

We applied comparative genomic hybridization (CGH) and
genomic in situ hybridization (GISH) to examine genomes
of artificially produced sturgeon hybrids between sterlet,
Acipenser ruthenus female (~120 chromosomes) or Russian
sturgeon, A. gueldenstaedtii female (~240 chromosomes)
and a spontaneous triploid Siberian sturgeon A. baerii male
(~360 chromosomes), respectively. The ploidy levels of
progenies were analyzed by karyotyping and flow cytome-
try. We found that the species-specific regions were surpris-
ingly identifiable only on some micro- and small(er) macro-
chromosomes in hybrid metaphases. We hypothesize that
these distinguishable regions are represented by species-
specific repetitive sequences driven by more dynamic mo-
lecular evolutionary mechanisms. On larger chromosomes,
GISH faintly visualized only blocks of pericentromeric and
telomeric repetitive sequences, remaining regions were
equally shared by both parental species. We concluded that
the interspecies hybridization producing viable and even

fertile progeny is enabled by the fact that genomes of the
species involved are likely divergent at the level of the re-
petitive sequences only and probably highly conserved in
the coding sequences. These small differences of coding se-
quences are in concordance with previous estimations of re-
latedness of examined species producing artificial as well as
natural hybrids. CGH and GISH represent a challenge in stur-
geon cytogenetics as a valuable though technically not sim-
ple tool to discriminate chromosomes of parental species in
hybrids. The potentials and drawbacks of CGH and GISH ap-
plication in sturgeons are discussed and further experimen-
tal possibilities are proposed. ©2013 5. Karger AG, Basel

Sturgeons and paddlefishes (Acipenseriformes:
Acipenseridae and Polyodontidae) are bony fishes rep-
resenting very basal lineages of ray-finned fishes [Nel-
son, 2006]. They include species exhibiting 3 evolution-
ary ploidy levels: palaeotetraploidy (4n, ~120 chromo-
somes), palaeooctaploidy (8n, ~240 chromosomes) and
palaecododecaploidy (12n, ~360 chromosomes); yet,
they behave as normal diploid organisms with a diploid/
haploid somatic/germinal cycle over generations [Bir-
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stein etal., 1997; Birstein and DeSalle, 1998]. Acipenseri-
formes represent an ancient group still featuring very
archaic characteristics (both genetic and anatomic) and
therefore, being referred to as ‘living fossils’ [Gardiner,
1984]. Their propensity for whole-genome duplication
and polyploidization expresses these archaic features
[Ludwig et al., 2001; Crow et al., 2012]. Nowadays, only
a fraction of their diversity (27 extant species) survives
scattered throughout the Northern Hemisphere [Nel-
son, 2006]. The increasing anthropogenic impact onto
the natural environment of Eurasian sturgeon species
and populations steadily results in an elevated incidence
of natural hybrids and dramatically declining natural
populations of pure species during recent decades and
their lower chance to reproduce [Pikitch et al., 2005;
Ludwig, 2006; Tsekov et al., 2008; Dudu et al., 2011].
This poses another serious threat to the existence of pure
species through extinction by hybridization of endan-
gered populations (e.g. Ludwig et al. [2009]) together
with the previous overexploiting of natural populations.
Sturgeons are able to produce interspecies hybrids re-
sulting in progeny with intermediate ploidy levels
[Flajshans and Vajcova, 2000; Vasil'eva et al., 2010;
Havelka et al., 2011].

In this study, we present a molecular cytogenetic anal-
ysis of artificial hybrids of 3 Acipenser species, namely,
between sterlet, Acipenser ruthenus female (~120 chro-
mosomes) or Russian sturgeon, A. gueldenstaedtii female
(~240 chromosomes) with a spontaneous triploid Sibe-
rian sturgeon A. baerii male (~360 chromosomes), re-
spectively. The parent species are native to Eurasia. Ac-
cording to Birstein and Vasil’ev [1987] and Krieger et al.
[2008], they belong to the Atlantic clade of the genus
Acipenser, and at the same time, they are the most fre-
quently bred and stocked sturgeon species in Europe.

Materials and Methods

Materials

The hybrid individuals resulting from the crossing experiments
carried out in the hatchery of the Faculty of Fisheries and Water
Protection, Vodnany [Havelka et al. in press] were used for mo-
lecular cytogenetic analyses. Among more crossing experiments,
the following 2 batches of hybrids yielded chromosome prepara-
tions of sufficient quality to perform genomic in situ hybridization
(GISH): the hybrid 4n @ A. ruthenus x 12n &' A. baerii and the hy-
brid 8n @ A. gueldenstaedtii x 12n &' A. baerii. In other experimen-
tal crossings, the most critical problems hampering molecular cy-
togenetic analyses were an insufficient chromosome spreading of
metaphases with extremely high chromosome numbers (200-300
chromosomes).

2 Cytogenet Genome Res
DOI: 10.1159/000354882

Flow Cytometry

Prior to karyotyping, the ploidy level of specimens was verified
as a relative DNA content in blood cells with DAPI according to
Linhart et al. [2006], using Partec CCA I cytometer (Partec GmbH,
Miinster, Germany). Erythrocytes of the palaeotetraploid A. ruthe-
nus gave a relative DNA content of 4n as the tetraploid standard.

Blood Culturing and Chromosome Preparation

The leucocytes were cultured and chromosome spreads pre-
pared according to the protocol of Fujiwara et al. [2001] with some
modifications. Briefly, 0.2-0.5 ml of blood was collected from an
anesthetized fish by puncturing the vena cava caudalis using a hep-
arinized syringe. The leucocyte-rich plasma was used to set up pri-
mary cultures in 5 ml of the Medium 199 (Sigma, St. Louis, Mo.,
USA) supplemented with 10% fetal bovine serum (FBS Superior,
Biochrom, Berlin, Germany), 1% Antibiotic Antimycotic Solution
(Sigma), LPS from E. coli (0.1 mg/ml of medium), PHA-P (18 ug/
ml of medium; Remel, Lenexa, Kans., USA), Kanamycin (0.06 mg/
ml of medium; Sigma) and 0.175 pl 10% mercaptoethanol (Sigma).
After 120 h of incubation at 20°C, 5 ml of each culture was har-
vested using standard colchicine (2 drops of 0.1% colchicine per
5 ml of medium) and hypotonic (8 min) treatments followed by
fixation in freshly prepared fixative (methanol: acetic acid 3:1, v/v),
3 times.

Some individuals were karyotyped using a direct method.
These individuals were colchicinized (0.1% per 100 g of body
weight, for 1 h) and sacrificed by overdose of 2-phenoxyethanol
anesthetics agent (Sigma). The cephalic kidney was removed,
minced and the resulting cells were hypotonized for 8 min in
0.075 M KCl before being fixed in freshly prepared fixative (meth-
anol: acetic acid 3:1, v/v). Chromosome slides were air-dried and
dehydrated in an ethanol series (70, 80 and 96%, 3 min each) and
kept deep frozen until analysis. Specimens were not deposited as
vouchers. This study was covered by the Valid Animal Use Proto-
cols No. CZ 00221 at the Institute of Animal Physiology and Ge-
netics issued by the Czech Ministry of Agriculture.

DNA Isolation

Whole genomic DNA (gDNA) of the pure species A. ruthenus,
A. baerii, and A. gueldenstaedtii and of their hybrids were isolated
from blood, muscles or fins using DNeasy Blood & Tissue Kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s instruc-
tions.

Preparation of Probes for in situ Hybridizations

Labeling of the DNA probes was performed by nick translation
using the Roche Nick Translation Mix (Roche Diagnostics,
Mannheim, Germany; cat. No. 11745808910) according to the man-
ufacturer’s instructions. The gDNAs of parental species were la-
beledindirectlywithbiotin-16-dUTP (Roche, cat. No. 11093070910)
or digoxigenin-11-dUTP (Roche, cat. No. 11093088910), respec-
tively, with a reversal labeling scheme to confirm the observed re-
sults and exclude any influence of antibodies and/or fluorochromes.
The hybridization signal was detected by Anti-Digoxigenin-Rhoda-
mine (Roche, cat. No. 11207750910) and Streptavidin-FITC (Invi-
trogen Life Technologies, San Diego, Calif., USA; cat. No. 43-4311).
Based on the fragment size of the high molecular gDNA used, the
desired fragment size of probes (200-500 bp) was achieved after
45-90 min of nick translation. For most experiments, we used 1 pg
of gDNA per species and experiment. In one set of experiments, we
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also tried to follow the ratio of genomes in hybrid specimens (i.e.
2:3), but we did not observe any significant difference in the result-
ing signal patterns. Unlabeled competitor DNA for the suppression
of unspecific hybridization was prepared by amplification of the
total gDNA, since large quantities of DNA were required. DNA was
isolated from hybrids used for chromosome preparation in the case
of comparative genomic hybridization (CGH) or from the respec-
tive pure species in the case of single-color GISH experiments.
Whole genomic amplification of the gDNA isolated was performed
with Illustra GenomiPhi V2 DNA Amplification Kit (GE Health-
care, Buckinghamshire, UK, cat. No. 25-6600-31) and followed by
sonication of amplified products (14-35 cycles, 10 pulses, 100%
power) to the approximate fragment size of 100-200 bp, using the
ultrasonic homogenizer Sonopuls HD 2070 (Bandelin Electronic,
Berlin, Germany). To compare 2 different ways of competitor DNA
fragmentation, we also cut competitor DNA by cyclic denaturation
of the total hybrid gDNA at 97°C for 20 min followed by vortexing
for 1 min (several cycles). However, after reaching the optimum
fragment size of 100-200 bp, we recorded a rapid decrease of DNA
concentration in the sample; therefore, the sonication procedure,
despite also resulting in considerable losses of DNA, appeared to be
a more efficient method. The competitor DNA was added with 50-
fold excess of the concentration of the single gDNA probe. The
probe cocktail contained 0.5 or 1 pg of labeled DNA of each species
compared, 25 or 50 pg of unlabeled sonicated competitor from the
corresponding hybrid DNA and 50 or 100 pg of sonicated salmon
sperm DNA per slide (Sigma, cat. No. D9156) as a nonspecific com-
petitor and DNA carrier. The hybridization mixture with DNA was
precipitated in pure 96% ethanol, frozen at -20°C for at least 30 min
(up to several hours), centrifuged at 13,000 RPM for 20 min, washed
in 70% ethanol and air-dried at 37°C. The pellet was re-suspended
in 35 pl of hybridization puffer as described by Neusser [2004].

Genomic in situ Hybridization

GISH was carried out according to the protocol used by Bi and
Bogart [2006] with several modifications. After removal from the
freezer and immediate dehydration in an ethanol series (70, 80 and
96%, 3 min each), slides were air-dried and then aged for 3 h at
37°C and for 30 min at 60°C. Prior to hybridization set up, chro-
mosome preparations were incubated in 200 ng/ml DNAse-free
RNAse A (Top Bio, Czech Republic, cat. No. D106) in 2x SSC for
90 min at 37°C in a humid chamber. The slides were then briefly
washed in 2x SSC, dehydrated in an ethanol series and air-dried.
To remove remnants of cytoplasm, the slides were incubated in
PBS at room temperature for 5 min and then placed into a pepsin
solution (0.005% pepsin in 0.01 N HCI, w/v) at 37°C for 3 min and
again dehydrated in an ethanol series. After air-drying, the slides
were denatured in 75% formamide in 2x SSC at 74°C for 3 min
and then immediately cooled down and dehydrated in 70% (cold),
80 and 96% ethanol (room temperature). The hybridization mix-
ture was denatured at 86°C for 6 min and then immediately placed
onice foratleast 10 min. The hybridization was allowed to proceed
for at least 3 days at 37°C in a dark humid chamber. The stringent
washing was done twice in 50% formamide in 2x SSC, pH 7.0 at
42°C for 5 min, 3 times in 1x SSC at 42°C for 7 min, and finally in
2x SSC at room temperature for 20 s. To block nonspecific binding
sites for Streptavidin and Anti-Digoxigenin, the slides were treated
with 500 pl of blocking solution containing 3% BSA (Baria, Czech
Republic, cat. No. SP-5050) in 4x SSC and 0.01% Tween 20 at 37°C
for 20 min. Afterwards, the first probe was detected by adding the
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antibody solution (10 pl Anti-Digoxigenin-Rhodamine diluted in
150 pl 0.5% BSA in PBS or 2 pl Streptavidin-FITC diluted in 200
ul 10% FBS in PBS) and incubated at 37°C for 60 min in a dark
humid chamber. The slides were then washed in 4x SSCand 0.01%
Tween 4 times (7 min each) at 42°C. Afterwards, the second round
of blocking took place and the second probe was detected with the
respective antibody solution and then washed again as described
above. Finally, chromosomes were counterstained with DAPI in
mounting medium (Cambio, Cambridge, UK; cat. No. 1124-MD-
50), added to the slide under a coverslip, sealed with nail polish,
and stored cool and dark.

GISH and CGH results were completed by C-banding per-
formed according to Haaf and Schmid [1984].

Image Analysis

Images were observed with an AX70 Olympus microscope
equipped with a standard fluorescence filter set and captured with
a black and white CCD camera separately for each fluorescent dye.
Digital images were then pseudocolored (blue or red for DAPI, red
for Rhodamine, green for FITC) and were processed in the Adobe
Photoshop, version CS5. Chromosomes were classified according
to Levan et al. [1964].

Results

Karyological Analyses and Chromosome Numbers in

Hybrid Sturgeons

Representative Giemsa-stained metaphase chromo-
somes and respective karyotypes of the hybrids resulting
from the 2 experimental crossings investigated are shown
in figure 1. Namely, the hybrid 4n @ A. ruthenus x 12n &
A. baerii (fig.1a) with 120 macrochromosomes and ap-
proximately 129 microchromosomes and the hybrid 8n
Q A. gueldenstaedtii x 12n & A. baerii (fig.1b) with 150
macrochromosomes and approximately 186 microchro-
mosomes. The numbers of ‘acipenseriform’ acrocentric
chromosome markers (i.e. the group with the largest ac-
rocentric chromosomes corresponding to the ploidy lev-
el, Symonovd et al. [2010]) were identified to determine
respective ploidy levels. The variation in the chromosome

Fig. 1. Metaphase and the respective karyotype of the hybrid 4n ?
A. ruthenus x 12n & A. baeri (a) resulting in an 8n individual (in
this metaphase) with 249 chromosomes and the hybrid 8n @ A.
gueldenstaedtii X 12n & A. baerii (b) resulting in a 10n individual
(in this metaphase) with 316 chromosomes. Chromosomes of each
metaphase are arranged according to their sizes as macrochromo-
somes (upper lines) and microchromosomes (in a single block be-
low). The asterisk indicates the ‘acipenseriform’ chromosome
markers, i.e. the group of the largest acrocentric chromosomes.
Scale bars are 10 um and refer to the karyotypes; the size of the
metaphases was reduced to fit the image.
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numbers of 3 individuals of each hybrid group examined
are shown in figure 2a, b. The chromosome numbers
ranged between 230-251 (fig. 2a) and 288-317 (fig. 2b).
Several extremely low values of chromosome numbers
were removed from the analyses, since they were incom-
plete.

Mapping of Parental Genomes in Hybrids Using CGH

and GISH

To carry out CGH/GISH analyses in hybrid sturgeons,
chromosome preparations of an extraordinary quality
were essential; otherwise, no proper signal evaluation on
metaphases with such extreme chromosome numbers
would be possible. Therefore, we could perform GISH
only in the 2 aforementioned crossing groups of artificial
hybrids with the chromosome spreads of the highest
quality.

To begin with, we carried out several sets of CGH ex-
periments with differentially labeled DNA of parental
species to hybrid chromosomes with various concentra-
tions (without competitor, 10x and 25x the concentra-
tion of the probe, respectively) of unlabeled competitor
DNA derived from the tested hybrid genome. These ex-
periments do not allow any interpretation, since a low
concentration of competitor DNA derived from the hy-
brid genome. All chromosomes were stained with DNA
of both genomes equally, and thus, the parent genomes
were indistinguishable from each other in any of the hy-
brids (not shown). With the higher proportion of com-

Molecular Cytogenetics of Artificial
Hybrid Sturgeons

petitor DNA (up to 50x the concentration of a single ge-
nome probe) derived from the hybrid genome, some spe-
cies-specific bands or whole microchromosomes of
respective genomes were identifiable (fig. 3a, b).

In the second stage, we performed a single-color GISH
to one of the available hybrids (the crossing group 11)
using the DNA of one of the parental species as the probe
and DNA of another species as unlabeled competitor
(50x) and vice versa (i.e. 2 experiments, each visualizing
one of the parent species). These results confirmed the
previous ones and enabled a plausible explanation and
interpretation of the dual-color GISH experiments. In
this set of experiments with the hybrid A. baerii x A. guel-
denstaedtii (~300 chromosomes), the probe derived
from the A. baerii genome clearly hybridized to nearly
the entire or substantial part of more than 50 microchro-
mosomes and small macrochromosomes. To the re-
maining (approximately) 100 microchromosomes and
small macrochromosomes, this probe hybridized at least
partially, mostly to regions of pericentromeric hetero-
chromatin. The large macrochromosomes remained
mostly without any species-specific signals. The probe
derived from the A. gueldenstaedtii genome clearly hy-
bridized to the entire or substantial part of more than 25
microchromosomes and small macrochromosomes. To
the remaining (approximately) 50 chromosomes, this
probe hybridized at least partially, mostly to pericentro-
meric heterochromatin regions. Moreover, the probe of
A. gueldenstaedtii also clearly hybridized to 2 middle-

v
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Fig. 3. CGH experiments to the metaphase
spreads of the hybrid 4n @ A. ruthenus x
12n & A. baerii; A. ruthenus gDNA was la-
beled in green and A.baerii gDNA in red
(a) and 8n @ A. gueldenstaedtii x 12n &' A.
baerii; A. gueldenstaedtii gDNA was la-
beled in red, A. baerii in green (b).

Fig. 4. GISH experiments to the metaphase
spreads of a hybrid of the crossing 8n ? A.
gueldenstaedtii x 12n & A. baerii, with the
A. baerii gDNA as probe (green signals)
and the A. gueldenstaedtii gDNA as unla-
beled competitor DNA (a) and the A. guel-
denstaedtii gDNA as probe (green) and the
A. baerii gDNA as unlabeled competitor
(b). In both experiments, the black and
white DAPI signals were visualized in the
red channel to increase contrast.

sized metacentric macrochromosomes with distinctly
DAPI positive (i.e. AT-rich) regions (fig. 4b, bright green
signals). The remaining macrochromosomes also ap-
peared without distinct species-specific signals as in the
previous genome. Both probes hybridized faintly only to
pericentromeric and telomeric regions of some macro-
chromosomes (fig. 4).

These results show that specific signals of the respec-
tive parental species were detectable only on microchro-
mosomes and small macrochromosomes (and 2 AT-rich
metacentric chromosomes of the genome A. guelden-
staedtii), and only these chromosomes could, thus, be as-
signed to the respective parents. The ratio between signals
of each parental genome in their hybrid approximately
corresponds to the (reduced) ploidy level of parental ge-

6 Cytogenet Genome Res
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nomes entering the experimental crossing, i.e. 12n A. bae-
rii x 8n A. gueldenstaedtii. After the meiotic reduction,
this ratio results in 6n A. baerii: 4n A. gueldenstaedtii,
with the observed approximate ratio of signals 3:2.

To better identify the signals on microchromosomes
and small macrochromosomes, we performed C-banding
to parental (pure) species used in our experiments. C-
banding in the 8n A. gueldenstadtii (fig. 5) well docu-
ments the distribution of repetitive sequences on small
macro- and microchromosomes and over the entire
length of 4 medium-sized metacentric chromosomes.
These metacentric chromosomes correspond to 2 (i.e. 4n,
reduced set) chromosomes in the hybrid of 8n @ A. guel-
denstaedtii x 12n & A. baerii with distinct (green) A. guel-
denstaedtii signal (fig. 4b).
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Fig. 5. C-banding pattern in a pure 8n A. gueldenstaedtii; one of
the parental species used in experimental crossings in this study.
Four medium-sized metacentric macrochromosomes are distinct-
ly stained as well as numerous smaller macrochromosomes and
other microchromosomes. Scale bar = 10 um.

Discussion

This study represents the first stage of research aimed
at the analysis of genomic composition and origin of nat-
urally (likely) allopolyploid sturgeons by reticulate spe-
ciation as proposed by Vasil’ev [1999, 2009], particularly
those with high chromosome numbers as e.g. A. brevi-
rostrum and A. mikadoi [~360 and ~260 chromosomes,
respectively; data on chromosome numbers have been
collected by F. Fontana (http://www.unife.it/dipartimen-
to/biologia-evoluzione/progetti/geneweb)] and to distin-
guish chromosomes of the parental species in hybrid
chromosomal sets. Therefore, the initial experiments to
hybrid genomes of known parental species and their ploi-
dy level are essential prerequisites for the next stage of
analysis.

Our observations indicate that the species-specific
sequences on hybrid metaphases are mostly localized on
micro- and small macrochromosomes. Due to the char-
acter of these signals (mostly bright spots) and their as-
sociation with distinctly DAPI positive regions, we hy-
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pothesize that these fractions of DNA are represented
by accumulations of repetitive sequences. On the other
hand, the fact that the competitor DNA blocked the
species-specific probe to macrochromosomes, another
fraction of repetitive sequences can be expected also on
large chromosomes. Little is known about the biological
significance and DNA composition (genes vs. non-cod-
ing regions) of microchromosomes when compared
with macrochromosomes in fish or, generally, in cold-
blooded vertebrates. Up to date, microchromosomes
have been mostly explored in birds, where they exhibit
high GC-content, high genes density and higher muta-
tion and recombination rates in comparison to macro-
chromosomes [Hillier et al., 2004; Axelsson et al., 2005;
Kuraku et al., 2006; Matsubara et al., 2012]. On the oth-
er hand, microchromosomes in the lizard Anolis caroli-
nensis do not share these characteristics [Alf6ldi et al.,
2011]. Such features of microchromosomes in sturgeons
have never been analyzed. Among the closest living rel-
atives of sturgeons, occurrence of microchromosomes is
known in gars [e.g. Rab et al., 1999], the bowfin Amia
calva [Ohno et al,, 1969] and lampreys [Caputo et al.,
2011], however, mostly without any further investiga-
tions.

The character of GISH signal distribution in hybrid
sturgeons confirms the assumptions of a closer phyloge-
netic relationship among A. baerii, A. gueldenstaedtii and
A. ruthenus proposed by Birstein and Vasil'ev [1987] and
revised by Krieger et al. [2008]. Based on our results, it
can also be speculated that only closely related species
with low genome divergences, particularly in coding re-
gions, can hybridize and form ‘interspecies’ viable and
fertile hybrids. It this case, the efficacy of CGH and GISH
might be considerably decreased. Moreover, the reduced
rate of molecular evolution in sturgeons can also repre-
sent a factor preventing CGH and GISH from proper dis-
crimination of species-specific sequences and chromo-
somes originating from the respective parental species. In
sturgeons, the significantly reduced rate of molecular
evolution has been recorded both in nuclear and mito-
chondrial genes on the level of gene and protein sequenc-
es [Krieger and Fuerst, 2002]. Further, de la Herran et al.
[2001] detected a reduced rate of molecular evolution also
in an ancient satellite DNA family (otherwise rapidly
evolving because of its lower functional constraints,
Wichman et al. [1991]). Birstein and Vasil’ev [1987] evi-
dencedaslowrate of karyological evolutionin Acipenseri-
formes compared with teleost fishes. Similarly, a reduced
rate of molecular evolution has also been recorded in oth-
er archaic groups (e.g. sharks and turtles) and has been
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ascribed to some life-history traits shared by sturgeons
(long generation time, large body size, ectothermy, low
metabolicrate), summarized by Krieger and Fuerst [2002]
and references therein. GISH has been routinely applied
particularly in plants to discriminate parental genomes in
interspecific hybrids and later modified for karyotyping
plant chromosomes and phylogenetic applications based
on semiquantitative analysis of GISH signals [Markova
and Vyskot, 2009]. In plants, GISH utilizes genome-spe-
cific dispersed repetitive sequences, a prominent compo-
nent of plant nuclear genomes [Bennetzen, 1998]. Re-
cently, some first attempts in fishes have been performed,
e.g. in a polyploid Carassius, [Knytl et al., 2013], diploid
and polyploid Cobitis hybrids [Majtdnova et al., 2012], in
Squalius hybrids, [Rampin et al., 2012], and in cichlids
[Valente et al., 2009]. In sturgeons, the application of
GISH is highly desirable to explore the presumed allo-
polyploid origin of some species on the level of whole
chromosome complements. However, at the same time,
the application of this method is foreseen to be extremely
difficult for several reasons, as opposed to e.g. Carassius
or Cobitis. The high chromosome numbers preventing
proper chromosome spreadings in metaphase prepara-
tions and prevailing small chromosome sizes (particular-
ly numerous microchromosomes, frequently under-
spread and overlapping each other as well as macrochro-
mosomes, result in a biased GISH signal pattern and
intensity) make application of GISH extremely difficult
and demanding with respect to the quality of chromo-
some preparations. Moreover, including specific compet-
itor DNA in high concentrations is inevitable, and thus,
an extremely high amount of gDNA is required per ex-
periment.

Utilization of genome-specific satellite DNA as rou-
tinely used in plants to easily distinguish parent genomes
in hybrids appears not to be so straightforward in stur-
geons regarding our results and the present day knowl-
edge on sturgeon genome composition [Lanfredi et al.,
2001] as well as an observed reduced rate of molecular
evolution of this type of DNA in sturgeons [de la Herrdn
et al,, 2001]. Specifically, according to Lanfredi et al.
[2001], there are substantial differences in the proportion
and distribution pattern of the Hind III satellite DNA
family on chromosomes of A. gueldenstaedtii (with the
highest proportion of satellite DNA), A. baerii (with an
intermediate proportion) and A. ruthenus (with the low-
est proportion). Moreover, Lanfredi et al. [2001] have
successfully used satellite DNA derived from a single spe-
cies (A. naccarii) as a FISH probe to 7 other species of the
genera Acipenser and Huso. These results indicate that at
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least some fraction of satellite DNA occurs unspecifically
in more species and in various proportions and, there-
fore, could act as DNA blurring the genome-specific sig-
nal pattern on hybrid metaphases. In the light of results
presented here, we can hypothesize that at least 2 classes
of repetitive sequences may occur: one class, presumably
more ancestral, with a reduced rate of molecular evolu-
tion as evidenced before and located on some micro- and
on most macrochromosomes; and another class of repet-
itive sequences with a nonreduced, or even accelerated,
rate of molecular evolution, presumably evolutionary de-
rived and divergent in respective species. This second
class of repetitive sequences may account for the species-
specific differences and be located on some fraction of
microchromosomes and smaller macrochromoses as evi-
denced by our single-color GISH experiment. This shows
that repetitive sequences represent a clue to understand-
ing genome evolution in sturgeons. Also in plants, the
importance of repetitive sequences for the GISH efficacy
is based on the fact that they generally evolve faster than
unique sequences and genes and make it possible to dif-
ferentiate chromosomes even from closely related species
[Schwarzacher et al., 1989]. However, the repetitive se-
quences appear to be distributed predominantly in mi-
cro- and smaller macrochromosomes in sturgeons as op-
posed to plants. The crucial role of repetitive sequences
in the fish genome was recently summarized in detail by
Cioffi and Bertollo [2012] and Vicari et al. [2010], who
both underline the importance of additional investiga-
tions in this field.

Therefore, further experiments will be desirable, be-
ginning with CGH experiments between more and less
related sturgeon species to ‘calibrate’ the method on spe-
cies on a gradient of genome divergences, optimization in
terms of stringency condition during detection and in-
volving suppression subtractive hybridization [Lukyanov
et al,, 2007] methods to produce more species-specific
probes. Moreover, a more detailed analysis of repetitive
sequences would be highly desirable to extend our knowl-
edge on types of repetitive sequences and their localiza-
tion on micro- and macrochromosomes, e.g. by using
Cot1-DNA and other fractions of DNA [Trifonov et al.,
2009] as FISH probes, completed by sequencing. These
steps will contribute to the successful application of GISH
to naturally allopolyploid individuals and species with
unknown parental genomes in the future.
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Principles

Using total genomic DNA (gDNA) as a probe for in situ hybridization (ISH)
experiments is a modified FISH (fluorescence in situ hybridization) technique
that becomes an increasingly relevant approach in non-clinical research,
including fish molecular cytogenetics. GISH (genomic in situ hybridization)
and CGH (comparative genomic hybridization) are two basic types of ISH
experiments using gDNA as probes. These methods utilize DNA-DNA
hybridization and sequence similarities to visualize genome specific DNA on
metaphase spreads. They allow for comprehensive analysis of entire genomes:

1. InGISH thelabelled gDNA of one organism is used as a probe and hybridized
to target chromosomal DNA of another, usually a hybrid organism, to
discriminate chromosomes originating in one of the parental species.

2. CGH enables the detection of unbalanced chromosomal rearrangements.
In clinical application, one reference gDNA probe (healthy control) and one
studied gDNA probe (patient, DNA from tumor cells) are cohybridized
to reference metaphase spreads only. In molecular cytogenetics this
method enables comparison of two differentially labelled gDNA probes on
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chromosomes of one or both tested genomes (i.e., reciprocal scheme when
chromosomes preparations of both genomes are available). In principle,
in a typical CGH experiment, one of the compared gDNA always belongs
to the genome that is identical with the genome of chromosomes tested.
The experiment may be designed as intraspecies or interspecies CGH.
The intraspecies design may involve a comparison of male and female
gDNA to identify sex-specific chromosomes (regions) or a comparison
of a tumour genome (patient) with healthy DNA (reference) on normal
chromosomes. The interspecies design may involve gDNA of two or
several species compared against each other. For an example and specific
details in fish see Symonova et al. (2013a).

A variety of modifications of CGH and GISH exist based on the tested
system and DNA /chromosome probes available, in the end blurring the
differences between these two approaches. Actually, the most striking
difference is in the target genome—a hybrid of compared organisms (mostly
GISH) or a pure species more or less related to the compared organisms (mostly
CGH). Both approaches employ an unlabelled competitor DNA, sensu Sealey
et al. (1985) or the Cotl-DNA, sensu Landegent et al. (1987). Total gDNA of
another species, phylogenetically not closely related, is used unlabelled and
sheared (physically or enzymatically) to about 100 bp long fragments as
competitor DNA to suppress hybridization of unspecific repetitive sequences,
blurring the species” specific signal.

Applications and Limitations

GISH has been routinely used especially in plant cytogenetics to discriminate
parental genomes in allopolyploids, e.g., Takahashi et al. (1999), Matoba et
al. (2007) and Lim et al. (2007). In conventional GISH experiments, labelled
gDNA from one species and unlabelled competitor DNA from another species
are simultaneously applied to chromosome spreads to map chromosomal
distribution of DNA of the labelled genome. Later, comparative GISH
(cGISH) technology has been introduced in plants She et al. (2012). In cGISH
experiments, the labelled gDNA of one species hybridizes to chromosomes
of more or less related species without the application of competitor DNA;
thus, the hybridization signals represent DNA sequences in common between
the two species. Therefore, cGISH technology is a useful tool for comparative
genome analysis to visualize chromosomal distribution of conserved DNA
sequences.

CGH has been developed as a tool for solid tumour cytogenetics, to analyze
chromosomal imbalances in entire genomes (Kallioniemi et al. 1992). Since
cells of solid tumours usually do not produce usable chromosome spreads, it
is possible to compare their genome with a reference (healthy) genome in the
form of gDNA to normal (healthy) chromosomes. An analogous situation can
be found, when an entire genome comparison of more fish species is desirable.
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However, in some species no usable chromosome spreads are available. In
this case, only their gDNA can be used for comparison with chromosomes of
other species.

In fishes, male/female CGH was applied to mitotic and meiotic
chromosomes of the zebrafish Danio rerio, the platyfish Xiphophorus maculatus
and the guppy Poecilia reticulata to localize sex-specific chromosome regions
and track early stages of sex chromosome differentiation (Traut and Winking
2001). Application of CGH has also proven to be a good tool in genomic
comparison within sympatric species pairs of Coregonus as shown by
Symonové et al. (2013b). Cross-species GISH using labelled cDNA of tilapia
Oreochromis niloticus were used to compare syntenic chromosomal regions
across the genomes of several South American and African cichlid species
(Valente et al. 2009). Identification of species-specific chromosomes in an
allotetraploid gynogenetically reproducing female genome of Carassius auratus
gibelio was documented using GISH by Zhu and Gui (2007). A similar study
was performed by Knytl et al. (2013) in European Carassius and revealed a
natural allotetraploid female.

Another example of the useful application of GISH in fishes is the
identification of nuclear genomic constituents in hybrid spined loaches. Across
Europe, the spined loach of the genus Cobitis produced 2n, 3n and 4n clonal
lineages. The all-female clones originated by hybridization and subsequent
genome addition in pre-Holocene times and reproduce by gynogenesis. The
high morphological, and in some cases biochemical, similarity makes proper
identification of their biotypes and studies on chromosomal rearrangements
difficult. For instance, genomes of C. tanaitica and C. taenia in their hybrids
cannot be distinguished by allozyme studies, but they can be clearly identified
by GISH. Moreover, homologous and homoeologous chromosomes of hybrids
cannot be distinguished in the normal DAPI stained metaphase. Here, as an
example, we show results of a GISH experiment with labelled gDNA from
both parental species as probes to discriminate genomic composition of the
C. 2elongatoides-1tanaitica hybrid. GISH clearly distinguishes the two haploid
sets of the C. elongatoides genome and one haploid set of the C. tanaitica
chromosomes in this hybrid (see Fig. 1).

Protocol

The following protocols are modified combinations of procedures described
by Cremer et al. (2008), Bi and Bogart (2006), Traut et al. (1999) and references
therein.

Chromosome spreads should be prepared in advance, so that chromosome
aging can be carried out.
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Figure 1. Representative metaphases of the Cobitis 2elongatoides-1tanaitica hybrid visualized by
GISH with C. elongatoides and C. tanaitica genomic probes. Homologous and homoeologous
chromosomes of triploid hybrids cannot be distinguished in normal DAPI stained metaphase,
however, the GISH clearly distinguishes the C. elongatoides (shown as those with green fluorescence)
and C. tanaitica chromosomes (shown with red fluorescence) in C. 2elongatoides-1tanaitica hybrid.

Color image of this figure appears in the color plate section at the end of the book.

1. gDNA isolation and specific competitor/Cot1-DNA preparation

The phenol-chloroform method of gDNA isolation, sensu Graham (1978) can
be employed as well as using commercial kits, e.g., DNeasy Blood & Tissue
Kit (Qiagen). The total DNA amount required for one GISH/CGH experiment
is related to the amount of the competitor or Cotl-DNA. According to
standardized protocols, e.g., Cremer et al. (2008), 1 ng of gDNA per genome
probe is prepared. Therefore, when using a competitor or Cotl-DNA in 3 to
50 times higher amount than the probe, as much as 4 to 51 pg of gDNA is
required for one experiment and one genome. Application of competitor DNA
involves using additional unlabelled gDNA sonicated into 100-200 bp long
fragments in the final concentration 3 to 50 times higher than the probe. The
intensity and number of cycles of sonication has to be tested for each DNA
probe individually. A crucial step is cooling the vessel containing DNA after
each cycle of sonication to avoid an excess of degradation. The concentration
of the competitor DNA has to be measured after the sonication, because during
this step, some DNA can be lost. The preparation of the Cot1-DNA is described
by Trifonov et al. (2009).

In this step, a way of gDNA amplification may become useful, e.g.,
GenomiPhi DNA amplification kits by GE Healthcare or Amersham Biosciences
as well as a way of DNA concentration using a vacuum concentrator machine.

Particularly for CGH, it is crucial to isolate a higher amount of gDNA of
very good quality in terms of its purity and similar fragment size. Therefore,
the conventional phenol-chloroform method is rather suggested for this
step. In the case only when a little amount of the starting material (tissue) is
available, the Chelex® 100 gDNA extraction can be employed as described
by Walsh et al. (1991).
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2. Chromosome spreads preparation and aging

Chromosome spreads can be produced by either of the methods described
in this book. Other possibilities to produce chromosome spreads in fishes are
lymphocyte culture described by Fujiwara et al. (2001) or the direct preparation
from cephalic kidneys described by Rab and Roth (1988).

To improve the adhesion of chromosomes to the glass surface and to make
the structure of the chromosome compact and thus enable optimal access of
the labelled DNA to the target DNA, aging of the chromosomal preparations
is highly recommended. The routinely applied and the easiest way is dry
heat aging through one of these incubations: 7 days at RT, 3 to 8 hrs at 37°C,
or 1 to 3 hrs at 60°C. The exposition of chromosome preparations to higher
temperature also reduces the effects of cytoplasm remnants over chromosome
spreads, when stained with DAPI.

A possible option is chemical aging, by exposing a slide with 150-200 pl
of EtOH covered with a coverslip to 94°C for 2 to 20 sec (in a thermocycler).
The chemical aging can be carried out when it is desirable to shorten the whole
protocol. For more details, see Henegariu et al. 2001.

3. Chromosome spread pre-treatment

Pre-treatment of chromosome spreads prior to ISH allows

¢ decreasing the background, which results in an unspecific signal, by
removing cytoplasm remnants, RNA and proteins that can bind to probe
and to detection reagents.

¢ improving the access of DNA probes to the target DNA.
Pre-treatment is performed according to the following steps:

a) Brief equilibration in 2x SSC, 5 min, RT.

b) RNase treatment: Drop 200 pl/slide of RNase solution (20 ng/mul), cover
with cover slips and incubate for 1 to 3 hrs at 37°C.

¢) Wash in PBS, 5 min, RT.

d) Pepsinization: incubate slides in a coplin jar with pepsinization solution
for 1 to 3 min at 37°C in a water bath.

e) Wash in 4x SSC, 5 min at RT.

4. Probe preparation, DNA labelling by Nick Translation (NT)

The best method of gDNA probe labelling is the Nick Translation (NT). This
procedure can be carried out either using a commercial kit (e.g., the Roche
Nick Translation Mix, Invitrogen BioNick™ DNA Labelling System or Abbott
Molecular Nick Translation Kit) according to the manufacturer’s instructions
or according to the following protocol (the price per reaction in the commercial
kits is much higher than when chemicals are purchased separately). The DNA
probe can be labelled either directly with dUTP coupled with fluorochromes
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(e.g., Cy™3-dUTP, FITC-dUTP, Rhodamin-d UTP, Alexa Fluor® products, etc.)
or indirectly with dUTP coupled with haptens (e.g., biotin and digoxigenin).
When working with a directly labelled DNA probe, more steps of the protocol
must be performed protected from a direct light source because the risk of
fluorochrome bleaching during the manipulations is higher; on the other
side, the use of an indirectly labelled gDNA probe can increase the risk of an
unspecific background during hybridization signal analysis.

NT reaction:

1 pg gDNA

5 ul 10x NT Buffer

5 pl NT dNTPs-mix

5l 0.1 M mercaptoethanol

1 to 2.5 pnl modified dUTP 1 mM (i.e., Biotin-dUPT /Digoxigenin-dUTP)
1 pl DNA polymerase I (0.1 U/uL)

1 ul DNase I (2,000 U/mL, diluted 1:10-200 with ddH,O)

x pul ddH,O g.s.p. 50 ul/reaction

According to the standard protocol (e.g., Cremer et al. 2008 and/or
manufacturers of the commercial kits), the NT reaction involves incubation
for 90 min at 15°C. However, this time strongly depends on the starting gDNA
quality and the length of its fragments. Even when gDNA of the recommended
fragments size (i.e., 3 to 5 kbp) is used, the time required for reaching the
proper resulting fragment size (200 to 500 bp) may vary strongly and needs
to be tested in each batch/species individually prior to preparing a higher
amount of probes.

For this purpose, either commercial Biotin-dUTP /Digoxigenin-dUTP (e.g.,
Roche) are available, or there is a possibility to perform coupling of hapten
succinimidyl esters (in DMSO) to aminoallyl-dUTP as described by Cremer
et al. (2008). In the latter case, the cost is 100 to 300 times lower than using
commercial biotin/digoxigenin-dUTPs.

Check with the 0.8% agarose gel electrophoresis, whether the length of
DNA fragments is in the range of 200 to 500 bp. Probes should be kept on ice
during electrophoresis. When longer fragments occur, additional time of NT
incubation would be necessary (see “Troubleshooting”). As soon as the right
fragment size is obtained, stop the NT reaction by following these steps (or
as indicated by the NT kit manufacturer):

1. Add 2 ul 0.5 M EDTA, pH 8, and mix well.
2. Incubate 10 min at 65°C.
3. Cool on ice.

The NT product can either be stored at —20°C for up to several years or
can be immediately used as follows:

a) Mix the labelled probes that will be hybridized together. When the
competitor/Cotl-DNA is used, add this DNA in the concentration 3- to
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b)

50-fold the concentration of one probe DNA. The competitor DNA can
be derived from one genome only, usually from the same one as the
chromosome preparation originated. However, different modifications
according to experimental scheme are possible.

Add following reagents:

5 pg unlabelled salmon sperm* DNA for each probe

0.1 vol. 3 M Natrium (Sodium) Acetate pH 5.2

2.5 vol. 96% EtOH

*when working with salmonid fishes, use BSA as blocking reagent instead of

<)
d)

e)
f)
8)
h)
i)
j)

k)

D)

salmon sperm.

Mix all components gently.

Incubate at least for 30 min at —20°C (this step can be prolonged for up
to several days).

Centrifuge at 13,000 RPM for 15 to 20 min.

Discard the supernatant.

Add 200 ul of 70% undenatured ethanol to wash out the saline components
such as sodium acetate.

Centrifuge at 13,000 RPM for 15 to 20 min.

Discard the supernatant.

Dry the pellet carefully with an absorbent and antistatic laboratory wipe.
Let it dry for 1 to 2 minutes at 60°C or 10 to15 min at 37°C until all the
liquid has evaporated. When possible, a vacuum centrifuge can be used
in this step instead of 37°C/60°C incubation.

Re-suspend the pellet in 20 to 30 pl of the hybridization buffer and shake
overnight at 37°C. In the case of direct labelling, cover the tubes on the
shaker with aluminium foil to prevent the fluorochrome from bleaching.
On the next day, check whether the pellet has re-suspended completely.
After re-suspension, the hybridization probes can be used in further steps.
When they are not used, they can be stored at —20°C for up to several
months.

5. Denaturation of chromosome spreads and labelled DNA probe

a)
b)

Preheat 70% formamide/2x SSC at least for 30 min at 76°C in a coplin jar.
Denature the chromosome spreads in the coplin jar with 70%
formamide/2x SSC for 3 min at 76°C.

Note: The time and temperature may vary considerably (10 s to 4 min/72 to
76°C) and must be adjusted specifically for each fish group.

c)

d)

Dehydrate slides in 70% and 80% ice-cold ethanol (in coplin jars on ice),
and in 96% ethanol, at RT, 3 min each, and let it air-dry until usage (not
longer than several hours).

Denature the DNA probe in a 1.5 ml Eppendorf tube in a water bath or a
heating block at 86°C for 6 min and place immediately on ice for at least
10 min or until use.
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Note: In the case of higher or too high proportion of repetitive sequences and
no possibility to add competitor/Cot1-DNA, an optional step of pre-annealing
can be included to the protocol by incubating the denaturated DNA probe for
90 min at 37°C in order to suppress the repetitive sequences.

This optional step is based on the higher re-association kinetics of repetitive
sequences that will preferentially re-associate within the probe DNA. The
negative effect of repetitive sequences is thus suppressed by their mutual
re-association. However, this step is not as effective as using the unlabelled
competitor/Cot1-DNA, which should be preferred in most cases.

6. Setup of hybridization

Pipette the denatured DNA mixture (20 to 30 pl) onto the denatured
chromosome preparation and carefully cover with a cover slip (24 x 50 mm).
Place slides in a humid chamber (e.g., metal box with grid filled distilled
water) and incubate for 48 hrs to 72 hrs at 37°C. To improve the hybridization
reaction, this step can be prolonged for up to 5 days.

7. Washing and detection of indirectly labelled probes*

a) Place slides in 4x SSC/0.2% Tween 20, 5 min, RT, to help removing the
cover slip.

b) Wash slides in 50% formamide 2x SSC at 45°C, twice for 10 minutes,
occasionally shaking them, in coplin jars.

c) Wash slides, in 1x SCC at 43 to 45°C, 3 times, for 7 min, occasionally
shaking them, in coplin jars.

d) Apply a blocking treatment (500 to 800 pl 3% BSA /4x SSC/0.2% Tween
20) onto each slide and cover with a cover slip, incubate for at least 20
min at 37°C.

e) Briefly wash in 4x SSC/0.2% Tween 20 at RT.

f) Inthe meanwhile centrifuge the stock solution of antibodies for 3 min at
5,000 to 8,000 RPM before preparing the following mixture.

g) Firstantibody layer: e.g., Anti- Digoxigenin-Fluorescein + 0.5% BSA /PBS
(1:20, v /v)**.

h) Pipette 150 pl of the mixture per slide, cover with 24 x 60 mm cover slip
and incubate for 45 to 60 min at 37°C.

i) Washin4xSSC/0.2% Tween 20 at 42 to 45°C 3 times, for 7 min, occasionally
shaking them.

j) Apply blocking treatment (500 to 800 1l 3%BSA /4x SSC/0.2% Tween 20)
on the slide, cover by cover slip, incubate at least for 20 min at 37°C.

k) Briefly wash in 4x SSC/0.2% Tween 20.

1) Second antibody layer: e.g., Cy™-3-Streptavidin + 10% NGS/PBS (1:100,
v /V).** /x-:(-a(-
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m) Pipette 150 pl of the mixture per slide, cover with 24 x 60 mm cover slip
and incubate for 45-60 min at 37°C.
n) Washin4xSSC/0.2% Tween 20 at 42 to 45°C 3 times, for 7 min, occasionally
shaking.
0) Add a drop of DAPI containing an antifade (e.g., Vectashield) on each
slide, close by a cover slip (24 x 50 mm) and seal with a colourful nail
polish.

*Note 1: In the case of directly labelled DNA probes (i.e., when fluorochrome
is directly incorporated into the probe using, e.g., Cy3-dUTP or Fluorescein-
dUTP) you can omit steps d to m.

**Note 2: The exact concentration of the antibody should be determined by the
user, manufacturer’s recommendations usually indicate a higher concentration
than necessary.

***Note 3: In order to shorten the detection time it is possible to apply a
combined solution of antibodies of both layers at once. We recommend such
a simplification only if the conventional protocol works well.

Antibodies are sensitive to light therefore the steps involving fluorochromes
should be performed in darkness.

8. Microscope analysis and data acquisition

For the last steps an epifluorescent microscope equipped with filters compatible
with the fluorochromes used is required. An acquisition software enabling
acquisition of each of the RGB channels separately in black and white regime
and enabling their superimposition in pseudo-coloured composite images
in RGB is also necessary. The final digital processing can be performed
by using for, e.g., Adobe Photoshop software. Details on microscopy and
imaging systems for ISH methods are provided by Iourov (2009), for details
on fluorescent optical filters, see Sommerauer and Feuerbacher (2009).

9. Re-using chromosome preparations

After a CGH/GISH experiment it is possible to re-use slides, e.g., for a FISH
experiment or for other kinds of chromosomes staining /banding:

a) Pre-heat two coplin jars with 4x SSC/0.1% Tween at 37°C.

b) Remove the nail polish from the cover slip and slide using a lancet.

c) Incubate the slide with cover slip in the pre-heated coplin jar with 4x
SSC/0.1% Tween for 30 min at 37°C; shake each 10 min or perform this
step in a shaking water bath or a rocking platform in an incubator.

d) Let the cover slip slide down the slide.
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e) Incubate the slide without the cover slip in the second pre-heated coplin
jar with 4x SSC/Tween for 30 min at 37°C shaking or occasionally shaking
it.

f) Dehydrate slides in coplin jars in 70%, 80% and 96% EtOH, 3 min each
at RT and let them air-dry.

g) Incubate slides in coplin jar with fixative (methanol /acetic acid 3:1 v/v)
for 30 min at RT and then let them air-dry.

h) Perform aging of the slide as described. After dehydration in 70, 80 and
96% ethanol, slides are ready to be re-used or stored at -20°C.

i) Prior to repeated denaturation, the RNase and pepsin treatment are not
necessary anymore. However, to be sure that no previously hybridized
DNA will remain on chromosomes, it is advisable to prolong denaturation
time of the slide by 30 s - 1 min. Optionally, it is also possible to increase
the temperature of denaturation slightly (this has to be tested).

Troubleshooting

Quality and spreading of chromosomes

This is a crucial factor influencing considerably the overall hybridization
as well as the evaluation of the resulting pattern. Generally, the better the
chromosome spreading, the better hybridization and its evaluation.

Aging

Slides that were not aged properly can result in: 1. weak or uneven DAPI
staining and/or 2. a puffy appearance of chromosomes after hybridization
and/or 3. a weak hybridization signal.

Nick translation

The most important factor influencing the time required for the reaction and the
length of the DNA fragment is the proportion of dUTP conjugated to haptens.

Precipitation of pellet

In the case that the pellet has not precipitated, it is necessary to check whether
the appropriate amount of EDTA has been used to stop the NT reaction (as
indicated by the manufacturer of the commercial NT kits). Optionally, it is
possible to prolong the freezing (-20°C) of the mixture of gDNA, EtOH, NaAc
and salmon sperm for up to several days (when necessary and/or to improve
the precipitation of the pellet).

Unspecific background signal

The bond between antigen and unspecifically attached hapten can resultin an
unspecific background signal. This can be reduced or avoided by increasing
the concentration of BSA in the BSA /4x SSC solution or prolonged incubation
with this solution at 37°C. As an alternative, 0.4 M NaCl can be used. Washing
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steps during detection are also crucial to get rid of unspecific background
signals—the coplin jars have to be preheated to the desired temperature. If
possible, use a shaking water bath or a rocking platform in an incubator set
to the required temperature. Should this be impossible, at least occasionally
gently shake the coplin jars with slides.

Laboratory set up
Equipment
Major

Agarose electrophoresis with documentation system; centrifuge; vortex;
water bath; incubator/oven; mini-centrifuge; freezer (—20°C); epifluorescence
microscope equipped with CCD camera; shaking water bath or rocking
platform in an incubator (optional).

Minor

1.5 ml microtubes; coplin jars; microscopic slides with cover slips; nail polish;
micropipette (1-1000 pl) with tips; fine forceps; timers.

Biochemicals and reagents

Ethanol 96%; formamide (Sigma-Aldrich); agarose in an electrophoresis buffer;
dNTP-Mix (0.5 mM dATP, dCTP, dGTP+ 0.1 mM dTTP); 0.1 M mercaptoethanol
(Merck); DNA polymerase I (Roche); DNase I (Roche; 100 mg diluted 1:250
in ddH,0); biotin-16-dUTP (Roche); digoxigenin-11-dUTP (Roche); hapten
succinimidyl esters (biotin, digoxigenin, dinitrophenol); aminoallyl-dUTP
(Invitrogen); 1 M Tris-HCl pH 7.75; 2 M glycine pH 80.2 M sodium bicarbonate
pH 8.3; BSA; PBS; SSC; Tween; 3 M natrium (sodium) Acetate; hybridization
buffer; salmon sperm DNA; antifade (Vectashield); commercial kits: DNeasy
Blood & Tissue Kit (Qiagen); nick translation mix for in situ probes (Roche).

FITC-streptavidin (Invitrogen) 1:20 to 1:100 dilution with PBS containing
10% FBS or dilution for specific application should be determined by the
investigator to obtain the best conditions.

Cy™3-streptavidin (Invitrogen) 1:20 to 1:100 dilution with PBS containing
10% NGS.

Anti-digoxigenin-fluorescein, Fab fragments (Roche) 1:15 to 1:20 dilution with
PBS containing 0.5% BSA.

Anti-digoxigenin-rhodamin, Fab fragments (Roche) 1:15 to 1:20 dilution with
PBS containing 0.5% BSA.
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Stock and working solutions

NT dNTP-Mix

0.5 mM dATP

0.5 mM dCTP

0.5 mM dGTP

0.1 mM dTTP

10x NT buffer

1ml 1M Tris-HCI, pH 7.5
100 ul 1 M MgCl,

10 ul 10% BSA

890 ul ddH,O

Store in 100 ul aliquots at —20°C.

Hybridization buffer (sensu Cremer etal. (2008))

5 ml formamide

2 ml 50% dextran sulfate

1 ml 20x SSC

400 pl 1M natrium-phosphate buffer

100 ul 10% SDS

200 pl 50x Denhardt’s solution

1.3 ml ddH2O (total volume 10 ml), store at —20°C.

50x Denhardt’s solution (or Sigma-Aldrich)

2 g BSA

2 g Ficoll (type 400)

2 g polyvinylpyrrolidone

200 ml ddH,O

Filter to sterilize, divide into aliquots, and store at —20°C.

Pepsinization solution (0.005% pepsin in 0.0 1M HCI)
50 pl 10% pepsin
10 ml 0.1 M HCl

90 ml ddH,O
Warm up to 37°C, store at —20°C.

RNase solution

10 ul RNase aliquot (25 mg/1.25 ml ddH,0)
1 ml 2x SSC.
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Abstract

One of the most efficient mechanisms to keep animal lineages separate is a
difference in ploidy level, since hybrid offspring from parents with different ploidy
level are generally sterile. In the freshwater fish family Botiidae, ploidy difference has
been held responsible for the separation of its two subfamilies, the tetraploid Botiinae
and the diploid Leptobotiinae. Diploid and tetraploid species coexist in the upper
Yangtze, the Pearl River and the Red River basins. Interestingly, the species ‘Botia’
zebra from the Pearl River basin combines a number of morphological characters
that otherwise are found in the diploid genus Leptobotia with morphological
characters of the tetraploid genus Sinibotia, giving rise to the idea that it is the result
of a hybridisation event between two species from different subfamilies with different
ploidy level. A closer morphological examination indeed demonstrates a high

similarity of ‘B’ zebra to two co-occurring potential parental species (Leptobotia
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guilinensis and Sinibotia pulchra). It further reveals that it bears even the diagnostic
characters of the genera Leptobotia (Leptobotiinae) and Sinibotia (Botiinae). In
contrast, an allozyme comparison between ‘Botia’ zebra and the two potential
parental species showed only similarities with S. pulchra, not with L. guilinensis. All
six specimens of ‘B.” zebra that were cytogenetically analysed turned out to be
tetraploid and the composition of the karyotype did not reveal any hint of an
incorporated genome from Leptobotia. Phylogenetic reconstructions basing on the
mitochondrial cytochrome b gene and on the nuclear RAG-1 gene invariably placed
‘Botia’ zebra as sister species to the potential parental S. pulchra, while the potential
parental L. guilinensis was only distantly related. The presented combination of
genetic data demonstrates that ‘B.” zebra is not the result of a hybridisation, but a
striking case of morphological evolution towards an enormous similarity with a co-

occurring, but not directly related species.

Introduction

One of the most efficient barriers for horizontal gene flow between organisms is a
difference in ploidy level (Comai 2005, Otto & Whitton 2000). While it might not
prevent an original hybridisation event and in many cases not the viability of the F1-
offspring, it generally terminates the reproduction line of such hybrids by sterility of
the offspring (Arnold 1997, Benfey 1999, Piferrer et al. 2009). In some exceptional
cases, the resulting hybrids can make it through with clonal or asexual reproduction
(Comai 2005), but due to the absence of gene flow and recombination, offspring of
such lineages resemble F1 hybrid specimens and such lineages often are not long

lasting. This general rule has been observed in plants as well as in animals, and
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exceptional cases are very rare, especially among animals. Therefore, any
evolutionary successful case of a hybridisation between parental species that differ
in ploidy level would provide an interesting model to study the limits of polyploidy as

barrier for horizontal gene flow.

Freshwater fishes of the family Botiidae (Cobitoidea: Cypriniformes) are widespread
across East, Southeast and South Asia (Banarescu 1992, Nalbant 2002). Many
species are valued as ornamental fishes worldwide and as tasty food fishes in the
area of occurrence. The monophyly of the family has been demonstrated by
morphological as well as genetical data (Nalbant 2002, Saitoh et al. 2006, Sawada
1982, Slechtova et al. 2007, Tang et al. 2005); and phylogenetic reconstructions of
the family revealed two major, long-time separated lineages, which are referred to as
subfamilies Leptobotiinae and Botiinae (Slechtova et al. 2006, Tang et al. 2005). The
most remarkable difference between the two subfamilies comes from cytogenetics:
all Leptobotiinae are diploid with a chromosome number of 2n=50, while all Botiinae
are tetraploid with 4n=98-100 (Suzuki & Taki 1996, Slechtova et al. 2006). Slechtova
et al. (2006) hypothesised that the difference in ploidy level has played an important
role in the separation of the two lineages, since it represents an efficient barrier for
hybridisation between the lineages. Both subfamilies have a similar number of
species, which Zhan et al. (2014) used to claim that there is no obvious difference in
the evolutionary success of diploid or tetraploid animals. Moreover, their distribution
areas are of roughly comparable size, with Leptobotiinae occurring in the northern
half of the total distribution area (north of the Mekong basin - China, Japan, eastern
Russia, northern Vietnam), while most Botiinae live in the southern half of the total
distribution area (Mekong and areas south and west of Mekong - from Pakistan to

Laos, Malay Peninsula, Indonesia) (Nalbant 2002). However, Leptobotiinae and
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Botiinae co-occur in the upper Yangtze, the Pearl and the Red River basins, where
the genus Sinibotia (belonging to Botiinae) is distributed with five described species
in the area that otherwise is inhabited by Leptobotiinae (a sixth species of Sinibotia
in the upper Mekong lives outside the range of Leptobotiinae) (Nalbant 2002, Yang &

Chen 1992).

At least nine species of the genera Leptobotia, Parabotia and Sinibotia occur in the
River Li, a northern tributary of the River Xi, Pearl River basin, in southern China.
(Chen 1980, Wu 1939, per. observ.), with two of them being endemic to this river:
Leptobotia guilinensis Chen, 1980 and ‘Botia zebra Wu, 1939. Since the latter is
bearing the diagnostic character of the genus Leptobotia, a simple suborbital spine
(versus bifid in all other genera of Botiidae), and generally shows a close similarity to
the sympatric Leptobotia guilinensis, ‘Botia zebra was placed into Leptobotia by
Chen (1980). However, in a phylogenetic analysis basing on the mitochondrial
cytochrome b gene, ‘B’. zebra was found to be more closely related to the genus
Sinibotia, especially to a species that occurs in the River Li, S. pulchra (Tang et al.
2008). One of the possible explanations for a strong discrepancy between
morphological characters and mitochondrial characters is mitochondrial
introgression, a process where an initial hybridisation is followed by repeated back-
crossing events with the paternal species; leading to a morphology that is closer to
the paternal species, but a mitochondrial genome that is close to the maternal
species. Since in ‘Botia zebra the morphology is similar to Leptobotia guilinensis, but
the mitochondrial genome close to Sinibotia pulchra and all three species co-occur in
the upper River Li, the possibility arose that the evolutionary history of ‘Botia’ zebra
included a hybridisation event between the diploid species L. guilinensis and the

tetraploid species S. pulchra. Such a hybridisation event between these species
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would refute the general assumption that differences in ploidy level represent an

efficient barrier against hybridisation and would be of general interest for zoologists.

In the present study, we compare L. guilinensis, S. pulchra and ‘Botia’ zebra using
morphologic, cytogenetic, allozyme variability as well as mitochondrial and nuclear
DNA sequence characters in order to test if the later reveals any trace of a past
hybridisation between the first two species. The DNA comparisons include
comparative material from in total 27 species of Botiidae representing all known

genera.

Material & methods

Specimens.

Live specimens of L. guilinensis (eight specimens), S. pulchra (two specimens) and
S. zebra (six specimens) were obtained together in one mixed group from an import
for the ornamental fish trade. Ethanol or formalin fixed specimens were obtained
from local markets in Guilin, Mengshan, Fuzhou and Nanning in the provinces
Guangxi and Fuxien in southern China. A total number of 108 specimens of the three
species from 9 localities across the whole distribution area of the species has been
analysed (Table 1). Additional 33 specimens of other species as comparative
material were obtained from the ornamental fish trade. Vouchers are deposited in the
collection of the Laboratory of Fish Genetics, IAPG AS CR, Libéchov. All
experimental procedures involving fishes during this study were approved by the

Institutional Animal Care and Use Committee of the Institute of Animal Physiology
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and Genetics of the Academy of Sciences of the Czech Republic, according with
directives from the State Veterinary Administration of the Czech Republic, permit
number 217/2010, and by permit number CZ 02386 from the Ministry of Agriculture

of the Czech Republic.

Morphology.

Morphologic measurements were taken from 26 specimens with digital callipers
point-to-point according to Kottelat (1990). Pigmentation was estimated from nearly
all specimens either directly in the case of fixed specimens or from photos taken of
live specimens. Preparations of suborbital spines of nine specimens were carried out

under a Olympus SZX7 stereomicroscope equipped with a u-Eye camera.

Cytogenetics.

Mitotic chromosomes were obtained from regenerated fin tissue as described by
Volker et al. (2006) and Vdlker & Rab (2015) with slight modifications. Briefly, the
posterior margin of the caudal fin was cut off and three weeks later, the regenerated
tissue of the fin was collected to be incubated in Ringer solution with 0,025%
colchicine for about two hours at room temperature. Cells were fixed in a mixture of
methanol and acetic acid (3:1) at 4°C for 25 min. This step was repeated three times.
The fixed tissue was minced in 50% acetic acid and drops of the resulting
suspension were placed on pre-heated slides (50°C) and sucked back after 20 sec.
The slide was dried at room temperature and stained for 10 min in 5% Giemsa
solution (pH 6.8) (Merck, Darmstadt, Germany) before examination of metaphase
plates with an Olympus AX70 light microscope. From 17 live specimens that were
available for the analyses, results with satisfying quality were obtained from nine

specimens (five L. guilinensis, two S. pulchra, two ‘B.’ zebra). The number of
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chromosomes of at least 20 metaphase plates per individual was counted.
Chromosome morphology was determined according to Levan et al. (1964), but
classified as m — metacentric, sm — submetacentric, st — subtelocentric, a —

acrocentric.

Allozyme diversity.

Fin tissue was homogenised with an equal amount of buffer (0.1 mol/l Tris-HCI pH
8.5) and centrifuged for clarifying. All manipulations with tissue were carried out on
ice. Electrophoresis on starch gel was carried out in a refrigerator. Six allozyme loci
(glucosephosphate isomerase Gpi-A, aspartate amino transferase s-Aat, malate
dehydrogenase s-Mdh A, lactate dehydrogenase Ldh A and Ldh B,
phosphoglucomutase Pgm) were stained after Slechtova et al. (1998). For details of
the method see Slechtova et al. (2000). Loci Gpi-A and Pgm were analysed in three
and two buffer systems, respectively (F after Ferguson & Wallace 1968, MC2 after

Clayton & Tretiak 1972, V after Valenta et al 1971).

DNA data analyses.

Genomic DNA was isolated from fin tissue samples using the DNeasy Tissue Kit
(Qiagen, Hilden, Germany) according to manufacturer's instructions. The
mitochondrial cytochrome b (cyt b) was amplified and sequenced using the primers
Glu-L.Ca14337-14359: 5- GAA GAA CCA CCG TTG TTA TTC AA - 3 and Thr-
H.Ca15568-15548: 5- ACC TCC RAT CTY CGG ATT ACA - 3 (Slechtova et al.,
2006). An approximately 970 bp long portion of RAG-1 was amplified using the
primers RAG-1F (5-AGCTGTAGTCAGTAYCACAARATG-3’; Perdices et al., 2005)
and RAG-RV1 (TCCTGRAAGATYTTGTAGAA-3', Slechtova et al. 2007) or RAG-8R

(5-CGC CAC ACA GGY TTC ATC T-3, Perdices et al., 2005). Same primers were
74
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used also for sequencing reactions. PCR amplifications were performed in 25 pl
reaction volumes of 10 mM Tris-HCI, 50 mM (NH4),S0O4, 0.1% of Triton X-100, 1.5
mM MgCl;, 2 mM TMA oxalate (PCR enhancer), containing 5 nmol of each
nucleotide, 1.25 U of Taq polymerase (all chemicals Top-Bio, Prague, Czech

Republic) and 12.5 pmol of each primer.

The PCR reaction profile (MJ Research thermocycler) included 5 min of initial
denaturation at 95°C, touch-down profile of 1 min at 94°C, 1 min 30 s at 60-55°C
(1°Cl/cycle) and 2 min at 72°C, followed by 30 cycles with annealing temperature

held at 54°C. The reaction was completed by final extension at 72°C for 7 min.

PCR products were purified by QIAquick PCR Purification Kit (Qiagen). Forward and
reverse sequencing reactions were performed with BigDye™ Terminator Cycle
Sequencing Kit v.1.1 (PE Applied Biosystems, Darmstadt, Germany) according to
manufacturer’s instructions and products purified with DyeEx Spin Kit (Qiagen).

Sequencing was performed on ABI Prism 3130 (Applied Biosystems).

Chromatograms were assembled using SegMan Pro 10.1.2 of the LaseGene
software package (DNASTAR). The sequences were aligned and manually revised
in BioEdit 7.0.5.3 (Hall, 1999; http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and

evaluated based on their amino acid translation.

The newly obtained data were deposited in GenBank under the accession numbers

KU517025-KU517132.
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We have analysed molecular data from altogether 102 individuals of Botiidae
representing 28 species currently considered as valid. Based on the former studies
on Cobitoidea (Slechtové et al.,, 2007, Bohlen et al., 2009), we have selected

Gyrinocheilus aymonieri as outgroup.

The molecular datasets were analysed using the Bayesian inference in MrBayes
3.2.2 (Ronquist and Huelsenbeck, 2003). The two genes were analysed separately
with the aim to see potential discrepancies between mitochondrial and nuclear
markers. The datasets were partitioned into codon positions. Prior to the analyses,
the MEGA 5.10 software (Tamura et al. 2011) was used to estimate the most suited
model for each gene partition under the Bayesian information criterion (BIC). The
Bayesian analyses were performed in two independent runs of 5 million generations,
each using six Markov Chains, starting with random trees and sampling frequency
set to 100 generations. The parameter settings corresponded to the best-fit models.
The log-likelihood score distribution was examined in order to assess if stationarity
was reached. The first 5000 saved trees were discarded as the burn-in and a 50%
majority rule consensus of the remaining trees was computed. Statistical support of

clades was assessed by posterior probabilities.

Results

Morphology
Morphometry. - In 13 out of 33 morphometric and meristic characters there was no

overlap of measurements between L. guilinensis and S. pulchra (Category A, Table
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2), while in further 12 characters, the overlap was small (Category B). In the
remaining eight characters the overlap was large (Category C); therefore these
characters were unsuited to evaluate a morphological similarity between ‘B.” zebra
and the two potential parental species. However, in one of these ‘uninformative’
characters in Category C (Number of branched dorsal-fin rays), seven out of eight
specimens of ‘B.’ zebra showed a character state that was observed in neither L.
guilinensis nor S. pulchra, indicating an autapomorphy of ‘B.” zebra. When
comparing ‘B.” zebra with L. guilinensis and S. pulchra, it shared the range of
measurements with S. pulchra in two characters of Category A and in two characters
of Category B, with L. guilinensis in six characters of Category A and in eight
characters of Category B, while its range was intermediate between the two species

in five characters of Category A and in two characters of Category B.

Pigmentation pattern. - The pigmentation pattern of S. pulchra is much like that of all
other members of the genus Sinibotia: Broad dark brown bars run from one body
side across the back to the other side, reaching nearly always below lateral midline
and regularly to level of pelvic fin origin (Fig. 1). In small and medium sized
individuals 6-10 bars are present, much broader than interspaces, but in larger
individuals each bar might split into two. On the dorsal side of the head run two dark
stripes from the snout to the neck and one on each side of the head from the snout
through the eye. Between the dark stripes are two prominent light stripes, a long one
from the snout to the end of the operculum and a short along the dorsal midline of
the head. In Leptobotia guilinensis, body and head are homogenously light to dark
brow with a lighter belly. Prominent light blotches are present along the dorsal
midline, but often only visible behind the base of the dorsal fin. Dark saddles are

sometimes visible between the light blotches, but usually too faint to figure out the
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precise number and outline. A thin black stripe runs from the snout to the eye, but no
light stripes are present. In ‘B.” zebra the body sides are uniformly brown like in L.
guilinensis, but usually in lighter brown. On the back, faint saddles are sometimes
visible, often hard to see, never reaching to lateral midline. In some specimens the
saddles are present only in the anterior part of the body, but if present along whole
back their number is higher than ten. Between the saddles are light blotches, very
similar to the light blotches in L. guilinensis, often merging into a line in the
anteriormost part of the dorsum. On the head are dark stripes from the snout to the
neck and from the snout through the eye two and prominent light stripes between
them as described for S. pulchra. In general, ‘B’ zebra combines the head

pigmentation of S. pulchra with the body pigmentation of L. guilinensis.

Suborbital spine. — The suborbital spine is an erectable spine formed by the lateral
ethmoid bone and located in a skin pocket below each eye. It is present in all
members of the family Botiidae as well as in the distantly related families Cobitidae
and Serpenticobitidae and its shape is of taxonomical value. In all species of
Leptobotia, including L. guilinensis, this spine is simple, meaning it has a single
branch and tip (Nalbant 2002). In all other Botiidae, including S. pulchra, the spine is
double, meaning it has a main and a side branch and two tips (Nalbant 2002). In ‘B’

zebra, the spine turned out also to be simple, like in Leptobotia (Fig. 2).

Mental lobes. — In many species of Botiidae the lower lip develops two median
extensions, called mental lobes, and presence and shape of these extensions are an
important taxonomic character (Nalbant 2002). In all species of Sinibotia the
extensions are present, large and of oval or kidney-like shape (Yang & Chen 1992,

Nalbant 2002). This shape of the mental lobes is considered a diagnostic character
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for the genus Sinibotia (Nalbant 2002). In all analysed specimens of S. puichra the
mental lobes were present, large and had the shape characteristic for Sinibotia,
while in all analysed specimens of L. guilinensis no mental lobes were present. In all
analysed specimens of ‘B.” zebra mental lobes were present, large and had the

shape characteristic for Sinibotia (Fig. 3).

The literature names additional characters to distinguish between Leptobotia and
Sinibotia, namely the presence of scales on the cheeks and of a pario-frontal
fontanelle in Leptobotia (vs. both characters absent in Sinibotia) (Fang 1936, Taki
1972, Nalbant 2002). Since both turned out to be absent in five dissected specimens
of L. guilinensis, these characters are not truly diagnostic and were unsuited for the

comparison in the given case.

Cytogenetics.

Metaphases of suited quality for further analyses were obtained from five specimens
of L. guilinensis, two ‘B zebra and two S. pulchra. The chromosome number of all
analysed L. guilinensis was 2n = 50, proving the diploid status of these specimens,
while all specimens of ‘B’ zebra and S. pulchra were tetraploid with a chromosome
number of 4n = 100 (Table 3, Fig. 4). Karyotypes of all analysed species were
composed of comparatively small chromosomes, slightly decreasing in size.
Especially in the tetraploid species chromosomes were generally very small, with
their centromere positions gradually ranging from median to nearly terminal making
the borderlines between formal chromosomal categories questionable in a small

subset of chromosomal pairs.

Allozyme diversity.
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In three (s-Aat, Ldh A, Ldh B) of the six analysed loci alleles were shared between
the three analysed taxa and therefore were not informative for the given study. In all
informative loci (Gpi-A, s-Mdh A, Pgm), S. pulchra shared alleles with ‘B’. zebra, but
both did not share alleles with L. guilinensis (Table 4, Fig. 5). Therefore the allozyme
data suggest a high similarity between S. pulchra and ‘B.” zebra, while L. guilinensis

appears to be more distantly related.

DNA sequences.

Table 5 summarises the species and individuals analysed in this study including the
novel sequences generated as well as those that were obtained from GenBank.
Altogether we have analysed 102 specimens of Botiidae including 49 and 59 novel
sequences of cyt b (1121 bp) and RAG1 (971 bp), respectively. Into the cytochrome
b dataset, 14 sequences of L. guilinensis, 20 sequences of S. pulchra and 12
sequences of ‘B’ zebra were included; in the RAG dataset it were 14, 10 and six

sequences, respectively.

The models selected for each partition (codon position) based on BIC score were
following: TN93+G+l, HKY+G and GTR+G for the 1st, 2nd and 3rd codon positions
of cyt b, respectively, and HKY+G, JC+| and JC for the 1st, 2nd and 3rd codon
positions of RAG 1, respectively. Those were taken into account for the subsequent

Bayesian analyses.

Phylogenetic reconstructions of both analysed genes provide generally congruent
genealogies: the major split within Botiidae separated the diploid subfamily
Leptobotiinae from the tetraploid subfamily Botiinae (Fig. 6, Fig. 7). Both datasets

identified all described genera as monophyletic lineages with high statistic support
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except Leptobotia in the RAG dataset. These observations are well in agreement
with the observations of Slechtova et al. (2006) and Tang et al. (2005). In general,
the slower evolving RAG gene brought a better resolution at the older genealogic
events, while the faster evolving cytochrome b gene had a better resolution around
the tips of the trees, which is a well-know characteristics of these two genes. No

discrepancies that would indicate a potential hybridisation event were detected.

All specimens of ‘B.’zebra, L. guilinensis and S. pulchra form own monophyletic
groups, confirming that the three species are unambiguously identifiable by these
markers. The lineages of ‘B.’zebra and S. pulchra show a sister relationship and
together are embedded into the comparative material of Sinibotia, while the lineage
of L. guilinensis is closely related to all comparative samples of Leptobotia, but only

distantly related to the lineages formed by B. zebra and S. pulchra.

Discussion

Our results demonstrate that ‘B. zebra shows a high morphological similarity to L.
guilinensis, but also shares characters with S. pulchra and in some characters
presents an intermediate morphotype. At the same time, it reveals nearly no
characters, pigmentation details or measurements that are not found in either of the
two species. The prevalence of synapomorpies with either one of the two other
species or an intermediate character state strongly supports the hypothesis of a
hybrid origin of ‘B. zebra. Most important in this respect are the diagnostic characters
of the potential parental species: the diagnostic character for the genus Leptobotia is

the simple suborbital spine. In ‘B.” zebra, the spine also is simple; therefore it bears
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the diagnostic character of the genus Leptobotia. Consequently, ‘B’ zebra was
placed into Leptobotia by Chen (1980), Nalbant (2002), Kottelat (2004) and Li et al.
(2008). The diagnostic character of the genus Sinibotia is the presence of a pair of
mental lobes in a button-like; and ‘B.’ zebra bears these buttons, meaning it also
carries the diagnostic character of the genus Sinibotia. This result offers two
potential explanations: either ‘B. zebra is of hybrid origin or the described characters
are not diagnostic. As mentioned above, the pigmentation pattern of ‘B.’zebra
includes the head pigmentation of Sinibotia and the body pigmentation of L.
guilinensis, further strengthening the assumption of a hybrid origin. Therefore all
morphological data suggest that ‘B." zebra is a mixture of these two species; that
means the product of a hybridisation. As stated above, the different ploidy level of
the diploid L. guilinensis and the tetraploid S. pulchra should represent an efficient

barrier against any horizontal gene flow between these two lineages.

However, a first hybridisation step would be possible, but potentially formed F1
hybrids would be excluded from further reproduction. In order to test the F1 hybrid
status of 'B." zebra, their ploidy level was investigated. All six analysed individuals of
'B." zebra were tetraploid with a chromosome number of 4n=100. Consequently,
these individuals were no F1 hybrids, inducing strong doubts against the postulate of
the efficiency of ploidy level differences as barrier against gene flow. Moreover, the
composition of the karyotype of ‘B.” zebra turned out to be very similar to that of S.
pulchra, but did not reveal any trace of introduction of one or two chromosome sets
of L. guilinensis into its karyotype. Due to the high number of uni-armed
chromosomes in L. guilinensis the number of uni-armed chromosomes in ‘B.” zebra
would have elevated considerably in comparison to S. pulchra. Nevertheless, the

number of uniarmed chromosomes is slightly increased in 'B." zebra when compared
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to S. pulchra. Theoretically, this could be the result of a number of back-crossings of
the original hybrid with S. pulchra that brought the karyotype composition of ‘B.’
zebra closer to that of S. pulchra, while some chromosomes of L. guilinensis are still
present, but not distinguishable from Sinibotia chromosomes with the given Giemsa
staining technique. In such case, comparisons of proteins and molecular genetic

markers could still reveal a genetic introgression by L. guilinensis.

However, the allozyme comparison did not reveal any sign of L. guilinensis genome,
but all analysed specimens of ‘B.” zebra were in all of the informative proteins
undistinguishable from S. pulchra. These results provide evidence that no genetic

introgression by L. guilinensis has occurred.

Finally, both phylogenetic reconstructions, one on base of a mitochondrial gene and
the other on base of a nuclear gene, suggested with high statistical support that ‘B.’
zebra is the sister lineage to S. pulchra, while all specimens of Leptobotia were only

distantly related.

At the end, we report a strong discrepancy between morphological and genetical
data with the former suggesting gene flow between the diploid Leptobotia and the
tetraploid Sinibotia in the upper River Li basin, while the later did not reveal any sign
of genetic introgression of Leptobotia into the evolutionary history of ‘B.” zebra. Since
the amount of information taken from the genetical analyses was high and the
different methods that have been applied in the present study have analysed a wide
range of genetic data (chromosomes, allozymes, mitochondrial and nuclear DNA
sequences), it is very unlikely that a hybridisation event would have stayed

undetected.
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We finally conclude that ‘B.” zebra is not the result of a hybridisation event, but a
species of Sinibotia that underwent an outstanding example of evolution that has
changed its morphology in the way that it strikingly matches the morphology of the
co-occurring species L guilinensis. This seems at least surprising, since evolutionary
theory pronounces that a strong selection exists against the co-occurrence of highly
similar species (competitive exclusion, Gaus'’s law (Gause 1934; Hardin 1960)) and
that only niche-separation (and consequently morphological differentiation) leads to
stable co-existence (Leibold 1995). Therefore the similarity between S. zebra and L.
guilinensis bears the risk of being a disadvantage due to an increased competition.
We therefore have to assume that there exists an evolutionary advantage for S.
zebra in looking so similar to L. guilinensis. The most common mechanism to
achieve such an advantage is mimicry. Species may mimic another species with a
special predator protection to obtain additional protection themselves, e.g. various
arthropods that mimic wasps (Edmunds 1974, Wickler 1968). In Botiidae, the
antipredator weapon is the suborbital spine, which is erected when the fish is
attacked and may cause pain to the aggressor. However, in specimens of similar
size, the spine is much larger in Sinibotia than in Leptobotia (Fig. 2), therefore one
would assume Sinibotia to represent the better protected morphotype; therefore it
would be of disadvantage for ‘B.’ zebra to leave the Sinibotia morphotype and mimic
the less protected L. guilinensis. Other examples of non-related, but similar fishes
come from cases where both species have a predator protection and sharing the
same signal results in a faster learning process for the predators; in e.g. Corydoras
species that share the same pigmentation pattern (Axenrot & Kullander 2003) or in
cases of interspecies communication like in assemblages of Novumbra and

Gasterosteus, where territorial males of both species share a black mutual threat
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colour (Hagen et al. 1972). We do not know about their ecology and microhabitat of
S. zebra and L. guilinensis, but the their frequent occurrence in the same lot on local
markets and ornamental fish imports indicate that they live very close to each other,

making their case of ‘mimicry’ an interesting topic for further research.

Another result of the present study is the first record of S. zebra from outside the
upper River Li basin and even outside the Pearl River basin. Specimen A8614 was
found among specimens of S. pulchra from the Min River in Fujian province (Fig. 8).
Interestingly, no species of Leptobotia has been recorded from this basin up to now;
therefore no partner for any co-evolution as discussed above would be available.
However, our phylogenetic reconstructions based on the mitochondrial and nuclear
genes show that specimen A8614 from the Min basin is very closely related to their
conspecifics from the Li basin. The same is true for S. pulchra; the specimens from
the Min basin bear very similar haplotypes as specimens from the Li River. We
consequently assume their presence in the Min basin to be the result of a very
recent range extension. Range extensions along the southeaster Chinese coast
were possible during the Pleistocene glacial maxima, when the lowered global sea
level led to prolongation and joining of coastal rivers. However, no botiid species is
known to occur on Taiwan, which also was connected to the Chinese coast during
the glacial maxima in Pleistocene and therefore shares several freshwater species
with the coastal rivers of China (Huang & Lim 2011; Yang et al. 2012). It is possible
that the presence of botiid fishes in the Min River basin is even younger than the last

glacial maximum and might be the result of human activity.
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595  Table 1. Number of specimens and geographical origin of Leptobotia guilinensis, ‘B.’
596  zebra and Sinibotia pulchra analysed for this study. Not all specimens were analysed
597 by all methods. n = number of specimens.
598
Locality | Species n Sample Locality River Drainage | Country | Province
number number
1 L. guilinensis | 23 A 8861-8883 market in upper Li | Pearl China Guangxi
L. guilinensis | 3 A 8901-8903 Guilin River River
L. guilinensis | 2 A 1798-1799
B. zebra 2 A 8905-8906
S. pulchra 3 A 8889-8891
S. pulchra 1 A 8900
S. pulchra 6 A 1782-1787
2 L. guilinensis | 10 A 5267-5276 ornamental | upper Li | Pearl China Guangxi
B. zebra 6 A 5277-5282 fish import | River River
S. pulchra 2 A 5286-5287
3 B. zebra 5 A 8604-8608 market in upper Li | Pearl China Guangxi
Mengshan | River River
4 S. pulchra 1 A 8993 Liu River middle Pearl China Guangxi
above Liu River
Yizhou River
5 S. pulchra 5 A 9102-9106 market in Yong Pearl China Guangxi
Nanning River River
6 S. pulchra 1 A 8395 Bang Giang | Bang Pearl Vietnam | Cao Bang
at Cao Giang River
Bang city
7 S. pulchra 4 A 8397-8400 stream in Bang Pearl Vietnam | Cao Bang
Hoa An Giang River
district
8 B. zebra 1 A8614 unknown Min Min River | China Fujian
S. pulchra 24 AB8615-8638 River
9 L. guilinensis | 3 A 0205-0208 ornamental | Details unknown
S. pulchra 2 A 3681-3682 fish import
S. pulchra 4 A 0015-0018
599
600
601
602
603
604
605
606  Table 2. Morphometric comparison of Leptobotia guilinensis, Sinibotia pulchra and
607 ‘Botia zebra. Values give range as % of standard length. Under ‘Comparison’ is
608 indicated if ‘Botia zebra has values like one of the potential parental species or if it is
609  intermediate.
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610

L. guilinensis ‘B.’ zebra S. pulchra Comparison
n=10 n=8 n=10
A. Characters without overlap between Leptobotia guilinensis and Sinibotia pulchra
Pre-pelvic length 51-54 56-59 55-59 zebra = pulchra
Preanal length 74-77 78-80 78-80 zebra = pulchra
Dorsal head length 16-20 20-22 21-24 zebra intermediate
Snout length 6-8 10-11 12-14 zebra intermediate
Pre-anus length 63-71 70-73 73-76 zebra intermediate
Lateral head length 21-24 24-26 27-30 zebra intermediate
Head depth at eye 8-9 10-11 11-12 zebra intermediate
Head depth at nape 1113 12-14 15-16 zebra = guilinensis
Maximum body depth 11-16 13-17 19-23 zebra = guilinensis
Body depth at dorsal origin 1117 13-17 18-23 zebra = guilinensis
Maximum head width 8-10 8-10 11-13 zebra = guilinensis
Head width at nares 4-5 4-6 6-9 zebra = guilinensis
Body width at anal origin 4-7 5-6 8-10 zebra = guilinensis

B. Characters with slight overlap between Leptobotia guilinensis and Sinibotia pulchra

Predorsal length 49-58 55-60 55-62 zebra = pulchra

Number of pectoral-fin rays 11-13 13-15 13-15 zebra = pulchra

Interorbital width 3-4 4-4 4-6 zebra intermediate

Length of caudal peduncle 14-18 13-16 12-14 zebra intermediate

Length of upper caudal lobe 16-21 18-20 20-25 zebra = guilinensis

Length of pectoral fin 11-14 12-14 14-19 zebra = guilinensis

Length of lower caudal lobe 18-21 18-21 20-26 zebra = guilinensis

Body width at dorsal origin 6-10 6-9 10-15 zebra = guilinensis

Depth of caudal peduncle 10-13 10-13 13-14 zebra = guilinensis

Length of pelvic fin 10-12 10-11 12-15 zebra = guilinensis

Length median caudal rays 7-10 7-9 9-15 zebra = guilinensis

Total length 116-121 116-120 119-127 zebra = guilinensis
C. characters with broad overlap between Leptobotia guilinensis and Sinibotia pulchra

Eye diameter 2-3 2-3 3-3

Depth of anal fin 13-15 12-15 14-17

Postorbital length 12-14 13-14 13-15

Height of dorsal fin 11-16 11-14 12-18

Branched dorsal-fin rays 8% 7(8) 2 8% zebra speciality

Branched caudal-fin rays 9+8 9+8 9+8

Branched anal-fin rays 5 5 5

Number of pelvic-fin rays 8 8 8
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611 Table 3. Chromosomal characteristics of three sympatric species of Botiidae from
612  the upper Li River (Pearl River basin) including diploid chromosome number (2n) and
613  karyotype description.

n m sm st a
L. guilinensis 50 6 12 10 22
S. pulchra 100 20 26 28 26
‘B.’ zebra 100 18 18 36 28

614

615

616

617

618

619 Table 4. Presence of six allozymes in Sinibotia pulchra, ‘Botia zebra and Leptobotia

620  guilinensis.

Species n Gpi-A Gpi A Gpi A s-Aat | s-Mdh | Ldh- | Ldh-B | Pgm | Pgm
A A
Buffer vV MC 2 F MC2 | MC2 \ \Y \ F

S. pulchra 4 055 037 039 096 A, C | 030, | 053, | 083 | 080
136 | 067

‘B.” zebra 6 055 037 039 096 A 030 | 053, 083 | 080
067

L. guilinensis | 8 | 065, 070 | 050, 064, | 060, 078, | 084, B 136 | 053, | 107 | 100
083,099 | 078,095 | 0% | 096 —

621
27

180




622
623

624
625

Table 5. Species, number code, and accession numbers of analysed Botiidae.

Abbreviations: OF T — Ornamental fish trade. The individuals marked ® were used in

allozyme analyses, those marked with * were karyotyped.

Species ID GenBank Accession number
Cytb RAG
Ambastaia nigrolineata A0031 AY887845 EF056329
Ambastaia sidthimunki A0183 AY887842 KU517025
KP319024 KP319024  -----
Botia dario A7553 KU517084 KU517026
EU409614 - EU409614
Botia histrionica A0041 AY887794 KU517027
Botia lohachata A0426 KU517085 KU517028
Botia striata A0011 AY887783 KU517029
EU711109 - EU711109
Chromobotia macracanthus A0178 AY887840 KU517030
A0179 AY887841 KU517031
EU711137 - EU711137
JN177192 - JN177192
Leptobotia elongata A0214 AY887779 KU517032KU5
A8392 KU517086 17033
JN177196 ---- JN177196
Leptobotia guilinensis A0124 AY887780 KU517034
A0205 AY887781 KU517035
A1798 KU517087K  KU517036
A1799 U517088 KU517037
A5267% KU517089 KU517038
A5268°2 KU517090 KU517039
A5269 & K KU517091 KU517040
A5270 KU517092  KU517041
A5271 2 KU517093 KU517042
A5273 2K KU517094 KU517043
A5277 %K KU517095 KU517044
2T KU517096  KU517045
A5279 KU517097  KU517046
hssinis KU517098  KU517047
A8570
Leptobotia microphthalma A5283 KU517099 KU517048
A5285 KU517100 KU517049
Leptobotia pellegrini A1459 KU517101 KU517050KU5
A1813 KU517102 17051EU2926
EU292683 - 83
Leptobotia taeniops A8544 KU517103K  KU517052KU5
A8545 u517104 17053
28
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JN177193 - JN177193

JN177194 - JN177194
Parabotia banarescui A0217 AY887782 KU517054
Parabotia bimaculata JN177197 - JN177197
Parabotia fasciata A8391 KU517105 KU517055
Parabotia lijiangensis JN177199 - JN177199
Parabotia mantschuricus EU711138  ----- EU711138
Sinibotia pulchra A0015 AY887800 -----
A0016 AY887801 W --—---
A0121 AY887802 @ -----
A0396 AY887803 KU517056
A0397 @ AY887804  -----
A1782 KU517106  -----
A1783 KU517107 KU517057
A1785 KU517109 KU517058
A1786 KU517110 KU517059
A1787 KU517111 KU517060
AZBBI®. = e e
Asggz®l 0 s e
A5287 2 K KU517112  KU517061
A8397 KU517113 KU517062
KU517114 KU517063
A8398
A8615 KU517115 KU517064
A8616 KU517116 KU517065
A0243 KU517117 -
AY625705 AY625705 -
AY625706 AY625706 -----
EU282332 EU282332  -----
Sinibotia robusta A0024 AY887805 EF056333
A2226 KU517118 KU517066
A2227 KU517119 KU517067KU5
A2228 17068
A8582 KU517120 KU517069
A8583 KU517121K  KU517070
A0242 us17122 -
JN177191 - JN177191
AY625707 AY625707 -----
AY625708 AY625708 -----
DQ105208 DQ105208  -----
Sinibotia supercillaris JN177190 - JN177190
AY625702 AY625702  -----
AY625703 AY625703 -
AY625704 AY625704 -----
Sinibotia zebra A5272 2K KU517123K  KU517071
A5274° U517124 -
A5275 2K KU517125K  KU517072
29
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A5276° U517126 KU517073

A5278° KU517127K KU517074
A5280°2 uU517128 KU517075
A8614 KU517129D  KU517076
DQ105206 Q105206 -
DQ105207 DQ105207 -
EU282333 EU282333 -
EU282334 EU282334  -----
EU282335 EU282335 -
Syncrossus beauforti A0059 AY887816 KU517077FJ6
FJe50411 - 50411
Syncrossus berdmorei A0277 AY887823 KU517078
Syncrossus helodes A0574 KU517130 KU517079
GQ174422 - GQ174422
Yasuhikotakia eos A0062 AY887829 KU517080
Yasuhikotakia lecontei A0568 KU517131 KU517081
Yasuhikotakia modesta A0200 AY887833 KU517082
GQ174361 GQ174361  ----
GQ174419 - GQ174419
JQ346129 - JQ346129
Yasuhikotakia morleti A0067 AY887835 KU517083
GQ174375 GQ174375  ----
FJ650412 - FJ650412
Gyrinocheilus aymonieri A0256 KU517132 EF056390
626
30
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Figure 2 Click here to download Figure Figure 2.pdf *

Fig. 2 Right suborbital spine of (a) Sinibotia pulchra (A1783, 70.5 mm SL), (b) ‘Botia
zebra (A8607, 61.9 mm SL) and (c) Leptobotia guilinensis (A8573, 70.6 mm SL) in
dorsal view. The spine bears a dorsal branch in S. pulchra, but this branch is missing
in L. guilinensis and ‘B.” zebra. A simple suborbital spine is the diagnostic character
for the genus Leptobotia. Scale bar is 1 mm.
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Figure 4 Click here to download Figure Figure 4.pdf =
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Fig. 4. Karyotypes of the diploid species Leptobotia guilinensis (a) and the tetraploid
species ‘Botia zebra (b) and Sinibotia pulchra (c). Bar = 10 ym.
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Figure 5 Click here to download Figure Figure 5.pdf *
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Fig. 5. Graphic diagram in 3D-space of 16 individuals representing three botiid
species based on correspondence factorial analysis of allele frequencies in 6
allozyme loci (AFC in GENETIX software).
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Fig. 6. Bayesian tree for the mitochondrial cytochrome b dataset. The values at the
nodes represent the Bayesian posterior probabilities. Sinibotia zebra and Sinibotia
pulchra are sister species, while Leptobotia guilinensis is only distantly related.
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Fig. 7. Bayesian tree for the nuclear RAG-1 dataset. The values at the nodes
represent the Bayesian posterior probabilities. Sinibotia zebra and Sinibotia pulchra
are sister species, while Leptobotia guilinensis is only distantly related.
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Figure 8 Click here to download Figure Figure 8.pdf *
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Fig. 8. Map of Pearl River basin, Liujong River and Min River in southern China.
Distribution areas of botiid species indicated as follows: Green: S. pulchra, violet:
joint distribution area of L. guilinensis and ‘B.” zebra, pink: new record of ‘B.’ zebra.
Circles with numbers indicate geographical origin of analysed samples. Numbers
correspond to locality numbers in Table 1.
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6. Souhrnna diskuze

6.1. Vliv karyotypové diferenciace na evoluci genomu paprskoploutvych ryb

I ptes ohromnou druhovou diverzitu (Nelson 2006) mé vétSina paprskoploutvych ryb
karyotypy tvoiené 48 nebo 50 chromozémy (Mank & Avise 2006, Kohn et al. 2006, Molina
et al. 2014). Zatimco u jesetert a siha (vCetné téch zde studovanych; Symonova et al. 2013a,
b) je situace znacn¢ odlisSnd a specificka vzhledem k polyploidizaénim udalostem
specifickym pro tyto linie, vysledky u studovanych zastupcti mienek ¢eledi Nemacheilidae
(Sember et al. 2015) a diploidnich druhti sekavek ¢eledi Botiidae (Bohlen et al., in rev., Tab.
1) potvrzuji vySe zminény trend pozoruhodné karyotypové stability na trovni 2n. Zejména
u detailngji studovanych mienek vysledky naznacuji uniformitu 2n a omezeni zmén
makrostruktury karyotypu na intrachromozémové piestavby, zejména pak na pericentrické
inverze, které jsou dosud nejcastejsi karyotypovou zménou popisovanou v cytogenetickych
studiich u ryb (Galetti et al. 2000, Molina et al. 2014, Pucci et al. 2014). Vedle mechanizmu
pericentrické inverze je vSak mozné, ze polohu centromery mohly zménit jesté adice a
redistribuce heterochromatinu (Krasikova et al. 2009, Zlotina et al. 2012) (pozorovana u
mienky Mesonemacheilus guentherii, Sember et al. 2015) nebo vznik neocentromery za
soucasné¢ho zaniku centromery piivodni (Marshall et al. 2008). Vyjimku z pozorovaného
souboru druhti pak tvoii mienky Nemachilichthys ruppelli a Schistura notostigma, jejichz
2n bylo redukovano zejména Rb translokacemi a v druhém ptipadé pravdépodobné i
tandemovymi fuzemi. U jedinct S. notostigma navic byly odhaleny dvé karyomorfy, ale
vzhledem ke smé&snému materidlu se neda urcit, jestli se jednalo o jedince ze stejné lokality
nebo z riznych populaci.

Neéktefi autofi (Mank & Avise 2006, Oliveira et al. 2009) mini, Ze v ramci rybich
skupin s konzervovanym 2n pusobi na karyotypovou diferenciaci urcité evolucni
mechanizmy, které z jakéhosi diivodu zabraiuji chromozémovym piestavbam vétSiho
rozsahu — konkrétné takovym, jez by zménily 2n, zatimco genomy se nadale vyvijeji formou
menSich chromozdémovych zmén a intrachromozomovych piestaveb (Pereira et al. 2013),
jak bylo v n¢kterych ptipadech dokumentovano i na genomové urovni (Aparicio et al. 2002,
Thomas et al. 2003). Naopak nékteré jiné skupiny kostnatych ryb — zejména ty, které
prodélaly né&jakou dalsi celogenomovou duplikaci navazujicich na TSGD, vykazuji vice
variabilni karyotypy (Ravi & Venkatesh 2008). Uniformita 2n u Nemachelidae tedy neodrazi
znacnou druhovou diverzitu skupiny, podobné jako tomu je 1 u dalSich rybich celedi, napf.

Leuciscinae (Arai 2011, Pereira et al. 2012). Nekteré rybi ¢eledi — zejména nékteré moiské
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trnobfiché ryby (Perciformes) zlstavaji dokonce konzervativni nejen z hlediska 2n, ale i co
do zastoupeni jednotlivych morfologickych skupin chromozému (tzv. karyotypova staze
neboli karyotypova uniformita makrostruktury; Molina 2007). Je pozoruhodné, Ze u fady
takovych skupin lze pomoci cytogenetického mapovani odhalit (n€kdy 1 pomérné€ zna¢nou)
variabilitu tzv. mikrostrukturni, tedy na urovni dynamiky zejména repetitivnich sekvenci
daného genomu (Affonso & Galetti 2005, Gross et al. 2010, Boron et al. 2009, Pereira et al.
2012, Calado et al. 2014). Tento typ variability byl odhalen i v piipadé studovanych mienck
¢eledi Nemacheilidae (Sember et al. 2015) a rovnéz i v piipadé dvou sympatrickych druhti
sihli (Symonova et al. 2013Db), jak bude detailnéji popsano v nasledujici kapitole.

Studie Sember et al. (2015) kombinuje cytogeneticky pfistup s vhodnou
fylogenetickou analyzou a diky tomu je zfejmé, Ze podobné jako u celé fady jinych skupin
ryb, ani u mienek karyotypové zmény piili§ nenasleduji piibuzenské vztahy ve
fylogenetickém stromu. Nase vysledky naznacuji, ze v ramci této Celedi se odehrala cela
fada karyotypovych zmén paralelné v riznych liniich a nezédvisle na sob¢. Dikazem budiz i
situace u druhd s derivovanymi karyotypy (N. ruppelli a S. notostigma), které se nachazeji
na riznych pozicich fylogenetického stromu a kde tedy redukce 2n probihaly paralelné jako
dva konvergentni procesy. Nezavislé fuze v ramci konkrétni skupiny ryb byly pozorovany
tieba u cichlid rodu Symphysodon (Cichlidae) (Gross et al. 2010) nebo skupiny Salmonidae
(Phillips & Ré&b 2001). Z hlediska mechanizmu, nékteré fuze u mienek zahrnovaly lokusy
rDNA — napadné podobné situace byly jiZ pozorovany u jinych ryb (Molina & Galetti 2002,
Rosa et al. 2012, Jacobina et al. 2013, Getlekha et al. 2016). K formaci Rb translokaci mtize
vést naptiklad heterologni synapse NOR v meidze (Raskina et al. 2008) nebo rozvolnéni
chromatinu v transkripéné aktivnich lokusech 5S rDNA (Rosa et al. 2012). N¢které studie u
ryb naznacuji, Ze oblasti rDNA jsou néchylné ke dvouvldknovému zlomu, coz vede
k naslednym piestavbam (Rosa et al. 2012, Favarato et al. 2016). Uloha asociovaného AT-
nebo CG- bohatého heterochromatinu v tomto procesu byla pfedmétem bohaté diskuze
v Sember et al. (2015). Centromery produktd Rb translokace vykazovaly ¢asto napadny blok
konstitutivniho heterochromatinu, podobné jako u jinych ryb (Giles et al. 1985, Molina a
Galetti 2002, Rosa et al. 2012) nebo napft. u nékterych zab (Schmid et al. 2010).

Nesouhra fylogenetickych a cytogenetickych dat je u ryb Casto spjata i s vyskytem
pohlavnich chromozomu. Studie prezentované v této dizertani praci jsou toho dal$im
ditkazem, nebot’ zatimco analyza u vétSiny karyotypti mienek a sekavek (Sember et al. 2015,
Bohlen et al., in rev., Tab. 1) neodhalila Zadné cytologicky detekovatelné¢ pohlavni

chromozomy, jediny druh mienky (S. fasciolata) ukazuje systém pohlavnich chromozomu
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XXIXY1Y2. U ptibuzné skupiny Cobitidae (konkrétné u jedné populace sekavce pisecného
C. striata) byl popsan zase ojedinéle systém X1 X1 XoX2/X1X2Y, vznikly pravdépodobné fazi
puvodniho Y a autozému (Saitoh 1989) a u dvou dalSich druht ze stejné celedi byly popsany
jeste systémy ZZ/ZW a 727/70 (Rishi & Haobam 1984, Sharma & Tripathi 1988). V nasem
pfipad¢ sice zatim nemdme zadny piimy ditkaz potvrzujici konkrétni mechanizmus vzniku
systému pohlavnich chromozomtii XX/XY1Y>2 u S. fasciolata, ale domnivame se, ze na
vzniku Y1 a Y2 se mohl podilet centricky rozpad proto-X chromozomu. Je mozné, Ze svoji
roli mohla sehrat i pfitomnost klastru 5S rDNA na chromozému X, a to podobnym
zpusobem, jak jiz bylo diskutovano vyse.

Na pohlavnich chromozdémech, véetné téch pozorovanych u ryb (Vicente et al. 2003,
Martins 2007, Cioffi et al. 2012a, c), Casto akumuluji repetitivné sekvence. To mize
v nékterych piipadech dokonce vést k situaci, kdy neparovy pohlavni chromozém, ac
obvykle degenerujici, se paradoxné stane nejvétsim v karyotypu (Mank & Avise 20009,
Poltronieri et al. 2014, Schartl et al. 2015). Pohlavni chromozoémy (i u ryb) se nékdy daji
pfimo odlisit pomoci detekce blokl konstitutivniho heterochromatinu C-pruhovanim (Saitoh
1989, Nanda et al. 1990, Almeida-Toledo et al. 2001). Jindy mize mapovani konkrétnich
repetitivnich sekvenci odhalit pfitomnost morfologicky nediferencovanych pohlavnich
chromozomt jako napf. mapovani 18S a GC-bohatého heterochromatinu u jedné
karyomorfy H. malabaricus (Cioffi et al. 2011a). Kombinované vysledky metod rDNA
FISH a CGH v recentni studii na tetrach rodu Triportheus (Yano et al. in rev.) navic ukazuji,
ze jeden lokus 45S rDNA se nachézi ptimo v samici specifické oblasti na W chromozému,
coz by mohlo naznacovat n&jakou roli rDNA v diferenciaci pohlavnich chromozomu.

Néahodny a ojedinély ptipad vyskytu pohlavnich chromozémii v rdmci dané
taxonomické skupiny potvrzuje trend pozorovany u ryb — tj. Ze systémy pohlavnich
chromozomu ryb se vyvijely opakované a nezavisle na sob&é (Woram et al. 2003, Schartl
2004, Volff et al. 2007, Mank & Avise 2009), ¢asto i v ramci blizce pfibuznych druht
(Phillips et al. 2001, Peichel et al. 2004, de Oliveira et al. 2008, Henning et al. 2008, Cioffi
etal. 2012b) nebo u riznych populaci daného druhu (Zhou et al. 2010), a to diky neuvétitelné
plasticité a dynamice genomu kostnatych ryb. Dlivod této variability byva ptisuzovan TSGD
a tedy pfitomnosti duplikovanych redundantnich kopii gentl, kdy jedna z té€chto kopii mize
nasledné ziskat funkci potencidlné diilezitou pro urcéeni pohlavi (Matsuda et al. 2002, Nanda
et al. 2002) a to miize podpofit vznik zcela nového paru gonozoémi (Mank & Avise 2009).
Variabilita byva taktéz casto prisuzovan evoluénimu ,mladi“ rybich pohlavnich

chromozomu, ale o tomto tématu je pojednano v literarnim piehledu (v kapitole 3.1) a také

193



Vv recentni piehledové praci (Schartl et al. 2015). Pfitomnost pohlavnich chromozému nékdy
muze piispét i k post-zygotické reproduktivni izolaci a ke speciaci, jak bylo ukdzano, napf.
praveé u ryb (Kitano et al. 2009, Kitano & Peichel 2012), ale neni to pravidlem (Bueno et al.
2016).

Zatimco u skupin s dynamictéjsi karyotypovou diferenciaci na makrostrukturni
urovni, jako jsou napf. Salmonidae (Phillips & Rab 2001) a castecné Esociformes (Rab
2004) mizeme pozorované jevy na karyotypové urovni do jisté miry vysvétlit karyotypovou
ortoselekci (White 1978, King 1993) nebo selekci pro piestavby zvysujici/snizujici Cetnost
rekombinace (Qumsiyeh 1994, Phillips & Réb 2001), u karyotyptd konzervativnéjSich
skupin, s variabilitou na trovni intrachromozémovych piestaveb a dynamikou repetitivnich
sekvenci, by prokazovani podobnych vztahti bylo slozité (véetné mienek; Sember et al.
2015). Pozorované¢ dynamice karyotypl mienek spiSe odpovidd recentni piedstava
meiotického/centromerického tahu (Molina et al. 2014), podle které vlivem rozdilnych
schopnosti chromozému vazat mikrotubuly déliciho vieténka dochézi k nasledné akumulaci
jednoramennych nebo dvouramennych chromozomi v karyotypu. Navic i1 v piipadé
centrickych fazi bylo popséano, Ze pokud vysledna centromera produktu fuze je robustnéjsi
nez centromery pivodnich jednoramennych chromozémi, dochazi k preferenénimu pienosu
produktu fize do vajicka (Chmatal et al. 2014). Podobny mechanizmus tak nelze vyloucit
ani v ptipadé pozorovanych centrickych fizi u dvou druhii mfenek, véetn¢ nalezu dvou
riznych karyomorf u druhu S. notostigma.

Mezi C. albula a C. fontanae zadny rozdil v makrostruktuie karyotypu neni, pfesto
se tyto sympatrické druhy od sebe na tGrovni genomu zna¢né odlisily. Podobny trend je
pozorovan u ryb Casto — tj. mala variabilita 2n, spiSe vnitrochromozémové prestavby
(zejména pericentrické inverze) a zna¢na dynamika repetitivnich sekvenci (Pucci et al. 2014;
Traldi et al. 2015 a citace zde uveden¢). Stabilni 2n a variabilni NF jako pravdépodobny
diasledek pericentrickych inverzi, podpofeny dynamikou heterochromatinu byl pozorovan
napf. u Characidium (Characiformes) (Pucci et al. 2014), kde podobné jako u siha
(Symonova et al. 2013b) autofi pfisusuzuji vliv dynamiky repetitivnich sekvenci na zménu

rekombinac¢ni ¢etnosti v genomu.
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6.2. Vliv dynamiky repetitivnich sekvenci na evoluci genomu paprskoploutvych ryb
6.2.1. Heterochromatin a rDNA

Korelace mezi akumulaci repetitivnich sekvenci, heterochromatinem a ptestavbami
chromozémt byla uvadéna jako piicina karyotypové diferenciace u fady skupin ryb (Cioffi
& Bertollo 2012). Vysledky nasich studii (Symonova et al. 2013b, Sember et al. 2015 a Tab.
1) podpotily obecné¢ sledovany trend zna¢né variability v distribuci a sekvencnim slozeni
heterochromatinu u fady kostnatych ryb. Vedle polymorfizmi spojenych s adici AT-
bohatého heterochromatinu (Sember et al. 2015) byly u nékterych druhti mienek popsany i
vnitropopulacni polymorfizmy spocivajici v rozdilné velikosti ramének homologickych
chromozomu po amplifikaci heterochromatinu (podobné jako napt. u Volker et al. 2007,
Phillips & Rab 2001, Baumgirtner et al. 2014). Casto pozorovana heterochromatinova p-
raménka jsou pravdépodobné vysledkem paracentrické inverze doprovézené tandemovymi
duplikacemi heterochromatinu, podobné jako u lososovitych (Phillips & Réb 2001).

rDNA je nesmirn¢ dynamicka frakce genomu (Escobar et al. 2011), jejiz evolu¢ni
vyvoj mize byt do znacné miry odliSny od evolu¢niho vyvoje asociovanych organizmi
(Nakajima et al. 2012). Variabilitu v podobé& nejriznéjsich typti polymorfizmt spjatych
S jednim ¢i obéma klastry rDNA jsme pozorovali zejména u mienek. Patii sem 1) délkovy
polymorfizmus mezi homologickymi lokusy (u ryb ¢asty; napt. Mandrioli et al. 2001, Vicari
et al. 2006 a mnoho dalsich) v disledku nerovnomérného crossing-overu (Collares-Pereira
& Réb 1999, Sola & Gornung 2001), 2) heterozygoti pro inverzi lokusu rDNA (pozorované
1 u sesterské skupiny Cobitidae; Boron et al. 2006 a jinych skupin ryb; napt. Vicari et al.
2006, Mariotto et al. 2009, Bueno et al. 2014), 3) wvnitropopulacni variabilita ve
fenotypech rDNA (v ramci Cobitidae: Rabova et al. 2001, Boron et al. 2006; dale pak napf.
Fujiwara et al. 1998, Castro et al. 2001, Ferro et al. 2001, Mandrioli et al. 2001, Singh et al.
2009, Sliwinska-Jewsiewicka et al. 2015) a 4) heterozygoti pro piitomnost/absenci lokusu
rDNA na homologickych chromozomech (napt. Jankun et al. 2001, Blanco et al. 2010a,
Pansonato-Alves et al. 2013a, Bueno et al. 2014, Pereira et al. 2014, 2015, Silva et al. 2014,
Daniel et al. 2015, Traldi et al. 2015). Podobné polymorfizmy jsou obvykle neinformativni
z hlediska fylogenetickych vztaht (Dobigny et al. 2004, Cabral-de-Mello & Martins 2010).
Déle u mfenek a sihli jsme zaznamenali abnormdlni fenotypy rDNA charakteristické
rapidnim nartstem lokusti a/nebo ko-lokalizaci obou klastri rDNA. Né&které studie
vysvétluji narGst poctu klastri rDNA prostiednictvim centrickych rozpadii, pii nichz
zaroven tyto rDNA stabilizuji noveé vzniklé konce chromozomu (Hall & Parker 1995, Hirai

et al. 1996, Cazaux et al. 2011). Ne vzdy jsou vSak asociace centrickych rozpada
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s navySenim poctu lokusti rDNA pozorovany, nékdy je tomu spiSe pravé naopak (Lan &
Albert 2011). U ryb, v piipadé kefickovce Clarias batrachus s 54 lokusy 5S rDNA hraly
pravdépodobné centrické rozpady roli pouze ¢astecné, nemohly byt totiz pii srovnani 2n
piibuznych druht pfi¢inou az tak rapidni disperze 5S rDNA (Maneechot et al. 2016).
V nasich studiich ani v jednom pftipadé nebyl pozorovan nartst 2n v korelaci s disperzi
rDNA. Je tedy na misté patrat po jinych mechanizmech. Nékteré studie se opiraji o
pritomnost lokusii 45S rDNA v terminalni ¢asti chromozomu, kde je vysoky potencial pro
ektopickou rekombinaci (s minimalnimi negativnimi efekty na naslednou meiotickou
segregaci), a tudiz i pro translokace ¢asti rDNA klastrti na jiné chromozdémy, pii sou¢asném
zvyseni poctu jejich lokusti (Hanson et al. 1996, Pedrosa-Harand et al. 2006). Tento
mechanizmus teoreticky mohl pfispét k amplifikaci 45S rDNA u siha C. fontanae a
v nékterych ptipadech 1 u mrenek s dispergovanymi 5S nebo 45S rDNA — zejména tam, kde
tyto klastry vyrazn&ji presahuji  z pericentromerické oblasti do p-ramének
akrocentrickych/subtelocentrickych chromozémut. Mohl vSak byt zaroven podpofen nebo
zcela zastoupen jinym b&zné pozorovanym mechanizmem — transpozici rDNA. Zejména
kratka raménka jednoramennych chromozémi jsou vice pfistupné transpozici (Hirai 1999),
coz podporuji i vysledky genomové studie u ¢tverzubce Takifugu rubripes (Dasilva et al.
2002). Pripady disperze rDNA se ale nevyhybaji ani rybam s pievazné intersticialni pozici
5S rDNA (da Silva et al. 2011, Scacchetti et al. 2011, 2012), ktera byvé u ryb pozorovana
nejcasteji (Martins & Galetti 2001, Cioffi & Bertollo 2012). N¢kteti autofi sice naznacuji,
zZe tato pozice poskytuje 5S rDNA urcité vyhody napt. z hlediska evoluéni stability (Martins
& Galetti 2001), konkrétné napt. z divodu vétsi ochrany pred transpozicni aktivitou (Noleto
et al. 2007, Sczepanski et al. 2007), ale naSe vysledky u mienek (Sember et al. 2015) a
nékteré dalsi studie (napf. da Silva et al. 2011, Yano et al. 2014) tyto hypotézy nepotvrzuji.

Nejvice lokust 5S rDNA (18-20) bylo lokalizovano u endemitnich druhii mienek
(Sember et al. 2015) a endemitniho siha C. fontanae (az 40 lokust 45S rDNA)(Symonova
et al. 20013b). Divodem vysokého poctu detekovanych signalii miize byt mj. pfitomnost
satDNA odvozenych od rDNA, jak bylo pozorovéano v ptipadé 5S (Volkov et al. 2001,
Vitorazzi et al. 2011) v¢etné ptipadi u ryb, konkrétné€ u trahira malabarského H. malabaricus
(Martins et al. 2006). Je ale nutné uvést, ze napft. u trahira se jedna o velmi specifickou
satDNA vyskytujici se pouze u tohoto druhového komplexu (Martins et al. 2006, Fereira et
al. 2007). Navic u mienek byla prokazana aktivita nékterych nadpocetnych NOR pomoci

detekce dusi¢nanem stfibrnym (Sember et al. 2015).
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Ko-lokalizace rDNA byly pozorovany i u jinych skupin ryb, napi. Notothenoidei
(Mazzei et al. 2004), Siluriformes (Mariotto et al. 2011, Ziemniczak et al. 2012),
Characiformes (Vicari et al. 2006). V ramci Cypriniformes — konkrétné napi. u Leuciscinae
(Gromicho et al. 2006a, b, Kirtiklis et al. 2010, Rossi et al. 2012, Pereira et al. 2014) a
Cobitidae (Boron et al. 2006) a v ramci Salmoniformes i u sihtt (Coregonus lavaretus, Rossi
& Gornung 2005). U ¢eledi Locariidae (Siluriformes) je toto dokonce znak spolecny pro
celou skupinu (Ziemniczak et al. 2012). Byly pozorovany také kolokalizace rDNA s klastry
jinych repetitivnich gent (naptf. Hashimoto et al. 2011, 2013, Lima-Filho et al. 2012,
Pansonato-Alves et al. 2013a, b, Silva et al. 2013, 2015 aj.), popi. ko-lokalizace takovych
gentl bez ucasti rDNA (napf. Silva et al. 2013, Pansonato-Alves et al. 2013a, Utsunomia et
al. 2014, Garcia-Souto et al. 2015, Costa et al. 2016). Urcita vyhoda tohoto uspofadani by
obecné mohla plynout v nahromadéni téchto esencidlnich gent v transkripéné aktivnich
oblastech genomu — miize zde byt urcity tlak pro jejich shlukovani v mistech s konkrétnimi
epigenetickymi charakteristikami (Lercher et al. 2002). Zda se ale byt népravdépodobné, ze
napft. v ptipad¢ ko-lokalizujicich nebo syntenicky se vyskytujicich klastrti rDNA ptedstavuje
toto uspofadani néjakou jinou (specifictejsi) expresni vyhodu —uz jen z toho diivodu, Ze 45S
rDNA vyuzivé k ptepisu RNA polymerazu I (Moss & Stefanovsky 1994), zatimco 5S rRNA
je prepisovana RNA polymerazou III (Paule & White 2000) a rovnéz mechanizmy regulace
exprese obou rDNA shlukl jsou odlisné (Gerbi et al. 2003, Russell & Zomerdijk 2005,
Ciganda & Williams 2011, Layat et al. 2013). 5S rRNA se syntetizuje navic mimo jadérko
(Ciganda & Williams 2011). Zaroven je zde otazka, jestli piekryvani obou klastrli naopak
expresi neomezuje. Jasnou odpovéd piinaseji kvasinky, u nichZ jsou standardné 5S
vmezeteny mezi geny hlavniho klastru rtDNA (piehled viz Ciganda & Williams 2011). Dale
u chnapalovitych ryb (Lutjanidae) (Costa et al. 2016) byl pomoci FISH odhalen osamoceny
(a tedy s velkou pravdépodobnosti funkéni) par 45S rDNA, ktery ko-lokalizuje s jednim
lokusem genti pro histon H3. Existuji prace naznacujici mozné vyhody daného uspotadani
(Wicke et al. 2011) a to nejen v ramci rDNA, ale i v pfipadé ko-lokalizace rDNA a jiné
multigenové rodiny (Hashimoto et al. 2011). Napft. u rostlin (Angiospermes) vznikla tato
situace opakovan¢ v evoluci, ale nasledn¢ se jen zfidkakdy udrzela (Roa & Guerra 2015). U
nekterych rostlin, kde neni ko-lokalizace rDNA, tak bylo ukézéano, Ze oba klastry rDNA
spolu volné asociuji v interfazi, ale diivod neni dosud objasnén (Highett et al. 1993, Németh
et al. 2010). Separace obou shlukti rDNA na rozdilnych chromozoémech na druhou stranu ale
umoznuje jejich nezavislou evoluci a zabrafnuje nezddoucim translokacim (Martins & Galetti

1999, Martins & Wasco 2004). U riznych organizmi je pozitivni korelace mezi vysSim

197



poctem lokusti rDNA a pfipadem, kdy aspon nékteré z nich ko-lokalizuji (Roa & Guerra
2015, Sember et al. 2015). Extrémnim pfipadem je endemicky druh pelyniku Artemisia, kde
ko-lokalizuji naprosto vSechny lokusy 5S a 45S a analyza impregnaci stiibrem (Ag-NOR)
ukazala, Ze vétsina NOR je aktivnich (Garcia et al. 2007). Zistava otazka, zda-li je to jen
doprovodny jev dynamiky genomu této endemické rostliny, anebo to ma néjakou souvislost
s adaptaci na extrémni xerofytni prostiedi.

Vysledky naSich praci potvrzuji novodobé piedstavy o dynamice rDNA, podle nichz
distribuce klastrii téchto genti miize byt informativni pro komparativni analyzy blizce
ptibuznych druhii a pro detekci populacni variability (Gross et al. 2010, Poletto et al. 2010a),
vyviji se vSak svoji vlastni evoluéni cetou, ktera nenasleduje fylogenetické vztahy dané
taxonomické skupiny (Poletto et al. 2010a, Nakajima et al. 2012, Milhomem et al. 2013). Pti
srovnavani vyssich taxonomickych Grovni by se dynamika distribuce rDNA a jeji informacni
hodnota méla hodnotit opatrnéji. Vyuziti mapovani rDNA a jinych repetitivnich gent lze
spatfovat v novém svétle — jako markery akutni zvySené dynamiky genomu, kterd muize
eventualné souviset s probihajicim procesem speciace nebo hybridizace (Raskina et al. 2004,
Raskina et al. 2008, Pereira et al. 2014, Dion-Coté et al. 2015). Tato dynamika mize byt
informativni také pro detailnéjsi vhled do karyotypové diferenciace skupin, jejichz
karyotypy se po konvenc¢ni cytogenetické analyze jevi jako konzervativni (Sczepanski et al.

2007, Symonova et al. 2013b, Sember et al. 2015).

6.2.2 Asociace disperze rDNA a TEs a jeji evolu¢ni dusledky

Ukazuje se, ze mira disperze lokusi rDNA zavisi na mife transpozice a na
mechanizmech eliminace vzniklych nadbyte¢nych kopii, jak naznauji prace u rostlin
(Raskina et al. 2008, Roa & Guerra 2015). Pomoci fibre-FISH bylo ptimo ukézéno, Ze kopie
TEs jsou vmezetené mezi kopie 45S rDNA (Raskina et al. 2004, 2008). Celd tada praci
ukazala, Ze nckteré TEs, napt rizné LINE RTEs (Jakubczak et al. 1991, Averbeck &
Eickbush 2005, Zhang et al. 2008) nebo DTEs (Penton a Crease 2004) se pfednostné
vmezetuji do rDNA, at’ uz diky pifimé preferenci, nebo z divodu akumulace v podobnych
mistech genomu (Raskina et al. 2008). Podle Zhanga et al. (2008) jsou rDNA pro inzerci
TEs ptimo idealni vzhledem k jejich repetitivni povaze a Casté transkripci. Opakovana
transpozice nasledovana riznou mirou sekundarni amplifikace v novém misté¢ mulze byt
vysvétlenim pro pfitomnost rizné intenzivnich signdlli po FISH, zejména pak vétsiho
mnozstvi velmi malych nadbyte¢nych lokust. Je mozné, Ze nékteré lokusy zlstanou pod

urovein rozliSeni metody FISH a i to mlZe byt jedna z pfi€in pozorovanych polymorfizmii
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(Almeida-Toledo et al. 2002, Boron et al. 2006, Kirtiklis et al. 2010). Ruzna mira
amplifikace minoritnich mist muze byt dale pti¢inou polymorfizmti mezi populacemi (Roa
& Guerra 2012). Vyse uvedené podporuje studie u tlamouna nilského Oreochromis niloticus,
kde metoda FISH odhalila dva pary 5S a tii pary 45S rDNA, zatimco nasledna analyza
genomu pomoci BLAST/n odhalila dalSich 59 kopii 5S rDNA a 38 kompletnich nebo
neuplnych kopii 18S rDNA roztrouSenych napti¢ genomem (Nakajima et al. 2012).

TEs sousedici nebo piimo vcClenéné do oblasti 5S rDNA (zejména do
nepiepisovaného mezerniku) byly popsany ve vétsi mite u rostlin (Raskina et al. 2004, 2008,
Kalendar et al. 2008). Posledni dobou ptibyva podobnych praci také u ryb a tyto studie piimo
¢i nepiimo ukazuji, Ze asociace TEs s IDNA muze vést ke spolecné disperzi obou téchto
sekvenci a ke zvySené karyotypové diverzité (Cioffi et al. 2010, de Silva et al. 2011,
Nakajima et al. 2012, Martins et al. 2013, Yano et al. 2014, Merlo et al. 2013, Schneider et
al. 2013, Silva et al. 2013 aj.). Vé&tSina téchto praci se zabyva elementy rodiny Rex. Exploze
jejich aktivity a zvySeny pocet kopii v genomu vedou K rapidni diverzifikaci genomt mezi
blizce pfibuznymi druhy (Hua-Van et al. 2011). Je pozoruhodné, Ze napt. u druhového
komplexu trahira Erythrinus erythrinus je pozorovana disperze 18S asociovana s Rex1 u
tiech ze Ctyt karyomorf (Cioffi et al. 2010, Martins et al. 2013, Yano et al. 2014). V jinych
ptipadech je dokumentovana pouze ko-lokalizace Rex elementu s rDNA, aniz by to bylo
pfimo doprovazeno rapidnim nartstem lokust (Pansonato-Alves et al. 2013b, Pereira et al.
2015). Zatimco u sihti (Symonova et al. 2013b) jsme prokazali pfimym mapovanim metodou
FISH, Ze disperze lokusi 45S rDNA (resp. jeho ¢asti) muze byt asociovana s aktivitou
elementu Rex1, u mienek jsme diky analyze sekvence 5SS rRNA fragmentu endemického
druhu Schistura pridii objevili asociovany jiny RTE, konkrétné L1-2_DR (Sember et al.
2015). Kauzalni souvislost s timto nebo jinym TE a disperzi rDNA nebyla u dalSich druht
mienek pfimo prokazana. Tyto vysledky ale naznacuji, Ze dosavadni prace popisujici
asociaci nejbeznéji mapovanych rybich TEs (tedy elementy rodiny ReX) jsou jen $pickou
ledovce, obzvlast pokud soucasné analyzy naznacuji, Ze pfevahu v rybich genomech tvofi
spiSe DTEs (Chalopin et al. 2015a). Kromé nasSich vysledki to naznacuje i nalez asociace
(bez zvyseného poctu lokusit) Tol2 elementu s genem 18S rRNA (hAT, DTE) u kranasovce
stihlého Rachycentron canadum (Costa et al. 2013). Dale pak napf. u jinych Salmoniformes
byl nalezen SINE-like element Bglll u pstruha poto¢niho Salmo trutta v IGS pobliz genu
18S rRNA (Caputo et al. 2009 a citace v ném uvedené) nebo byla odhalena asociace 18S a
Mariner-like element u hlavace cerného Gobius niger (Gobiidae) (Mandrioli et al. 2001) a

lokalizace elementl ze stejné rodiny v heterochromatinu pfiléhajicimu kK NOR u ¢tverzubce
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Tetraodon fluviatilis (Mandrioli & Manicardi 2001). V nékterych variantach rybich 5S
rDNA byly nalezeny SINE odvozené pravdépodobné z genti pro transferové RNA (tRNA)
(Merlo et al. 2012b). Z hlediska mechanizmi mozného vzniku asociace TEs a rDNA, mohlo
kromé preferencni transpozice nebo ektopické rekombinace dojit eventualné¢ rovnéz k
pfeskoCeni enzymu reverzni transkriptdzy na jiny templat (tedy konkrétné z RNA
retrotranspozénu na 5S rRNA; tzv. ,template switching™) (Budzin 2004, Piskurek et al.
2009) nebo mohlo dojit k procteni transkripce za oblast genu 5S rDNA do sousednich
oblasti, kde se né¢jaké TEs mohou vyskytovat (Ciganda & Williams 2011, Piskurek et al.
2009). Nepochybné se jednd o velice zajimavé pole pro budouci vyzkum. Kromé piimé
transpozicni aktivity mohou TEs ptisobit jako ,,horkd mista“ pro ektopickou rekombinaci,
kterd vedle moZnosti disperze miizou zpusobit 1 pfesun lokusu na jiny chromozdém, jeho
inverzi anebo jeho Uplné vymizeni (delece), coz mize vést k polymorfizmim vyse
popsanym (Blanco et al. 2010a). Kandidatnich TEs (kromé téch zminénych vyse) pro
mapovani na chromozomy rybich druhi s explozivnim nartstem lokusi rtDNA nebo jinych
tandemové usporadanych gent, je cela fada — napt. Mariner/Tcl a Tcl-like elementy z fad
DTEs (Izsvak et al. 1995, Mandrioli 2000, da Silva et al. 2011), Ty3-Gypsy LTR RTE (Volff
et al. 2001) nebo Zebulon (Dasilva et al. 2002, Fischer et al. 2004), CiLINE2 (Oliveira et al.
2003), Ronl a Ron2 (Oliveira et al. 1999) ze skupiny non-LTR RTEs. V neposledni fad¢ je
mozné vyuzit Udaje z aktudlnich srovnavacich genomickych studii (Huang et al. 2012,
Chalopin et al. 2015a, Gao et al. 2016, Valente et al. 2016). Velice pfinosné by mohly byt i
analyzy pomoci kvantitativni real-time PCR (qPCR), pro porovnani poctu kopii rDNA a
asociovaného TE podobné¢ jako to bylo provedeno u Pokey elementu a 28S rDNA u Daphnia
sp. (LeRiche et al. 2014).

V nékterych piipadech, zejména u endemitii s malou efektivni populaci, miiZe
amplifikace rDNA signalizovat stresem indukovanou re-aktivaci TEs (Symonova et al.
2013b, Pereira et al. 2014). Konkrétné v ptipad¢ siha C. fontanae by za stresové podminky
mohla byt zodpovédna mald dostupnost potravy v jezefe Stechlin, majici vliv 1 na mensi
velikost jedinct C. albula ve srovnani s populacemi z jinych jezer (Symonova et al. 2013b).
Do jaké miry mtize aktivita TEs pfispét k post-zygotické bariéte, o tom se vedou ¢ilé debaty
(Rebollo et al. 2010, Hua Van et al. 2011). Je mozné, Ze u siha v jezete Stechlin (Symonova
et al. 2013b) disperze rDNA ovlivnila rekombinacni ¢etnost a vedla k rapidni genomické
divergenci, ktera urychlila ekologickou speciaci. Podobny efekt uvazuji Cioffi et al. (2015)
u populaci Channa striata (Perciformes) a Pucci et al. (2014) u characidie (Characiformes).

Urc¢ita variabilita 45S rDNA spojena s vyskytem vétSiho poctu ménsich (a neaktivnich)

200



klastrii byla pozorovana rovnéz siha severniho C. lavaretus (Rossi & Gornung 2005) a jiz
diive byly pozorovany polymorfizmy v distribuci 45S rDNA v rdmci jedné polské populace
C. albula (Jankun et al. 2001). Podobné jako u C. fontanae nejsou ve studii Rossi & Gornung
(2005) nadpocetné lokusy 45S rDNA asociované s GC-bohatymi sekvencemi
detekovatelnymi Chromomycinem As, které byvaji jinak v oblasti hlavniho ribozoméalniho
klastru u ryb ptitomny téméf vzdy (Schmid & Guttenbach 1988). To by mohlo podpofit
teorii, ze byla pienesena pouze c¢ast klastru, pravé zpusobem transpozice. Je dale
pozoruhodné, multiplikované pozice 45S rDNA byly dosud popsan u zhruba poloviny
cytogeneticky analyzovanych lososovitych ryb (Sliwiniska-Jewsiewicka et al. 2015 a citace
zde uvedené). Krasnov et al. (2005) dale ukéazali pomoci mikro¢ipové analyzy, ze transkripce
Tcl-like elementu u pstruha duhového O. mykiss muiize byt aktivovana toxicitou, stresem
nebo bakteridlnimi antigeny. U jiného sympatrického péru sihii (druhovy komplex C.
clupeaformis) bylo pozorovano 232-nasobné navyseni aktivity TEs u malformovanych
hybridt, coz naznacuje, ze TEs jsou klicové komponenty mechanizmu post-zygotické
izolace (Dion-Coté et al. 2014). Tyto vysledky zapadaji do kontextu nasich pozorovani u
sihli a zaroven naznacuji (spolu se Sember et al. 2015), ze amplifikace 45S rDNA (vcetné
lokust bez afinity k Chromomycinu As) u nékterych sekavcu celedi Cobitidae (Rabova et
al. 2001, 2004) mohla prob&éhnout rovnéz mechanizmem transpozice. Na druhou stranu, u
nékterych jinych ryb, které podstoupily evoluéni zmény v extrémnich podminkach jako je
napiiklad slepa jeskynni tetra mexicka Astyanax mexicanus (zijici v Gplné tmég), zadné
zasadni deviace v distribuci rDNA nebo TEs ¢i jinych repetitivnich DNA nebyly dosud
pozorovany (Kavalco et al. 2007). A to i pfesto, Ze tfetinu jejich genomu zaujimaji TEs
(McGaugh et al. 2014), jejichZ role v regresni evoluci této ryby byla ¢asto zvaZzovana (napf.
Lonning & Saedler 2002).

Z hlediska exprese je zdokumentovéno, Ze i transponované kopie rDNA mohou byt
stale transkripéné aktivni (Drouin 1999). Neni ale zdaleka vyjimkou, Ze z nékterych kopii se
stanou pseudogeny (které mohou byt potom rovnéz detekovany pomoci FISH spolu se
standardnimi lokusy) (Affonso & Galetti 2005, Martins et al. 2006). Napt. sekvence podobné
IGS hlavniho klastru rDNA byly nalezeny dispergované v genomu bobu obecného Vicia
faba (Maggini et al. 1991). I pokud jsou znasobené kopie rDNA stale schopné transkripce
za vzniku funkéniho produktu, je velmi pravdépodobné, Ze mohou byt nasledné permanentné

blokovany (Vicari et al. 2008).
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6.2.3 MozZné funkéni role disperze rDNA

Jaky je mozny vliv variability na irovni mnozstvi rDNA na eko-evolu¢ni procesy u
organizmu? U kvasinek nadbytecné netranskribované kopie 45S rDNA podporuji kohezi
chromatid a pfi jejich ztraté jsou dané buiky nachyInéjsi k poSkozeni DNA — tedy k vétsi
senzitivité na environmentalni faktory/potencialni mutageny (lde et al. 2010). Naopak, prilis
velké mnozstvi transkribovanych rDNA je velmi naro¢né na spotiebovavani zdroji fosforu
(Weider et al. 2005). Variabilita délkovd a v poc¢tu kopii mize u nékterych organizmu
souviset s ekologickou adaptaci na prostfedi s malou koncentraci zivin, muze zde mit vliv
opét dostupnost fosforu, ktery je dilezity pro biosyntézu nukleotidi (Weider et al. 2005).
Recentné bylo demonstrovano (Jack et al. 2015), ze modelova kvasinka Saccharomyces
cerevisiae je schopna amplifikovat 45S rDNA v odpovéd’ na zvySenou dostupnost Zivin
Vv okolnim prosttedi. Je za to zodpovédna signalni draha TOR (target of rapamycin), ktera
dokaze v pripad¢ potieby spustit rekombina¢ni procesy vedouci k fizené a rapidni zméné
v poctu kopii rDNA. Ukazuje se, ze a¢ biosyntéza ribozoémii mize byt zvySena intenzivnéjsi
transkripci 45S rDNA, dlouhodobé je to pro buitku nezddouci stav (Ide et al. 2010). To vSe
muze souviset s cilenou adaptaci na konkrétni podminky prostfedi. V soucasné dob¢ ptibyva
praci, které ptikladaji mistu syntézy pre-ribozémovych ¢astic (tedy jadérku) nové vyznamy,
napft. v souvislosti s udrzovanm bunééné homeostaze a roli v bunééné odpovédi na stres
(Boisvert et al. 2007, Deisenroth & Zhang 2010, Grummt 2013). Mimoto bylo dale zjisténo,
ze mnozstvi 5S rRNA ma pfimy vliv na regulaci esencidlniho bunééného transkripéniho
faktou p53 (Sloan et al. 2013). ZvySeny pocet transkribovanych 45S nebo 5S RNA
prekurzorovych molekul by ale mohl mit 1 jiné vysvétleni — napf. neefektivni Gpravy na
ko/posttranskripéni Grovni. Je ale pravdépodobné, ze akumulace velkého mnozstvi Spatné
zpracované nematurované rRNA by vedla k inhibici bunécného cyklu (Deisenroth & Zhang
2010). Pisano a Ghigliotti 2009 mini, Ze u nékterych antarktickych ryb skupiny
Notothenoidei mize mit vétsi pocet lokustt 45S rDNA adaptivni vyznam v teplotach pod
bodem mrazu. Gibbons et al. (2014) naznacuji, Ze u c¢lovéka je mnozstvi 45S rDNA
korelovdno s mnoZstvim mitochondridlni DNA a koncentraci urcitych modifikatorii
chromatinu, coz mize mit vliv na bunécnou homeostazi a na globalni zmény v genové
expresi.

K hlub§imu porozuméni vyznamu pfitomnosti nadbyte¢nych lokusii rDNA by mohla
pfispét opét jiz zminovana qPCR, ale pozoruhodna data jiZ pfinesly i jiné pfistupy. Napf. u
Stiky obecné Esox lucius byl recentné pomoci Southernova pienosu odhadnut abnormalné

vysoky pocet kopii 5S rDNA, coz mimojiné odpovida vysledkiim metody FISH (34-36
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signalt 5S rDNA v ramci 2n=50) a pfevazna vétsina téchto lokust se zd4 byt metylovana
(Symonova R., osobni sdéleni). Je mozné, ze extrémné vysoké mnozstvi 5S rDNA muze hrat
spise n¢jakou strukturni roli v genomu. Z hlediska exprese ovsem dale zustavaji u 5S rRNA
pooteviena vratka riznym predstavam, a to z toho diivodu, Ze se dosud nevi piesna funkce
této molekuly v ramci ribozému (Ciganda & Williams 2011). Jednou ze zahad je ptitomnost
molekul 5S rRNA v mitochondriich, pfestoze riizné dalsi studie ukazaly, ze mitochondrialni
ribozémy 5S rRNA neobsahuji (Adams & Palmer 2003). Mozné napoveédy by mohly pfinést
studie tkanové-specifické exprese, tj. mozny vyznam variant 5S rRNA, napf. pro expresi
v somatickych buiikach a ve vajicku (Barciszewska et al. 2000). V tomto ohledu se slusi
jesté pripomenout klasickou studii dokumentujici amplifikaci rDNA v zabich oocytech
(Brown & Dawid 1968).

pozorovana disperze i dalSich stiedné repetitivnich gentl, u ryb konkrétn¢ u histonu H3
(Costa et al. 2014, 2016) a U1 snRNA (Garcia-Souto et al. 2015). Dale napft. u kobylek jsou
popsany piipady disperze gent pro histon H3 na vSech chromozomech v karyotypu (Bueno
et al. 2013) Jestli zde existuje néjaky vztah k architektufe genomu nebo fyziologii
organizmu, na to v soucasnosti neexistuji odpovédi. Je také mozné, Zze amplifikované lokusy
repetitivnich genti jsou pouze doprovodnym jevem aktualni zvySené dynamiky genomu a ze
nadbytecné kopie postupné budou hromadit mutace a budou eliminovany, az se dospéje opét

do stavu o standardnim poctu klastrtt dané multigenové rodiny (Martins et al. 2006).

6.2.4. Telomery

Telomery byly studovany u zastupcti Cobitoidea. Vzhledem k malé velikosti
chromozomu byla pro specifi¢téjsi analyzu ITS pouzita metoda TSA-FISH (tyramid signal
amplification FISH) vyuZivajici tyramidovou amplifikaci signdlu (vyuZivanou vétSinou pro
detekci jednokopiovych oblasti; napt. Krylov et al. 2003, 2007, Carabajal Paladino et al.
2014) u Nemacheilidae (Sember et al. 2015) a metoda PNA-FISH (peptid nucleic acid
FISH), kde je v sondé¢ cukrfosfatova kostra nahrazena polyamidovou kostrou, ktera diky
svému neutralnimu naboji pronika lépe do chromozému a vede tedy k citlivgjsi detekei (jak
dokazuji 1 prace u ryb; Ocalewicz & Dobosz 2009, Ocalewicz et al. 2013) byla zase pouZita
u sekav¢i ¢eldi Botiidae (Tab. 1). Vétsina analyzovanych druhtt mienek (Sember et al. 2015)
i sekavek (Tab. 1) vykazovala standardni vzor, s telomerickymi signaly v koncovych ¢astech
chromozoml. U mfenek byly zaznamenany ptipady centrickych fuzi se zachovanymi

rozsahlymi het-ITSs a rovnéz ptipady, kdy se tyto sekvence v evidentnich produktech fuze
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nevyskytovaly (Sember et al. 2015). To potvrzuje dva konvergentni procesy centrickych fuzi
u zkoumanych zastupctl, navic mechanisticky se odliSujicimi (Slijepcevic 1998). Ptipady u
ryb, na jejichz chromozémech v mistech prokazatelnym fuzi nebyly nalezeny ITS, jsou
dolozeny napft. u lososovitych (Abuin et al. 1996, Jankun et al. 2007, Ocalewicz et al. 2008)
aj. (napf. Henning et al. 2011, Fernandes et al. 2015). Prokazatelné¢ ITSs u produkti
centrickych nebo tandemovych fazi byly ale rovnéz dokumentovany (Meyne et al. 1990,
Sola et al. 2003, Caputo et al. 2009, Cioffi et al. 2010, 2011, Rosa et al. 2012, Bitencourt et
al. 2014, Scacchetti et al. 2015a). V jednom pfipadé¢ byla u mienek detekovana ITS
Vv potencidlnim produktu tandemové fuze, nedd se vSak vyloucit moznost (ne)reciproké
translokace (Schubert & Lysak 2011). Nicméné, u obou skupin byl pozorovan zajimavy jev
— asociace telomerickych repetic s DNA. Tento jev byl v minulosti dokumentovan u fady
jinych ryb, napft. u thote fi¢niho Anguilla anguilla (Salvadori et al. 1995), pstruha duhového
Oncorhynchus mykiss (Abuin et al. 1996), u jehly zelenavé Neropsis ophidion (Libertini et
al. 2006) a u trech druhi cipali ¢eledi Muglidae (Sola et al. 2007). Piestoze byla tato
asociace rovnéz popsana i u jinych obratlovc (Meyne et al. 1990, Nanda et a. 2008), jeji
puvod neni dosud zcela jasny. Tsujimoto et al. (1999) mini, Ze pokud se v okoli rtDNA
akumuluji TEs, mize to vést k fragilit¢ tohoto mista a tedy k nachylnosti ke zlomtim. Pokud
se tak stane, rDNA na konci chromozémt mohou stimulovat syntézu novych telomer
telomerdzou, coz mulze vést i k tvorbé piekryvajicich se lokust telomerickych repetic
srDNA. Hall & Parker (1995) naznacuji, ze 45S rDNA je potencidlni substrat pro
telomerazu, paklize dojde uvnit tohoto klastru ke zlomu (napt. v ramci procesu centrického
rozpadu). V nékterych ptipadech 45S rDNA ptimo nahrazuje funkci telomery (napt. Pich et
al. 1996, Gonzéles-Garcia et al. 2006). Guillén et al. (2004) vyslovil hypotézu, ze se
telomerické repetice podileji na regulaci exprese 45S rDNA pifes mechanizmus epigenetické
inaktivace. NaSe prace ale naznacuje, Ze tomu tak byt nemusi, protoZe jediny detekovany
par 45S rDNA u mienky N. ruppelli musi byt nepochybné aktivni, tfebaze po celé délce ko-
lokalizuje s telomerickou repetitivné sekvenci (Sember et al. 2015). U Botiidae se tato
asociace vyskytuje pouze u diploidnich zéastupcl, zatimco u tetraploidni sekavky tuto
charakteristiku postradaji. Jedna se tedy o modifikaci, ke které¢ doslo az po polyploidini

udalosti.

6.2.5. Dynamika repetitivnich sekvenci u polyploidi a hybridia
GISH/CGH se ukazala byt jako velmi pfinosna metoda, ktera po nutné optimalizaci

pro ryby (Symonova et al. 2015) splnila svij ucel v cytogenetické analyze sihi (Symonova
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et al. 2013b), jeseterti (Symonova et al. 2013a) a také pti analyze hybrida sekavci rodu
Cobitis (Majtanova et al. 2016a) a detekci pohlavnich chromozémi u tetry znamenané
Triportheus signatus (Yano et al., in rev.).

U uméle vyprodukovanych jesetetich hybridi byly genomové-specifické repetitivni
sekvence  rodicovskych  druhti  lokalizovany metodou CGH  pfevazné na
mikrochromozémech a nékterych malych makrochromozémech (Symonova et al. 2013a).
Zda se tedy, Ze unikatni a kodujici sekvence jsou vysoce konzervované. Piekvapiveé, na
rozdil napt. od ptaki (Burt 2002, Axelsson et al. 2005) mikrochromozomy jeseterti nejsou
genové bohaté, naopak jsou vysoce heterochromatinizované, jak ukdzala i metoda C-
pruhovani (Symonova et al. 2013a). V kontrastu s mikrochromozomy, sekvence na
makrochromozémech maji evidentné o mnoho pomalejsi evoluéni dynamiku. Nemusi se ale
nutné jednat jen o unikdtni sekvence, jak naznacuje pomaly vyvoj né€kterych jesetetich
satDNA (Lanfredi et al. 2001, De la Herran et al. 2001). Dokonce je pozoruhodné, ze
karyotyp jeseterti zstava velmi stabilni i po mnohonéasobném pasazovani bunéénych kultur
(Fontana 2015). VSechny tyto indicie naznacuji, Ze schopnost jesetertt mezidruhové se kiizit
za vzniku fertilntho potomstva mulze byt asociovdna s pomalou evoluci vysoce
konzervovanych sekvenci na makrochromozomech, zatimco vyraznd dynamika spojena
S repetitivnimi sekvencemi je omezena na mikrochromozoémy. Rliznou dynamiku riznych
Casti jesetefich genomu naznaCuje i recentni studie vyuzivajici WCP u A. ruthenus
(Romaneno et al. 2015).

U Botiidae bylo konven¢ni karyotypovou analyzou a za podpory vysledkt jinych
metod zjisténo, ze sekavka 'B.” zebra, a¢ morfologicky velmi podobna druhu L. guilinensis
zaroven molekularné-fylogeneticky velmi blizka druhu S. pulchra, neni mezidruhovym
hybridem téchto dvou sympatrickych sekavek (Bohlen et al., in rev.). Z cytogenetického
uhlu pohledu je patrné, Ze 'B.” zebra ma tetraploidni pocet chromozému (2n = 100) a nikoliv
intermediarni (2n=75), jak by se dalo u hybridniho jedince vétSinou ocekavat. Tuto hypotézu
do jisté miry potvrzuji i recentni vysledky (Tab. 1, Fig. 9), protoze ukazuji, Ze fenotpy rDNA
nejsou u ‘B. zebra intermediarni vzhledem k tém pozorovanym u L. guilinensis a S. pulchra,
jak by se dalo v podobnych piipadech ocekavat (napf. Zhang et al. 2015). Hlavnim
vysledkem studie Bohlen et al., (in rev.) je odhaleni neobvyklého mimikry druhu 'B. zebra
srovnatelného napf. s pozorovanim u druhi ryby Corydoras (Alexandrou et al. 2011). Na
zaklad¢ vétsiny analyz provedenych v Bohlen et al., (in rev.) se dale zda, ze 'B. zebra je
zastupcem rodu Sinibotia. Pro uplnost je v planu jesté srovnani genoml uvedenych sekavek

pomoci metod GISH a CGH. Tato strategie méla piispét i k odhaleni, zda-li u skupiny
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Botiidae doslo k auto- nebo allopolyploidizaci. Nicméné podle vysledkt publikovanych ve
Slechtova et al. (2006) a Doadrio & Perdices (2005) do3lo k oddéleni Leptobotiinae a
Botiinae pfiblizné¢ pied 22 miliony let a napf. u rostlin nebyla GISH/CGH uspésna u
allopolyploidii starSich 5 milionti let (Lim et al. 2006, 2007). Divodem je jiz pokrocily
proces homogenizace a re-diploidizace genomu, pfi kterém jiz stacily prob&éhnout rozsahlé
strukturni genomové/chromozémové zmény (Chester et al. 2010 a citace zde uvedené) a
diive genomoveé-specifické repetitivni sekvence jiz do znacné miry mohly dosahnout
smiSené distribuce (Senchina et al. 2003, Lim et al. 2006, 2007). Vskutku, dosavadni
aplikace CGH u jinych zastupcii Botiidae pfinesla kontroverzni vysledky (Sember A.,
nepublikovana data). Urcity zplsob, jak tuto strategii obejit, je pouzit pro odliSeni dvou
genomul sondy pro specifické centromerické RTEs (Liu et al. 2008) nebo satelitni DNA
sekvence specifické pouze pro jeden parentalni genom (Gill et al. 2009). To ale vyzaduje
podrobnéjsi sekvenacni analyzy, zejména s vyuzitim nové generace metody sekvenovani
(,,next generation sequencing®, NGS) a bioinformatiky (Chester et al. 2010). Jednou z méla
zbyvajicich moznosti je sledovani distribuce klastrli repetitivnich genti. Pokud se u
tetraploida bude dany klastr vyskytovat ve stejnych pozicich na ctyfech velikostné i
morfologicky stejnych chromozémech, mohla by to byt znamka autopolyploidie.

rDNA byvaji i pfes svoji variabilitu pouzivany casto ve srovnavacich studiich
diploidnich a polyploidnich taxonii. Srovnavani fenotypti rDNA diploida a polyploidi mize
byt informativni, pokud je pocet lokusii rDNA u polyploida aditivni a tedy nedoSlo v rdmci
post-polyploidiza¢nich udélosti k eliminaci nékterych z nich. Pokud tomu tak je, mize
fenotyp rDNA naznacit povahu polyploidizacni udalosti nebo alespon potvrdit stupen
ploidie (Zhu et al. 2006). U mezidruhovych hybridl je obvykle sledovan intermediarni
fenotyp (Zhang et al. 2015, Maneechot et al. 2016), ale v n¢kterych piipadech vlivem
zna¢ného polymorfizmu neni mozné Zadnou korelaci sledovat (Pereira et al. 2014). Starsi
polyploidi ¢asto vykazuji re-diploidizované pocty rDNA (Linares et al. 1996, Kovatik et al.
2008). V ramci velkého souboru publikovanych analyz mapovani rDNA u diploida vs.
polyploidt se vysledky lisi skupina od skupiny. Zcela nezavislé dynamické zmény v IDNA
fenotypech byly napft. sledovéany u rostlin celedi Vellinae (Rossato et al. 2015). V jinych
ptipadech alespon jeden klastr rDNA vykazuje aditivni pocty lokusii vzhledem ke stupni
ploidie (Mishima et al. 2002, Torrell et al. 2003, Pires et al. 2004, Nani et al. 2015), u ryb
napt. 5S rDNA u jelce S. alburnoides (Gromicho et al. 2006). Situaci mohou dale

komplikovat sekundarni chromozdémové prestavby (napt. Nani et al. 2015).
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V ramci Cobitoidea je tézké dopiedu urcit, jakou vypovidaci hodnotu budou mit
klastry rDNA pfi posuzovani mechanizmu polyploidie, ale v tomto pfipad¢ je nepochybné
limitujici staii polyploidni udalosti (viz vySe), které mj. limituje 1 moznosti metod
GISH/CGH. Na zakladé vyzkumu u sesterskych skupin jsou vysledky nejednoznacné.
Zatimco u Nemacheilidae se zda byt 45S rDNA jako relativné konzervovany marker se
stabilnim fenotypem rDNA (Sember et al. 2015), u Cobitidae byla pozorovana zna¢na
variabilita a polymorfizmy (Boron et al. 2006, Rabova et al. 2001, 2004). Z hlediska 5S
rDNA je pozorovany trend u téchto dvou skupin piesné€ opacny. Prozatimni vysledky rDNA
FISH u Botiidae (Tab. 1, Obr. 9) zatim neumoziuji odhadnout, zda-li sledujeme vzor
odpovidajici spise autopolyploidii nebo allopolyploidii. Je taky mozné, ze rDNA nebude pro
tyto U€ely vhodnym markerem. S ponckud ukvapenym piedpokladem, ze Botiidae
podstoupili autopolyploidizaci, pfisli Kaewmad et al. (2014), ¢isté¢ na zadkladé konvenéni
analyzy karyotypu (a to pouze u tetraploidi) a srovnani recentni literatury (Arai 2011).

V nasem pfipadé¢ planujeme v blizké budoucnosti zatradit do studie dalsi
cytogenetické markery — zejména histon H1 (Obr. 9I) a napt. U2 snRNA, kterd zatim
vykazuje u studovanych ryb velmi konzervativni distribuci — U 16 z 23 rybich druhil
z riznych skupin nese U2 rDNA klastr jen jeden par chromozémi (Ubeda-Manzanaro et al.
2010, Merlo et al. 2010, 20123, b, 2013, Supiwong et al. 2013, Utsunomia et al. 2014, Silva
et al. 2015). PtileZitostné bude mapovana poloha vybranych mikrosateliti. Vyhledové by
bylo velmi prospésné zatadit analyzu jednokopiovych oblasti pomoci TSA- nebo BAC-

FISH, za soucasného vyuziti dat z dostupnych sekvenovanych rybich genomt.
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FISH

Pocet
Druh jedincu 2n Popis karyotypu Chromomycin A3 (TTAGGG)n 28S rDNA 5S rDNA histon H1
4 signaly (terminalni)
3 - 4 signaly (terminalni) - 1-2 velké - p-raménka sm
Botia almorhae 4 100 16m - 20sm - 64st-a sm, 2 malé st 24dné ITS podobné velikosti
Botia kubotai 1 100 2 signaly (terminalni) - 2 velké sm
Botia striata 2 100 4 signaly (termindini) - 2 m, 2 st-a
2 signaly (terminalni) - 2 velké sm 8 signalt (terminalini)
nebo 1 velky sm + 1 menSi st nebo - 4 stfedné velké sm, 4
Botia udomritthiruj 2 100 22m - 28sm - 50st-a délkovy polymorfizmus malé st-a;
8 signald- 7 terminalnich (st-a) a 1
Chromobotia macracantha 1 100 18m - 10sm - 72st-a pericentromericky (m) zadné ITS
6 signald (termindlni) - 2 velké sm, 2 1-2 celoramenné het- 6 signala 4 signaly (4 sm)
Leptobotia elongata 2 50 6m - 12sm - 32st-a stredné velké sm, 2 malé st ITSs (p-raménka, sm) (2 sm + 4st) gnaly
4 S|gn.aly (t’ermlnalnl)’- 2 veke sm 2 celoramenné het-ITSs 2 signaly 5 signala (2 velké
(polovina délky p-ramének), 2 stfedné (p-raménka, sm) (2 st) sm, 3 mensi st)
Leptobotia guilinensis 5 50 6m - 12sm - 10st - 22a velké st p ’ ’
?p;glcs)\l/?nnaa:jl:éI(Iiirg]:'g?rl'lrgr)\él(z)-zvset:‘izr?im 4 celoramenné het-ITSs* | 4 signaly* 6 signali* 3 signaly sm/st
Leptobotia microphthalma 5 50 6m - 14sm - 30st-a st ’ (p-raménka - 2sm + 2st) (2sm + 2st) (2 velké sm, 4 malé st) | (p-raménka)
2 signaly (terminalni) - 2 velké sm 2 celoramenné het-ITSs
Parabotia fasciata 2 50 6m - 14sm - 30st-a (polovina délky p-ramének) (p-raménka, sm)
5 signald (termindlini) - 2 velké st, 2 4 signaly 8 signald
Sinibotia pulchra 2 100 20m - 26sm - 28st - 26a | stfedné velké st, 1 maly st 24dné ITS
4 signaly (terminalni) - 2 velké sm
(polovina délky p-ramének), 2 stfedné
Sinibotia robusta 1 100 velké st
6 signalti (terminaini) - 2 velké m-sm, 2 signaly 8 signalu (2 velke
L S 2 stfedné velké sm, 2 malé st (2st) sm, 2 stredni sm, 2
Sinibotia superciliaris 3 100 14m - 22sm - 64st-a ’ malé sm, 2 st)
2 signaly
(terminalni) - 2
2 signaly (terminalni) - 2 sm (cela p- velké sm 6 signala (terminaini)
raménka) (polovina - sm/st
deélky p-
Sinibotia zebra** 2 100 18m - 18sm - 36st - 28a rameének)

Tab.1: Piedbézné vysledky studia karyotypu sekavek ¢eledi Botiidae za pouziti konvenénich a molekularné cytogenetickych technik. Pro popis
morfologie chromozoémi byla pouzita Levanova klasifikace (Levan et al. 1964), modifikovana jako: m — metacentricky, sm — submetacentrcky, st
— subtelocentricky, a- akrocentricky chromozom. * metodou byl zatim analyzovan pouze jedinec L. microphthalma vykazujici 4 signaly po aplikaci
Chromomycinu A3. ** tento druh v textu veden jako ‘Botia’zebra, je s velkou pravdépodobnosti zastupcem rodu Sinibotia (Bohlen et al., in rev.)
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A Chromobotia macracantha B Leptobotia microphthalma C Sinibotia superciliaris AB527
A5284

E Chromobotia macracantha
A9826

H Leptobotia microphthalma | Leptobotia microphthalma

A5285 , A5284

K Leptobotia microphthalma
A5285

-

Obr. 9: Molekularni cytogenetika sekavek ¢eledi Botiidae (Teleostei: Cobitoidea) — vybrané
vysledky predbéznych analyz. A-C Fluorescen¢ni pruhovani za pouziti Chromomycinu A3
(zde Cervené signaly, oznaceny prazdnymi hroty Sipek) a DAPI (zde zeleny kanal); D-H
PNA FISH s telomerickou sondou (Dako, Glostrup, Dansko) — prazdné Sipky ukazuji na
celoramenné het-1TSs; | FISH se sondou pro histon H1 (¢ervené signaly, oznaceny Sipkami)
— sonda byla pfipravena pomoci PCR s primery navrZzenymi diive pro Astyanax (Hashimoto
etal. 2011); J-L dvoubarevna FISH se sondou pro 5S (zelené signaly, oznaceny hroty Sipek)
a 28S (Cervené signaly, oznaCeny Sipkami) rDNA provedena podle Sember et al. 2015. A,
E) Chromobotia macracantha, B, H, I, K) Leptobotia microphthalma, C, L) Sinibotia
superciliaris, D) Botia almorhae, F) L. elongata, G, J) L. guilinensis. Metafaze C je
nekompletni (2n = 98). Métitko = 10 pm.
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7. Zavér

Diky své neuvetitelné genetické, genomické a fenotypové variabilité jsou
paprskoploutvé ryby atraktivnim modelem pro studium molekularnich mechanizmi v evoluci
a speciaci (Volff 2005). Vysledky této dizerta¢ni prace demonstruji a porporuji hypotézu, ze a¢
karyotypy mnohych skupin kostnatych ryb vykazuji Casto uniformitu 2n (a nékdy i NF),
variabilita — n€kdy az ohromna — se skryva na sub-chromozomové urovni. Podstatu této
variability je mozné asociovat s mnozstvim, distribuci a sekvencnim slozenim repetitivnich
sekvenci. Jevy spojené s dynamikou repetitivnich sekvenci mohou stat v pozadi mechanizmut
spjatych s adaptaci rybich druhli na rizné podminky prostiedi a stresové faktory a mohou hrat
roli ve speciaci a hybridizaci. U skupin zkoumanych v této praci jsme pozorovali sekvencni a
distribu¢ni variabilitu heterochromatinu, variabilitu v rDNA fenotypech, roli RTEs v disperzi
rDNA a v n¢kterych ptipadech rovnéz neobvyklou distribuci telomerickych repetic. V ptipadé
jeseterti jako zkoumanych zéastupct ryb mimo Teleostei se ukdzala dynamika repetitivnich
sekvenci a jeji kompartmentalizace na mikrochromozémy jako jeden z moznych klicovych
procest v pozadi pretrvavajici fertility jesetetich hybrida.

Dynamika genomu na obecné Grovni zistava stale do znaéné miry zahalena rouskou
tajemstvi (ENCODE Project Consortium 2004). Z jednotlivych kapitol vyplyva, ze genom
paprskoploutvych ryb je nesmirn¢ dynamicky a cela skupina tak predstavuje idealni model pro
studium obecngjSich principti souvisejicimi s jeho evoluci a s vlivem procesti na genomové
tirovni na evoluci organizmd, jejich diverzifikaci a adaptaci. Ustiednim tématem této prace bylo
zjistit, jakou ulohu v téchto procesech hraji repetitivni sekvence a polyploidizace. Dliraz byl
kladen propojenost cytogenetického ptistupu s dalSimi typy analyz, aby vysledek ptinesl nové
poznatky v $irS§im kontextu a z §ir§iho Ghlu pohledu. A¢ takové prace byvaji vedle Cisté
popisnych reportl méné Casté, je to cesta, jakou by se cytogenetika méla ubirat, aby jeji
vypovidaci hodnota byla patficné docenéna. I v dobé postgemonové si nepochybné
v takovychto studiich cytogenetika najde svoji niku (napt. Dion-Coté et al. 2015) tak jako 1
Vv jinych odvétvich (Pasquier et al. 2015). Existuji stale otazky spjaté s architekturou a evoluci
genomu, na které nenajdeme odpovédi pouze celogenomovym sekvenovanim (napft. Dettai et
al. 2007). Vysledky této prace mimojiné odhalily nové modelové skupiny pro studium
cytogenetické variability a oteviely nova témata pro vyzkum. Ziskana data budou dulezitym
podkladem pro dalsi vyzkum, ktery se napf. tyka analyzy polyploidie u sekavek ¢eledi Botiidae.
Ptredbézné vysledky tohoto projektu jsou rovnéz zahrnuty a diskutovany v této praci.

Tato prace ukazuje na pietrvavajici a nepopiratelny vyznam cytogenetiky jako

uzite¢né¢ho a informativniho metodického piistupu pfi feSeni celé fady biologickych otazek.
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Tato prace pak prezentuje $irsi aplikaci cytogenetickych technik, nicméné plny potencial metod

moderni molekularni cytogenetiky ziistava nevyuzit a bude pfedmétem budoucich projekti.
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