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Abstrakt

Vyznam modelového organizmu Xenopus tropicalis v poslednim desetileti mnohonasobné
stoupl. Jeho genom je oproti vétsin€ obojzivelnik pouze diploidni a byl osekvenovan, ovsem
snaha o jeho kompletaci byla zatim neuspéSnd. Pficinou je velké mnoZstvi repetic
znemoziujici propojeni jednotlivych usekit genomu do vétsich celkl. I ptes tento nedostatek
zdjem vyzkumnikll o tento druh neopada- byly vynalezeny techniky jako gynogeneze ¢i
injikace morfolino oligonukleotidi do oplodnénych oocytl, existuje knihovna BAC kloni
s mnohondsobnym pokrytim genomu. Pro nasledny vyzkum je nicméné¢ nezbytna co nejlepsi

znalost genomu tohoto druhu.

Tato dizertacni prace je zaméfena predev§im na vyvinuti novych technik pouzitelnych pro
genetické mapovani. V prvnim projektu byla sestavena vazebna a fyzicka mapa druhu X.
tropicalis. ProtoZze tato obsahovala nezmapované oblasti, byla vramci dal§iho vyzkumu
vyvinuta zcela unikdtni technika genetického mapovani vyuZivajici mikrodisekei
chromozomi a chromozomadlnich oblasti s ndslednou sekvenaci takto ziskané DNA. Timto
zpusobem jsme sekvenaci pouhych 15 kopii kratkého raménka chromozému 7 piritadili
Kk vyfezané oblasti velké mnozstvi genl a scaffoldi, jejichz poloha byla doposud neznama, a
rovnéz se nam podafilo poukdzat na nedostatky Vv soucasnych verzich genomu tohoto druhu.
Vyifezané chromozomy byly navic pouzity i pro studii ptibuznosti druhti X. tropicalis a X.
laevis metodou Zoo-FISH a data ziskana ze sekvenace umoznila studii rozdilti chromozému 7

mezi pohlavimi.

Nové vyvinuty piistup sekvenace mikrodisektovanych oblasti je mozné pouzit i v klinické
medicin€, onkologii, pfipadné pro genetické mapovani druhi s nezndmym genomem a

s morfologicky odliSnymi chromozomy.



Abstract

The diploid amphibian Xenopus tropicalis represents a significant model organism for studies
of early development, genes function and evolution. Such techniques as gynogenesis,
injection of morpholino antisense oligonucleotide into fertilized eggs or transgenesis were
established. In the recent ten years, many efforts have been made to complete the sequence
information. X. tropicalis genome has been sequenced but the completion of its assembly only
on the basis of sequence data has been impossible. Therefore, our first work was focused on
one of approaches for a genome completing- genetic mapping. First of all, the genetic map of
Xenopus tropicalis was established pursuant linkage and physical positions of markers. Since
the map contained gaps, we developed a new method for genetic mapping based on the next
generation sequencing of laser microdissected arm. Using Illumina next generation
sequencing of fifteen copies of a short arm of chromosome 7, we obtained new insights into
its genome by localizing previously unmapped genes and scaffolds as well as recognizing
mislocalized portions of the genome assembly. This was the first time laser microdissection
and sequencing of specific chromosomal regions has been used for the purpose of genome
mapping. These data were also used in the evolution study of the sex determining area placed
on the q arm of chromosome 7, which showed that Xenopus tropicalis sex chromosomes
contain large pseaudoautosomal areas. Moreover, we made Zoo-FISH analysis using X.
tropicalis microdissected chromosomes as probes for labeling Xenopus laevis chromosomes,

which revealed similarity of meiotic quartets even after 65 million years of separate evolution.

Our novel approach for next generation sequencing of microdissected chromosomal area is
also applicable to species without sequenced genomes or for clinical applications in medical
cytogenetics and oncology where tissue availability may be limiting. This method is likely to
be of widespread use in species where individual chromosomes are distinguishable by

cytological methods.
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1. Ceska ¢ast

1.1. Literarni prehled

Xenopus tropicalis ma deset pard chromozomu, které je mozné rozlisit pod
mikroskopem podle jejich délky a poméru ramen. V této praci je pouzita nomenklatura
chromozomi dle (Khokha et al., 2009). Jeho genom je velky 1,7 Gb a byl osekvenovan
(Hellsten et al., 2010). Kompletace genomu nebyla zatim dokoncena. V soucasné dobé
existuji dvé verze (v.4.1 a v.7.1) obsahujici pfiblizné 19.000, respektive 12.000 scaffoldq,
které se doposud nepodatilo propojit a poloha vétSiny z nich je neznama. Kromé toho je az
25% sekvenci samotnych scaffoldii nezndma (pfedstavuje je ,,N). Hlavni pfi¢inou téchto
nedostatki je velké mnozstvi repetic, které znemoziuji bioinformatickym softwarim
scaffoldy propojit. V nové verzi genomu X. tropicalis (v.7.1) se sice podafilo vytvorit 10
superscaffolda predstavujicich 10 chromozomi, ovSem pouze na zaklad¢ syntenii s kuietem.
Vzhledem Kk tomu, Ze jsou tato data neovéfenda, je verze v.7.1 povaZovana za velmi
kontroverzni. Navic je po porovnani fyzické mapy s touto verzi genomu ziejmé, ze nesouhlasi

potadi gentl na n€kterych superscaffoldech a tedy Ze tato assembly obsahuje velké chyby.

Pohlavni chromozoémy jsou u druhu X. tropicalis nerozlisitelné (homomorfni) a nebyly
u n¢j doposud nalezeny zadné znamé geny urcujici pohlavi. Oblast urcujici pohlavi nebyla
nalezena ani po sekvenaci genomu a velmi dlouho nebylo jisté, které z pohlavi je u tohoto
druhu heterogametické. (Hellsten et al., 2010) nalezli 22 markert se silnou vazbou na samici
pohlavi. Tyto markery se podle nasi genetické mapy (Wells et al., 2011) nachazeji na kratkém

raménku chromozomu 7.

Genom druhu X. tropicalis byl osekvenovan tradicnim sekvenaénim ptistupem-
Sanger sekvenovanim. V soucasné dob¢ jsou pro ucely sekvenovani ¢im dal castéji vyuzivany
techniky tzv. sekvenovani nové generace (Next Generation Sequencing, NGS). Oproti Sanger
sekvenovani je mozné ziskat mnohonasobn¢ levnéji a rychleji velmi velké mnozstvi Cteni, ta
jsou ovSem velmi kratka (pfiblizné 30-100 bazi) a néktera rovnéz obsahuji velké mnozstvi
chyb. Pro celogenomové sekvenovani s naslednou kompletaci genomu je sice mozné NGS
pouzit, ale je nutné zhruba tficetindsobné pokryti genomu. Tento problém je mozné
zjednodusit selektivni sekvenaci pouze urcité ¢asti genomu, jako jsou jednotlivé chromozémy

¢i ramena.



Chromozomy je mozné separovat dvéma odliSnymi zplisoby- pritokovou cytometrii
nebo mikrodisekci. Prvni zpiisob ma velké vytézky, ale chromozémy se musi velikostné
velmi liSit. Dodnes existuje pouze nékolik protokolti pro oddéleni chromozémi timto
zpusobem. Druhy pfistup nemé na velikostni rozdily tak vyrazné naroky, ovSem vytézky
z mikrodisekce jsou velmi nizké. Pro naslednou analyzu je proto nutné ziskanou DNA

namnozit.

Celogenomova amplifikace (Whole Genome Amplification- WGA) slouzi
k mnohonasobnému namnozeni DNA. Nevyhodou téchto metod je jejich neschopnost
amplifikovat neselektivné vSechny genové sekvence. Pfic¢inou jsou preferencni amplifikace
nekterych sekvenci a rovnéz nizka kvalita a malé mnozstvi amplifikovaného materialu. Podle
studie (Hockner et al., 2009) ma nejvétsi podil tspésné amplifikovanych markert WGA
pfistup OmniPlex vyuzivajici fragmentaci DNA s naslednym pfipojenim adaptérovych
sekvenci, které slouzi pro nasedani specifickych primerii. Konkrétnim studovanym kitem byl
GenomePlex Single Cell Kit (Sigma-Aldrich, Vienna, Austria). Ostatni ptistupy fungujici na
principu amplifikace z nespecifickych primert (PEP, DOP-PCR, MDA) vykazovaly mnohem
mensi  podil amplifikovanych  markerdt. Rovnéz naslednd NGS  sekvenace
z mikrodisektovanych a nasledné¢ amplifikovanych chromozoémt metodou PEP neni
Vv porovnani s OmniPlex metodou pfili§ Gspésna. (Weise et al., 2010) ziskali po 454-
pyrosekvenovani pouze 1000 sekvenci, z nichz pouze 15-20% mapovalo do referenéniho
genomu, zatimco pii pouziti GenomePlex kitu a sekvenovanim na pfistroji Illumina ziskali
(Ma et al., 2010) z mikrodisektovanych lidskych chromozému vice nez 24.000 haplotypovych

markera.

Ke kompletaci genomu je mozné vyuzit i fyzickou a vazebnou mapu. V dnesni dob¢ je
nejvyuzivanéjsi technikou fyzického mapovani Fluorescen¢ni In Situ Hybridizace (FISH),
kterou je moZné zobrazit skute€nou polohu studovaného markeru pfimo na chromozomu.
Tento pfistup je pomérné komplikovany a proto je mozné zobrazit polohu pouze nékolika
gent najednou. Vazebné mapovani umoziuje vytvoreni mapy celého genomu tvorené velkym
mnozstvim markerii najednou. Zna¢nou nevyhodou tohoto typu mapovani je fakt, ze mapy
vytvorené nezdvisle na sob¢é neni mozné propojit. Poloha markerti je vyjadiena jako relativni
pozice Vv zavislosti na pravdépodobnosti rekombinace, kde 1% pravdépodobnost je vyjadiena
jako 1 centimorgan (cM). Pomér cM/pocet bazi neni linearni a zavisi na poloze markeru-
klesd v okoli centromery ¢i v sex urcujici oblasti. Krom¢ toho nemusi byt nékteré casti

genomu ve vazebné mapé vibec zahrnuty. Z tohoto divodu je velmi vhodné propojovat
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vysledky z obou typii mapovani a rovnéz z vysledkii kompletace sekvenovaného genomu

(assembly).

1.2. Cile prace

Hlavnim cilem této dizertatni prace bylo vyvinout nové pfistupy pro genetické mapovani

pouzitelné u modelového organizmu Xenopus tropicalis.
Konkrétni cile byly nasledujici:
e Sestaveni genetické mapy obojzivelnika rodu Xenopus tropicalis, a to fyzické mapy

genu z vybranych scaffoldi metodou FISH.

e Studie podobnosti chromozému druhtt X. tropicalis a X. laevis pomoci techniky Zoo-
FISH a stim spojend optimalizace technik mikrodisekce chromozomi a

celogenomové amplifikace.
e Prifazeni scaffoldi a gent ke kratkému raménku chromozému 7 druhu X. tropicalis za
pouziti noveé vyvinuté techniky genetického mapovani pomoci sekvenovani nové

generace mikrodisektovanych chromozomalnich oblasti.

e Charakterizace pohlavnich chromozomu a jejich rozdild u druhu X. tropicalis.



1.3. Metody

1.3.1 Priprava bunék
K ptfipravé metafdznich preparati byla pouzita primarni bunééna kultura
z testikularnich bunék druhu X. tropicalis. Bunky byly trypsinovany a hypotonizovany

v 38mM KCI po dobu 5 minut, fixovany a uloZeny pies noc v teploté -20°C.

1.3.2 Laserova mikrodisekce

Fixované buiiky byly nakapany na sklicka potazena polytén- naftalénovou mambranou
(P.A.L.M. Gmbh, Bernried, Némecko) a po 10ti minutach schnuti nabarveny 3% roztokem
Giemsy. Nasledné bylo pristrojem PALM MicroLaser (P.A.L.M. Gmbh, Bernried, Némecko)
spojenym s invertovanym mikrokopem (Olympus) mikrodisektovano ptiblizné 15 kopii kopii
chromozému nebo chromozomalnich ramen. Vyfezané oblasti byly katapultovany laserovym
paprskem do kloboucku zkumavky, ktery obsahoval 4ml PCR oleje. Jednotlivé chromozomy
byly rozpoznany podle velikosti a poméru ramen dle (Tymowska, 1973), nomenklatura je
pouzita dle (Khokha et al., 2009). Aby byla zajisténa mikrodisekce celého kratkého raménka

chromozému 7, byl tento fez veden mezi centromerou a sekundarni konstrikci.

Veskeré mikromanipulaéni pokusy byly délany ve spolupraci s Ustavem veterinarniho

lékarstvi v Brné.

1.3.3 Celogenomova amplifikace

Chromozomy/chromozomalni ramena byly amplifikovany dvoustupiiovou amplifikaci
komercné dostupnymi kity WGA4 GenomePlex Single Cell Kit a WGA3 GenomePlex WGA
Reamplification Kit (oboji Sigma-Aldrich). V prvni fazi byla DNA amplifikovina WGA4
kitem dle instrukci vyrobce a produkt byl piecistén pies kolonku Quiquick Gel Extraction
Kitu (Quiagen). 20ng ziskaného produktu bylo nasledné reamplifikovano dle instrukci
vyrobce kitem WGA4, produkt z tohoto kroku byl precistén srdzenim v etanolu. Celkovy
vytézek z celogenomové amplifikace a reampifikace bylo pfiblizn¢ 20pug DNA fragmentd o
délce 500-600 bp.



1.3.4 Tvorba knihovny a sekvenovani nové generace
DNA byla sekvenovana metodou Illumina v MRC National Insitute for Medical

Research, Londyn, Velka Britanie.

Po dvoustupiiové amplifikaci obsahovaly fragmenty DNA na svych koncich
adaptorové sekvence. Pro eliminaci jejich sekvenovani byl pouzit Nextera DNA sample kit
(Mlumina) dle instrukci vyrobce. Pifi pouziti tohoto kitu primery nenasedaji na
fragmentovanou DNA do koncovych oblasti, a tudiz nedochazi k nasledné sekvenaci
adaptori. 50ng produktu bylo smichano s Nextera Illumina- Compatible Enzym-Mix a
nizkomolekuldrnim pufrem. Vytvofena knihovna obsahovala fragmenty DNA o délce
priblizné 200-400 bazi, z ¢ehoz 135 bazi byla adaptorova sekvence pro nasedani NGS
primerd. Kvalita DNA knihovny byla ur¢ena kity KAPA library qualification kit a QuBit na
pristroji Agient Bioanalyser. DNA byla osekvenovana na piistroji Illumina, délka

jednotlivych ¢teni byla 80 bazi.

1.3.5 Analyza dat ziskanych ze sekvenace

Z Illumina Sekvenace jsme ziskali celkem 35 miliénd ¢teni o délce 80 bazi. Tato ¢teni

byla bioinformatickym softwarem Bowtie (http://bowtie-bio.sourceforge.net) namapovana do

dvou verzi genomu X. tropicalis (v.4.1 a v.7.1). Do nasledné analyzy byla zahrnuta jen ¢teni
s maximaln¢ dvéma odliSnymi badzemi oproti genové sekvenci (sekvence s 97,5% a vétsi
shodou), k ¢emuz byly pouzity Bowtie indexy m=1 a v=2. Pro shrnuti vysledki byly pouzity
PERL skripty, Microsoft Excel a vizualizace zasahti do jednotlivych scaffoldii pomoci

programu GBrowse (http://gbrowse.org).

1.3.6 FISH-TSA

Fyzické mapovani genti z vybranych scaffoldt bylo provedeno metodou Fluorescencni
In Situ Hybridizace spojené s tyramidovou amplifikaci dle (Krylov et al., 2007).
Chromozomy pro mapovani pochdzely z vySe uvedené primarni testikularni kultury. Geny
mapované pi1 analyze kratkého raménka chromozomu 7 pochazely ze scaffoldl

nerovnomérné pokrytych zasahy.
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1.3.7 Priprava malovacich sond

Pro ptipravu malovacich sond byly pouzity dva pfistupy- dvoustupniovd DOP-PCR
s Dig-11-dUTP dle (Kubickova et al., 2002) a vySe uvedena metoda vyuzivajici WGA4 a
WGAB3 kity (Sigma-Aldrich). Pti pouziti WGA 3 kitu byl oproti instrukcim vyrobce nahrazen
zasobni roztok 1,5ul 10mM dATP,dCTP,DTP a 6,5 mMd dTTP s 2 pul 1uM Dig-11-UTP.

1.3.8 Zoo-FISH

Sondy z mikrodisektovanych chromozomu X. tropicalis byly hybridizovany nejprve s
chromozomy téhoZz druhu pro potvrzeni jejich kvality a nasledné na chromozémy ptibuzného
druhu X. laevis. Hybridiza¢ni roztok obsahoval 50% formamid, 2xSSC, 10% dextran sulfat,
5ug kompetitorové DNA X. tropicalis (Applied Genetics Laboratories, Melbourne, USA) a
2ml sondy. Tento roztok byl denaturovan pii 72°C po dobu 5 minut a renaturovan 80 minut
pii 37°C. Sklicka s chromozomy byla 2 minuty denaturovana v 70% formamidu s 2xSSC,
dehydrovana v rostouci fadé¢ metanolu a nechdna oschnout. K takto oSetfenym skli¢kim byl
pridan hybridizacni roztok, preparaty byly piikryty krycim sklickem a hybridizace probihala
ptes noc ve vlhké komirce pii 37°C. Poté byla sklicka dvakrat omyta 50% formamidem, 2x
v SSC a 1x v TNT, vzdy 5 minut, blokovana 30 minut TNB pufrem a sonda byla detekovana
systémem antidigoxigenin-tretrametylrhodamin (Roche diagnostics, GmbH, Némecko).
Nakonec byla sklicka omyta TNT pufrem a zamontovana v montovacim médiu s DAPI
(Intimex, Ceska republika). Sondy byly zobrazeny pod mikroskopem (Olympus BX40),
obrazky foceny kamerou SONY a upraveny programem ACC (SOFO, Ceska republika).

Vyse uvedeny postup byl pouzit pro hybridazi sond s chromozémy obou druhti (X.
tropicalis 1 X. laevis), hybridiza¢ni krok byl u preparatii z bunék druhu X. laevis prodlouzen
na 72 hodin.
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1.4. VysledKky a diskuze

1.4.1. Geneticka mapa druhu Xenopus tropicalis

Prvnim projektem této dizertacni prace bylo sestaveni vazebné a fyzické mapy druhu
Xenopus tropicalis. Vazebné mapovani bylo provedeno ve spolupracujicich laboratotich
Laboratory of Biology and Biochemistry, Houston, USA a v Human Genome Sequencing
center, Houston, USA. Na zdklad¢ vysledka vyplyvajicich z vazebné mapy byly vybrany geny

pro fyzické mapovani, které prob¢hlo v nasi laboratofi.

Za ucelem vazebného mapovani byli kifiZzeni jedinci inbrednich kmenli Nigerian a
Ivory coast. Mezi 190 jedinci F2 generace bylo nalezeno celkem 2886 SSLP markert (Simple
Sequence Length Polymorphism), které byly programem JoinMap3.0 sestaveny do vazebné
mapy. Ta meéla celkem deset velkych vazebnych skupin o délce 77-138 cM a 103-506
markert. Zbylé 4 malé¢ vazebné skupiny obsahovaly dohromady 54 markera a byly 6-40 cM
dlouhé. Vznikla mapa obsahovala 758 z celkovych 1300 scaffoldi delSich nez 100kbp a

zahrnovala ptiblizné 62% z genomu X. tropicalis v.4.1.

Poloha malych vazebnych skupin a rovnéz ptifazeni jednotlivych vazebnych skupin
k chromozémim bylo zjistovano pomoci Fluorescenéni In Situ Hybridizace spojené
s pyramidovou amplifikaci (FISH-TSA) (Krylov et al., 2007). Celkem bylo lokalizovano 69
gentl. Malé vazebné skupiny byly lokalizovany na chromozomech 3, 5 a dvé na chromozému
8. Velké vazebné skupiny byly pfifazeny k ptislusnym chromozémim a rovnéz byla urcena
jejich orientace (p-q, g-p). Markery z jedné vazebné skupiny vzdy mapovaly na stejny
chromozoém, ¢imz byla potvrzena spravnost vazebného mapovani i assembly v.4.1. Na druhou
stranu nebyla shodné poloha n¢kterych markert v assembly v.4.1 a ve vazebné mapé¢. Celkem
45 scaffoldl obsahovalo markery s pozici ve dvou a vice vazebnych skupinach. Chimerismus

téchto scaffoldi nicméné nebyl potvrzen jinymi metodami.

Fyzicka mapa rovnéz poukézala na nedostatek vazebné mapy u chromozoému 2, ktery
nem¢él vazebné zmapovano celé kratké raménko. Diivodem mohla byt nepfitomnost zvolenych
markerti ¢i zménénd rekombinace V této oblasti. q rameno chromozému 2 vykazuje velkou
syntenii s lidskym chromozémem 2 a dlouhou dobu existovalo podezieni, ze se zde nachazi
gen urcCujici pohlavi (Mécha et al., 2012). Ten je ovSem pravdépodobné umistén na druhé

oblasti nezahrnuté ve vazebné mapé- na distalnich 15 cM kratkého raménka chromozému 7.
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Zde bylo nalezeno 22 markeru se silnou vazbou na samici pohlavi (Olmstead et al., 2010), coz
mohlo vést ke sniZzené rekombinaci této oblasti spojené se snizenym mnozZstvim polymorfnich

markerd.

Na zaklad¢ této genetické mapy byla sestavena nova verze genomu druhu Xenopus

tropicalis v.7.1. a stala se dulezitym zdrojem informaci pro genetické studie.

1.4.2 Priprava malovacich  sond druhu X tropicalis
z mikrodisektovanych chromozémii a rekonstrukce tetraploidniho
Karyotypu X. laevis metodou Zoo-FISH

K oddéleni druhd Xenopus tropicalis a Xenopus laevis doslo piiblizné pied 50-65
miliony let (Evans et al., 2004). X. laevis je alotetraploidni druh, ktery vznikl spojenim dvou
ptibuznych diploidnich druht a v dne$ni dobé¢ je jiz funkéné diploidizovan. I pres velmi
dlouhou evoluci existuje u druhti X. laevis a X. tropicalis zna¢na podobnost chromozomalnich

kvartetd, kterou jsme potvrdili technikou Zoo-FISH.

Z bungk primarni testikularni kultury druhu X. tropicalis bylo vyfezano piiblizné 15
kopii kazdého chromozému. Kontrolni sonda byla vyrobena zchromozému 9 technikou
DOP-PCR sDig-11-UTP dle (Kubickova et al., 2002). Tento pfistup se ukazal jako
neuspésny, protoze sonda znacila na preparatu pouze sekundarni konstrikei nachazejici se na
prislusném chromozému. Pro vyrobu dalsi sondy byla pouzita celogenomova amplifikace
kitem GenomePlex Single Cell WGA kit (WGA4). 20 ng produktu bylo oznaéeno Dig-11-
dUTP kitem GenomePlex DNA reamplification kit (WGA3). Takto vyrobené sondy byly ve
Pricinou byl pravdépodobné fakt, Ze se v oblasti sekundarni konsrikce nachazi velké mnozstvi

repetic a chromozom 9 nebyl proto pro vyrobu kontrolni sondy pfili§ vhodny.

Ostatni sody vyrobené pomoci WGA4 a WGA3 kit barvily vzdy pouze piislusné
chromozémy. Vyjimkou byly sondy z chromozémi 2 a 4, které znacily nespecificky i jiné
chromozomalni oblasti. S nejvétsi pravdépodobnosti doslo k chybé pii mikrodisekci, protoze
tyto dva chromozémy jsou pod mikroskopem obtizné rozlisitelné. Z tohoto diivody nebyly

tyto sondy pro naslednou Zoo-FISH studii pouZity.

Sondy z chromozémii druhu Xenopus tropicalis byly hybridizovany s chromozomy

druhu Xenopus laevis. Vysledky jsou shrnuty v Tabulce 1.
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Xenopus |1 3 5 6 7 8 9 10
tropicalis
Xenopus | chrl+ | qchr chr 13+ |chr 6+ |chr 7+ | chr 1/2q Pericentric
laevis chr2 | 12+ chr | chr17 chr9 chr 10+ | 11+ chr 15+ | k&  oblast
16 satelit | chr14 | 1/2q chr.14+chr
chr 12+ chr18 |18
pl3

Tabulka 1: Zoo-FISH analyza druhu X. laevis pouzitim sond pochazejicich z druhu X.

tropicalis

Sonda z chromozému 9 druhu X. tropicalis (Xt) znacila na chromozémech X. laevis
(XI) pouze malou oblast. Pravdépodobné se opét jednalo o nasledek velkého mnozstvi repetic
na chromozomu Xt9, nebo toho, ze X. laevis nema na svych chromozémech Zadnou

sekundarni konstrikci.

Z00-FISH studie potvrdila vyzkum rekonstrukce tetraploidniho genomu druhu X.
laevis (Schmid and Steinlein, 1991) a zaroven podpofila teorii o vzniku tohoto druhu ze dvou
jinych diploidnich druhti (2n=20), u kterych nejprve doslo k translokaci jednoho chromozému
jiny chromozom. Nasledné se tyto druhy zkiizily, po oplozeni ovSem nedoslo k mitéze a
vznikly druh byl tetraploidni (2n=18, 4n=36). Pravdépodobné se jednalo o chromozém
odpovidajici chromozomu Xt10, protoze zadny jiny druh z rodu Xenopus tento chromozém
nema. Protoze sonda z chromozéomu Xt10 znacila chromozéomy X114 a X118, které byly

zaroven znaceny sondami z chr. Xt8 a Xt9, predpokladame, ze chromozém Xt10 translokoval

na tyto dva chromozomy.

1.4.3 Efektivni vysokorychlostni sekvenace laserové

mikrodisektovaného chromozomalniho ramene

Jak jiz bylo né¢kolikrat feCeno, doposud se zadnymi metodami nepodafilo vytvorit
kompletni mapu genomu druhu X. tropicalis. Ve vazebné mapé se stale nachazi velké
nemapované oblasti (pfedevsim celé kratké rameno chromozému 2 a 0-15 ¢cM na kratkém
raménku chromozomu 7), a obé soucasné verze genomu obsahuji vice nez 10 tisic scaffoldi
s neznamou polohou. Protoze neni mozné vSechny geny mapovat fyzicky, byla vynalezena
nova metoda pro genetické mapovani. Jejim zdkladnim principem je mikrodisekce
chromozomalni oblasti a jeji ndslednd sekvenace ptistupem vysokorychlostni sekvenace nové

generace. Timto zplisobem je mozné k vyfezané oblasti pfifadit velké mnoZstvi genli a
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scaffoldi a rovnéz poukazat na Spatné sestavené (chimérické) scaffoldy, které se v prislusné

oblasti nachazi.

V této studii jsme se zamctili na kratké raménko chromozomu 7, které je diky
sekundarni konstrikci snadno rozlisitelné pod mikroskopem, obsahuje vazebné¢ nemapovanou
oblast a pravdépodobné i gen urcujici pohlavi (Olmstead et al., 2010). Nejprve bylo vyfezano
15 kopii p ramen chromozému 7, DNA byla amplifikovana kity WGA4 a WGA 3 a takto
ziskany material byl sekvenovan metodou Illumina. Celkové jsme ziskali vice nez 35 milioni
¢teni o délce 80 bazi. Bioinformatickym softwarem Bowtie (Langmead et al., 2009) byla tato
¢teni namapovana do obou soucasnych verzi genomu a pozice jednotlivych zdsahli ve

scaffoldech byla zobrazena programem GBrowse.

Do starsi verze assembly v.4.1 mapovalo s minimalné€ 97,5 % shodou 3.900.340 cteni.
Vsechny scaffoldy byly sefazeny podle poCtu zasahti na 1 kb jejich délky. Scaffoldy
mapované fyzicky na p rameno chromozomu 7 a i vétSina scaffoldd mapovanych vazebné
m¢éla koeficient po¢tu zasahi/kilobazi vyssi nez 29. V oblasti vazebné mapy odpovidajici
centromefe tento pomér rapidné klesl. Scaffold 297, fyzicky namapovany tésné¢ pod
centromerou byl s 17 zasahy na kb uréen jako ,,hrani¢ni scaffold”, tedy scaffold s nejmensim
poctem zasahti na kb. Tento scaffold se pravdépodobné nachdzel na hranici fezu a nemusel
byt pfitomen ve vSech vyfezanych raménkach. VSechny zdsahy do scaffoldii s niz§im

pomérem zasah/kb byly vzaty jako faleSné pozitivni. Celkem Slo o 7% zasahti.

Analyza zasaht do scaffoldi ukazala, Ze jich velké mnozstvi (67%) mapovalo do
scaffoldll jiz dfive namapovanych do p raménka chromozomu 7. 22,5% pak mapovalo do
scaffoldli bez zndmé polohy a 3,5% do scaffoldii nachazejicich se v jinych oblastech. Protoze
vSechny tyto scaffoldy mély vysoky pomér zasahi na kilobazi, predpokladame, Ze se nachazi

ve studované oblasti.

Nejzajimavéjsi vysledky pfineslo zobrazeni zasahli do scaffold. Ukézalo se, ze se
ptiblizné u 15% scaffoldu s velikosti ptes 100kb vyskytuji velké oblasti bez jediného zésahu.
Tyto oblasti obsahovaly v porovnani s husté pokrytymi oblastmi pfiblizné stejné mnozstvi
gent. FISH analyzou fyzické polohy nékolika vybranych genl ze scaffoldd 75, 266 a 270
jsme zjistili, Ze se geny z nepokryté oblasti nenachazeji na chromozomu 7, zatimco geny
Z oblasti s velkym a mnozstvim zdsaht byly vzdy lokalizovany do mikrodisektované oblasti.

Tyto vysledky nasvédcuji, ze je az 15% scaffoldi z assembly 4.1 sestaveno chybné.
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Analyza nové verze assembly (v.7.1) rovnéz poukazala na nékteré jeji nedostatky.
Vétsina zasahit (80%) mapovala do superscaffoldu 7 (odpovidajicimu chromozomu 7), ale
bylo nalezeno i nékolik oblasti s velkym mnoZstvim zdsahli na jeho dlouhém raménku a
rovnéz v jinych supercaffoldech. V assembly 7.1 se ndm podatilo do vyiezané oblasti pfifadit

14 scaffolda.

PiestoZze se nejedna o prvni pokus sekvenace mikrodisektovanych chromozomalnich
ramen, je nasSe studie prvni, ktera tuto techniku pouzila pro ucely genetického mapovani.
studii (Weise et al., 2010), ve které byla pro celogenomovou amplifikaci pouzita DOP-PCR a
pro sekvenaci 454 pyrosekvenovani, jsme obrzeli vice nez 30.000x vic ¢teni a 10.000x vic

zasahl do genomu.

1.4.4 Velké pseudoautosomalni oblasti na pohlavnich chromozémech
zaby Silurana (Xenopus) tropicalis

Pohlavni chromozoémy jsou u druhu Xenopus tropicalis morfologicky nerozlisitelné a
nepodafilo se je urcit ani po sekvenaci sami¢iho genomu (Hellsten et al., 2010). Oblast
urcujici pohlavi se dle studie nachazi na kratkém raménku chromozému 7 (Olmstead et al.,
2010). To, ze se dlouhou dobu nedafilo ur¢it oblast urCujici pohlavi, je pravdépodobné
mnohonasobnou (az 32x) zménou pohlavnich chromozému v pribéhu evoluce (Schmid et al.,
2012; Evans and Charlesworth, 2013). Dalsi pfi¢inou mize byt nezménéna rekombinace na

pohlavnich chromozémech.

Cilem této studie bylo nalézt rozdily mezi sam¢im a sami¢im chromozémem 7.
Metodou ,,RAD tags™ byl sekvenovan genom Ctyf samcii a Ctyf samic a ziskana Cteni byla
mapovana do genomu X. tropicalis. Predpokladali jsme, ze do genomu bude mapovat vice
sekvenci ziskanych z heterogametického samic¢iho pohlavi, protoze samci by méli nékteré
¢asti genomu postradat. To se ovSem nepotvrdilo. Absolutni pocet mapovanych ¢teni byl sice
u samic vyssi, ovsem do chromozému 7 jich mapovalo v porovnani s ostatnimi chromozomy

zhruba stejné mnoZstvi.

Presvéd¢ivé vysledky nepfinesla ani analyza sekvenace kratkého raménka

chromozému 7. Chromozémy pochazejici ze samci postradaly pouze 2 z 22 scaffolda s velmi
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silnou vazbou na pohlavi ze studie (Olmstead et al., 2010), zatimco podle nasich ptedpoklada
by se na sam¢ich chromozémech neméla nachézet vétsina ¢i Zadny z nich. Kromé toho nebyly
nalezeny pohlavni rozdily u markert pouzité ve vySe uvedené studii. Je ovS§em mozné, ze neni
mozné pii pouziti soucasnych verzi genomu druhu Xenopus tropicalis takové rozdily nalézt,

protoze se v nich prislusné oblasti viibec nenachazi.

Nasi studii jsme nenalezli Zddné rozdily mezi pohlavnimi chromozémy samic a samcil,
a proto predpokladame, ze je oblast urcujici pohlavi velmi malé. Tento zavér odpovida i starsi
studii, kdy nebyly nalezeny rozdily mezi bandovanymi sam¢imi a sami¢imi chromozémy
(Uno et al., 2008a). Kromé¢ toho existuje moznost, ze je pohlavi u druhu X. tropicalis uréeno

vvvvvv

pohlavi uréeno né€kolika geny nachazejicich se na riznych chromozémech (Anderson et al.,

2012).

1.5 Zaveér

V minulém desetileti byly nase poznatky o genetice druhu Xenopus tropicalis
mnohondsobné prohloubeny. Ptispély k tomu i publikace presentované v této praci. V ramci
prvniho projektu byla sestavena prvni genetickd mapa obsahujici deset vazebnych skupin,
které odpovidaji deseti chromozomim druhu X. tropicalis. Fyzickym namapovanim celkem
69 genli se podafilo pfifadit sestavené vazebné skupiny k pfisluSnym chromozémim.
Genetickd mapa zahrnujici minimalné 62% genomu tohoto druhu (1.055Gb) slouzila jako
dilezity zdroj dat pro sestaveni nové verze genomu (v.7.1). Hlavnim nedostatkem mapy jsou
nezahrnuté kratké rameno chromozomu 2 a distalni konec p ramene chromozému 7. I pies
tuto nedokonalost se jedna o velmi dulezity nastroj pro genetiku, genomiku, cytogenetiku i

evoluéni studie.

Ve druhé studii se ndm podafilo vyvinout techniku pro vyrobu sond
z mikrodisektovanych chromozémt druhu X. tropicalis. Malovaci sondy pouzité pro Zoo-
FISH studii pfibuznosti s druhem Xenopus laevis poukazaly na velkou podobnost
chromozému téchto druhii 1 po 50-65 milidénech let samostatného vyvoje. Dale jsme zjistili, ze
v evoluci vznikly minimalné dva druhy k nerecipro¢ni translokaci chromozému 10 druhu X.
tropicalis na chromozémy 8 a 9. Poté doslo k jejich kfizeni, coz vedlo ke vzniku novych

druhd, mimo jiné i Xenopus laevis.
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V dalsim ¢lanku jsme vyvinuli novou techniku pro genetické mapovani. Mikrodisekci
kratkého raménka chromozému 7 s néaslednou celogenomovou amplifikaci a sekvenaci
vysocerychlostni metodou Illumina jsme ziskali dostatecné mnozstvi ¢teni pro piifazeni vice
nez 5 Mb novych sekvenci ke kratkému raménku chromozomu 7. Navic se ndm podaftilo
poukazat na velké nedostatky obou dostupnych verzi genomu, vetné Spatné sestavenych
oblasti. Tuto techniku je mozné pouzit pro genetické mapovani i u zivociSnych druhi
s neznamou sekvenci a rovnéz v klinickém vyzkumu ¢i biomediciné pro zjisténi translokaci

genomu.

Posledni studie se zabyvala pohlavnimi chromozémy u druhu Xenopus tropicalis.
Protoze se nam Zzadnou z pouzitych technik nepodaiilo nalézt sekvencni rozdily mezi
pohlavimi, pfedpokladame, Ze u tohoto druhu je oblast urcujici pohlavi velmi mala a
k rekombinaci muze dochazet t¢éméf v ramci celého pohlavniho chromozému. Hlavni pti¢inou
této skutecnosti je pravdépodobné opakovana zména pohlavnich chromozémi a casta

polyploidizace, ke kterym u obojzivelnikti dochazi.

Hlavnim cilem této prace bylo vyvinuti novych pfistupi a metod pro genetické
mapovani aplikovatelnych i u jinych zivocisnych druhti. Pouzity piistup vyuzivajici laseroveé
mikrodisektované chromozomalni rameno a jeho NGS sekvenaci nebyl za podobnym ucelem
nikdy pouzit. Oproti podobnym studiim byla nase metodika Gspesnéjsi jak v poctu ziskanych
sekvenci, tak v poctu sekvenci mapovanych do genomu. Tato technika ma navic velmi malé
naroky na mnozstvi vstupniho materialu, coz zcela jisté umoziuje jeji vyuziti 1 v dalSich

oblastech vyzkumu ¢i klinické mediciny.
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2. English part

2.1. Introduction

Genome of Xenopus tropicalis is 1,7Gb large and is divided into 10 chromosomes
(1n). In this work, the classification in which chromosomes are numbered according to their
decreasing size (Khokha et al., 2009) is used. Genome of X. tropicalis has been sequenced
(Hellsten et al., 2010), there are currently two versions of its assembly. The older version
(v.4.1) contains approximately 19,000 scaffolds and is 1.51 Gbp large. Although the assembly
v.4.1 was published in 2005, it is still updated and used because of the controversies in the
newer version (v.7.1). On the other hand, both versions of Xenopus tropicalis genome are
extremely uncompleted and up to 25% of bases in scaffolds sequence are unknown
(represented by “N”). The difficulties in assembly probably originate in large amount of
repetition of X. tropicalis genome, resulting in incapability of bioinformatics software
link/connect contigs to larger complexes. The newer assembly version (v.7.1), released in
2011, was based on the data from arising genetic map and synteny with other species.
Approximately 70% of the genome is incorporated to 10 superscaffolds representing 10
chromosomes. Differences between these two versions of assemblies are huge- the same gene
can even be placed in two different chromosomes. Moreover, the v.7.1 is considered very

controversial due to the use of unverified synteny data.

For X. tropicalis genome sequencing the “traditional” Sanger sequencing method was
used. However, there are also new techniques of Next Generation Sequencing (NGS), such as
Illumina, 454-pyrosequencing, Solid etc. These approaches are also called “high- throughput”
and produce millions of reads (approximately 30-100bp long) in a short time. This type of
sequencing can be applied for genome assembly, but the shortness of reads requires at least
30x coverage. In clinical medicine, the NGS approaches are used in many contexts, including
reproductive medicine, oncology and infectious disease. The mostly used source of DNA is
whole-nuclear, but also individual chromosomes can serve for the purposes of NGS

sequencing.

Chromosomes can be separated with two techniques: flow sorting or microdissection.
Flow sorting produces high numbers of chromosomes, but until now only few protocols for

sorting exist, and these are mostly focused on human chromosomes. However, any
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distinguishable chromosome or even chromosomal part can be separated with laser
microdissection. On the other hand, this approach yields only few chromosomes and for
following research methods is usually required some type of whole- genome DNA
amplification (WGA).

There are four different types for whole genome DNA amplification- PEP, DOP-PCR,
MDA and OmniPlex. The basic principle of these methods is annealing of non-specific
primers (PEP, DOP-PCR, MDA), or ligation of adapter sequences to fragmented DNA, which
serve for annealing of specific primers (OmniPlex). The disadvantage of all the approaches is
disability to amplify an entire genome. The reason is obvious- the amount of template DNA is
usually small and it can also be damaged after some types of isolation. Although the primers
are short, some fragments are replicated more frequently. According to (Hockner et al., 2009),
the highest rate of successfully amplified markers was achieved with GenomePlex Single Cell
Kit linker adapter PCR approach (Sigma-Aldrich, Vienna, Austria), which uses the OmniPlex
WGA method. In this study, chromosomes were obtained by needle microdissection. So far,
the following NGS sequencing of microdissected chromosomes was successful only while
using GenomePlex kit for the whole genome amplification. (Weise et al., 2010),
microdissected 10 arms of human chromosome 12, amplified DNA with DOP-PCR and
sequenced with 454-pyrosequencing leading to only app. 1000 obtained reads from which 154
were mapped to the target. On the other hand, (Ma et al., 2010) determined more than 24,000
human haplotypes from microdissected chromosomes while using GenomePlex kit and

Illumina sequencing.

The genome of a model organism can also be completed on the basis of a genetic map.
The linkage map shows relative position of markers with the respect to recombination
frequency (1% of recombination= 1centimorgan, cM). Many markers can be placed in one
run, but the relationship between the distance in bp and cM is nonlinear. The recombination
frequency depends on the position of markers - is decreased around a centromere, in the sex
determining area and contrary decreased in hot spots. Moreover, even genes on different
chromosomes can be in genetic linkage. The last disadvantage of linkage mapping arises from
the type of chosen markers- some chromosomal parts can lack them and thus these are not
included in the map. Physical mapping using FISH (Fluorescent In Situ Hybridization)
technique lacks these disadvantages because of a direct visualization of markers to a

chromosome. However, this approach is more complicated and enables placing only few
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markers simultaneously. In Xenopus tropicalis, the protocol for physical mapping with FISH

technique is available (Krylov et al., 2007).

Because this amphibian has homomorphic (undistinguishable) sex chromosomes and
lacks all known sex genes, the sex chromosomes and even the type of sex determination were
unknown until 2010. Even after the genome was sequenced, the sex determining area
remained undiscovered. (Olmstead et al., 2010) found 22 AFLP markers with linkage to
female sex. According to our linkage map (Wells et al., 2011) the position of these markers is

on the distal part of the short arm of the chromosome 7.

2.2. Aims of the study

The main goal of this study was to find new approaches for genetic mapping applicable in
model organism Xenopus tropicalis.

The specific aims were:

e Compilation of a genetic map of Xenopus tropicalis. Because this project was very
complex, our laboratory focused on the physical mapping of genes from chosen

scaffolds.

e Optimization of laser microdissection of X. tropicalis chromosomes, whole genome
amplification and using labeled DNA as probes for Zoo-FISH study for painting
Xenopus laevis chromosomes.

e Identification of scaffolds and genes on the short arm of X. tropicalis chromosome 7
with newly developer approach using next-generation sequencing of microdissected

chromosomes

e Characterization of the sex chromosomes of X. tropicalis
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2.3. Methods

2.3.1 Preparation of cells
Metaphase spreads were prepared from X. tropicalis euploid primary cell culture of

dissected testes. Cells were trypsinized and hypotonized for 5 minutes in 38 mM KCl, fixated

and stored overnight at -20°C.

2.3.2 Laser microdissection
Cells were dropped on a thin glass slide with a polythene naphthalene membrane

(P.A.L.M Gmbh, Bernried, Germany), allowed to dry and stained for 10 minutes with 3%
Giemsa in H,O. Approximately 15 copies of chromosomes or chromosomal arms were
harvested using PALM MicroLaser system (P.A.L.M Gmbh, Bernried, Germany), coupled
with an inverted microscope (Olympus) with 100x magnification under an oil immersion
objective. With a single laser pulse, chromosomes/chromosomal arms were catapulted into the
cap of PCR tube with 4uL PCR oil. Chromosomes were distinguished according to their size
and the presence p/q arm ratio according to (Tymowska, 1973), nomenclature follows
(Khokha et al., 2009).

The laser cut on the short arm of the chr.7 was led under the centromere for ensuring
dissection of a whole arm. Chromosomes were microdissected in the cooperation with

Veterinary Research Institute, Brno.

2.3.3 Whole genome amplification
WGA was performed in two steps. In the first step, WGA4 GenomePlex Single Cell

Kit (Sigma-Aldrich) was used according to manufacturer’'s manual. PCR product from
primary amplification was purified with Quiquick Gel Extraction Kit (Quiagen) and 20 ng
was reamplified with GenomePlex WGA Reamplification Kit (Sigma-Aldrich). The product
of reamplification was cleaned up by ethanol precipitation. The total yield from starting 15
chromosomes was approximately 20 ug of DNA with the length of fragments approximately
500-600 bp.
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2.3.4 High throughput sequencing and library construction for next
generation sequencing
The high throughput sequencing was performed in MRC National Institute for

Medical Research, London, United Kingdom.

Due to two runs of WGA amplification, the fragments of DNA contained WGA
adaptors at both ends. To reduce their sequencing, the fragmenting/adaptor ligation method
was used. DNA was fragmented and simultaneously primers for sequencing were aligned,
using Nextera DNA sample prep kit (Illumina, Inc.) according to manufacturer’s instructions.
With this approach, primers were inserted away from DNA ends. 50 ng of product was mixed
with Nextera Illumina-Compatible Enzym Mix and low molecular buffer, yielding libraries
with the fragments size 200-400 bp. The length of fragment included 135 bp of adapter
sequence. The quality of libraries was established with Agilent Bioanalyser, OT-PCR using
KAPA library quantification kit and QuBit. 6.5 pM of DNA was loaded on a lane and

sequenced on Illumina NGS sequenator. The lengths of reads were 80bp.

2.3.5 Data analysis
35 million of 80 bases long reads were obtained from Illumina sequencing. The reads

were mapped to both versions of X. tropicalis assemblies (v.4.1 and v.7.1) using
bioinformatics software Bowtie (http://bowtie-bio.sourceforge.net). As high number of
repetitions and WGA-primers were expected, only unique hits with 97, 5% and higher identity
(less than 2 mismatches per 80 bases) were selected (Bowtie indexes m=1 and v=2). The
selected sequences were counted and analyzed with PERL scripts and Microsoft Excel. For

the visualization of hits to scaffolds, we used G-Browse (GBrowse)(http://gbrowse.org).

2.3.6 FISH-TSA
Metaphase spreads for FISH-TSA were prepared from the same culture as chromosomes for

laser microdissection. Genes for visualization were chosen from selected scaffolds and also
from “hit rich” and “hit poor” regions from above G-Browse hit analysis. The protocol for
FISH-TSA followed (Krylov et al., 2007) without changes.

2.3.7 Preparation of chromosome painting probes
Two techniques were used for a preparation of a whole chromosome painting probes:

two rounds of DOP-PCR with Dig-11-dUTP according to (Kubickova et al., 2002) and
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Genome Plex Single cell WGA4 followed with WGA3 reamplification kit (Sigma Aldrich).
WGA4 kit was used according to manufacturer’s instructions. 20ng of amplification product
was labeled with WGA3 Reamplification kit (Sigma Aldrich), with minor changes- the stock
solution was replaced with 1,5ul of 10mM dATP, dCTP,dGTP and 6,5mM dTTP and 2 ul of
1uM Dig-11-UTP.

2.3.8 ZOO-FISH
The protocols for the chromosomes painting were very similar in both species (X.

tropicalis and X. laevis), only in the case of X. laevis chromosomes, the hybridization step

was prolonged up to 72 hours and the volume of the probe was 1,5x increased.

The hybridization mixture for painting X. tropicalis chromosomes contained 50%
formamide, 2x SSC, 10% dextran sulphate, 5ug of X. tropicalis competitor DNA (Applied
Genetics Laboratories, Melbourne, USA) and 2ml of probe. This mixture was denaturized for
10min in 72°C and reannealed for 80 min at 37°C. Slides with chromosomal spreads were
denatured in 70% formamid, 2 x SSC for 2 min, dehydrated in 70%, 90% and 100% methanol
(3 min for each step) and let dry out. The hybridization mixture was added to chromosomes
and hybridized overnight under 22x22 mm coverslip in a wet chamber at 37°C. After that, the
slides were washed twice in 50% formamide, than in 2x SSC at 42°C, 3x in 2xSSC and
IXTNT at RT, each for 5 min. Slides were blocked with TNB buffer for 30 min, the probe was
detected with antidigoxigenin- tetramethylrhodamin (Roche diagnostics, GmbH, Germany).
Finally, the slides were washed with TNT buffer and mounted in medium containing DAPI
(Intimex, Czech Republic). The probes were visualized with Olympus BX40 microscope,
pictures taken with SONY camera and images processed with ACC program (SOFO, Czech
Republic).
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2.4. Results and discussion

2.4.1 A genetic map of Xenopus tropicalis

In the first study, the genetic map of Xenopus tropicalis was compiled. This project
was very complex and consisted of two separate parts- firstly; the linkage map was generated

and on its basis a physical map was created.

The linkage map was assembled in the Laboratory of Biology and Biochemistry,
Houston, USA and in Human Genome Sequencing center, Houston, USA. It included 2886
SSLP markers (Simple Sequence Length Polymorphism). Polymorphic markers were
searched between inbreed Nigerian and Ivory Coast Strains individuals. The linkage analysis
of markers in 190 siblings in F2 cross panel was performed with JoinMap 3.0. The map
consisted of 10 major and 4 minor linkage groups (LG). Each major LG included 103-506
markers with length 77-138 centimorgans. The rest 54 markers yielded 4 minor LGs, which
length was 6-40cM. The total length of the linkage map covered 1345, 9 cM. A comparison
of the map and v.4.1 assembly revealed, that it included 758 from 1300 scaffolds larger than
100kbp and incorporated at least 62% of Xenopus tropicalis genome (1,055 Gbp).

The places of some markers were not in correspondence with v.4.1 assembly. Markers
from 45 scaffolds revealed position in two and more different linkage groups, indicating
possible mistakes and occurrence of chimeric scaffolds in assembly v.4.1, which, however,

was not confirmed by other methods.

The assigning of LG to chromosomes, orientation and position of 4 minor linkage
groups was determined by Fluorescence In Situ Hybridization coupled with a Tyramide
Amplification Step (FISH-TSA) (Krylov et al., 2007). For each chromosome and minor LG,
several cDNA markers were found in Ensembl or GenBank database. Completely, we located
69 genes. All markers from the same LG were detected on the same chromosome, supporting

correctness of the linkage analysis.

With FISH-TSA, all major linkage groups were assigned to chromosomes and their
orientation was specified. Minor linkage groups were placed to chromosomes 3, 5 and two to
chromosome 8. The numbering of LG was changed to correspond with the number of

chromosome according to (Khokha et al., 2009). All chromosomes, excluding chromosome 2
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and 7, were covered by corresponding linkage group over their whole length. The marker with
linkage position 0OcM in LG 2 (chromosome 2) physically mapped to the centromere,
concluded that p arm of the chr.2 is not represented in the genetic map. The reason could be
either low or no content of polymorphic markers or altered recombination frequency in the
area. According to (Macha et al., 2012), short arm of chr.2 shows high synteny with human
chromosome X, which could lead to impossibility to map this area with linkage analysis. LG
7 contains 15cM large gap at its beginning. This area probably contains sex gene (Olmstead et

al., 2010), which can lead to changed recombination frequency of the area.

The genetic map of Xenopus tropicalis became significant tool for genetic and
genomic studies and also served as an important source of information for new v.7.1

assembly.

2.4.2 Preparation of X. tropicalis whole chromosome painting probes
using laser microdissection and reconstruction of X. laevis tetraploid
karyotype by Zoo-FISH

This study focused on the technique for chromosome microdissection of Xenopus
tropicalis chromosomes, selection the method for whole genome amplification and
establishing the Zoo-FISH technique in the species X. tropicalis (Xt) and its relative Xenopus
laevis (XI). Although long (50-65 million years) separate evolution of these two species
(Evans et al., 2004), there exist high similarity of chromosomal quartets, enabling usage of
Z00-FISH probes.

Approximately 15 copies of each X. tropicalis chromosome were microdissected from
primary testicular culture. In the first run, the painting probe for chromosome 9 was prepared
by two rounds of DOP-PCR with Dig-11-dUTP (Kubickova et al., 2002). This approach was
unsuccessful, because the probe labeled only secondary constriction and surrounding area on
the short arm of the Xt chr.9. The second method for a probe preparation was based on usage
of GenomePlex Single Cell WGA kit (WGA4) followed by labeling 20ng of PCR product by
Dig-11-dUTP with GenomePlex DNA reamplification kit (WGA3). Even this approach
labeled only a part of the Xt chromosome 9, but this was probably caused by a high amount of
repetitions in its sequence, and this method was chosen for the preparation of remaining
probes. All probes except Xt2 and Xt4 labeled relevant XI chromosomes specifically. Probes

from Xt2 and Xt4 labeled non-specifically other chromosomes. This could be caused by
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wrongly distinguished chromosomes during microdissection, because these two chromosomes

are very similar.

The Xt probes were afterwards hybridized with X. laevis chromosomes. Probes labeled

chromosomes as showed in the Table 1.

Xenopus |1 3 5 6 7 8 9 10
tropicalis
Xenopus | chrl+ | gchr chr 13+ |chr 6+ |chr 7+ |chr 1/2q Pericentric
laevis chr2 | 12+ chr | chr 17 chr9 chr 10+ | 11+ chr 15+ | area of
16 satelit | chrl4 | 1/2q chr.14+chr
chr 12+ chr18 |18
pl3

Table 1: Labeling of X. laevis chromosomes with probes from X. tropicalis chromosomes

The Xt9 probe labeled only small parts of XI chromosomes, probably also because of
the high amount of repetitions. Another reason can be that XI chromosomes lack secondary
constriction located on Xt9. Labeling of probes from Xtl and Xt6 correspond with (Schmid

and Steinlein, 1991) study, in which was reconstructed the tetraploid karyotype of X. laevis.

Our results also support the theory that X. laevis originated from two diploid species
(2n=20). There the same chromosome translocated independently to one recipient in the first
and to another one in the second species. These two species with 18 chromosomes in the
diploid set joint together through the allotetraploidization event. As a result X. laevis with 2n

= 36 chromosomes emerged.

2.4.3 Efficient high- throughput sequencing of a laser microdissected
chromosome arm

The genetic map of Xenopus tropicalis contained gaps, which were impossible to fill
up with recent methods. Two largest areas without any mapped marker were whole short arm
of chromosome 2 and 15 cM at distal end of p arm of chromosome 7. Event thought the
X.tropicalis genome was sequenced (Hellsten et al., 2010), neither one of two latest assembly
versions does cover whole ten chromosomes, including two mentioned areas. The main
reason is a high amount of repetitions in its genome, which makes it impossible for assembly

software to connect scaffolds to whole-chromosome superscaffold. Until now, the position of
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scaffolds was usually determined by physical or linkage analysis, because both versions of

assembly comprised many scaffolds with unknown location.

This study describes a new approach for localizing previously unmapped scaffolds and
genes and also for recognizing of wrongly localized and even assembled scaffolds. It is based
on microdissection of a whole chromosome or a chromosomal area, followed by two rounds
of whole genome amplification with WGA4 and WGAS3 kits, high-throughput sequencing

with lllumina technology, and bioinformatics analysis of obtained reads.

We focused on the short arm of chromosome 7. This area is easily distinguishable
under a microscope due to the presence of secondary constriction and is also supposed to
contain sex determining locus (Olmstead et al.,, 2010). With previously described
methodology, we obtained approximately 35 million Illumina reads with length of 80 bases.
These were mapped by bioinformatics software Bowtie (Langmead et al., 2009) to both
versions of assembly and the position of hits in scaffolds was visualized using the GBrowse

software.

To the v.4.1 assembly 3,900,340 Illumina reads were mapped. For each scaffold, the
ratio of hits per one kb of its length (hit/kb ratio) was counted. All scaffolds physically
mapped to the short arm of chr.7 had hit/ length ratio higher than 29hit/kb, same as most
scaffolds from the linkage map of short arm of chr. (=LG) 7. This value decreased rapidly in
the area around the centromere (69-71 cM). A physically mapped scaffold 279 with a position
between the centromere and the secondary constriction (17hit/kb) was used as bordering
scaffold. All scaffolds with lower hit/kb ratio were accepted as false positive. We expect that

scaffold 279 is located on the cutting edge.

From all hits to scaffolds, 67% mapped to scaffolds included in the linkage map of
short arm of chr.7, 3,5% to scaffolds from other areas and 22,5% hits were to scaffolds with
unknown position. We expect that a physical position of these scaffolds corresponds with the

microdissected area. The rest of the hits were to false positive scaffolds.

With visualization of hits to scaffolds, we found that approximately 15% of them were
covered with hits unevenly with large (more than 100kb) gaps without any hit. These “hit-
poor” areas contained genes and the amount of repetitions was comparable with other “hit-
rich” areas. It is expected that these scaffolds were misassembled and their gapped parts are

not situated on the microdissected area. Our assumption was confirmed by a FISH-TSA
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analysis of genes from scaffolds 75, 266 and 270. Whereas all genes from hit-rich area located

on short arm of chr.7, these from hit-poor areas located to chr.3 and two to chr.4.

Assembly v.7.1 contains 10 superscaffolds representing 10 chromosomes. 80% of hits
from Illumina sequencing located to superscaffold 7, mostly to 0-60Mb area. The 0-15Mb
area contained few smaller domains without any hit. 14 scaffolds without position were

assigned to p arm of chr.7 by our analysis.

Our approach for sequencing of microdissected chromosomal area is innovative in
usage of GenomePlex WGA Kkits and Illumina NGS sequencing. Compared to the previously
used method in (Weise et al., 2010) study, where DOP-PCR was used for the whole genome
amplification and 454 for NGS sequencing, we obtained more than 30.000x more reads and
10.000x more hits. This was also the first time the next generation sequencing was used for a

purpose of a genetic mapping and verifying the genome assembly.

2.4.4 A Large Pseudoautosomal Region on the Sex Chromosomes of the
Frog Silurana tropicalis

Xenopus (Silurana) tropicalis has homomorphic sex chromosomes. In (Olmstead et
al., 2010) study, 22 markers with strong linkage to sex were found. Their position corresponds
with the short arm of chromosome 7. Interestingly, the sex determining region was not
characterized during genome sequencing (Hellsten et al., 2010), where sequenced genome
was female. The difference between sexes is probably small, which can be caused by multiple
(more than 32x) change of sex chromosomes (Evans and Charlesworth, 2013). Other reason

may be a recombination along whole length of the sex chromosome.

The aim of the study was to characterize region with a strong linkage to sex. With
Illumina technology for reduced genome sequencing approach (“RAD tags”), many small
portions of X. tropicalis genome were sequenced in four female and four male individuals. It
was expected that more females” sequences would map to the genome, because this sex is
heterogametic and males are expected to lack some parts of the genome. However, this was
not confirmed, and the same proportions of reads were mapped in both sexes (87,8% -90,8%
in females and 85-90,8% in males). The total number of mapped reads was higher in females,
but there was no higher proportion of reads mapping to chromosome 7 compare to other

chromosomes.
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Neither Illumina sequencing of the microdissected male p arm of chr.7 produced
significant results. This sex lacked only two out of 22 scaffolds with strong linkage to sex
from (Olmstead et al., 2010) study, while our assumption was that male sex chromosome

would not contain no or most of them.

We did not find significant sequence differences in markers used in (Olmstead et al.,
2010), and any of them was fixed to female sex. However, current assembly (v.7.1) contains
only 80% of whole genomic sequence and according to our previous study; genome of short
arm of chr.7 contains misassembled regions. Thus, we were not able to find the sex

differences on the bases of the assembly, because it lacks that portion of genome sequences.

In (Uno et al., 2008), no sex differences in C-banded heterochromatin of X. tropicalis
were found. This corresponds with our results. We expect that the sex determining region is
extremely small with minimal sex differences. The position of the sex gene still remains
unknown. Moreover, the sex of X. tropicalis can be determined also by several genes on

different chromosomes, same way as in zebrafish (Anderson et al., 2012).

2.5. Conclusion

All projects presented in this thesis are related to the genetics of the frog Xenopus
tropicalis. In the first study, we compiled a genetic map of this specie. It covers all its 10
chromosomes and became a very important tool for genomics, genetics and also for
cytogenetic and evolutionary studies. X. tropicalis genome (assembly v.7.1) was also newly
assembled based on the genetic map. The genomic representation of the map is minimally
62% (1.055 Gb) of X. tropicalis genome and it incorporates 758 of the 1300 scaffolds larger
than 100 kb. Physical map contains 69 genes mapped with FISH-TSA technique. The largest
gap of the map includes whole short arm of chromosome 2 and distal end of p arm of

chromosome 7.

Our other study addresses known shortcomings in both publicly- available assemblies
of the Xenopus tropicalis genome as well as large gaps in the meiotic map of the chromosome
7, where sex determining of this species is thought to reside. Our new approach contributes
more than 5 Mb of unmapped or incorrectly localized sequence; much of it is probably
situated in the sex-determining area. We also identified poor sequence joins in both

assemblies.
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On the basis of data from the next generation sequencing of short arm of chromosome
7 and “RAD tags”, we concluded that differences between sexes are minimal. The sex-
divergent region was not identified in our research, not event in tightly linked region. Thus,
the sex determining region is very small and nearly whole sex chromosome is autosomal. This
fact can cause high incidence of sex chromosome turnover and also frequent polyploidization

in amphibians.

The last study was focused on studying differences and relationship among
chromosomes of two relative species X. tropicalis and X. laevis. The probes from
microdissected X. tropicalis chromosomes were hybridized with X. laevis chromosomes.
Some of them labeled relevant chromosomal quartets even after 50-65 million of separate
evolution. Furthermore, we found out that X. tropicalis chromosome 10 underwent non-
reciprocal translocation to at least two different ancient recipients before whole genome

polyploidization.

Another aim of the studies was developing a new methods and approaches applicable
even in other species. This was the first time the DNA from laser microdissected
chromosomes of X. tropicalis was amplified and used as probe for Zoo-FISH or sequenced
with high throughput technology. Moreover, the improved method for NGS sequencing of
microdissected chromosomal arm produced 300x more reads compare to previously published
methods. This approach is applicable also for species without sequenced genomes or for
clinical application in medical cytogenetics and oncology, where tissue availability may be
limiting. This method is likely to be of widespread use in species where individual

chromosomes are distinguishable by cytological methods.
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