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Abstrakt

Mezi nejvyznamnéj$i modelové organizmy v oblasti vyvojové biologie patii bezesporu
obojzivelnik Xenopus tropicalis. Jeho diivéjsi vyuziti piedev§im v embryologickém vyzkumu je
Vv soucasnosti vytlacovano studiemi genetického a genomického charakteru. X. tropicalis ma
deset partt chromozémi v diploidnim genomu a proto je pro tento typ vyzkumu velmi vhodny.
V poslednich deseti letech byl jeho genom osekvenovan, nékolikrat sestaven, vznikla provizorni
genetickd mapa a byla vytvoifena i BAC knihovna mnohonasobné pokryvajici genom. Pies
veskeré Usili se u tohoto druhu doposud nepodafilo sestavit kompletni mapu genomu. Ten i
nadale ziistava organizovan ve formé scaffoldt, které maji Casto neznamou polohu a i jejich

sestaveni zlstava 1 nadale sporné.

Nas vyzkum byl zaméten na kompletaci genomu u druhu Xenopus tropicalis a na nové pfistupy,
které by bylo mozné vyuzit i u jinych druhi. Nejprve byla na zakladé vazebné analyzy a zjisténé
fyzické polohy markerti sestavena geneticka mapa. Ta nebyla zcela kompletni- nezahrnovala
kratké raménko chromozému 2 a rovnéz 15 ¢cM z p raménka chromozému 7. Protoze bylo
zaplnéni téchto oblasti klasickymi metodami velmi obtizné, nebo jesté pravdépodobnéji zcela
nemozné, byla vynalezena nova metoda pro genetické mapovani. Ta zahrnuje mikrodisekci
zvolené oblasti, celogenomovou amplifikaci ziskané DNA a jeji osekvenovani metodou
Illumina. Postup mikrodisekce a amplifikace byl vyuzit ve srovnavaci studii piibuznych druha X.
tropicalis a X. laevis metodou Zoo-FISH, kdy amplifikovana DNA z druhu X. tropicalis slouzila

jako sonda a ukazala sekvencni podobnost meiotickych kvarteti.

Ve tieti studii bylo mikrodisektovano, amplifikovano a sekvenovéano 15 kopii kratkého raménka
chr.7. Ziskana ¢teni byla srovnana se soucasnymi verzemi genomu X. tropicalis. K vyfiznuté
oblasti se nejen podatilo pfifadit velké mnozstvi sekvenci a gend, ale byly rozpoznany i $patné
sestavené scaffoldy. Data ziskana z tohoto vyzkumu byla pouzita 1 pro studii srovnavajici rozdily
pohlavnich chromozomut u tohoto druhu. Mikrodisekce s naslednou sekvenaci byla pro ucely
genetického mapovani pouzita viibec poprvé a je ziejmé, ze je tento pristup pouzitelny i u jinych
zivocisSnych druhi, a to jak s osekvenovanym, tak S nezndmym genomem. Metodiku je ovSem

mozné pouzit i V jinych oblastech, jako je klinicka medicina ¢i onkologie.



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 g 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. Literarni ivod

1.1 Uvod

V poslednich deseti az patnacti letech se Xenopus tropicalis dostal do popfedi zajmu
nejen bunéénych a vyvojovych biologt, ale také bioinformatikd. Jeho genom byl osekvenovan,
bylo publikovano nékolik verzi assembly a rovnéz byla vytvorena genetickd mapa. V soucasné
dobé je znamo a osekvenovano piiblizné 50% z celkového mnozstvi cDNA a asi 35% gent v
jeho genomu.

X. tropicalis je rovnéz vybornym modelovym organizmem pro studovani raného vyvoje u
obratlovci. Je velmi dobfe dostupny, produkuje znacné mnozstvi oocytii a embrya s vnéjSim
vyvojem jsou dostatecné velka pro snadnou manipulaci. Z tohoto divodu byla od sedmdesatych
let xenopi embrya a oocyty dillezitym modelem pro vyzkum molekularnich podstat formace os,
indukce embryonalniho vyvoje, signalnich drah v organogenezi a bunécného cyklu.

Velkou vyhodou xenopiho modelu je rovnéz jeho schopnost produkovat proteiny uz
vraném stddiu vyvoje. To bylo vyuzivdno pfi studiich funkci jednotlivych proteinti. Po
mikroinjikace libovolné mRNA bylo mozné sledovat over- expresi piislusného genu a pfimé
nasledky tohoto procesu (Smith and Harland 1991). Podobnou, ov§em opa¢nou metodou je i
injikace morpholina- antisense oligonukleotidu, ktery piislusnou mRNA naopak uml¢i (Scacheri
et al. 2004). Tento systém je mozné vyuzit i pro umléeni nékolika genti v jednom embryu
(Khokha and Loots 2005) a u druhu X. tropicalis se jedna o nejoblibenéjsi a nejvyuzivangjsi
zptusob umlCovani gent.

Nezbytnou soucasti takovych funkénich studii je samoziejmé sekvencni znalost piislusné
MRNA. V n¢kolika poslednich letech zaznamenala xenopi komunita vyznamné pokroky
v riznych oblastech genetiky. Jednim z nejvyznamnéjSich pocint bylo sestaveni meiotické mapy
(Wells et al. 2011) a uspoiadani jeho osekvenovaného genomu (assembly v.4.1) (Hellsten et al.
2010). Za zminku ovSem stoji i prvni souhrnné analyzy indukovanych mutaci u obojzivelniku a
klonovani novych mutaci (Abu-Daya et al. 2009), ¢i vytvoreni center skladujicich xenopi cDNA,

protilatky, fosmidy ¢i BAC klony, a to jak v Americe, tak v Evropé.

1.2. Taxonomie
Taxonomie druhu Xenopus tropicalis a jeho ptibuznych druhti z rodu Xenopus je zna¢né

kontroverzni. Fylogenetickym vyzkumem bylo zjisténo, ze jsou Xenopus tropicalis a Xenopus
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epitropicalis pribuzngjsi se druhy Hymenochirus (¢esky drapatecka) a Pipa (Cesky pipa
americka), nez s ostatnimi druhy rodu Xenopus (Poinar and Cannatella 1988). X. tropicalis sice
patii do rodu Xenopus, ovSem do podrodu Silurana. Spravny nazev by mél podle tohoto
vyzkumu znit Silurana (a nikoli Xenopus) tropicalis. Vyzkumy zalozené na sekven¢nim
srovnani ribosomalni DNA ovSem zase ukazaly bliz§i pfibuznost podrodu Silurana srodem
Xenopus (de S& and Hillis 1990). Ve své praci nicméné i naddle pouzivdm jméno Xenopus
tropicalis, a to jak z historickych, tak praktickych diivodi. Cesky ekvivalent jména je Drapatka
tropicka.

Xenopus tropicalis je v poslednich deseti letech ve vyzkumu vyuzivany vice, nez jeho
ptibuzny a dfive velmi oblibeny modelovy organizmus Xenopus laevis. Hlavnim divodem je
predevsim jeho mensi a pouze diploidni genom- X. tropicalis ma 20 chromozomu (2n) oproti 36
(2n) chromozémim u X. laevis (1,7x10° bp oproti 3.1x10° bp). Situace u X. laevis je navic
slozit&jsi jesté o fakt, ze se jedna o alotetraploidni druh (viz nize). Tato vlastnost prakticky
vyloucila moznost pouziti X. laevis jakozto modelového organizmu pro genetické analyzy.
Znacnou vyhodou X. tropicalis je i jeho mens$i rozmér, niz§i generacni interval, vétSi pocet

oocytll a rovnéz je mozné vyuzit vétsinu experimentalnich systémi vyvinutych pro X. laevis.

1.2.1 Xenopus tropicalis

1.2.1.1 Pouzivané linie

V soucasné dob¢ existuje pét riznych linii X. tropicalis. Pro geneticky vyzkum jsou
vyznamné piredevSim dvé linie- Nigerian a Ivory coast. Jak napovida jejich nazev, jména linii
jsou shodna s oblasti, kde byli odchyceni pivodni zakladatelé téchto linii. Tyto dvé linie byly
pouzity pro vytvoieni vazebné mapy, a to z diivodu jejich malé genetické ptibuznosti a tedy 1

snadného hledani polyploidnich markert.

1.2.1.2 Nazvoslovi chromozomii

X. tropicalis ma 10 pard chromozomi. Pivodni nazvoslovi ze sedmdesatych let bylo
zalozeno na ponckud nekonvenénim srovnani délky p a q ramen (Tymowska 1973). Toto
nazvoslovi bylo vroce 2010 zménéno na tradi¢ngjsi, kdy jsou chromozémy oznaceny podle
velikosti- nejvétsi 1, nejmensi ma v tomto piipadé 10 (Khokha et al. 2009). Pouze podobné

velkym chromozomim 7 a 8 byl pfifazen nazev na zakladé poméru p/q ramen, kdy nizsi ¢islo



dostal vice metacentricky chromozém. V literatuie je nicméné mozné setkat se S obéma typy

nazvoslovi. V této praci je pouzivana novéjsi terminologie.

(Tymowska 1973) 1 2 9 3 4 8 5 10 6 7

(Khokha et al. 2009) 1 2 3 4 ) 6 7 8 9 10

Tabulka 1: Srovnani nazvoslovi chromozoémi podle (Tymowska 1973) a (Khokha et al. 2009). 1-

10: ndzvy chromozému

1.2.1.3 Urceni pohlavi

X. tropicalis ma pohlavi uréené geneticky. Dlouhou dobu nebylo ziejmé, je-li toto urceni
typu savciho ¢i ptaciho (XX/XY nebo ZW/ZZ). Stejné jako dalsi druhy obojzivelniki ma tento
druh nerozlisitelné (homomorfni) pohlavni chromozémy. Pravdépodobnou pfi¢inou rozsifenosti
homomorfnich chromozémi je evolu¢né Castd translokace v sex urcujici oblasti (Schmid et al.
2010, Evans and Charlesworth 2013). Rovnéz je mozné, ze pohlavni chromozémy u téchto
druht mohou rekombinovat ve vétsiné své délky (Stock et al. 2011). Takové pohlavni
chromozémy pak maji velké pseudoautozomalni oblasti a jejich rekombinace zabranuje vzniku
pohlavné odlisnych chromozém.

Jediny znamy gen urcujici pohlavi u obojzivelnikti je DM-W. X. tropicalis nicméné tento
gen postrada. Prestoze byl osekvenovany genom X. tropicalis sami¢i (Hellsten et al. 2010),
nebyla charakterizovana oblast urcujici pohlavi. Ta byla ur¢ena az prokazanim vazby 22 AFLP
(Amlified Fragment Lenght Polymorphism) markerd na samici pohlavi (Olmstead et al. 2010). 4
z téchto markert se 100% vazbou na pohlavi byly umistény na distadlnim konci chromozému 7
(Wells et al. 2011). Mnoho markerd s vazbou na pohlavi se nicméné nachazelo na malych

scaffoldech, které nebyly soucasti vazebné mapy a jejich poloha byla tudiz neznama.

1.2.2 X. laevis

1.2.2.1 Chromozomy
Xenopus laevis ma 36 chromozomu (2n). Vétsina z nich mize byt uspofadana do kvartetd
podle podobnych replika¢nich profili (Schmid and Steinlein 1991). Z toho by bylo mozné
usuzovat, ze je X. laevis tetraploidni. Na druhou stranu byla ovS§em zjisténa nezavisla dédi¢nost
duplikovanych genti- funkéné je tedy X. laevis z vétsi ¢asti diploidizovan (Graf and Kobel 1991).
10



Tento druh pravdépodobné vznikl kiizenim, ve kterém byly zachovany oba dva rodicovské
genomy. Cytologicky je X. laevis popsan jako funkéni diploid alotetraploidniho pivodu s 36
chromozomy a 18 bivalenty. Jeho genom je velky piiblizné 3,1x 10° bp (Thiébaud and Fischberg

1977), coz je priblizn¢ dvojnasobna velikost oproti genomu X. tropicalis.

1.2.2.2 Urceni pohlavi

Stejné jako X. tropicalis ma i X. laevis pohlavi uréeno geneticky se sami¢im
heteromorfnim pohlavim (Mikamo and Witschi 1963). Genem urcujicim pohlavim je DM-W,
ktery ma 89% identitu s genem DMRT urcujicim pohlavi u ptaka ¢i u medaky (Y oshimoto et al.
2006). Tento gen vznikl pravdépodobné poté, co se podrod Xenopus odd¢lil od poddruhu
Silurana, ale jesté predtim, nez doslo k rozliseni druhti X. laevis a X. clivii. Tento gen byl také

nalezen u oktapoildnich druhti X. itombensis a X.vestitus (Bewick et al. 2011).

1.3 Genomika

1.3.1 Geneticka mapa

Principidlné existuji dva zpisoby, kterymi je mozné vytvofit genetickou mapu. Prvnim
zptisobem je tvorena vazebna mapa a S relativni pozici dvou ¢i vice markerti vytvorend na
zaklad¢ frekvence rekombinace. Druhym pfistupem je fyzické mapovani, ve kterém je

zjiStovana skute¢na poloha markerti na chromozémech.

1.3.1.2 Vazebné mapovani

Jak jiz bylo feCeno, vazebna mapa je charakterizovana frekvenci crossing-overu u
homolognich chromozémi. 1% cetnost rekombinace odpovidd vazebné vzdalenost 1
centimorgan (cM). Je-li vzdalenost mezi dvéma lokusy vétsi nez 50cM, jsou dédény nezavisle a
neexistuje mezi nimi vazba. Takové markery se bud’ nachazi na dvou chromozomech, nebo na
jednom, ovSem velmi daleko od sebe. Naopak lokusy vazebné velmi blizko u sebe budou témet
vzdy dédény spolecné, protoze maji velmi malou pravdépodobnost rekombinace.

Pro tvorbu vazebné mapy jsou pouzivany polymorfni sekvence DNA, které se u jedinct
Vv populaci vyskytuji v heterozygotnim stavu. Pivodni genetické mapy byly tvofeny na zaklade¢
fenotypovych projevi jesté pied objevenim DNA, ovSem vzhledem k velkému mnozstvi

nekddujicich sekvenci v eukaryotickém genomu byly tyto mapy velmi zevrubné, s velkymi
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vzdalenostmi mezi jednotlivymi markery. V soucasné dob¢ je jako DNA markery mozné pouzit
prakticky jakékoli heterozygotni lokusy.

Znacnou vyhodou vazebného mapovani oproti fyzickému mapovani je moznost
namapovat velké mnozstvi markeri najednou. Vytvofend mapa mtize byt velmi podrobna.
Znac¢nou nevyhodou je ovsem fakt, ze mezi vzdalenosti v bazich a ¢M neexistuje linearni vztah.
Pravdépodobnost rekombinace mezi dvéma markery zavisi i na jejich fyzické poloze na
chromozomu, naptiklad v okoli centromery je etnost rekombinaci velmi mala. Vazebn¢ se tedy
mohou dva markery nachazet velmi blizko u sebe, zatimco fyzicka vzdalenost je velka. DalSimi
misty se snizenou rekombinaci mohou byt pohlavni chromozémy- vazebné mapy vytvorené
zvIast’ u samct a samic jsou u lokust urcujicich pohlavi u heterogametického pohlavi vyznamné
kratsi (Kondo et al. 2001). Na pseudoautozomalnich oblastech pohlavnich chromozémi je
naopak pravdépodobnost rekombinace vyssi, celkové jsou tedy mapy nerozliSitelnych
pohlavnich chromozému stejné dlouhé. U druhu Medaka byl tento fakt pouzit k nalezeni
pohlavnich chromozému (Kondo et al. 2001).

Pii tvorbé vazebné mapy mohou byt problematické i ty markery, které se nachazeji na
dvou ¢i vice chromozdémech a piesto jsou dédény spolecné. Takovému jevu se fika vazebna
nerovnovaha a muze byt zplisoben mnoha faktory od genetické vazby, selekce, urovné
rekombinace a mutaci, genetickym driftem ¢i strukturou populace. Poslednim problémem pii
tvofeni vazebné mapy muze byt samotny typ zvolenych markerti, respektive jejich
nerovnomérné rozmisténi v genomu. V hranicnim ptipadé muze dokonce dojit k nezahrnuti

nekterych oblasti do vazebné mapy z diivodu neptitomnosti zvolenych markert.

1.3.1.2.1 Vazebna mapa u Xenopus laevis

Vazebné mapovani je u X. laevis vzhledem kjeho dlouhé genera¢ni dobé a
alotetraploidité velmi slozité. Vazebna mapa tohoto druhu dodnes prakticky neexistuje, ovSem
vzhledem Kk vyznamnému postaveni tohoto obojzivelnika existovala v minulosti snaha o jeji
vytvoreni. Prvni vazebnd mapa obsahovala 29 lokusti na celkem 8 vazebnych skupinach (LG,
Linkage Group) (Graf 1989). Tato mapa byla rozsifena jesté o dvé LG (Graf and Kobel 1991),
ovSem vzhledem k celkovému poctu chromozéma (18 part) je ziejmé, Ze je tento pocet

nedostate¢ny a i pokryti lokusy je velmi hrubé.
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1.3.1.2.2 Vazebna mapa u Xenopus tropicalis

X. tropicalis se v poslednim desetileti stal velmi vyznamnym druhem pravé v oblasti
genetiky a proto je u néj situace V porovnani s X. laevis zcela odlisna. Prvni vazebna mapa
predstavovala celkem 53 marker na 13 vazebnych skupinach (Kochan et al. 2003). Pocet
chromozému tohoto druhu (10 part) naznacoval, ze nékteré markery segregovaly nezavisle,
ackoli by mély byt ve vazbé.

Nejproblemati¢téjsi oblasti pro vazebné mapovani je centromera. U X. tropicalis se
podafilo vazebné¢ mapovat vSech deset centromerickych oblasti (Khokha et al. 2009). Bylo
K tomu vyuzito gynogenetické kiizeni, pti kterém je zabranéno druhému meiotickému déleni
sekundarniho oocytu. Vzniklé embryo je tedy diploidni, ale obsahuje pouze matefské geny.
Markery nachazejici se blizko centromery jsou ve velkém procentu homozygotni (Hirsch et al.
2002).

Nové vytvorena mapa u druhu Xenopus tropicalis (Wells et al. 2011) je soucasti této

prace a vénuje se ji kapitola 4.1 Geneticka mapa.

1.3.1.3 Fyzicka mapa

Druhy typ mapy zobrazuje fyzickou polohu genu nebo néjaké jiné DNA sekvence na
chromozomu. V dnes$ni dobé je nejvyuzivanéjsi technikou mapovani pomoci FISH sond
(Fluorescent In Situ Hybridization). Prvnim zptsobem fyzického mapovani bylo ovsem
restrikéni mapovani (Griffin et al. 1974). Nejjednodus$im zptsobem pouziti této metody bylo
Stépeni dvéma restrikénimi endonukledzami- Vjedné sérii pokust zvlast, v druhé obéma
dohromady. Restrik¢éni fragmenty byly nasledné rozdéleny podle velikosti na agar6zovém gelu a
restrik¢éni mapa vznikla sefazenim jednotlivych fragmentt.

Jak jiz bylo feceno, v cytogenetickém vyzkumu poslednich let se vyuziva predevsim
fluorescen¢nich sond, tedy oznaceného vldkna cDNA, které hybridizuje s komplementarni
sekvenci DNA nebo RNA. Ptvodni technika- In Situ Hybridizace (ISH) (Gall and Pardue 1969)
vyuzivala sondy znacené jinymi zpusoby- radiacné, koloidnim zlatem nebo chromogennimi
znackami spojenymi s enzymy.

Znacnou vyhodou ISH a FISH technik je nasedani sondy na cilovou sekvenci nachazejici
se pifimo v buiikidch nebo tkanich. Je tak mozné zobrazit skute¢nou fyzickou polohu hledaného
markeru. Na meiotickém ¢i mitotickém profaznim jadie je limitni rozliSeni metody nékolik

megabazi, na interfanich chromozémech asi 100Kbp (Jiang and Gill 2006).
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Naopak nevyhodou této techniky je jeji pracnost- neni mozné zobrazit vic nez n¢kolik
markeri zaroven a i rozliSeni metody je zvlasté¢ v pripadé profazniho jadra oproti vazebnému
mapovani pomérné nizké.

Metody fyzického mapovani jsou zcela ur€it¢ vhodnym doplikem pro vytvoreni
genetické mapy, a to pro opravu chyb. Pfestoze jsou pfistupy vazebného a fyzického mapovani
zalozeny na zcela jinych principech, potadi lokusi by mélo byt v obou ptipadech stejné. Pokud

tomu tak neni, musi byt chyba ve vazebné mapé nebo v sekvenci.

1.3.1.3.1 FISH sondy

FISH sondy mohou znacit RNA ¢i DNA, pro ucely mapovani se vSak vyuziva sond
znacicich DNA pfimo v jadre. Sondy mohou byt riizné specifické a mohou znacit jak cely
chromozoém, tak i pouze jeden gen. Jako sondy mohou slouzit i kosmidové, BAC (Bacterial
Arteficial Chromosome), PAC (P1- Derived Arteficial Chromosome) ¢i YAC (Yeast Arteficial
Chromosome) klony. Vyhodou mapovani téchto vétsich klonl je moznost namapovani velkého
mnozstvi gentl zaroven, ovSem je samoziejmé nutné znat jejich sekvenci. Sekvenace a sestaveni
genomu klonu o velikosti 200kb je ovSem oproti sekvenaci a nasledné assembly celého genomu
podstatné jednodussi. Nevyhodou velkych sond je casty obsah repetitivnich sekvenci, které
zvySuji nespecifiCnost signalu. Problém je mozné vyfesit inkubaci sondy s frakci DNA
obohacenou o repetitivni sekvence, pfipadné s nezna¢enou kompetitorovou DNA studovaného

organizmu.

1.3.1.4 Zoo-FISH

Zoo FISH je technika pro srovnavaci fyzické mapovani. Jejim principem je pouziti DNA
sond pochazejicich z jednoho zivo¢isného druhu na jiny druh (Scherthan et al. 1994). Vétsinou
se pouziva u pribuznych druhli, protoze vysoké zastoupeni homolognich sekvenci znatné
usnadiiuje jeji pouziti. Nejcastéji jsou pouzivany celochromozomové sondy, piipadné sondy
znacdici néjakou chromozomalni ¢ast. Metoda Z0o-FISH je pouzivana ptredevsim pro evoluéni
studie srovnavajici velké oblasti, protoze genomickymi algoritmy neni doposud mozné takové
studie udé¢lat. Znacnou vyhodou této techniky je i skute¢nost, ze neni nutna znalost sekvence

studovanych organizmii.
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1.3.2 Sekvenovani

Sekvenovani je postup, kterym je urceno poradi a typ sekvenci v pfislusné DNA
molekule. Pavodni metody ze sedmdesatych let byly v poslednim desetileti nahrazeny
modern&j$imi postupy, tzv. sekvenovanim nové generace (Next Generation Sequencing, NGS),
které jsou vyrazné rychlejsi a levnéjsi. Nevyhodou nékterych typit NGS je ovSem vyrazné kratsi
¢teni (100-200bp), a u nékterych velka chybovost (az 15%). Z tohoto diivodu se i nadale vyuziva

sekvenovani ,,prvni generace* typu Sanger (az 2000bp s méné nez 2% chyb).

1.3.2.1 Chemické sekvenovani (Maxam-Gilbert sequencing)

Nejstarsi metoda sekvenace byla vynalezena na pielomu let 1976 a 1977 (Maxam and
Gilbert 1977). Jeji princip spociva v chemickém Stépeni fetézce DNA na specifickém misté S
naslednou modifikaci radioaktivnim izotopem na 5° konci. Zatimco dnes je pro specifické
Stépeni mozné pouzit restrikéni endonukleazy, ptivodné bylo nutné nejprve prislusné nukleotidy
chemicky modifikovat a nasledn¢ byla DNA v mist¢ modifikace Stépena plisobenim piperidinu.
Modifika¢ni reakce byly celkem ¢tyfi- pirimidiny (C+T) byly metylovany hydrazinem, pficemz
po prfidani NaCl byla tato reakce specifickd pouze pro cytosin. Puriny byly depurinovany
pusobenim kyseliny mravenc¢i a guanin byl metylovan dimetyl sulfatem. Rozstépené fragmenty
byly rozdéleny na elektroforézovém gelu a k zobrazeni byla vyuzivana autoradiografie
znaCenych izotopt.

Piestoze byla tato metoda v roce 1994 modifikovana pro snadnéjsi a pouziti (Boland et al.

1994), dnes se v podstaté nepouziva.

1.3.2.2 Retézcova metoda (Sanger sequencing)

Druhé metoda ,,prvni generace sekvenovani byla vynalezena Frederikem Sangerem a az
technikou na svété (Sanger and Coulson 1975, Sanger et al. 1977). Jeji princip je zaloZen na
DNA replikaci, pii které jsou do nové vznikajiciho fetézce DNA selektivné inkorporovany
dideoxynukleotidy. Ty postradaji 3 hydroxylovou skupinu a proto je za nimi polymeracni
reakce zastavena. Sekvenace probiha ve dtyfech samostatnych reakcich vzdy sjednim
prislusnym dideoxidem. Protoze by cteni v pfipad¢ uplného nahrazeni jednoho ribonukleotidu
bylo velmi kratké, je piislusny dideoxid do reakce pouze piidan a ribonukleotidy jsou

v nadbytku. Polymera¢ni reakce tak ve vétsiné piipadi miize dojit az do konce.
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Pivodné byly dideoxidy znaceny radioaktivné a analyza rozd¢€leni fragmenta podle délky
probihala na elektroforézovém gelu. Postupné byla tato modifikace nahrazena fluorescencni
znackou, ktera umoznila sekvenovani vSech Ctyf ribonukleotiddi v jedné reakci (Smith et al.
1986). RovnéZ samotny postup sekvenace byl v prubéhu let velmi zjednoduSen- automatické
sekvenatory vyuzivajici kapilarni elektroforézu jsou v dnesni dobé schopné osekvenovat az 384
vzorkll zaroven.

Jistou nevyhodou techniky je jeji neschopnost osekvenovat prvnich zhruba 40 nukleotid
DNA za primerem. Vyhodou jsou naopak pomérn¢ dlouhé sekvenované useky oproti jinym
metodam (primérné 800 bp, ovsem pii vhodnych podminkach az 2000 bp) s malou chybovosti.
Piestoze byly vynalezeny nové€j§i a modernéjsi techniky sekvenovani, zlstavd Sanger
sekvenovani nejlepsi metodou pro sekvenaci repetitivnich oblasti ¢i klondrnich inzert bez

nutnosti nasledné assembly.

1.3.2.3 Sekvenovani ,nové generace“ (Next Generation Sequencing, NGS)

NGS technologie jsou komeréné dostupné od roku 2004. Zakladni princip sekvenace je
stejny jako v ptipadé¢ Sanger technologie- baze jsou identifikovdny pomoci fluorescencnich
znac¢ek zakomponovanych do DNA pii jeji replikaci. Hlavni inovace metod spociva v paralelnim
sekvenovanim velkého mnozstvi vzorkii najednou, ¢emuz napovidd i jiny nazev- high
throughput sequencing, tedy vysokorychlostni sekvenovani. V poslednich letech je vyvoj téchto
metod skute¢né rapidni- pocet Cteni, které je mozné ziskat z jedné paralelni reakce, kazdym
rokem exponencialné nartsta. Dnes je pocet bazi, které je mozné ziskat z jednoho paralelniho
Steni vice nez 102 (data Illuminy). Nové zptisoby sekvenovani také vyrazné sniZily jeho cenu a
celogenomova sekvenace je v soucasnosti jen zlomkem ceny pivodni. V této praci uvadim
pouze tf1 typy NGS, kromé& prvni uvedené metody se jedna o nejzndméjsi a nejpouzZivané)si

metody vysokorychlostni sekvenace.

1.3.2.3.1 MPSS (Massively Parallel Signature Sequencing)

Prvni metoda sekvenovani nové generace byla vynalezena v devadesatych letech firmou
Lynx Therapeutics. Zakladni princip metody spocival v ligaci adaptért a jejich nasledném ¢teni
po ctyfech nukleotidech. Protoze byla metoda velmi komplexni, nikdy nebyl vynalezen
komeréné¢ dostupny sekvenator, nicméné charakterem Cteni zcela urCité nalezi

k vysokorychlostnim typtiim sekvenaci (Brenner et al. 2000).
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1.3.2.3.2 454- pyrosekvenovani

Prvnim komeréné dostupnym sekvenatorem nové generace byl 454 Sequencer 20 od
firmy Roche. Principem metody je paralelni pyrosekvenéni reakce (Gharizadeh et al. 2006),
probihajici ve stovkach tisicich kapek obsahujici homogenni fragmenty DNA. Kazda kapka
obsahuje primérné jeden fragment DNA a k jeji amplifikaci dochazi v olejovém roztoku
vjamkach na desticce (Margulies et al. 2005). DNA se specifickymi 454 adaptory je
denaturovdna na jednovldknou, nasledn¢ je amplifikovana za inkorporace jednoho z nukleotidd.
Pti reakci dojde k odlouceni pyrofosfatu, ten je zaclenén do ADP za vzniku ATP a stava se
funkénim ptitomny enzym luciferaza (Froehlich et al. 2011). Ten produkuje viditelné svétlo.
Neinkorporované baze jsou degradovany apyrazou.

Délka cteni u 454 sekvenace vzrostla z ptivodnich 100-150 bp pii 200.000 cteni na
reakci (20M prectenych bazi) na délku jednotlivych Eteni az 800 bazi a 14G prectenych bazi

(Huse et al. 2007). Nevyhodou metody zlistava pomérné vysoka cena.

1.3.2.3.3 Illumina (drive Solexa) sekvenovani
Druhda metoda NGS sekvenovani byla poprvé piedstavena roku 2006. K paralelizaci
reakci sekvenatoru Illuminy dochazi pii in situ amplifikaci fragmentd DNA, které jsou spojeny
s pevné kotvenymi adaptorovymi sekvencemi. Dochazi tak ke vzniku lokdlnich kolonii DNA,
tzv. spojenych DNA clusteri. Pfed sekvenovanim je DNA knihovna denaturovana na
jednovldknou DNA. Ke zjisténi sekvence jsou vyuzZivany Ctyfi typy terminacnich bazi
ukoncujicich amplifikaci DNA. Fluorescenéné¢ znacené nukleotidy jsou snimany kamerou.
Nasledn¢ jsou znacky odmyty a muze probihat dalsi reakéni cyklus. Na rozdil od
pyrosekvenovani probiha amplifikacni reakce postupné- vzdy dojde k pfipojeni pouze jednoho
nukleotidu (Bentley et al. 2008).
Piivodné bylo mnozstvi bazi ziskanych z jednoho sekvenovani touto technikou zhruba 1
Gb, ovSem postupnym zdokonalovanim techniky bylo dosazeno rychlosti ¢teni az 600Gb za 8
dni (jedna se o tzv. HiSeq2000 metodu). Chybovost je nizsi nez 2%. V porovnani s ostatnimi
pouzivanymi typy je sekvenace Illuminou nejlevnéjsi, predpoklada se, ze by v budoucnosti

mohla celogenomova sekvenace stat méné, nez 1.000 $.

1.3.3 Kompletace genomu (Assembly)

Poté, co je genom né&jakého modelového organizmu osekvenovan, je nezbytné nutné ho

zkompletovat. Sekvenaéni technologie neumoziuji delsi ¢teni nez 15.000 bp (NGS sekvenovani
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Pacific Biosciences) (Eid et al. 2009), ve vétsiné ptipadi jsou ovSem jednotliva Cteni kratsi-
zhruba 2000 bazi pfi pouziti Sanger technologie. U modernich typd sekvenovani se délka jeste
zkracuje- napt. [1lumina/Solexa ma délku ¢teni maximalné 100-150 bazi. Je jasné, ze bez genové
kompletace by orientace v genovych sekvencich byla prakticky nemozna.

Pro sestavovani genomil zjednotlivych c¢teni slouzi bioinformatické programy
vychazejici z predpokladu, ze se vysoce podobné DNA fragmenty nachdzeji v genomu na stejné
pozici. Sekvencni podobnost slouzi jako misto pro spojeni jednotlivych fragmenti k sobé a dojde
k vytvoreni vétSich useki, kterym se fika contigy.

Problém mohou pii sestavovani genomu zpisobit stejné ¢i velmi podobné sekvence
nachazejici se v genomu na odliSnych mistech. NejproblematictéjSimi byvaji repetitivni
sekvence, které jsou identické témer v celém genomu a mohou byt zdrojem stejnych nebo velmi
podobnych fragmentli pochazejicich z naprosto odlisSnych mist. Assembla¢ni program muize pii
sestavovani takové misto chybné vyhodnotit a spojit i zcela nesousedici oblasti. To, jak moc
bude program ovlivnén, zavisi piedev§im na délce ¢teni- pokud je repetitivni oblast kratsi,
k chybnému spojeni nedochazi.

Teoreticky by tedy bylo lepsi pouzit co nejdelsi ¢teni, které poskytuje technologie od
Pacific Biosciencu. Tato technologie je ¢im dal tim vic vyuzZivana u bakterialnich genomt, u
kterych je vétSina repetitivnich sekvenci kratSich nez 6kbp. Zna¢nou nevyhodou pouZiti tohoto
systému je nerovnomérnd délka Cteni- zatimco nejdel$i maji az 15kbp, vétSina jich je jen 800
bazi dlouhych. Druhou nevyhodou je vysokd chybovost- az 15% bazi je precteno chybné
(Wetzel et al. 2011). Dulezitym prvkem pro spravnou assembly je pravé i predpokladany pocet
chyb v jednotlivych ¢tenich- ¢im je jich vice, tim vice musi program tolerovat mozné sekvencni
odchylky mezi spojovanymi fragmenty a je tedy 1 vyS§i pravdépodobnost spojeni dvou
nesousednich fragmentd.

Moderni sekvenacni pfistupy generuji data se dvéma vlastnostmi: orientaci a vzdalenosti
mezi jednotlivymi bazemi (jedna se o tzv. mate-pair sekvenaci). Pravé schopnost analyzovat a
vyhodnotit tyto informace je nezbytnad pro spojeni contigl i pies repetitivni sekvence do velmi
dlouhych scaffolda. Prestoze existuje velké mnozstvi assemblacnich programli s touto
schopnosti, ukazuje se, ze pro sestavovani do scaffoldi jsou nejlepSimi programy ty, které se
zabyvaji pouze problémem spojeni contigii do velkych celkti- tzv. scaffoldery. Existuje jich cela
fada, v soucasné dob¢€ jsou nejvyuzivanéjsi napt. Bambus (Pop et al. 2004), SOPRA (Dayarian et
al. 2010) nebo Opera (Gao et al. 2011). Tyto programy jsou uspé$né pravdépodobné kvuli
vyuziti dat z riznych typt sekvenci.
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Prestoze existuje velké mnozstvi matematickych algoritmu fesicich problémy sestavovani
genomu, jsou i nadale nedokonalé a produkuji velké mnozstvi chyb. Najit takovou chybu je
ovSem velmi obtizné, predevSim proto, Ze neni znamé, jak by méla spravné sestavena assembly
vypadat. Chyby se nenachazeji pouze ve spravném sefazeni jednotlivych ¢éteni, ale i v sekvenci
samotné. Zatimco velké chyby je mozné najit napf. srovnanim s BAC sekvenci nebo piimo
fyzickym namapovani BAC klonu do genomu, najit jednonukleotidové zadmény ¢i lokalni

prestavby je prakticky nemozné.

1.3.3.1 Genom Xenopus tropicalis

1.3.3.1.1 Verze 4.1 (v.4.1)

Sekvenace genomu byla u druhu X. tropicalis zahajena Joint Genome Institutem v roce
2002 a pokracovala az do roku 2010. Ziskana ¢teni byla postupné sestavovana do nékolika verzi
assembly. Jedna z nejvyznamnéjsich a dodnes pouzivanych byla assembly verze 4.1, ktera byla
zvetejnéna v srpnu roku 2005. Prestoze existuje 1 novejsi verze assembly, je stdle pouZzivana pro
prilisnou kontroverzi nove€jsi verze 7.1 (viz nize) a rovnéz slouzila jako zdroj dat pro sestaveni
aktualni vazebné mapy (Wells et al. 2011).

K sestaveni genomu X. tropicalis byla pouzita ¢&teni, ktera jeho genom pokryvala
pfiblizné¢ 7,6x. Genom byl zkompletovan programem JAZZ assembler (Aparicio et al. 2002) a
obsahuje 19,501 scaffoldi s celkovou velikosti 1,51Gbp, do kterych je namapovano asi 97,6%
vSech znamych cDNA. 272 nejvétSich scaffoldi pokryva svou délkou pfiblizné polovinu
genomu. Tato assembly je ovSem v porovnani sjinymi genomy pomérné nekompletni- je
sestavena zhruba z 175.000 souvisly contigii, které jsou mezi sebou propojeny neznamou
sekvenci (predstavuje ji ,,N*). U nekterych scaffoldi pocet N odpovida az 25% celkového poctu

bazi.

1.3.3.1.2 Verze 7.1 (v.7.1)

Nejnovéjsi verze genomu v7.1 byla predstavena v roce 2011 a dodnes nebyla oficidlné
publikovana. K jejimu sestaveni byl pouzit program Arachne assembler (Batzoglou et al. 2002),
dostupna data ze vznikajici vazebné mapy (Wells et al. 2011) a rovnéz syntenie s kurem
domacim. Piiblizné¢ 70% genomu je obsazeno v deseti velkych superscaffoldech, které
odpovidaji chromozémim s pfislusnym c¢islem (Khokha et al. 2009). Rozdily mezi poslednimi

dvéma verzemi assembly ovSem nespocivaji jen v sestaveni menSich scaffoldi z v.4.1. do
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velkych superscaffold ve v.7.1. Data ze syntenii vedla k rozdéleni mnohych scaffoldl ze starsi
verze na casti, které se v nové verzi genomu nachazi v zcela jinych superscaffoldech, respektive
chromozémech. Pravé kvuli pouZiti syntenii, které nebyly vzdy potvrzeny jinymi pfistupy, je tato

verze genomu povazovana za velmi spornou.

1.3.3.2 Genom Xenopus laevis
V soucasné dob¢ probiha sekvenovani genomu i u druhu Xenopus laevis a jedna se o
skute¢né celosvétovy projekt- spolupracuji na ném univerzity z Texasu, Berkeley a Japonska.

Data nebyla zatim publikovana, ale soucasna verze genomu je dostupna na Www.xenbase.org.

Assembly zatim pokryva ptiblizné 2Gbp, ovSem je velmi nedokonala- celkovy pocet scaffoldu je

pfiblizné 1 milion a navic jsou vesmés velmi kratké (vétSinou kolem 10kb).

1.3.3.3 Zdroje informaci
V poslednich letech vzniklo velké mnozstvi internetovych stranek, jejichz tkolem je
shromazd’ovat dostupné data o obou modelovych organizmech. Nejvétsi mnozstvi dat se nachazi

na www.xenbase.org, kde je mozné zobrazit ob¢é verze assembly X. tropicalis a nové i X. laevis,

rovnéz se zde nachazi databiaze cDNA, expresni databdze ¢i informace o BAC knihovné.
Veskerd data je mozZné stahnout v aktualnich bioinformatickych formatech.

Genové prohlize¢e druhu X. tropicalis se nachazi i na strankach Joint Genome Institutu
(http://genome.jgi-psf.org/Xentr4d/Xentr4.info.html) ¢i Ensemblu

(http://www.ensembl.org/Xenopus_tropicalis/).

1.4 Separace chromozémiu

Pro oddéleni jednotlivych chromozémt od sebe je mozné pouzit dvé zcela odlisné
techniky- pratokovou cytometrii a mikrodisekci. Vyhodou prvni ze zminénych metod je moznost
ziskani velkého mnozstvi chromozémut najednou. Zna¢nou nevyhodou této techniky je ovSem
jeji rozliSovaci schopnost- pro spravné oddé€leni je nezbytné, aby byl dany chromozém vyrazné
veétsi ¢1 mensSi oproti ostatnim. Doposud existuje pouze nékolik protokoli pro ziskdvani
jednotlivych chromozémti, vesmes u nejpouzivanéjsich modelovych organizmtl.

Rozdélit chromozémy pomoci mikrodisekce je na druhou stranu mozné vzdy, kdyz jsou
rozlisitelné pod mikroskopem. Pro vys$si rozliSeni je mozné vyuzit i rizné pruhovaci techniky.
Rovnéz je mozné vytiznout pouze urCitou cast chromozému ¢i dokonce pruh. Zisk z jedné
mikrodisekce je ovSem velmi maly, vétSinou se jednd o n¢kolik az n¢kolik desitek ziskanych
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chromozému. Z tohoto divodu je pro naslednou analyzu vétSinou nezbytnd celogenomova

amplifikace.

1.4.1 Mikrodisekce

Mikrodisekce je metoda slouzici k separaci velmi malych ttvarti na urovni bunék ¢i
bunéénych kompartmenti z fezl tkani ¢i bunéénych kultur. Velmi Casto je vyuzivana v piipade,
kdy je nutné oddélit jednotlivé typy bunck od sebe, napt. pro proteinovou ¢i genetickou analyzu.
Existuji dva rozdilné typy mikrodisekci- starsi, pii které se vyuzivaly velmi tenké jehly, a

novéjsi, vyuzivajici laserovy paprsek (Berns and Floyd 1971).

1.4.1.2 Laserova mikrodisekce

Jak jiz bylo feceno, pfi této technice je kombinovana svételna mikroskopie s paprskovym
laserem. Umoznuje izolaci konkrétnich bun¢k a chromozomut z tkani ¢i kultur. Bunky jsou
naneseny na membranu umoZiujici snadné odmyti proteint a zobrazeny pod mikroskopem. Ty,
které maji byt izolovany, jsou z tkani vyfiznuty a pteneseny pomoci laserového paprsku.

Existuji dva typy laserové izolace- vyuzivajici bud’ ultrafialové (UV) (Kdlble 2000,
Micke et al. 2005), nebo infradervené paprsky (IR) (Emmert-Buck et al. 1996). Vyhodou
systému vyuzivajiciho ultrafialové laserové paprsky je, Ze nedochazi k zahiivani nebo
zchlazovani membrany s buiikami. RovnéZz samotny pienos materidlnu je na rozdil od IR
systému nekontaktni- izolované buiiky ¢i chromozémy jsou laserovym paprskem katapultovany
ptimo do zkumavky (Ladanyi et al. 2006). V technologii vyuzivajici infracervené paprsky je
pred samotnym transferem vytvoren komplex polymert s izolovanymi buiikami a proto je
zvysena pravdépodobnost kontaminace vzorku jinym materidlem. Ve forenznim vyzkumu se
proto pouziva Castéji systém s ultrafialovymi laserovymi paprsky.

Znaénym problémem laserové mikrodisekce je malé mnozZstvi ziskaného materidlu a
rovnéz jeho degradace pii vyfezavani a prenosu. Nejvetsi mnozstvi DNA lze ziskat pfi izolaci
chromozoému piimo do vicka sbérné mikrozkumavky. Pfi pouziti tohoto systému je rovnéz
snizend pravdépodobnost ztraty ¢i degradace DNA, ke které dochdzi béhem promyvani, eluci a

prenaseni vzorkli mezi zkumavkami.

1.4.2 Priitokova cytometrie
Metoda je zaloZend na principu oddéleni rizné nabitych castic v proudu kapaliny pomoci
laserového paprsku. V dne$ni dob¢ patii mezi nejpouzivanéjsi metody pratokové cytometrie
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fluorescencné aktivovanad pritokova cytometrie (FACS), vyuzivajici fluorescen¢ni znacku na
povrchu odd&lované partikule. Pomoci pritokové cytometrie je mozné oddélit 10%-10*
chromozému za vtetinu (Dolezel et al. 2012). Chromozémy jsou barveny chromozomalné-
specifickym fluorochromem a jsou rozdé€leny podle intenzity fluorescence. Pii prvnich pokusech
na chromozoémech kiecika ¢inského byl pouzit jako fluorochrom etidium bromid (Grey et al.
1979), ktery pozd¢ji nahradil Hoechst 33258 (Carrano et al. 1979). V soucasné dobé¢ se vyuziva
nejen intenzita, ale i mnozstvi fluorescenéni barvy podél chromozému (Bartholdi 1990, Rens et
al. 1994).

Pritokova cytometrie chromozému je vyuzivana piedevsim v humanni mediciné. Existuji
protokoly pro jejich rozliseni jak pii pouziti bunéénych linii (van den Engh et al. 1984), ale i
z periferni krve (Matsson and Rydberg 1981) a tkani (Kooi et al. 1984). I pies veskery vyzkum
se ovSem doposud nepodafilo vyvinout protokoly pro vSechny lidské chromozémy: chr. ¢.
9,10,11 a 12 zatim neni mozné ziskat oddélené. Pritokova cytometrie rostlinnych chromozomu

je shrnuta v (Dolezel et al. 2012).

1.5 Celogenomové amplifikace (Whole Genome Amplification, WGA)
Mnozstvi ziskaného materialu pii laserové mikrodisekci je velmi maly, vétSinou je to

pouze par bunék ¢i n€kolik chromozoémi. Velmi Casto je proto pro naslednou analyzu nezbytna

celogenomova DNA amplifikace. Tato technika je vyuzivana i v preimplantacni diagnostice, kdy

jako zdroj DNA slouzi tfeba i jedina burika.

1.5.1 PEP (Primer Extension Preamplification)

PEP je nejstarsi celogenomovou amplifikaci (Zhang et al. 1992). Jde vlastn¢ o PCR
reakci, ve které nasedaji ndhodné primery o délce 15 bazi na templatovou DNA pii teploté 37°C.
V takto nizké teploté mohou primery nasedat na templat nespecificky a tim se zvySuje mnozstvi
naamplifikované DNA. Ta je replikovana Taq polymerazou pii teploté¢ 55°C. Modifikaci této
metody je I-PEP (Improved- PEP), ktera vyuziva krom Taq polymerazy také Pwo polymerazu a
do kazdého cyklu je pfidan elongaéni krok pii teploté 68°C (Dietmaier et al. 1999). Oproti
pavodnimu typu je I-PEP v celogenomové amplifikaci G¢innéjsi, ovSem v dnesni dobé byly obé

tyto metody nahrazeny modernéjSimi postupy.
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1.5.2 DOP-PCR (Degenerate Oligonucleotide Primed- Polymeraze Chain

Reaction)

Metoda DOP-PCR je zalozena na nesedani ¢asteéné degenerovanych primert, které se
béhem nizkoteplotnich cykld vazi na mnoha mistech v genomu. Specifického anealingu primeri
je mozné dosahnout zvySenim teploty. Mnozstvi templatové DNA muze byt pti DOP-PCR
v rozmezi 15pg-400 ng, pricemz mnozstvi ziskané DNA je vyssi nez pti pouziti techniky PEP
(Wells et al. 1999, Peng et al. 2007). Hlavni vyhodou techniky je moZnost produkce
dostate¢ného mnozstvi DNA pro genovou hybridizaci i z jedné bunky (Wells et al. 2002). Pouze
casteCn¢ zdegenerované primery ovSem pri¢inou nendhodné amplifikace DNA, coz znacné
ovliviiuje n€které molekularné biologicke testy.

Délka amplifikované DNA je priblizné stejna jako pii PEP (Telenius et al. 1992).
Modifikace DOP-PCR umoziuje i produkci delSich amplifikatd (ptiblizné 0,5- 10 kb dle
pouzitého protokolu) (Kittler et al. 2002). Jedna se o LP-DOP-PCR (Long Products DOP-PCR),
ktera je zalozena na exonukledazové funkci Pwo polymeréazy a delSich ¢asii v cyklech béhem PCR
amplifikace.

Dalsi moznou modifikaci DOP-PCR je vyuziti vice degenerovanych primert a 12
nespecifickych amplifika¢nich cykld (Bonnette et al. 2009). Pro zvyseni délky amplifikat jsou
do reakce pfidavany dalsi typy polymeraz. Tato modifikace vede oproti ptivodni metod¢ k

produkci delSich fragmentti DNA s pokrytim genomu vyssim az o 45%.

1.5.3 MDA (Multiple Displacement Amplification)

Ttetim piistupem pro celogenomovou amplifikaci je MDA. Jejim principem je annealig
kratkych, pouze Sestinukleotidovych primerli na jednovlaknou DNA. Pii jejich prodluzovani
DNA polymerdzou dochdzi k od$tépovani nové vzniklych fragmentli, které mohou rovnéz
slouzit jako templaty, ovSem v opacné orientaci. Pfi MDA tedy vznika velké mnozstvi kopii
zdrojové DNA (Lovmar and Syvdanen 2006). Jako polymeraza slouzi nejcastéji phi fagova
polymeraza ¢29, ptipadné Bst DNA polymeraza, ktera ovSem produkuje vétsi mnozstvi chyb
(Spits et al. 2006).

V klinické praxi je MDA amplifikace pouzivana napi. v prenatalni diagnostice pro
zjisténi nékterych genetickych vad, jako jsou X-vazany retinoblastom (Lledo et al. 2008) ¢i
syndrom fragilniho chromozomu X (Malcov et al. 2007). MDA je rovnéz mozné pouZit pro
ziskani velkého mnozstvi DNA fragmentl s vysokym pokrytim genomu z jedné spermie (Jiang

et al. 2005).
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1.5.4 OmniPlex WGA

Posledni metoda celogenomové amplifikace vyuziva teplotni fragmentaci DNA na
definovanou velikost. Na tyto nahodné fragmenty jsou piipojeny sekvence slouzici pro nasednuti
primert pro nasledujici amplifikaci. Témto fragmentiim s primery se fika knihovna a mtze byt
mnohondsobné (tfeba 1 milionkrdt) namnozena. Hlavni vyhodou této metody je moznost
soucasného testovani mnoha lokusii v nezavislych PCR reakcich.

OmniPlex WGA je v soucasné dobé jednou z nejpouzivanéjSich typi celogenomové

amplifikace a rovnéz jsou na jejim principt zalozeny nékteré z komeréné dostupnych kitt.

1.5.5 Nevyhody celogenomovych amplifikaci a jejich srovnani

Pii Zaddném z typi celogenomovych amplifikaci se doposud nepodatfilo naamplifikovat
kompletné cely genom. Dlivody k tomu jsou zifeymé- templatové DNA je velmi malé mnoZstvi, a
tamtze byt po nekterych typech izolace i poSkozena. Dalsi pfi¢inou je metodika samotna. I kdyz
jsou primery velmi kratké a Casto degenerované, nékteré fragmenty jsou oproti jinym mnozeny
Zastéji. Casto také dochazi ke ztraté alel &i mikrosatelitli pouZivanych v riiznych studiich.

Studie (Hockner et al. 2009) ukazala, ze z dostupnych metod ma nejvétsi mnozstvi
amplifikovanych mikrosateliti komeré¢né dostupny kit GenomePlex Single Cell Kit firmy
Sigma-Aldrich, vyuzivajici metodu OmniPlex WGA. V této studii slouzily jako zdroj DNA
mikrodisektované chromozémy a byly porovnavany vSechny c¢tyii typy celogenomové

amplifikace.

1.6 Bioinformatika

Bioinformatika je v soucasnosti nedilnou ¢asti biologickych analyz. Pfredev§im neustaly
nartst poctu sekvenci ziskanych ze sekvenaci nové generace vede k nezbytnosti vyuziti
bioinformatickych metod pro tfidéni a vyhodnoceni dat. Existuje mnoho voln& dostupnych 1
komeréné prodavanych programil, ty ovSem neumi feSit vSechny problémy soucasné. Pro
bioinformatika je z tohoto divodu velmi ¢asto nutna alespon elementarni znalost néjakého

programovaciho jazyka, ktery mu umozni upravit si program piesné pro své ucely.

1.6.1 Algoritmy pro vyhodnocovani dat ze sekvenaci
Pro vyhodnoceni dat ze sekvenaci existuje nepieberné mnozstvi algoritmi a rovnéz je
mozné naprogramovat si né¢jaky svij vlastni. Vzhledem k mnozstvi dat ziskanych piedevsim z

NGS sekvenaci je ovSem naprosto nezbytné, aby takové programy pracovaly co nejuspornéji, tj.
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aby byly co nejlépe prizpusobené konkrétnimu problému. Velmi ¢asto jsou vystupem z NGS
sekvenaci desitky az stovky miliont kratkych sekvenci, které je nutné bud’ spojit (assemblovat),
anebo srovnat s assembly jiz existujici. Pfi pouziti nevhodného softwaru by takova operace
mohla trvat tydny az mésice, a to 1 pfi pouziti velmi vykonného pocitace.

Mezi nejpouzivangjsi algoritmy pro aligning Cteni do genomu patii SOAP2 (Li et al.
2008b), Bowtie (Langmead et al. 2009), BWA (Li et al. 2008a), MAQ

(http://mag.sourceforge.net) a Novoalign (www.novocraft.com). Krom¢ algoritmu MAQ je u

vSech nutné nejprve vytvorit indexovany referencni genom, se kterym jsou nasledné jednotliva
¢teni srovnavana. Kazdy ztéchto programl pouzivd jiny systém pro vyhledavani zdsaht,
Novoalign ma od ostatnich 1 odliSny zplsob vytvareni indexu. Vyhodou algoritmii SOAP2,
Bowtie a Novoalign je rovnéZ moznost zvolit maximalni pocet nepiesnych zasahd oproti
referenénimu genomu. Testovani téchto programii nicméné ukazalo, ze pii pouziti kvalitnich
sekvenci mezi nimi v podstaté neexistuje rozdil a vSechny tyto programy funguji stejné¢ dobie
(Yu et al. 2012). Nejpouzivangjsim algoritmem je v souc¢asné dobé pravdépodobné Bowtie, ktery
je neustale vyvijen a predevsSim je spojen s dalSim nepfebernym mnozstvim programii pro
srovnavani sekvenci nejen s DNA, ale i m- RNA a gent, a dale i s programy na vytvareni

scaffoldd, assembly, a rovnéz mnoha dal$imi (http://bowtie-bio.sourceforge.net/).

1.6.2 Datové formaty pro zaznamenani sekvence

Riizné programy pozivaji rizné¢ formaty dat. VétSinou se jedna o zjednodusené zapsani
sekvence, orientace a jejich dalSich vlastnosti. Jedna pieétena sekvence se Casto nachazi na
jednom tadku, pfipadné je od ostatnich sekvenci odd€lena jinym zplisobem (napi. specifickym
znakem). Mezi nejznaméjsi formaty patii FASTA, pfipadné¢ FASTQ. Kazdy program pouziva
trochu jiny datovy format a velmi Casto je nezbytné tyto formaty mezi sebou prevadét. Existuje
jich pomérn¢ velké mnozstvi a i nékteré internetové databaze maji svoje vlastni formaty.
Univerzalni format nebyl zatim vytvoren. Z tohoto diivodu se budu zabyvat pouze nejznaméjsimi

formaty a uvedu je spiSe pro ilustraci.

1.6.2.1 FASTA
Nejjednodussi a nejpouzivangjsi format, ve kterém kazda sekvence zacina ,,>*, nasleduje
nazev, pripadné popis a na dalsim fadku je uvedena samotné sekvence. Tento format je vyuzivan

Vv internetovych vyhledavacich, ptipadné jako vystup ze Sanger sequencing.
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1.6.2.2 FATSQ

Timto formatem je kromé sekvence zaznamendvana rovnéz kvalita sekvence pii vystupu
ze sekvenace. Sekvence zacind ,,@", ndzvem, na dal§im fadku je samotnd sekvence a na tfetim

radku je zaznamenana kvalita sekvence, kterou je mozné vyhodnotit v nékterych programech.

1.6.2.3 Dalsi formaty databazi

Velké mnozstvi datovych formati vyuziva systém jedna sekvence-jeden tadek. Kazdy
fadek obsahuje krom sekvence rizné mnozstvi informaci, které jsou od sebe odd€leny mezerou
¢i tabulatorem. V kazdém formatu je pocet jednotlivych informaci pevné dany, a pokud neni tato
informace zndma, je misto ni zobrazena tecka. Jednotlivé formaty si jsou vesmes velmi podobné-
pro zjednoduSeni bude podrobné& popsan pouze jeden. Krom formatu BED existuji 1 formaty
BAM, SAM, MySQL, GFF a mnoho dalSich. V téchto formatech jsou uloZeny informace o
znamych, jiz srovnanych sekvencich a mize se jednat jak o sekvence DNA, RNA i proteinové

sekvence.

1.6.2.3.1 BED format

Tento format obsahuje tfi povinné polozky, zbylych devét je dobrovolnych. Je pouzivan
nékterymi zobrazovacimi softwary, napt. programem GenomeBrowse. Jednotlivé polozky jsou
od sebe odd¢€leni tabuldtorem a na jednom fadku se vzdy nachéazi informace o jedné sekvenci.
Jedna se o nasledujici polozky:

1. Scaffold ¢i chromozom, na kterém se sekvence nachazi
2. Prvni pozice sekvence (Start)

3. Posledni pozice sekvence (End)

4. Jméno

5. Skore

6. Vlakno-,,+*“nebo ,,-“

7. Druhy start- napf. start kodén

8. Druhy konec- napft. stop kodon

9. ItemRGB- barva v zobrazovacim programu

10. Pocet blokii- pocet exoni v jedné BED linii

11. Velikost blok, které jsou mezi sebou oddéleny stiednikem

12. Zacatky jednotlivych blokt
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1.6.3 Zakladni programovaci jazyky pouzivané v bioinformatice

Pro bioinformatiku je vhodny jakykoli programovaci jazyk. Vzhledem k tomu, Ze
biologové vétsinou nejsou programatofi, je vic nez vhodné, aby byl jazyk co nejjednodussi a
nejprehlednéjsi. V soucasné dob¢ patii mezi nejpouzivanéjsi skriptovaci jazyky PERL,
PYTHON a piipadné trochu komplikovangjsi Java. Dal§im pouZzivanym jazykem, pfedevsim pro
feSeni statistickych problémi, je R. Rovnéz je vhodna znalost nékterého Unixového (Linux,

BDS, Solaris) operacniho systému.

1.6.3.1 PERL

Jedna se o pravdépodobné nejpouzivanéjsi jazyk v bioinformatice. Byl vyvinut v roce
1987 Larym Wallem a jeho hlavni vyhodou je jednoduchost, flexibilita a rovnéz snadna instalace
modult. Je volné dostupny na www.perl.org. Pro jeho interpretaci je nezbytné mit nainstalovany
dalsi program, tzv. interpeter. Pro bioinformacni ucely bylo vytvoieno velké mnozstvi moduli,
které je mozné stahnout si z internetu. Souhrnné se tato modifikace PERLU jmenuje BioPERL

(www.bioperl.org). I mnoho dal§ich bioinformaénich programi pouziva PERL, naptiklad

GBrowse (http://gmod.org/wiki/GBrowse), ktery je bézné pouzivany na mnoha strankach pro

zobrazeni assembly, gent a sekvence.

1.6.3.2 PYTHON

Druhy nejpouzivanéjsi jazyk, ktery ma na rozdil od PERLU pevné danou skladbu.
Z tohoto diivodu je doporuc¢ovan pro zacatecniky. Na druhou stranu u néj neexistuje tak velké
centralni ulozisté, ze kterého by bylo mozné tyto moduly stdhnout. Stejn¢ jako PERL je i

PYTHON voln¢ dostupny (www.python.org).
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2. Cile prace

Hlavnim cilem prace bylo nalézt nové metody pro genetické mapovani u modelového organizmu

Xenopus tropicalis.

Cile jednotlivych studii byly nasledujici:

Sestaveni genetick¢ mapy druhu Xenopus tropicalis se zaméfenim na fyzické mapovani
gentl ve vybranych scaffoldech pro piifazeni jednotlivych LG k chromozémim a zjisténi

jejich orientace

Optimalizace laserové mikrodisekce chromozomu X. tropicalis, celogenomové

amplifikace a jejich pouziti pro Zoo-FISH znaceni chromozoému Xenopus laevis
Identifikace scaffoldi a genii na kratkém raménku chromozému 7 novym postupem
vyuzivajicim mikrodisekci pfislusné chromozomalni oblasti a jeji sekvenovani metodou

IHlumina

Charakterizace rozdili pohlavnich chromozémi u X. tropicalis s vyuzitim dat ziskanych

sekvenaci mikrodisektovaného p raménka chromozomu 7
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each linkage group ranged from 0.27 to 0.75 cM. Fluorescence [n Situ Hybridization (FISH) was carried out
using probes for genes located on mapped scaffolds to assign linkage groups to chromosomes. Comparisons of
this map with the X. tropicafis genome Assembly 4.1 {JGI) indicate that the map provides representation of a
minimum of 66% of the X. tropicafis genome, incorporating 758 of the approximately 1300 scaffolds over
100,000 bp. The genetic map and SSLP marker database constitute an essential resource for genetic and
genomic analyses in X. tropicafis.

© 20117 Elsevier Inc. All rights reserved.

Introduction

X. tropicatis has emerged as a promising model system for genetic
analyses of vertebrate development, extending the molecular,
biochemical, and embryological strengths known from Xenopus laevis
with the addition of genetic tractability. Initial genetic screens have
yielded unique and interesting phenotypes (Abu-Daya et al.,, 2009;
Goda et al., 2006, Grammer et al., 2005; Noramly et al,, 2005), and the
X. tropicalis genome assembly is now available (Hellsten et al., 2010).
The integration of genetic and genomic approaches requires a genetic
map for use in positional cloning of genes identified by mutation.

Although several types of polymorphic markers can be used to
establish a genetic map, we chose Simple Sequence Length Poly-
morphisms (SSLPs), identified from an initial set of Simple Sequence
Repeats (SSRs). Short, tandemly repeating sequences, SSRs are
present at an average frequency of 1/20-40 kb (Strachan and Read,
2003); strain-specific differences in the length of the repeat are

* Corresponding author at Dept. of Biology and Biochemistry, University of Houston,
4800 Calhoun Rd, Houston TX 77204-5001, USA. Fax: +1 713 743 2636.
£-muit oddress: asater@uh.edu (AK Sater).

00D12-1606/% - see front matter © 2011 Elsevier Inc. All rights reserved.
doi: 10.10164.ydbio.2011.03.022

reflected as differences in the size of a PCR fragment that encompasses
the SSR.

SSLPs offer several advantages. Unlike Amplified Fragment Length
Polymorphisms (AFLPs), SSLPs can provide a fully informative PCR
assay. Although Single Nucleotide Polymorphisms (SNPs) have the
potential for a significantly greater density, they are generally
obtained by comparing two genomic sequences from different strains
of the same species, thus requiring significantly more sequencing and
assembly to permit identification. Second, candidate SSLPs can be
identified from genomic sequence using a bioinformatics-based
strategy, dramatically improving the ease and cost-effectiveness;
moreover, as sequence assembly progresses, the search for SSLPs can
be targeted to sparsely covered regions to improve uniformity of
coverage. SSLPs have been used as the basis for genetic linkage maps
in many vertebrate species.

Although historically SSLPs have been identified via cloning from
small-insert genomic DNA libraries, we have used bioinformatics to
identify SSRs within the X. tropicalis genome. These SSRs were then
tested for polymorphisms between the Nigerian (N) and Ivory Coast
(IC) strains of X. tropicalis. The resulting SSLPs were then genotyped
ona NcxIC F2 mapping panel to generate a 2886-marker genetic map.
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Preliminary versions of this map and a database of the SSLP markers
have been made available through our website (http://tropmap.
biology.uh.edu).

Materials and methods
Map cross and F2 DNA panel

The map cross was derived from a single mating of two F1 progeny
produced by a P1 cross of a male Nigerian (N) inbred over 7
generations (N7) xa female Ivory Coast (strain IC; inbred from
original Adiopoudome collection) inbred over 5 generations (IC5);
this initial P1 cross was carried out in the laboratory of Robert
Grainger at the University of Virginia. The IC animals represent the
same strain as that used in Khokha et al. (2008). The F2 progeny were
euthanized as postmetamorphic tadpoles in preparation for DNA
isolation. The DNA isolation protocol was modified from Sparrow et al.
(2000). Briefly, metamorphic tadpoles were euthanized in 0.05%
benzocaine, frozen individually in an ethanol/dry ice bath, and stored
at —80 °C. Each individual was macerated extensively, and the tissues
were digested in 100 pg/ml Proteinase K at 55° overnight. Following
heat-inactivation of Proteinase K, samples were treated with 50 pg/ml
RNase A at 37° for 90 min. DNA was isolated after phenol-chloroform
extraction and ethanol precipitation. The DNA isolation protocol can
be found at http://tropmap.biology.uh.edu/DNAisclation.html. At
least 300 pg of DNA was isolated from each individual. A DNA panel
representing 190 F2 individuals as well as the 2 P1 individuals was
used to map the SSLPs.

Bioinformatic identification of unique SSRs

Simple Sequence Repeats (SSRs) were identified within scaffolds
from the JGI X. tropicatis genome assembly 2.0. Assembly 2.0 was the
current assembly at the time this project was initiated, and it consists
of over 27,000 scaffolds. SSRs were identified bioinformatically using
an algorithm modified from Tandem Repeats Finder (Benson, 1999,
which selected a single di- tri-, or tetranucleotide SSR with unique
flanking sequences (“unique SSR”) from each scaffold.

Assessment of polymorphisms

Primers were designed via Primer 3 (Rozen and Skaletsky, 2000;
http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi)
to amplify the SSR and flanking sequence to generate an amplified
fragment between 80 and 500 bases under standard conditions. The
amplified fragment was then tested via BLAST (McGinnis and
Madden, 2004; http://www.ncbinlm.nih.gov/BLAST) to determine
whether it represented a unique sequence within the genome. All
primers were obtained from Illumina (San Diego, CA). Primer sets
were tested initially for robust amplification of a single fragment
visualized by agarose gel electrophoresis, using the following
standard conditions (30 cycles, 58 °C annealing temperature, and
1.5 mM MgCl;). SSR primer sets showing robust amplification were
then tested for polymorphisms using DNAs from unrelated Nigerian
and Ivory Coast individuals as well as a pool of F2 DNAs represented in
the map cross. Polymorphism PCR assay reactions included 3?P-dCTP,
and radiolabeled PCR products were visualized following polyacryl-
amide gel electrophoresis. Sequence length polymorphisms were
detectable as differences in the size of the PCR product; these assays
also provided an estimate of allelic size differences.

Genotyping and linkage analysis
Genotyping of identified SSLPs against the F2 mapping panel was

carried out via PCR reactions run in duplex, using primers labeled with
the fluorochromes FAM and HEX (Illumina, San Diego, CA). PCR
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products were separated on an ABI 3730 DNA Sequencer. Initial
genotyping data were examined using GeneMapper 3.7 software (Life
Technologies, Carlsbad CA). Linkage analysis was carried out using
JoinMap 3.0 (Van Ooijen and Vorrips, 2001), which can incorporate a
wide range of polymorphism types; thus, genotyping results were
classified according to categories of polymorphism, as specified by
JoinMap 3.0 protocols. Genotyping results were evaluated individu-
ally; markers that could not be definitively genotyped were
eliminated from the analysis. For comparative purposes, a second
linkage analysis was performed using MSTmap (Wu et al,, 2008).

Preparation of metaphase spreads and Fluorescence In situ Hybridization
{FISH)

Metaphase spreads were prepared from primary cell cultures
derived from testes of juvenile frogs (Ivory Coast strain). Mitotic
arrest was induced by treatment with 0.2 pg/ml colchicine (Sigma) for
45h at 28°C in 7% CO; atmosphere. Cells were collected by
trypsinization and centrifugation at 100xg for 10 min at room
temperature (RT). Hypotonic shock, fixation and spreading of cells
were described previously (Krylov et al., 2007). Slides were dried and
treated with 50 pg/ml pepsin in 0.01 N HCl for 5 minat 37 °C, followed
by a 30-minute incubation in 2% paraformaldehyde at RT. Endogenous
peroxidase was quenched by a 30-minutes incubation in 1% hydrogen
peroxide. Methods for FISH-TSA, including preparation and labeling of
c¢DNA probes, have been described previously (Krylov et al., 2007).

Assignment of linkage groups to X. tropicalis chromosomes

Assignment of linkage groups (LG) to X. tropicalis chromosomes
was based on physical mapping of cDNA probes by means of
fluorescence in situ hybridization coupled with a tyramide am plifica-
tion step (FISH-TSA) (Khokha et al, 2009; Krylov et al, 2007).
Appropriate genes or ¢cDNA clones that were a minimum of 900 bp in
length were selected from scaffolds anchored in respective linkage
groups using Ensembl (http://www.ensembl.org/indeX.html) or
GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) databases. On
one occasion (LG6, scaffold 104), the Gurdon Institute Xt. EST
database (http://genomics.nimr.mrc.ac.uk/cgi-bin/public.exe) was
used as a data source (see Supplementary Table 2). Chromosome
identification and numbering were based on the p/q ratio following
the revised nomenclature system described in Khokha et al. (20089).
The position of the FISH-TSA signal was expressed as a relative
distance from the centromere (RDC) with respect to the appropriate
arm. Both the p/q arm ratio and RDC were determined using ACC
Program v. 5.0 (SOFO, Brno, Czech Republic). At least six mitoses
showing a FISH-TSA signal were evaluated for each physically mapped
locus.

Results
Identification of SSLPs

Over 14,000 SSRs were identified using our data mining script.
Several rounds of script modification were required to ensure that the
selected markers represented unique sequences. Initially, the script
selected only tri- and tetranucleotide repeats; once those were
exhausted, the script was modified to include dinucleotide repeats,
which are considerably more abundant (Xu et al., 2008).

Over 12,000 SSR primer sets were tested for amplification; of
these, 9369 (78%) were robustly amplifiable under our standard
conditions. The first 6400 primer sets included primarily tri- and
tetranucleotide SSRs. At least one unique tri- or tetranucleotide SSR
was identified from all scaffolds containing these sites. Scaffolds
containing one or more unique tri- or tetranucleotide SSRs comprise
approximately 85% of the genome. The remaining scaffolds were thus
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not represented within this initial set. The remaining SSRs contain
dinucleotide repeats; these are considerably more abundant and
amplify more reliably than the tri- and tetranucleotide SSRs.

Unique SSR sequences were amplified from genomic DNA isolated
from the Nigerian and Ivory Coast grandparents (P1 individuals). In
some instances, DNA from unrelated Nigerian and Ivory Coast
individuals were also included, or DNA from pooled F2 individuals
was used instead. Out of 9300 SSRs tested, 5829 (63%) showed
polymorphisms between the Nigerian and Ivory Coast individuals,
and 4779 SSRs (82% of polymorphic SSRs) were polymorphic between
the P1 individuals. A marker database, which includes primer
sequences, sequence of the amplified fragment, SSR type, and scaffold
assignment, is available at http://www.tropmap.uh.edu. A diagram of
the workflow for identification of markers and generation of the
genetic map is shown in Fig. 1.

The F2 map cross panel

A mapping cross F2 DNA panel representing 190 sibling individuals
was generated from a single cross of two F1 progeny produced by the P1
cross of a male Nigerian (N) F7 with a female Ivory Coast (IC) F5. A total
of 3982 SSRs (83% of the P1 polymorphicset) were genotyped using this
DNA panel and DNA samples from each parent; these SSRs had been
found to be polymorphic in either the P1 individuals or a pool of the F2
individuals. We were unable to place 1003 (25%) of the genotyped
markers on the map; most of the unplaced markers were either difficult
to score, did not show polymorphisms in the mapping cross, or were
eliminated in preliminary iterations of the map because of anomalies in
genotyping or linkage analysis. Of the 2979 polymorphic markers that
could be clearly scored, only 93 (3%) were not resolvable on the map;
presumably, these markers were too far away (>20cM) from other

JGI TRACES

Data Mining

Tandem Repeats Finder and
Unique sequence analysis

Primer analysis

Primer testing

Fluorescent primer Polymorphic
synthesis marker analysis

X. tropicafis
map cross DNAs

PCR
=BT Reactions
ABI 3730XL * I
Genescan

¥

Fragment Output
Genemapper 3.7

Joinmap 3.0

Fig. 1. Orzanization of Bioinformatics, SSLP testing, and genotyping. Data mining of
sequence traces from JGI genome assembly 2.0 identified SSRs, which were then tested
for PCR amplification and polymorphisms. SSLPs shown to be polymorphic in the initial
P1 cross were used to genotype the map cross panel using an ABI 3730 XL sequencer.
Genotyping results were scored using Genemapper 3.7, and linkage analysis was
carried out using Join®Map 3.0.
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clearly scorable markers to show linkage. The mapping cross represents
380 informative meioses, and thus the resulting map has a theoretical
limit of resolution of 0.26 cM.

Genoltyping analysis

Primary linkage analysis was carried out using JoinMap 3.0 (Van
Qoijen and Vorrips, 2001). JoinMap uses maximum likelihood to
calculate recombination frequencies between all possible pairs of
markers; from this data set, it assigns linkage groups, predicts marker
order within linkage groups, and calculates the intermarker distance
(Stam, 1993). JoinMap is particularly suitable for our studies because
it permits a greater range of heterozygosity in parental genotypes,
which allows us to use as many of the SSLPs as possible. It has been
used extensively to create genetic linkage maps in plants (e.g.,
Kuittinen et al., 2004; Song et al., 2004). After an initial analysis that
divided the markers into linkage groups, each linkage group was
analyzed individually; upon completion of a linkage analysis in
Joinmap, the results were compared with earlier versions of the map
(ie., preliminary versions prepared with fewer markers), and the
genotyping results for selected markers were reviewed individually.
In most cases, several markers were eliminated from a given linkage
group, and the remaining markers were re-analyzed. With the
exception of LG1, each of the major linkage groups was analyzed
more than once.

Linkage analysis yielded a genetic map of 2886 SSLP markers,
organized in 10 major and 4 minor linkage groups. The linkage groups
included 103-506 markers, in groups ranging from 77 to 138
centimorgans (cM). The LOD scores at which these linkage groups
appeared ranged from 3 to 12. The 4 minor linkage groups included a
total of 54 markers in groups ranging from 6 markers over 7 cM to 29
markers across 40 cM. A comparison of the linkage groups in terms of
size, number of markers, and minimal genomic representation is
shown in Table 1. A spreadsheet of the complete genetic map is

Table 1
Linkage Groups in 2886-Marker WMap.
LG Chr? 0Old Total # # Genomic Avg
LGP oV markers scaffolds® representation™ intermarker
(kB) dist (M)
1 1 1 13855 506 141 164,091.4 0.27
2 2 6 10969 287 79 96,509.83 038
3 3 3 7902 264 70 93,694.2 0.30
4 4 7 12395 365 90 121,131.2 0.34
S 5 9 8886 207 56 67,5654 043
6 6 2 9497 357 87 1203354 0.27
7 7 4 12011 303 99 924234 040
3 3 5 7306 264 77 91,5868 0.28
9 9 3 1129 178 50 68,777.6 0,64
10 10 10 7756 99 30 28636.7 0.75
Sb 5 A 39.96 29 15 81,8695
8c 3 E 16.36 12 3 397380
3b 3 F 749 3 S 58816
8b 83 S5b 15.16 7 4 4407.7
Addl" - - 45 87,379.0
Total 1097.64 2886 856 1,128,267.7

? Chromosomes are numbered as described in Khokha et al. (2009),

b “0ld LG” refers to the initial linkage group designation previously shown on our
website. All linkage groups are now numbered in accordance with the corresponding
chromosome.

< “Total cM” refers to the distance from the frst to the last marker within a linkage
Zroup.

* Only those scaffolds that are represented entirely within a single linkage group are
included in the “# of scaffolds represented” for each linkage group.

® “Genomic representation” refers to the combined size of all scaffolds represented
within a linkage group: this number is a minimum estimate of the portion of the
genome represented within a linkage group.

" The total minimal genomic representation includes approximately 87 MB from
scaffolds that appear on 2 or more linkage groups (“Add’l”).
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presented in Supplementary Table 1; this spreadsheet also includes
the primers and amplified sequence for each marker, as well as the
corresponding scaffold from X. tropicalis genome assembly 4.1
(Hellsten et al., 2010).

The total genetic interval across all linkage groups is 1097.64 cM.
Since a mutation can be mapped if it is within 20 cM of a marker, the
effective size of the map includes not just the total genetic interval,
but also an additional 20 ¢cM at either end of each linkage group
(Knapik et al.,, 1996). Thus, the effective size of the map is
approximately 1658 cM.

Assignment of linkage groups to chromosomes

Fluorescence in situ hybridization coupled with a tyramide
amplification step (FISH-TSA) was used for the physical mapping of
c¢DNA probes in order to assign linkage groups to X. tropicalis
chromosomes. In total, 69 cDNA markers were localized (Fig. 2). A
detailed description of mapped loci is provided in Supplementary
Table 2. Several DNA probes were used for each LG, and probes for a
single LG mapped to only one chromosome. A gynogynetic mapping
strategy has previously been used to identify the locations of the
centromeres and markers corresponding to centromeric positions
(Khokha et al., 2009). LGs 2, 3, 4, 7, and 8 showed a p-q orientation,
while the remaining linkage groups were oriented from q to p. All of
the minor linkage groups were assigned to chromosomes; they are

1a 1 1c 1d 1e 1f 19
Chr.1-LG1

4a 4b 4c 4d 4e
Chr.4-LG4

6¢c 6d 6e 6f
Chr.6-LG6

8a 8b 8c 8d 8e 8f 8g 8h 8i 8 8k
Chr.8-LG8

4f 4g 4h 4i 4 4k

9a 9 9c¢ 9d

listed as LG3b, 5b, 8b, and 8c. Assignments of 3b, 5b, and 8b were
based on the position of probes representing scaffolds included solely
within those minor linkage groups; assignment of 8c is based on the
position of a marker from Scaffold 427, which is represented both in
LG8 and in 8c.

With the exception of LG2, all linkage groups covered the length of
the corresponding chromosomes (Fig. 3). Cytogenetic mapping of LG2
showed that this linkage group covers the ¢ arm of Chr. 2, terminating
near the centromere. The p arm of Chr. 2 is thus not represented in
this genetic map.

Several scaffolds have been cytogenetically mapped to the p arm of
Chr. 2; these will be described elsewhere (Macha et al.,, manuscript in
preparation). Markers representing these scaffolds were identified
from our marker dataset, and the genotyping results for these markers
were assessed. Of the genotyped markers from these scaffolds, 73%
were nonpolymorphic in our F2 mapping panel. To establish a size-
matched “control” dataset, we also identified markers from the
scaffolds that flanked each of the Chr.2 p arm scaffolds in size, ie., if
scaffold 40 was represented on the Chr. 2 p arm, scaffolds 39 and 41
were included in the control dataset. We then reviewed the
genotyping results for all markers from scaffolds in the control
dataset; only 11% of these markers were nonpolymorphic across the
F2 mapping panel, which is significantly different ( p<0.0001, Fisher’s
Exact Test) from that found for the markers representing the Chr.2 p
arm scaffolds. These findings suggest that the level of polymorphism

2a 2b 2c 3a2 3b 3c 3d
Chr.2-LG2 Chr.3-LG3

52 5b 5¢c 5d 5e 5f
Chr.5-LG5

5g 5h 5i

7b 7c 7d 7e 7f 7g
Chr.7-LG7

10a 10b 10c 10d 10e 10f

Chr.9-LG9 Chr.10-LG 10

Fig. 2. Assignment of linkage groups to Xenopus tropicelis chromosomes via FASH-TSA using following cDNA probes. LG1: 1a. pios2 (g 0.95), 1b. cobini (g 0.54), 1c deo (g 0.48),
1d. edh 6 (g 0.22), le. camk2d (p 0.25), 1f. exoc? (p 0.54), 1g.whsc2 (p 0.78). LG2: 2a. trit? (g 0.28), 2b. uspl} (g 0.75), 2c. pon3 (g 0.76). LG3: 3a. jhdmid (p 1.00], 3b. phf15 (g 0.10],
3. fefrd (g 0.26), 3d. chd3 - cluster F (g 1.00). LG4: 4a. sox6 (p 0.96), 4b. ext2 (p 0.83), 4c. ocp2 (p 0.68), 4d. rosgrp2 (p 0.23), 4e. odomts 18 (g 0.14), 4f. e2f4 (g 0.32), 4g. most2
(g 0.45), 4h. pcsk9 (q 0.47), 4i. dmop? (g 0.48), 4j. rybtp (g 0.87), 4k pppdr2 (g 0.90), 4L ptprg (g 0.96). LG5: 5a. trom2 - cluster A (g 0.88), 5b. ep2m1 (g 0.47), 5¢. myo6 (g 0.35],
5d. cdcd0 (g 0.25), Se. crimi (p 0.26), 5. tec27 (p 0.30), 5g. cypit? (p 0.41), Sh. prept (p 0.77), 5L tre (p 0.93). LG6: 6a. atpbvih (g 0.55), 6b. bdgoits (g 0.54), 6¢. fignt} (p 0.24),
6d. Xt7.1-THdAD17i08.3 (p D.65), 6e. mpp7 (p D.68), 6f. csrmp? (p 0.85). LG7: 7a. nop2 (p 0.92), 7b. gpr1 23 (p 0.59), 7c. got? (p 0.46), 7d. mfn2 (g 0.14), 7e. cbt (g 043 ), 7. tocet
(g 043), 7g. furt (g 0.78), 7k egmer (g 0.95). LGS: 8a. gtipr2 - cluster 5B (p 0.92], 8b. ENSXETGODODDOD0B67 (p 0.83), 8c. dusp? (g 0.04), 8d. smcie (g 0.04), Se. mba} (g 0.09],
8f. rps6kob (g 0.36), 8g. f9 (g 0.40), 8h. zfp36t1 (q 0.78), 8i. mef2d (g 0.90), 8. rhog (g 0.92), 8k ubgind (g 0.93]). LGS: 9a. smarcet (g 1.00), 9b. znf142 (g 0.98), 9¢. thri (g 0.74),
Sd. MGC145260 (p 0.58). LG10: 10a. moep2kd (g 1.00), 10b. src (g 0.68), 10c. mene? (p 0.28), 10d. hoxt3 (p 0.51), 10e. sp2 (p 0.53), 10f. tofd (p 0.75).
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Fig. 3. Alignment of Physical and Genetic maps. Each of the ten chromosomes of X. tropicatis is depicted proportional to its size and centromere location. Locations of genes on each
chromosome are shown based on in sitw hybridization results. Representative markers and their centiMorgan positions from each of the linkage groups are shown alongside the
chromosomes, The in sitw mapped chromosomal genes are aligned to their closest linkage group marker. This linkage was established by comparing the location of the genetic

markers and the location of the mapped genes within the same genomic scaffold.

on the p arm of Chr. 2 is substantially reduced relative to the regions
represented on the map.

The genetic map and the genome assembly

We investigated the correspondence between genetic interval and
genomic sequence by comparing the maximum genetic interval and
genomic distance between markers on 74 of the largest 100 scaffolds;
the remaining 26 scaffolds in this group were either represented by a
single marker or were otherwise unsuitable. The ratio of genomic
distance to genetic interval varied over 3 orders of magnitude, from
approximately 4 kb/cM to over 3000 kb/cM; the average value is
581 kb/cM, comparable to the value of 625 kb/cM for zebrafish
(Postlethwait et al,, 1994). Interestingly, this value was not strongly
correlated with distance from the centromere; scaffolds in proximity
to the centromere included those with low ratios, as well as the
expected higher kb/cM values, and some of the scaffolds with values
over 1000 kb/cM were found far from the centromeric region (data
not shown). Moreover, one-way ANOVA indicated that there were no

significant differences in the average map interval/scaffold ratios for
all scaffolds among the individual linkage groups (data not shown). It
should be noted, however, that the order of markers from a single
scaffold on the genetic map often did not correspond to marker order
in the genomic sequence within a scaffold, and that markers from a
single scaffold were generally intermixed with markers from other
scaffoldsin the genetic map. Thus, for close-range analysis, the overall
correspondence of marker order between the genetic map and the
genomic sequence is relatively weak.

The striking short-range intermixing of markers from different
scaffolds led us to ask whether this was a general feature of the map,
or whether some linkage groups had a higher level of disjunct (ie.,
intermixed) markers than others. As an indicator of “intermixing”, we
assessed each scaffold represented by more than one marker and
identified the numbers of disjunct vs conjunct scaffolds for all
scaffolds represented by only two markers (data not shown). The
number of 2-marker scaffolds in each major linkage group (LG1-10)
ranged from 5 to 27. For the 7 linkage groups with at least 10 2-
marker scaffolds, the frequency of conjunct 2-marker scaffolds (ie.,
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scaffolds in which the representative markers are placed sequentially
on the map, without intervening markers from other scaffolds)
ranged from 26 to 36%; overall, 30% of 2-marker scaffolds were
conjunct. We also compared the genetic distance between the
representative markers for all of the 2-marker scaffolds for each
linkage group (data not shown). For individual linkage groups with at
least 10 2-marker scaffolds, between 50 and 72% were represented
across a distance of 1 €M or less. Across all of the major linkage groups,
over 60% of the 2-marker scaffolds are represented within a genetic
distance of 1 cM. We tentatively conclude that the frequency of
scaffold intermixing is relatively constant across the map and thus
cannot be attributed to the specific properties of any individual
linkage group.

Genomic representation

We estimated the minimum genomic representation for each
linkage group by identifying the scaffolds from Assembly 4.1 that
contained each of the mapped markers and determining the total size
of scaffolds represented unambiguously in each linkage group. The
minimum genomic representation varied between 29 and 164 MB
across the 10 linkage groups.

Each linkage group included markers for which no single matching
scaffold from Assembly 4.1 could be identified. These included
markers that corresponded to sequences in multiple scaffolds, as
well as markers that did not match any of the scaffolds from Assembly
4.1. Since each of the SSLP markers originated as a unique sequence
from Assembly 2.0, these sequences have presumably been lost from
the later genome assembly. The entire genetic map includes 126
sequences (4.3% of markers) with multiple corresponding scaffolds,
and 122 sequences (4.2%) with no corresponding scaffold.

Scaffold matches for the remaining markers allowed us to assign
individual scaffolds to linkage groups. For a scaffold to be assigned toa
linkage group, 75% of markers included on the scaffold had to map toa
single linkage group. The 45 scaffolds that did not meet this criteria
were left “unassigned”, as listed in Table 1; they constitute just over
87 MB of the total genomic representation on the genetic map. The
minimal genomic representation of the entire map totaled 1.129 GB,
or 66% of the 1.7 GB represented in X. tropicalis genome assembly 4.1;
the size of the assembled genome is similar to the genome sizes
corresponding to the c-values obtained for X. tropicalis (1.47-1.88 GB;
Gregory, 2006). Approximately half of the X. tropicalis genome
assembly is represented in the first 272 scaffolds (Hellsten et al.,
2010); all but 38 of these scaffolds are represented in the genetic map.

Scaffolds in the unassigned group included markers that mapped
to multiple linkage groups. To evaluate the provenance of these
scaffolds, we checked the associated marker sequences for their
scaffold assignments in X. tropicatis genome assembly 5, a test genome
assembly that was assembled using the ARACHNE compiler at the
Stanford Genome Center. Out of the 45 “unassigned” Assembly 4.1
scaffolds, 30 included markers that were incorporated into different
scaffolds in Assembly 5, suggesting that these 30 scaffolds from
Assembly 4.1 may be chimeric. For 8 of the unassigned scaffolds, one
or more SSLPs within the marker set could not be assigned to a single
Assembly 5 scaffold, so they could not be evaluated. The remaining 7
scaffolds were cohesive, meaning that all markers within a given
Assembly 4 scaffold mapped to one Assembly 5 scaffold. This result
indicates that for these 7 cohesive scaffolds, there is a discrepancy
between the genome assembly, which demonstrates that these
sequences are in physical proximity to one another, and the genetic
map, which places markers from a single scaffold into different
linkage groups. We do not have an explanation for these findings, but
caution those using this map for positional cloning studies to avoid
using these scaffolds as a major source of linkage relationships. A list
of unassigned scaffolds and their status with regard to assembly 5 is
provided in Supplementary Table 3.

Alternative linkage analysis using MSTmap

In view of the discrepancies between the genetic map and genome
assembly 4.1, we carried out a second linkage analysis using MSTmap,
an alternative mapping program that establishes marker order using
an algorithm based on the “minimal spanning tree” (MST) of a graph
of the genotyping data (Wu et al., 2008). This alternative analysis
required a significant recoding of the genotype data. In JoinMap 3.0,
the F2 alleles were grouped in 5 classes based on the P1 genotype;
each P1 genotype could generate 2-4 different F2 allelic combina-
tions, depending on the number ofalleles shared between the parents,
for a total of 14 different types of F2 allelic combinations. In contrast,
MSTmap recognizes only 3 types of F2 allelic combinations; thus, the
transformation of these data intoc MSTmap format significantly
reduced the complexity of the data set.

MSTmap analysis of the recoded genotypes yielded 96 linkage
groups that included between 3 and 261 markers, 1 pair of linked
markers, and 1 unlinked marker, incorporating 2326 markers in all.
The total size of the map, representing the sum of the sizes of all
linkage groups, is 1991.8 cM. Each MSTmap linkage group (lg)
consisted of markers that could be found on a single linkage group
from the primary Joinmap analysis (referred to as “LGs"); however,
the markers within a single MSTmap lg cover large distances on the
original Joinmap LGs, and the MSTmap lgs show considerable overlap
on the corresponding Joinmap LGs. Interestingly, the MSTmap lgs
tended to represent groupings of markers that displayed the same
type of allelic combination in the original genotype data, suggesting
that the MSTmap algorithm “sorts” markers by allelic combination as
a byproduct of the computational process, despite the fact that
specific information regarding the allelic combination for a given
marker is lost during recoding. A spot-check comparison of the
correspondence between the genome assembly and either of the two
genetic maps for 38 scaffolds indicated that for 5 scaffolds, the
markers from a given scaffold showed improved marker order
(markers are more conjunct, i.e, less intermixing with markers
from other scaffolds) in the MSTmap lgs. For 20 scaffolds, the markers
were more conjunct in the Joinmap LGs, and for 13 scaffolds, the
number of conjunct markers was identical in both linkage analyses
(data not shown). Thus, in our view, while the MSTmap lgs confirm
linkages shown by Joinmap, the MSTmap analysis does not produce
the hoped-for improvement in marker order. We include the MSTmap
linkage groups as a supplement (see Supplementary Table 4), as they
may provide some alternative candidate linked markers.

We have not been able to combine MSTmap lgs that are included
within the same Joinmap LG into a single linkage group in MSTmap. It
is likely that the high level of parental heterozygosity for most of
these markers precludes the detection of linkage using the MSTmap
algorithm.

Discussion

We have generated an SSLP map of over 2800 markers, with an
effective size of 1658 cM and a theoretical limit of resolution of
0.26 cM. This map is the third version that has been released through
our website (http://tropmap.biology.uh.edu). A comparison of the
size of the current 2886-marker map with the previous 1654-marker
map suggests that 1658 cM may be near the maximum size of the
genetic map, since the effective size of the previous map was 1636 cM.
Thus, a 74% increase in the number of markers has vielded an increase
of less than 2% in map size.

The minimal genomic representation of the entire map totaled to
1.129 GB, or 66% of the 1.7 GB represented in X. tropicalis genome
assembly 4.1; the size of the assembled genome is similar to the
genome sizes corresponding to the c-values obtained for X. tropicalis
(1.47-1.88 GB; Gregory, 2006).
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This map demonstrates that a bioinformatics-based strategy is an
effective means of identifying SSLPs. The frequency of unique, usable
SSLPs identified in our study was high relative to those of SSLPs
identified via conventional CA-repeat screening of genomic libraries.
Our recent analysis of 25% of the SSRs in the X. tropicalis genome (Xu
et al., 2008) has shown that the frequency of all di-tri and
tetranucleotide SSRs in X. tropicalis is close to 1/6 kb, much higher
than previously suggested. Moreover, a bioinformatics strategy can be
targeted to specific scaffolds to expand coverage of the genome.

A provisional AFLP map for X. tropicalis has been published
(Kochan et al, 2003). This map includes 51 AFLP markers and 2
isozyme markers in 13 linkage groups. Since no sequence information
is available for the AFLP markers, it is not possible to integrate this
map with either our map or the genome assembly. Future mapping
efforts may focus on SNP identification and mapping; since our
strategy provides a correspondence between the genetic map with
the genome sequence, it should be possible to integrate our map with
future SNP mapping results.

This map shows two major discrepancies with the physical map.
First, 8.5% of the markers on this map cannot be uniquely identified on
a single scaffold from the current assembly (4.1; Hellsten et al., 2010);
some markers are not represented on any scaffold in this assembly,
while others show close matches to multiple scaffolds. Most of these
are resolved in X. tropicalls genome assembly v6; comparisons to v6
indicate that only 38 markers cannot be unambiguously assigned to a
single scaffold (Gilchrist and Zimmerman, pers. comm.). Second, there
are discrepancies in short-range marker order, in that markers
assigned to a single scaffold are intermixed along the genetic map
with markers from other scaffolds; in many cases, these represent
intermixing over short genetic distances. Most of these disjunct
scaffolds are not resolved in later assemblies (Gilchrist and Zimmer-
man, pers. comm.). During our linkage analyses, we found that,
although long-range marker position was robust, short-range marker
position was often exquisitely sensitive to the presence of individual
markers in flanking regions. Comparisons of genetic and 2 different
sequence-based physical maps of the human genome suggested that
most of the discrepancies could be attributed to errors in genome
assembly (DeWan et al,, 2002); however, this study was restricted to a
limited set of markers that passed a more stringent test of marker
position (likelihood ratio ). The spatial heterogeneity of recombination
frequencies along each chromosome may contribute to the apparent
intermixing of markers within the genetic map. Increases in marker
density on the genetic map should improve the short-range
colinearity of these resources. Colinearity between the map and
genome has already been increased by improvements to the genome
assembly: the newly-released Assembly 7.1 shows greatly improved
colinearity with the genetic map (Schmutz, Jenkins, and Rokhsar,
personal communication). It should be noted, however, that the
genetic map was incorporated in the construction of Assembly 7.1.

Graf (1989) generated a preliminary set of 8 linkage groups for
X. laevis using 21 isozyme markers. We have attempted to compare
these linkage groups to our map by finding the scaffold and linkage
group assignments for the corresponding X. tropicalis genes. In many
cases, the corresponding genes could not be unambiguously identi-
fied. We were, however, able to determine that the linkage relation-
ships represented in Graf's linkage groups 1 and 6 are not conserved,
although the 3 isozyme markers that constitute Graf's linkage group 7
are all found within our LG2 (data not shown). Further conclusions
regarding the conservation of organization between the X. tropicalis
and X. laevis genomes await sequencing and assembly of the X. laevis
genome.

The striking absence of coverage on the p arm of Chr. 2 indicates
that we have been unable to detect linkage either to or within this
area. Although this omission could occur for a number of reasons, our
results suggest that the level of polymorphism is lower in this region
than in the regions of the genome that are represented on the genetic

map. Cytogenetic analyses of X. tropicalis lampbrush chromosomes
(Penrad-Mobayed et al,, 2009) should reveal any large-scale differ-
ences in crossover frequency for the p arm of Chr. 2. One explanation
for a reduced frequency of polymorphism is “selective sweep”, in
which recent strong selection for an allele increases the frequency of
alleles in regions flanking the locus at which selection occurs, via
“genetic hitchhiking” (Doritetal, 1995). Selective sweep is thought to
underlie a dramatic reduction in polymorphisms over a 1-MB region
in the maize genome, in comparison with its undomesticated relative
teosinte, another subspecies of Zea mays (Tian et al., 2009 ). Analysis
of single nucleotide polymorphism (SNP) distribution in the human
genome has identified several genomic regions in which reduction of
polymorphism may represent a selective sweep, including 2 areas
located on the X chromosome (International HapMap Consortium,
2005). Studies of the Segregation Distorter (SD) complex in African
populations of Drosophila melanogaster have demonstrated a recent
selective sweep within the SD-mal variant, which carries a double
inversion incorporating the region of the SD complex; on the SD-mal
chromosome, recombination is suppressed across 14 MB (Presgraves
et al, 2009). These authors point out that selfish meiotic drive
complexes such as SD could become fixed in the absence of modifying
loci or counteracting selection, leading to regional suppression of
recombination. Although selective sweep alone is unlikely to explain
the omission of the entire p arm from the genetic map, a localized
region subject to selective sweep might disrupt our ability to detect
linkage relationships over a larger area. Moreover, this relationship
suggests that the p arm of chromosome 2 may harbor genes or gene
complexes that could underlie previously undetected meiotic drive.

Suppression of recombination may occur in regions associated
with sex determination. Although frogs use a ZW sex determination
system, the Z and W chromosomes are morphologically indistin-
guishable (for review see Evans, 2008). A recent study indicates that 3
genes known to be sex-linked in the anuran Rana rugosa are located
on X. tropicalis Chr. 8 (Tymowska Chr. 10) (Uno et al., 2008 ). The DM-
W gene is essential for ovary development in X. lgevis and may
function in sex determination; bioinformatic comparisons, however,
indicate that DM-W cannot be identified in the X. tropicatis genome
(Yoshimoto et al., 2008). The locus responsible for sex determination
in X. tropicalis remains unknown. Identification and sequencing of
sex-linked AFLPs in X. tropicalis have been used to identify 9 scaffolds
that show sex linkage (Olmstead et al., 2010); 4 of these are
represented in LG7, and the remainder is not represented on the map.

This map will be a significant resource for genetic and genomic
studies of X. tropicalis. Preliminary versions of this map have already
been used to map genes identified by mutation (Abu-Daya et al.,
2009) and track the movement of transposable elements (Yergeau
et al, 2010). The genetic map, together with the marker-scaffold
correspondence, has also contributed to the evaluation of predicted
syntenic relationships and long-range assembly of the X. tropicalis
genome (Hellsten et al., 2010). Given the map size, resolution, marker
density, and relative ease of use, the map should be valuable for the
integration of genetics with genomic or cytogenetic studies.

Supplementary materials related to this article can be found online
at doi:10.1016/].ydbio.2011.03.022.
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Abstract Laser microdissection was used for the
preparation of whole chromosome painting probes in
Silurana (Xenopus) tropicalis. Subsequent cross-
species fluorescence in situ hybridization (Zoo-FISH)
on its tetraploid relative Xenopus laevis revealed
persistence of chromosomal quartets even after 50—
65 million years of separate evolution. Their arrange-
ment is in a partial concordance with previous
experiments based on similarity of a high-resolution
replication banding pattern. Further support for an
allotetraploid origin of X. laevis was given by
hybridization with a probe derived from the smallest
X, tropicalis chromosome (Xt10). Here, pericentric
areas of both arms of X| 14 and 18 were stained,
indicating intrachromosomal rearrangements. The
positions of signals were not in agreement with the
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chromosomal quartets revealed by painting probes Xt
8 and 9 (XI 11+14 and X1 15+18, respectively). This
suggests that both X. tropicalis chromosomes under-
went non-reciprocal translocation of Xt10 separately
in at least two different ancient ancestors. In addition,
the observed translocation events could explain the
origin of individuals with 18 chromosomes in diploid
karyotypes, probably extinct after the genesis of the
allotetraploid X. laevis (2n=36).

Keywords Xenopus tropicalls - Xenopus laevis -
whole chromosome painting probe - Zoo-FISH -
microdissection

Abbreviations

DAPI 4’,6-diamidino-2-phenylindole

DOP-PCR degenerate oligonucleotide primed
polymerase chain reaction

FISH fluorescence in situ hybridization

MYA million years ago

NOR nucleolus organizer region

S8R simple sequence repeat

TSA tyramide signal amplification

WCP whole chromosome painting

WGA whole genome amplification

Xl Xenopus laevis chromosome

Xt Xenopus tropicalis chromosome

Zoo-FISH cross-species fluorescence in situ

hybridization
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Introduction

Xenopus tropicalis represents an amenable model
organism for genetic and developmental studies. Its
diploid genome containing ten pairs of easily distin-
guishable chromosomes (Tymowska 1973) was se-
quenced and arranged in scaffolds (Klein et al. 2002).
At present, a provisional linkage map based on S8R
(simple sequence repeat) polymorphic markers is
available (http://tropmap.biology.uh.edu). The cyto-
genetics of X. tropicalis was established through the
introduction of fluorescence in situ hybridization
coupled with a tyramide signal amplification step
(FISH-TSA) (Krylov et al. 2007). The mentioned
technique was successfully employed for the identi-
fication of centromeric positions for all ten linkage
groups. This information enabled the assignment of
induced mutations to specific chromosomes in gyno-
genetic offspring (Khokha et al. 2009). Besides
indisputable advantages of this model organism in
the mentioned research fields, X. #opicalis and its
tetraploid relative Xenopus laevis constitute pivotal
creatures from the gene duplication point of view
(Pollet and Mazabraud 2006). Amphibians in general
are a connecting link between lower vertebrates, such
as fishes, and terrestrial tetrapods including human.
Despite their interesting taxonomic position, there is
an almost complete lack of tools for the study of their
chromosomal evolution. Until now, only chromosome
banding and comparison of linkage maps were used
(Hotz et al. 1997; Schmid and Steinlein 2001; Smith
and Voss 2006).

Whole chromosome painting (WCP) coupled with
cross-species fluorescence in situ hybridization (Zoo-
FISH) can overcome this limitation. These techniques
are based on the isolation of identical chromosomes
via flow sorting or microdissection from metaphase
spreads. An appropriate probe is prepared by nonspe-
cific amplification using degenerate primers and
labeling with a fluorophore-coupled or haptenized
nucleotide. Subsequent hybridization with chromo-
somes of the same species (painting FISH) results in
WCP. On the other hand, the term Zoo-FISH refers to
using the probe on evolutionarily more or less related
counterparts. These techniques are well-established in
mammals and marsupials (Chowdhary and Raudsepp
2001), birds (Shetty et al. 1999; Chowdhary and
Raudsepp 2000; Guttenbach et al. 2003; Griffin et al.
2008), fishes (Rab et al. 2008) and some nonverte-
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brate taxa (Fukova et al. 2007; Vitkova et al. 2007,
Teruel et al. 2009).

In this article, we describe the preparation of X.
tropicalis whole chromosome painting probes using
laser microdissection and show the reconstruction of
allotetraploid origin of X. laevis by Zoo-FISH.

Materials and methods

Preparation of X. tropicalis and X. laevis metaphase
spreads

X. tropicalis metaphase spreads were prepared from
euploid testicular primary cell culture as described in
Khokha et al. (2009) with minor changes. Briefly, the
trypsinization step was followed by a hypotonic shock
in 38-mM KCI for § min. After fixation, cell
suspension was stored overnight at —20°C. For laser
microdissection, cells were dropped on a polyethylene
naphthalene membrane (P.A.L.M. GmbH, Bermried,
Germany) attached to a thin glass slide, dried and
stained with 3% Giemsa for 10 min. Painting FISH
experiments were done with chromosomes spread
onto clean microscopic slides as described in Courtet
et al. (2001).

X. laevis chromosome samples were prepared from
splenocytes of an adult female as described in Krylov
et al. (2003) with minor changes. Briefly, 4.5 h before
decapitation, the frog was injected with 10 pg/g (wiw)
of colchicine (2 mg/ml) into the lymphatic sac. The
spleen was disrupted with two needles in 2 ml of
diluted PBS (two volumes of PBS and one volume of
water). The suspension was filtered through a poly-
amide sieve with 60-um meshes. Hypotonization,
fixation and the following treatment of slides were
done as described above for X. tropicalis.

Laser microdissection of X. tropicalls chromosomes
and preparation of WCPs

Chromosome dissection and collection was carried
out using a PALM MicroLaser system (P.A.L.M.
GmbH, Bernried, Germany) coupled with an inverted
microscope (CGlympus) under an oil immersion objec-
tive (100x magnification). About 15 copies of the
desired chromosome were microdissected and cata-
pulted by a single laser pulse directly into the cap of a
PCR tube containing 4-pl PCR oil.
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Whole chromosome painting probes were prepared
in two ways: by two rounds of DOP-PCR (degenerate
oligonucleotide primed PCR), with Dig-11-dUTP
(Roche Diagnostic GmbH, Germany) as described in
Kubickova et al. (2002) or by GenomePlex Single
Cell Whole Genome Amplification Kit (WGA4)
(Sigma-Aldrich Co., USA), according to the manu-
facturer's manual followed by purification on a Gel
extraction kit column (Qiagen GmbH, Germany).
Labeling of 20 ng of the amplification product was
performed with the GenomePlex DNA Reamplifica-
tion kit (WGA3) (Sigma-Aldrich Co., USA) and Dig-
11-dUTP (Roche Diagnostics GmbH, Germany) with
minor changes. The 10-mM stock solution of dNTPs
from the kit was replaced by the following mixture
(10 mM of dATP, dCTP, dGTP and 6.5 mM dTTP).
The volume of this solution was reduced to a half
(1.5 pl instead of 3.0 pl per 75 pl reaction). The
volume of 1-mM Dig-11-dUTP was 2 pl per 75 pul
reaction. Cycling parameters were set according to the
manufacturer's manual. After reamplification, the
probe was purified on a Gel extraction kit column
(Qiagen GmbH, Germany).

Painting FISH on X. tropicalis chromosomes

Twenty two microliters of the hybridization mixture
containing 50% formamide, 2x SS8C, 10% dextran
sulfate, S-pg X. tropicalis competitor DNA (Applied
Genetics Laboratories, Melbourne, USA) and 2 pl of
probe (approx. 500 ng) was denatured for 10 min at
72°C and then reannealed at 37°C for 80 min. During
this time, slides with chromosomal spreads were
denatured in 70% formamide, 2x S8C (pH 7.0) for
2 min, immediately dehydrated in methanol series
(70, 90 and 100%), 3 min each with agitation and
dried. The hybridization mixture was placed on a
slide, covered with a 22x22 mm coverslip and
hybridized overnight in a wet chamber at 37°C.
Posthybridization washing was done twice in 50%
formamide, 2x S8SC (pH 7.0) at 42°C, three times in
2x 8§8C at RT and once in 1x TNT at RT, 5 min each.
Slides were then blocked with TNB buffer (100-mM
Tris—HCI and 150-mM NaCl), 0.5% blocking reagent
(Boehringer Manheim GmbH, Germany) and pH 7.5
for 30 min. The detection of the probe was done with
antidigoxigenin-tetramethylrhodamine (Roche Diag-
nostics GmbH, Germany). After washing with TNT
buffer, slides were mounted in a mounting medium

9J

with DAPI (4',6-diamidino-2-phenylindole) (Intimex,
Czech Republic). Visualization of probe signals was
performed under an Olympus BX40 microscope.
Pictures were taken with a SONY Exwave HAD
black and white camera and images were processed,

colored and merged with the ACC Program, v. 5.0
(SOFQ, Czech Republic).

Z0o-FISH on X. laevis chromosomes

The protocol for Zoo-FISH experiments was similar
as for the painting FISH with minor changes. The
volume of the probe was 3 pl (approx. 750 ng), and
hybridization time was prolonged up to 72 h. Post-
hybridization washing with 50% formamide in 2x
S8C was done at 38°C.

Chromosome identification and nomenclature

Chromosomes were identified by means of their
relative length and p/q arms ratio according to
Tymowska (1973) for X. tropicalis and Tymowska
and Kobel (1972) for X. laevis. The numbering of X.
tropicalis chromosomes follows the new ordering
described in Khokha et al. (2009).

Results
Painting FISH on X. tropicalis chromosomes

The efficiency of DNA amplification was tested on
chromosome 9 (Xt 9), one of the two containing a
secondary constriction. After laser microdissection,
amplification and labeling were done by two rounds
of DOP-PCR with Dig-11-dUTP as described in
Kubickova et al. (2002). Hybridization of the probe
resulted in the labeling of a limited area including the
secondary constriction on the q arm of Xt 9 (Fig. 1¢).
Interestingly, the signals in interphase nuclei clearly
correspond to the two small nuclear bodies observed
with DAPI staining (Fig. 1a and b). Since the painting
of Xt 9 was only partial, we performed primary
amplification of the same chromosome by Genome-
Plex Single Cell Whole Genome Amplification Kit
(WGA4). This method utilizes random fragmentation
of genomic DNA and amplification of small frag-
ments (approx. 400 bp) by annealing primers with
adaptors containing universal priming sites (Gribble
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Fig. 1 Painting FISH with the Xt 9 probe prepared by two
rounds of DOP-PCR. a A pair of nuclear bodies visible with
DAPI staining. b FISH signals correspond to DAPl-stained
nuclear bodies. ¢ Painting FISH of the Xt9 probe on an X

et al. 2004). The following reamplification by
GenomePlex WGA reamplification kit (WGA3) with
Dig-11-dUTP resulted in a strong and specific
painting probe covering approximately 80% of the
particular chromosomal pair (Fig. 2g). Although the
prepared probe was still not perfect, we tried to use
the same system for the preparation of the remaining
painting probes. As a result, seven probes for Xt 1, Xt
3, Xt 5, Xt 6, Xt 7, Xt 8 and Xt 10 hybridized
specifically and stained whole chromosomes (Fig. 2).
Unfortunately, we were not able to get usable probes
for Xt 2 and Xt 4 where labeling was not specific.
This might have been caused by accidental mixing of
these two chromosomes in the microdissection step as
their morphology is very similar.

Zoo-FISH on X. laevis chromosomes

After the confirmation of probe specificity, we
performed cross-hybridization (Zoo-FISH) experi-
ments on X. /aevis metaphase spreads. Four of eight
probes labeled whole chromosomal quartets: Xt 1 (XI
142), Xt 5 (X1 13+17), Xt 6 (X| 6+9) and Xt 8 (XI
11+14) (Fig. 3a, ¢, d and f). The Xt 3 painting probe
labeled the q arm of X1 12 and whole X116 (Fig. 3b).
The probe derived from Xt 9 stained approximately
one half of the g arms of XI 15+18 (Fig. 3g). A more
complicated situation arose with the two remaining
chromosomes (Xt 7 and Xt 10). The painting probe
derived from Xt 7 labeled the whole XI 7+10 quartet,
the satellite of XI 12 and a substantial part of the p
arm of only one chromosome XI| 13. In addition,
fainter dispersed signals were observed on most other
chromosomes (Fig. 3¢). The probe from the smallest

4\ Springer

tropicalis metaphase spread. A strong signal is detected in the
limited region including the secondary constriction of the
appropriate chromosomal pair. Scale bar represents 2 um

X. tropicalis chromosome (Xt 10) stained the peri-
centric area on both arms of X1 14+18. Several minor
signals were scattered largely on the p arms of some
other acrocentric chromosomes (Fig. 3h). A schema-
tized reconstruction of the X. /aevis tetraploid karyo-
type based on Zoo-FISH experiments is depicted in
Fig. 4.

Discussion

Genera Stlurana and Xenopus diverged from the
common ancestor approximately 50-65 million
years ago (MYA) (Evans et al. 2004; Hellsten et
al. 2007). Subsequent polyploidization events
resulted in genomes of multiples of 20 chromo-
somes in the genus Sifurana (Xenopus epitropica-
lis, 2n=40) and of 18 chromosomes in the genus
Xenopus (X. laevis, 2n=36). So far, Silurana
(Xenopus) tropicalis represents the only diploid
species known in the group of clawed frogs (2n=
20) (Evans 2008). The hypothetical model
concerning the origin of 2n=18 individuals was
described in Schmid and Steinlein (1991). The
karyotype of X. tropicalis contains one chromosomal
pair Xt 10, not present in any other Xenopus species.
The authors assume that in the African Miocene
there existed several species with 2n=20 and that in
two of them, the chromosomal pair 10 could have
been translocated by non-reciprocal rearrangements
onto two different chromosomes. As a result, these
individuals would contain 18 chromosomes in the
diploid set. Qur findings strongly support this theory
since the painting probe derived from Xt 10 labeled
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Fig. 2 Painting FISH with
X. tropicalis whole chromo-
some painting (WCP)
probes prepared by
GenomePlex WGA4 ampli-
fication and WGA3 ream-
plification and Jabeling.
Staining of the appropriate
chromosomal pair using
WCPs derived from a Xt 1.
b Xt3. cXt5 dXt6. eXt
7.1 Xt 8. g Xt 9. h Xt 10.
Scale bar represents 2 pm

small distinct pericentric areas on both arms of XI 14
and 18, indicating visible intrachromosomal rear-
rangements. In addition, minor signals were detected
largely on the p arms of some other acrocentric

chromosomes, suggesting further interchromosomal
translocations (Fig. 3h). Zoo-FISH experiments with
Xt 8 and 9 probes revealed staining of chromosomal
quartets XI 11+14 and XI| 15+18, respectively
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Fig. 3 Zoo-FISH on X. lae-
vis metaphase spreads using
X. tropicalis WCPs prepared
by the GenomePlex WGA4/
WGA3 protocol. a The Xt 1
probe stained the chromo-
somal quartet X1 1+2. b
Hybridization with the Xt 3
probe gave staining of the q
arms of X1 12 and the whole
chromosome pair X1 16. ¢
The Xt 5 probe stained

the chromosomal quartet X
13+17. d Zoo-FISH with
the Xt 6 probe revealed a
chromosomal quartet
formed by X1 6 and 9. e
Hybridization with the Xt 7
probe stained the chromo-
somal quartets X1 7 and 10.
Strong signals were detected
on X1 12 satellites and on
the substantial part of the p
arm of one chromosome
from the X1 13 pair. f
Hybridization with the Xt
8 probe resulted in staining
of the chromosomal quartets
X111 and 14. g Zoo-FISH
with the Xt 9 probe revealed
labeling of approximately
one half of the g arms of the
chromosomal quartet X1 15
+18. h Hybridization with
the probe derived from the
smallest X. tropicalis chro-
mosome (Xt10) gave peri-
centric staining on both
arms of X1 14 and 18.
Minor signals were scat-
tered largely on the p arms
of other acrocentric chro-
mosomes. Arrows indicate
chromosomal quartets.
Arrowheads point to chro-
mosomes with pericentric
staining using the Xt 10
painting probe. 4sterisks in-
dicate probable visualization
of the active NOR and
polymorphic minor rDN A
loci revealed by the Xt 7
painting probe. Scale bar
represents 2 1um

4\ Springer




Reconstruction of X. laevis tetraploid karyotype by Zoo-FISH

437

Fig. 4 Schematized recon-
struction of the allotetra-
ploid X laevis karyotype
based on data from Zoo-
FISH experiments using X.
tropicalis whole chromo-
some painting probes.
Chromosome numbering is
in accordance with Khokha
etal. (2009) for X tropicalis
and Tymowska and Kobel
(1972) for X. laevis. The
numbers in brackets under
X. tropicalis chromosomes
refer to the old system de-
seribed in Tymowska (1973)

Xenopus
tropicalis

1 3
(1) (9)
1 2

3

Xenopus
laevis

(Fig. 3f and g). This observation supports an
allotetraploid origin of X. /aevis. The first ancestor
underwent an Xt 10 translocation to Xt 8, in the
second case, the recipient chromosome was Xt 9.
Hybridization of the Xt 9 painting probe prepared
by GenomePlex kits on X. tropicalis metaphase
spreads resulted in staining of approximately 80% of
the appropriate chromosomal pair (Fig. 2g). In
addition, both the GenomePlex as well as DOP-PCR
probes revealed a strong signal in the secondary
constriction and two small round structures in
interphase nuclei which corresponded to DAPI-
stained nuclear bodies (Figs. 1 and 2g). A possible
explanation is the presence of the nucleolus organizer
region (NOR). However, an active NOR was previ-
ously localized by silver staining to the secondary
constriction in Xt 7 (Tymowska and Fischberg 1982)
and the satellite of X1 12 in X. /aevis (Schmid and
Steinlein 1991). Hybridization of the Xt 7 painting
probe with X. /aevis chromosomes revealed the
staining of the chromosomal quartet XI 7+10, the
X1 12 satellite and a substantial part of the p arm of
only one chromosome from the XI 13 pair (Fig. 3e).
This observation indirectly corroborates the positions
of active NORs in both species. Fainter dispersed
signals on most other chromosomes probably repre-
sent additional rDNA loci. The presence of the

5 6 7 8 9 10

(4) (8) (5) (10) (6) 7)

ig .
X
i

S 6 7 8 9 10 31 32:23 14 15 16 27 18

D>

redundant signal on the single X113 could be explained
by individual polymorphism of the minor rDNA loci as
described previously in salmonid fishes (Fujiwara et al.
1998) or the Atlantic halibut (Qcalewicz et al. 2008).
Since the Zoo-FISH experiments with Xt 9 didn't show
any distinct regions in metaphase spreads or in
interphase nuclei, we conclude that the secondary
constriction present on this chromosome was lost by
deletion. As a result, only XI 12 bears the constriction
from Xt 7. An analogous situation was observed in the
tetraploid and octaploid South American anurans O.
americanus and Ceratophrys ornate (Schmid et al.
1985).

High abundance of repetitive sequences in Xt 9
could result in their preferential strong amplification
during preparation of the painting probe. Consequent-
ly, the probe prepared by two rounds of DOP-PCR
reacts only with the secondary constriction and its
adjacent region (Fig. 1c). Even the superior Genome-
Plex probe gives partial Xt 9 labeling (Fig. 2g).
Incomplete representation of DNA content could
result in partial staining of the corresponding X.
laevis chromosomal quartet (X1 15+18). An addition-
al reason for lower labeling is the lack of the Xt 9
secondary constriction in X. /aevis (Fig. 3g). The
absence of silver staining on the Xt 9 secondary
constriction in X. tropicalis could be explained as a
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transcriptionally inactive NOR or a cluster of minor
rDNA loci.

The remaining painting probes stained chromosom-
al quartets (Fig. 3a, b, ¢ and d). These and the above
mentioned results partially correspond to the recon-
struction of a tetraploid karyotype of X. laevis based on
the similar pattern of high-resolution replication bands
(Schmid and Steinlein 1991). The authors grouped all
36 chromosomes in nine quartets (X1 1+2, 3+8, 4+5,
6+9, 7+17, 10+11, 12+13, 14+15 and 16+18). Cur
results confirmed two of them (X1 1+2 and 6+9), but
we were not able to prepare specific painting probes
derived from Xt 2 and Xt 4. These probes should stain
the remaining four chromosomal pairs (X1 3, 4, 5 and
8). In Tlapakova et al. (2005), FISH-TSA (fluorescence
in situ hybridization coupled with tyramide signal
amplification) localization of two paralogous mdh2
genes revealed subcentromeric positions on XI 3 and 8,
indicating their common origin. Krylov et al. (2007)
performed an analogous experiment with the mdh2
ortholog in X. tropicalis. The ¢cDNA probe labeled a
subcentromeric locus on Xt 4. Both results suggest that
this chromosome is present in X /zevis as the quartet XI
3+8. Therefore, it is probable that the remaining pairs
X1 4+5 comrespond to Xt 2. To confirm this, it will be
necessary to clearly distinguish the morphologically
similar chromosomes Xt 2 and 4 using a banding
technique applicable to chromosomes dropped on the
microdissection membrane.

Laser microdissection of few copies of individual
chromosomes coupled with the GenomePlex WGA4/
WGA3 amplification and labeling protocol seems to be
a powerful tool for the preparation of painting probes.
Data from Zoo-FISH experiments could be useful for
evolutionary studies in lower vertebrates as well as for
the prospective sequencing project of X. laevis.
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Abstract

Background: Genomic sequence assemblies are key tools for a broad range of gene function and evolutionary
studies. The diploid amphibian Xenopus tropicalis plays a pivotal role in these fields due to its combination of
experimental flexibility, diploid genome, and early-branching tetrapod taxonomic position, having diverged from
the amniote lineage ~360 million years ago. A genome assembly and a genetic linkage map have recently been
made available. Unfortunately, large gaps in the linkage map attenuate long-range integrity of the genome
assembly.

Results: We laser dissected the short arm of X tropicalis chromosome 7 for next generation sequencing and
computational mapping to the reference genome. This arm is of particular interest as it encodes the sex
determination locus, but its genetic map contains large gaps which undermine available genome assemblies.
Whole genome amplification of 15 laser-microdissected 7p arms followed by next generation sequencing yielded
~35 million reads, over four million of which uniquely mapped to the X tropicalis genome. Cur analysis placed
more than 200 previously unmapped scaffolds on the analyzed chromosome arm, providing valuable low-resolution
physical map information for de novo genome assembly.

Conclusion: \We present a new approach for improving and validating genetic maps and sequence assemblies. Whole
genome amplification of 15 microdissected chromosome arms provided sufficient high-quality material for localizing

previously unmapped scaffolds and genes as well as recognizing mislocalized scaffolds.

Keywords: Xenopus, Tropicalis, Chromosomes, Next generation sequencing, WGA, Genetic map

Background

Recently, complete genomes of many important model
organisms have been assembled using either Sanger or
next generation sequencing such as Solexa (Illumina),
Roche 454, SOLID etc. [1]. However, repetitive elements
in higher eukaryotic genomes interfere with assembly of
sequence information alone into unified chromosome-
scale scaffolds [2]. This obstacle is usually overcome by
construction of physical or meiotic linkage maps to pro-
vide long-range contiguity. Physical mapping can be ac-
complished by a variety of methods including restriction
analysis of BAC libraries, radiation hybrid panels, and
direct visualization of marker positions on chromosomes
using fluorescent in site hybridization (FISH). The latter
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approach is quite accurate, but only a few markers can
be localized in one run. In meiotic linkage mapping, re-
lationships among polymorphic marker sequences are
determined by relative frequency of recombination.
However, recombination frequency is highly variable,
often decreasing near centromeres and high in hotspots,
making it difficult to compare genetic and physical dis-
tances. In addition, resolution of linkage analysis depends
on the type of markers chosen and their abundance.

The diploid amphibian Xenopus tropicalis plays a key
role in basic biological research. This model system is
particularly valuable for studies of early vertebrate em-
bryonic development [3,4], functional genomics [5,6],
cell biology [3,7], and vertebrate genome evolution [8].
Its 1.7 x 107 bp genome was sequenced [9] and a genetic
map covering its 10 chromosomes was constructed [10].
Two genome assemblies are in wide use, both available
on wwwxenbase.org. The version 4.1 assembly (v4.1,

@ 2013 Seifertova ¢t 3l; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commens Attribution License (httpr/creativecommens.eradicenses/by/20), which permits unrestricted use, distribution, and
repreduction in any medium, provided the riginal work is properly cited.
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Joint Genome Institute) is solely sequence-based and
consists of 19,501 scaffolds. A more recent assembly, ver-
sion 7.1 {v7.1, [9], discussed in [11]), orders reassembled
scaffolds using meiotic map and synteny information into
a ‘main assembly’ of 10 chromosome-scale superscaffolds
covering ~75% of the genome, with another ~7000 small
‘orphan’ scaffolds not incorporated into the main assem-
bly. While this long-range assembly is extremely useful,
regions assembled by inferring shared gene order with
more complete amniote assemblies must be considered
provisional, as synteny is not always conserved over large
phylogenetic distances. Likewise, the genetic map only lo-
cates v4.1 scaffolds covering ~62% of the X. tropicalis gen-
ome, or about 758 of ~1300 v4.1 [10] scaffolds larger than
100 kb; polymorphic markers were not obtained for the
remaining ‘unmapped scaffolds’. The largest gaps in the
genetic map include the entire short arm of chromosome
2, and a ~15 cM span inside the distalmost marker on the
p arm of chromosome 7. Interestingly, the gap on
chromosome 7 appears to contain the X. tropicalis sex de-
termining locus [12], although an independent marker
analysis suggests that there is not a large region of sex-
specific sequence [13] which might interfere with meiotic

mapping.
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To identify sequences within these gaps as well as map
and assembly errors, we developed an improved method
based on high-throughput sequencing of laser micro-
dissected chromosome arms {Figure 1). Recent technical
advances have enabled low cost genome sequencing of
nearly any species [14,15]. However, direct sequencing of
specific chromosomes or chromosomal regions has only
been successful in species where individual chromo-
somes could be separated by flow sorting (reviewed in
[16]). Microdissection of chromosomes has been
attempted, but this approach depends on whole-genome
amplification due to practical limits on the amount of
starting material [17]. In the only published study, se-
quence resolution was low, probably due to the poor
yield and quality of the DNA obtained [18].

Here we used 15 microdissected copies of the short
arm of chromosome 7. This small amount of material
was then subjected to whole genome amplification
{WGA), and sequencing libraries were constructed by
transposase-based simultaneous fragmentation and pri-
mer insertion, and then sequenced. For WGA, we chose
the Sigma GenomePlex single cell kit since it amplified
more markers and yielded the highest quantity of DNA
relative to other systems [19], and has been successfully

A. laser dissection & capture

+ scartola_7 1214518 CTGCATT
scaffold_7 755886  CGCTGLG
scaffold. y 2752992 ATATTTC
scaffold_7 2884008 GGTTGAA
scaffold.7 2035263 GTACTTT
scaffold.7 2550289 AGTTAAT,

2502498 AACTGTCH
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Figure 1 Chromosome dissection and sequencing workflow. (A) Dissociated Xenopus tropicotis froglet testes were cultured in colchicing, and
15 Chromosome 7 short ammns were laser-dissected, collected and (B) amplified using Sigma WGA3ANWGA4 systems. (C) Sequencing libraries were
prepared by Nextera transposome-mediated simultaneous fragmentation and adaptor ligation to minimize resequencing WGA adaptors, and (D)
sequenced on an lllumina GAll. (E} The resulting reads were trimmed and mapped to X trepicolis genome assemblies v4.1 and v7.1 using Bowtie,
visualized on scaffolds/chromosomes, and selected positions were validated by FISH-TSA. 1- Centromere, 2- secondary constriction.
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used to amplify microdissected human chromosomes for
SNP genotyping [17]. This combination provided excel-
lent read depth for placing previously unmapped scaf-
folds and genes to the 7p region, as well as recognizing
mislocalized scaffolds.

Results

We prepared metaphase chromosomes from primary
cell cultures of dissected subadult frog testes [19]. We
then laser microdissected 15 copies of the short arm of
chromosome 7, which is easily distinguishable due to a
secondary constriction in its ¢ arm (Figure 1E). To ensure
harvest of the entire p arm, the laser path was targeted be-
tween the constriction and centromere (Figure 1E). The
extremely small amount of starting material was then
amplified by WGA, with a total yield of ~20 pg averaging
500-600 bp in size. For library construction, we wished to
minimize resequencing WGA primers added to ends of
genomic fragments. To that end, we used a transposase-
based simultaneous fragmentation/adaptor ligation method
{Nextera, Illumina Inc.) where sequencing primer inser-
tions are biased away from DNA ends. 80 bp reads were
then obtained in a single lane of Ilumina GAIL Reads
were mapped to both versions of Xenopus tropicalis as-
semblies {(v4.1 and v7.1) using Bowtie.

Comparison to v4.1 assembly

In total, we obtained 35 million 80 bp reads, 18% of
which mapped with a maximum of 2/80 mismatches to
at least one location in the v4.1 genome assembly. Of
these, 3,900,340 {11% of total) mapped to unique sites in
the genome (‘hits; shown in Additional file 1). Despite
our efforts to minimize resequencing WGA primers, 30%
of non-mapping reads contained at least 11 bases of either
[lumina primer or the proprietary Sigma WGA sequence.
The remaining non-mapping reads could be either con-
taminated by shorter stretches of primer or reflected
misassembled or missing regions of the genome. Of the
uniquely-mapped reads, nearly 70% mapped to scaffolds
previously localized to the p arm of chromosome 7 by the
genetic map [10], with the majority of those scaffolds
showing high read/kb values {see Additional file 2). Since
the published genetic map contains large gaps on chromo-
some 7, chromosome 2 and elsewhere, we also collated
available cytogenetic map data from Fluorescence In Situ
Hybridization with Tyramide Signal Amplification (FISH-
TSA) analysis using cDNA probes [8,10,20], and evaluated
read density on scaffolds anchored by known physical lo-
cation of probes. Read density was congruent with the lo-
cations of all 90 physically-mapped scaffolds, including 4
markers in the 7p region {Figure 2, Additional file 3). Near
the centromere {genetically mapped to 69 cM +/- 1 cM
[12]), this ratio drops from approximately 70 to 17
uniquely-mapped reads/kb, probably due to increased
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repeat density diluting unique sequence in centromeric
scaffolds. We conservatively used the hit ratio of 17
unique reads/kb observed for Scaffold 298, localized by
FISH to just under the centromere [10], as the actual
border giving the lowest acceptable hit/kb threshold. All
scaffolds with lower than 17 hits/kb were considered false
positives {2164 scaffolds containing 6.3% of hits, Table 1).
The area between 72 and 73 c¢M contains scaffolds with
around 1 read/kb indicating the laser cutting path.
Below this borderline the hit/kb ratio rapidly falls more
than 100x.

3.47% of unique hits (135487) were found in three
scaffolds localized by the meiotic linkage map to non-7p
regions. Two of these scaffolds were placed on the q arm
of chromosome 7 in the linkage map despite relatively
high read/kb values in our analysis {scaffold 598, 74.32
cM), 64 hits/kb and scaffold_1153, 96 cM, 57 hits/kb).
The third scaffold {scaffold_302) mapped to the q arm of
chromosome 8 {38.54 cM, 59 reads/kb). Since the high
hit/kb ratios of these scaffolds are similar to those previ-
ously mapped to 7p region by FISH-TSA (scaffold 827,
75 reads/kb; scaffold_266, 31 reads/kb; scaffold 271,
79 reads/kb; and scaffold_75, 50 reads/kb) [10], we
hypothesize that these sequences should be reassigned to
the laser microdissected 7p arm. In total, we identified 231
v4.1 scaffolds not represented on the genetic map (22.5%
of unique hits) with a read/kb value higher than 17
{border scaffold_298) which we can assign to the 7p re-
gion. 29 of these unmapped scaffolds are larger than 100
kb. On the other hand, 13 scaffolds with markers on 7p in
the genetic map bore lower read/kb values than the
threshold defined above, more consistent with a non-
chromosome 7p location.

Identification of hybrid scaffolds

To identify misassembled {hybrid or broken} scaffolds,
uniquely mapped reads were visualized on the X. tropicalis
4.1 assembly {Additional file 4). If a whole scaffold were
present in the microdissected chromosome part, its full
length should be covered by reads. Hybrid scaffolds may
show gaps without any chromosome-specific hits, consist-
ent with these sequences deriving from other chromo-
somal regions. We found that approximately 15% of
scaffolds with meiotic map markers on 7p contained gaps
in read coverage larger than 100 kb. These gaps in unique
read hits are not generally caused by increased repeat
density, which is similar in hit-rich and hit-absent areas
{Figure 3), and the gaps usually contain genes, also
suggesting that they are not due to repetitive sequence.
FISH-TSA analysis of three suspected hybrid scaffolds {75,
266 and 270} confirmed assembly discrepancies, with
probes from ‘hit rich’ regions localized to 7p, but cDNA
probes from ‘hit absent’ areas decorating chromosomes 3
and 4 (Figure 3). Meiotic map markers from these
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Figure 2 Uniquely-localized read distribution on physically mapped scaffolds. Schematic of X tropicaiis karyotype showing genes mapped
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scaffolds are also present in 7p and non-7p regions,
confirming that these are hybrid ‘broken’ scaffolds rather
than mapping errors. Qur analysis thus helps pinpoint bad
sequence joins in the scaffold assembly.

Comparison to v7.1 assembly

The v7.1 assembly incorporates both sequence informa-
tion, long-range contiguity from the meiotic map, and
gene synteny relationships from amniote genomes. ~75%
of the coverage has been ordered provisionally into 10
large superscaffolds corresponding to the 10 X. tropicalis
chromosomes. In our analysis, 4,489,728 reads placed

uniquely on the v7.1 assembly {(see Additional file 5).
80.8% of uniquely-mapping reads localized to scaffold
{chromosome) 7, with 91% of these in the 0-60 Mb area
roughly corresponding to the 7p region {Figure 4) with
an average hit/kb ratio of 29.23. We defined this value
{29 reads/kb) as a threshold for hit-positive v7.1 scaf-
folds. Five large gaps with much lower read density were
observed between 0-0.7 Mb, 3.2—4.5 Mb, 5.2-6.7 Mb,
19.7-21.3 Mb and 49.7-55.2 Mb, consistent with areas
that were misassembled in v7.1. The 60—-65 Mb area is
the approximate location of the presumptive laser path,
but misassembly in this region is also possible. In the

Table 1 Reads locating uniquely to Xenopus tropicafis meiotically-mapped v4.1 scaffolds

All hits (%) Hits to 7p v4.1 Hits to above threshold Hits to above threshold Hits to under-threshold
scaffolds (%) non-7p v4.1 scaffolds (%) unmapped scaffolds (%) scaffolds (%)
3,900,3400100%) 2,638,303 880,547 2456003
135,487 (3.47%)
(67 64%) (22.58%) (6.3%)

Threshold is set to17 hit’kb (hit/kb of hordering scaffold_298).
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remaining part of scaffold 7 corresponding to 7q (65—
120 Mb), we identified four large read-dense regions
{67.7-68.8 Mb, 32 hits/kb; 76.5-77.0 Mb, 54 hits/kb;
79.3-81.0 Mb, 17 hits/kb; and 106.0-107.0 Mb, 57 hits/
kb) which are likely to be located on the other arm of
chromosome 7. Similar sharply-demarcated candidate 7p
areas with high read/kb ratios were found also in

chromosome/scaffolds 1 {114.0-115 Mb, 45 hits/kb), 3
{36.7-38.0 Mb, 62. hits/kb, see Figure 4) and 4 {(11.0-
11.5 Mb, 39 hits/kb, 14.5-15.35 Mb, 34. hits/kb) (shown
in Additional file 6). Analysis of ‘orphan’ scaffolds not
incorporated into the main chromosomal assembly iden-
tified another 14 orphan scaffolds larger than 100 kb
showing high hit/kb values comparable to scaffold 7. Of
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typical non-7p regions exemplified by chromosomes 2 and 3 are rare, with the exception of a misassembled region at 37-38 Mb on
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these, scaffold 35 {27 hit/kb) is covered by high-density
reads only on 30% of its length, consistent with a bad se-
quence join.

Discussion

We present an improved technique for next generation
sequencing of laser microdissected chromosome arms.
Comparing a previous study [18] using 454 sequencing
of DOP-PCR amplified human chromosome arms which
yielded similar 80 bp average reads, we obtained ap-
proximately 30,000x more reads and 10,000x more
unique hits to genome. The increase in usable reads
allowed us to set high stringency conditions for mapping
{97.5% identity).

As mentioned above, a large portion of the reads that
did not map to the genome contained WGA primer se-
quences, despite precautions to minimize sequencing
end fragments by the use of the Nextera system for
building the sequencing library. Further optimization of
library construction to avoid ends could increase usable
read yield considerably.

The yield of mapped reads was comparable to that of
a study where wheat flow-sorted chromosome arms
were sequenced [21]. The flow sorting approach can col-
lect abundant chromosomal DNA, but can only distin-
guish a minority of chromosomes in a given karyotype
based on size alone [16]. Laser microdissection enables
visual control and much greater discrimination among
similarly-sized chromosomes, for example sorting by p/q
arm ratio in metaphase spreads or using banding tech-
niques. We verified our analysis using available FISH
data for 93 relevant v4.1 scaffolds [8,10,20]. All known
7p scaffolds have a high unique read/kb ratic, whereas
non-7p scaffolds show a maximum of 1 hit/kb without
exceptions {see Figure 2 and Additional file 3). The total
fraction of above-threshold reads mapping to chromo-
some 7p was 93.7% in the v4.1 assembly and 91% in
v7.1, comparable to an analysis of human chromosome
19 [22] where 93% of reads mapped to the cognate
region.

As mentioned above, the chromosome 7 linkage map
contains a large gap between the most distal marker
{0 cM) and the next one at 15 cM. We identified 264
scaffolds from the v4.1 assembly in 7p, only 49 of which
are represented in the current linkage map. The remaining
215 scaffolds, with a total of size 17 Mb, had either un-
known or incorrect positions. Many of these newly
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localized scaffolds are likely to be contained in the distal
gap as well as smaller gaps elsewhere on the 7p linkage
map.

Although v4.1 7p scaffolds show unique read/kb ratios
ranging from 17 to 527, these values are sufficient to as-
sign scaffolds to the laser microdissected area. Identifica-
tion of scaffolds as hybrid or misassembled by virtue of
unequal hit coverage was verified by FISH-TSA. Scaf-
folds close to the laser cut have a lower coverage (17-20
hits/kb), but these hits are evenly distributed across the
scaffold. Misassembled scaffolds in the central part of 7p
{unaffected by the laser) show sharply uneven distribu-
tion of reads, with some areas showing values of ~30-40
hit/kb and others <1 hit/kb.

In our analysis of the v7.1 assembly, 91% of uniquely-
mapping reads were to above-threshold (29 hits/kb)
scaffolds, a lower percentage than when compared with
the v4.1 assembly and map (see Table 2). Our analysis
suggests that this is largely due to hits in a few defined
regions that were misassembled in v7.1 chromosome-
scale superscaffolds 1, 3 and 4, leading to overall below-
threshold values for those entire chromosomes/scaffolds.
Our analysis also identifies 97 above-threshold orphan
scaffolds, contributing an additional 7.2 Mb of sequence
to the 7p region.

Analysis of sequence from microdissected chromosome
arms identified errors in both available X. tropicalis assem-
blies, with at least 15% of v4.1 scaffolds mapped to 7p
scaffolds misassembled. In the v7.1 assembly, we located
large regions of 7p sequence which were misassigned to
superscaffolds 1, 3, and 4 {Additional file 6). Interestingly,
v4.1 scaffolds_75, _266, and _270, identified as hybrids by
our analysis, were divided in the v7.1 assembly. However,
FISH analysis using probes corresponding to the atpl3al
and [laccl genes from hit-absent regions of v4.1 scaf-
folds_75 and _266 revealed actual locations on chromo-
somes 3 and 4, respectively, rather than the positions
given by the v7.1 assembly on chromosomes/supers-
caffolds 8 and 2. These results suggest that the v7.1 assem-
bly has successfully identified bad sequence joins, but has
not necessarily correctly repaired them in all cases. High
throughput sequencing of microdissected chromosomes
or chromosomal arms helps to identify such misassembled
domains, as well as to assign orphan scaffolds to chromo-
somal regions. Microdissection and sequencing of particu-
larly problematic areas, such as 7p and 2p, allows sequence
domains to be assigned to a specific chromosome arm

Table 2 Reads locating uniquely to Xenopus tropicafis v7.1 assembly

All hits (%) Hits to v7.1 superscaffold 7 (%) Hits to above-threshold orphan Hits to under-threshold
scaffolds (%) scaffolds (%)
4,489,728 3,627,889 461,438 228,745
(100%) (80.8%) (10.26%) (8.94%)

Threshold set to 22 hit/kb (hit/kb of scaffold 7).
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before extrapolating position from meiotic map or syn-
teny data. Improving assembly of the short arm of
chromosome 7 is critical for characterizing the sex-
determination genes of Xenopus tropicalis, which is
known to use a different system from the DM-W mech-
anism found in X. lgevis [23].

Since our method could be combined with chromo-
some banding, it is likely to be particularly useful for de
nove assembly of challenging genome projects, such as
that of the allotetraploid laboratory model Xewnopus
laevis (N =18). In the absence of meiotic or physical
map information, correct regional assembly and long-
range contiguity would be enhanced by dissecting
and sequencing specific chromosomes, all of which in
X. laevis can be unambiguously distinguished by banding
pattern [24].

Conclusions

We have demonstrated feasibility of high-throughput se-
quencing from as little as 15 microdissected chromo-
some arms. This approach will be helpful for validating
and completing problematic regions in the X. tropicalis
genome, and can also be used in other species without
sequenced genomes for describing gene content in se-
lected chromosomes or providing long-range contiguity.
Moreover, the technique is applicable to molecular ana-
lysis of isolated chromosomes from small numbers of
cells, which is important for investigation of haplotypes
or molecular rearrangements in clinical cytogenetics or
oncology.

Methods

Chromosomal spreads for laser microdissection

X. tropicalis chromosome nomenclature followed [20].
Metaphase spreads were prepared from euploid primary
cell cultures of dissected testes as described in [20] with
minor changes. Cells were trypsinized and hypotonized
in 38 mM KCI for 5 min. After fixation, cell suspensions
were stored overnight at —-20°C. For laser microdissec-
tion, cells were dropped on a polyethylene naphthalene
membrane (P.ALM. GmbH, Bernried, Germany) at-
tached to a thin glass slide, allowed to dry, and stained
with 3% Giemsa in H,O for 10 min.

Laser microdissection

Chromosomes were harvested as in [25]. Briefly, 15 cop-
ies of the p arm of chromosome 7 were microdissected
and collected using a PALM MicroLaser system (P.A.L.M.
GmbH, Bernried, Germany) coupled with an inverted
microscope {Olympus) under an oil immersion objective
{100x magnification). Chromosome arms were catapulted
by a single laser pulse directly into the cap of a PCR tube
containing 4 pL PCR oil. To ensure that the whole short
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arm of chromosome 7 was obtained, the laser cut was
targeted to the q arm border of the centromere region.

Whole genome amplification

An initial round of whole genome amplification was
performed using the WGA4 GenomePlex Single Cell Kit
(Sigma-Aldrich). Dissected chromosome arms were
digested with Proteinase K, followed by library prepar-
ation and amplification according to manufacturer’s in-
structions. Primary PCR products were cleaned up using
a Qiaquick Gel Extraction Kit {(QIAGEN) column. 20 ng
of primary WGA4 product was then reamplified using
the WGA3 system (GenomePlex WGA Reamplification
Kit, Sigma-Aldrich) according to our original protocol
for preparation of X. tropicalis painting probes [26]. The
secondary PCR product was purified by ethanol precipi-
tation, yielding approximately 20 pg of DNA fragments
averaging ~500-600 bp in size.

High throughput sequencing and library construction

In order to minimize resequencing WGA adaptors at ends
of amplified fragments, libraries for high-throughput se-
quencing were constructed by iz vitro transposition to
simultaneously fragment the DNA and introduce sequen-
cing primer/adaptors using the Nextera DNA sample prep
kit {(Illumina, Inc.) according to manufacturer’s instruc-
tions. 50 ng {measured by QuBit, Life Technology) of dis-
sected chromosome amplification product DNA was used
with Nextera Ilumina-Compatible Enzyme Mix and low
molecular weight buffer to generate libraries with frag-
ment size of ~200 to 400 bp (including the 135 bp adapter
sequence), and enriched by limited-cycle PCR. Library
quality was determined by QubBit, Agilent Bioanalyser
and QT-PCR using KAPA library quantification kit
{KAPABiosystems, Boston, USA) before loading 6.5 pM
on a lane of a GAII flow cell for sequencing 80 bp single
reads.

Data analysis
Reads were mapped to Xewopus tropicalis v4.1 and
v7.1 assemblies {available on www.xenbase.org) [27]
using Bowtie (http://bowtie-bio.sourceforge.net) [28,29].
Due to prevalence of repeats in the X .tropicalis gen-
ome, only unique hits with higher than 97.5% identity
were selected, using Bowtie parameters m=1 and v=2.
The sequences obtained were counted and analyzed
using PERL scripts and Microsoft Excel. Repetitive gen-
omic regions were obtained from the UCSC (browser
http://genome.ucsc.edu/).

FISH-TSA (Fluorescence In Situ Hybridization with
Tyramide Signal Amplification).

Metaphase spreads for FISH-TSA analysis were pre-
pared from the same euploid testes cell cultures as for
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the laser microdissection procedure, using the FISH-

TSA protocol described in [30].

Additional files

-
Additional file 1: Reads mapping uniquely to v4.1 assembly. Table
showing all unique hits to va.1 scaffolds, ordered by hit/kb ratio.

Additional file 2: Reads localizing uniquely to meiotically-mapped
chromosome 7 scaffolds. Chromaosome 7 meiotic map with polymorphic
markers and associated Xenopus tropicalis va.1 scaffolds are shown with
hits/kb from dissected chromasome 7p sequence. Read density decreases
sharply near 72 ¢4, just beneath centromere at 69 ¢h +/- 1.

Additional file 3: Uniquely-mapped read distribution on physical
map. &ll genes previously mapped by FISH-TS& [8,10,20] are shown with
associated chromosomeylinkage group (chrom/LG), meiatic map paosition,
cognate va.1 scaffolds with hit/kb ratio, prabe size (Ampl. Lengthy,
relative distance fiom centromere (RDC), and v7.1 position. All regions
with high read density (17-80 hits/kb, marked in red) are located on 7p.
FISH-TS4 prabes in all other regions (black) have <1 hit/kb.

Additional file 4: Reads mapping uniquely to v4.1 scaffolds. The file
includes all va.1 scaffolds larger than 100 kb with hit/kb>17. Every panel
cantains ane scaffold with its length scale, position of all genes, and
visualization of reads.

Additional file 5: Reads mapping uniquely to v7.1 assembly. Table
showing all unique hits to v7.1 scaffolds. Chromasome-scale
superscaffolds are shown top right, with arphan scaffolds on left ordered
by decreasing unique reads/kb ratio.

Additional file 6: Read distribution on v¥7.1 scaffolds. The file

includes all scaffolds larger than 100 kb with unique reads/kb> 20.23,

including scaffold 35 and regions with high coverage in superscaffolds 1,

2,3, 4 and 8 Scaffolds are ardered by ascending scaffold number.

Superscaffold 7 is divided into several smaller parts. Each scaffold shows
length scale and reads.
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Abstract

Sex chromosome divergence has been documented across phylogenetically diverse species, with amphibians typically having cyto-
logically nondiverged (“homomorphic”) sex chromosomes. With an aim of further characterizing sex chromosome divergence of an
amphibian, we used “RAD-tags” and Sanger sequencing to examine sex specificity and heterozygosity in the Western clawed frog
Siturana tropicalis (also known as Xenopus tropicalis). Our findings based on approximately 20 million genotype calls and approxi-
mately 200 polymerase chain reaction-amplified regions across multiple male and female genomes failed to identify a substantially
sized genomic region with genotypic hallmarks of sex chromosome divergence, including in regions known to be tightly linked to the
sex-determining region. We also found that expression and molecular evolution of genes linked to the sex-determining region did not
differ substantially from genes in other parts of the genome. This suggests that the pseudoautosomal region, where recombination
occurs, comprises a large portion of the sex chromosomes of S. tropicafis. These results may in part explain why African dawed frogs
have such a high incidence of polyploidization, shed light on why amphibians have a high rate of sex chromosome turnover, andraise
questions about why homomorphic sex chromosomes are so prevalent in amphibians.

Key words: sex chromosome, pseudoautosomal region, recombination, sex determination, African clawed frogs, Xenopus
tropicalis.

Introduction suppression of recombination within a sex-specific region is

Sex can be advantageous because it decouples beneficial from
deleterious mutations via recombination, which increases the
variance in fitness effects of linked mutations, and thus the
efficiency with which natural selection operates. In species
with genetic sex determination, developmental differences
between the sexes are initiated by genetic differences be-
tween the sex chromosomes. In some lineages, the genes
responsible for triggering sex determination vary, and the
sex chromosomes (which carry the sex-determining region)
are routinely reassigned from one to another ancestral pair
of autosomal chromosomes (Fridolfsson et al. 1398; Ross et al.
2009; Evans et al. 2012; Pease and Hahn 2012). Ironically,

often favored by natural selection, lest a sex-specific, sex-de-
termining allele loses its sex specificity.

The origin of sex chromosomes could be initiated by sexual
antagonism {van Doorn and Kirkpatrick 2007), and in many
species, this is associated with cessation of recombination be-
tween a portion of the sex chromosomes that makes possible
unisexual inheritance of a key genomic region that triggers sex
determination. Cessation of recombination between the sex
chromosomes can be achieved by reducing or eliminating ho-
mology (Charlesworth 1331}, for example, through point mu-
tations, inversion, deletion, or insertion of DNA. Strikingly, the
extent of the nonrecombining region may increase overtime,
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Table 1

Genomic Regions of Sifurana tropicalis That Are Putatively Sex Linked Based on Linkage Stucy of Olmstead et al. (2010} and Sequendng of

Chromosome Arm 7p by Seifertova et al. (submitted)

AFLP Recembinaticn va v7.1 7p? Portion Sex Linked
E33.M72.143 0 605:241571-241691 7:4966286-4966166 Yes 4435335-5175370
E33.M81.275 0 494:27646-27398 No hits — NA
E33.M30.327 0 No hits 211:76840-76535 Yes ALL
E38.M33.218 o] 953:138210-138402 278:109297-109430 No ALL

No name 0 484:31633-32115 No hits — NA

No name 0 484:27541-275802 No hits — NA

No name 0 379:817889-8 18000 2:149826489-1498 26600 Yes 149787496-150105127
No name 0 736:292586-293067 78:248343-247364 Yes ALL

No name 0.3 605:245039-245621 7:4963243-4962661 Yes 4435335-5175370
No name 0 605:116800-117215 22:1040592-1040177 Yes ALL
E40.M52.572 0.4 859:57522-58049 7:3195527-3196069 Yes 76939-3370464
E33.M61.177 0.5 1778:6156-6312; 1778:9971-9815 144:136541-136385 Yes ALL
E33.M61.177 0.5 1778:6156-6312; 1778:9971-9815 662:22621-22465 No NONE because 114 is on 7p
No name 0.5 810:261995-262744 94:264236-264985 Yes ALL

No name 0.5 810:261995-262744 94:263563-263460 Yes ALL
E32.M34.406 1.9 Multiple hits 22:58856-53241 Yes ALL
E37.M52.423 1.9 810:325559-32595% 144:95531-95931 Yes ALL
E37.M52.423 1.9 1151:130316-130719 144:95931-95531 Yes ALL
E41.M83.506 1.9 810:276803-277288 94:279867-279382 Yes ALL
E32.M35.552 2.6 Multiple hits No hits — NA
E37.M60.232 2.6 6092: 2392-2601 7931:611-828 Yes ALL
E32.M5%.335 2.9 735:292141-292443 7:7903155-7902853 Yes 6687308-9940823

Nowe.—NA, not applicable. AFLP refers to the name of the AFLP from Qlmstead et al. (2010) if provided. Recombination refers to the recombination rate with the sex-
determining locus from that study. Scaffold and position of AFLPs are provided for genome assembly version 4.0 (v4) and 7.1 (¥7.1). Sex-linked portions that were included in
categories in tables 2 and 3 based on the level of recombination {(Portion sex linked, with NA meaning not applicable) either refer to base pair positions of a contig within a
larger scaffold that is not interrupted by unknown sequence or the entire scaffold was assumed to be sex linked (ALL).

of divergence of the sex-specific region, and to compare mo-
lecular evolution and expression of sex-linked and nonsex-
linked genes. To this end, we used restriction-site associated
DNA (RAD) tags (Baird et al. 2008}, a reduced representation
next-generation sequencing approach, to genotype millions of
homologous nucleotide positions in male and female individ-
uals including positions that are monomorphic in both sexes,
polymorphic in one or both sexes, and positions in which a
genotype inference (i.e., homozygous or heterozygous) was
only possible in one sex due either to sex specificity of the
genotyped position or differences in coverage of that position
between the sexes. The RAD tag approach produces se-
quences of thousands of small regions that are adjacent to a
rare cutting restriction enzyme site. Because the sequenced
portions of the genome are associated with restriction enzyme
sites, many homologous sequences are obtained from multi-
ple individuals. Missing data among individuals can arise in
unusual cases where mutation generates polymorphism in
the presence or absence of the restriction enzyme sites or
because of variation among individuals in the depth of se-
quencing coverage for a particular region. Qur analysis incor-
porated information on sexdinked regions from Olmstead
et al. (2010), information from a laser-dissected chromosome
arm 7p from a male individual (Seifertova et al., submitted),

which is linked to the sex-linked region identified by Olmstead
et al. (2010), and the most recent genome assembly {version
7.1, reference accession PRINA12348). This study thus pro-
vides, for the first time, a comprehensive perspective on the
extent of sex chromosome divergence in this species by eval-
uating the distribution of homozygous and heterozygous ge-
notypes, molecular evolution, and gene expression of sex
chromosomes in the context of the rest of the genome.

Materials and Methods

Four female and four male S. tropicalis individuals were ob-
tained from Xenopus Express (Brooksville, FL). Sex was con-
firmed by dissection and species assignment achieved by
comparing between 803 and 812bp of mitochondrial DNA
sequence from a portion of the 165 gene from each sample to
homologous sequence data from all other known species of
African clawed frog (Evans et al. 2011). We performed a phy-
logenetic analysis on these 8 sequences, 27 sequences from
individuals used in the polymerase chain reaction (PCR} screen
detailed earlier, all Sifurana sequences from Evans et al. (2004),
6 S. tropicalis samples from Ghana (obtained from tissue
archive at the Burke Museum, University of Washington,
accession numbers UWBMS957-8, UWBMS5961-63, and
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UWBMS5969), and sequences from 6 individuals from the
“golden” strain used by Olmstead et al. (2010) that were
provided by Richard Harland. We used an X. laevis sequence
from South Africa as an outgroup in this analysis, and the total
alignment length was 817 bp. Model selection for phyloge-
netic analysis was accomplished using MrModeltest2
(Nylander 2004). Phylogenetic analysis was performed with
MrBayes version 3.1.2 (Huelsenbeck and Ronquist 2001)
using the best-fit model based on the Akaike Information
Criterion, with two independent Markov chain Monte Carlo
(MCMC) runs, each for 2,000,000 generations. Convergence
of the MCMC runs on the posterior distribution was assessed
by inspecting parameter trends and effective sample sizes
using Tracer version 1.5 {Rambaut and Drummond 2007).
Based on these analyses, a burn-in of 500,000 generations
was discarded before constructing a consensus tree with
MrBayes.

Genomic DNA was extracted from liver using QIAGEN
DNeasy kit, purified using QIAGEN’s spin purification protacol,
and RAD tag library preparation performed by Floragenex, Inc
(Eugene, OR). For each individual, two libraries were gener-
ated—one used the restriction enzyme Shff and another used
Noti. The RAD taq libraries were multiplexed on three lllumina
flow cells using individual barcodes, and lllumina sequencing
was performed at the University of Oregon. These data have
been deposited in GenBank (accession number SRP022004).

llumina sequence reads were sorted by barcode with
RADtools v1.2.4 using the “fuzzy_MID” option, which assigns
reads with barcode errors to the nearest barcode (Baxter et al.
2011). Data from each individual were independently aligned
tothe S. tropicalis version 7.1 genome using bwa-0.6.2 (Li and
Durbin 2009) and samtools.0.1.18 (Li et al. 2003). The
“MarkDuplicates” function in picard (http./picard.source
forge.net) was used to mark putative PCR-amplified dupli-
cates, which were then excuded from the genotyping analysis
with an aim of minimizing genotyping error. The Genome
Analysis Toolkit (GATK) version 2.2-15 was then used to re-
align indels using the “RealignerTargetCreator” and
“IndelRealigner” functions (McKenna et al. 2010; DeFristo
et al. 2011). The “FixMatelnformation” function of picard
was then used to adjust mate pair alignments,

Following “Best Practices” guidelines on the GATK website
and forum (http://gatkforums.broadinstitute.org/) for analysis
of genomes that lack known single-nucleotide polymorphisms
(SNPs), the “UnifiedGenotyper,” “BaseRecalibrator,” and
“PrintReads” functions of GATK were used to iteratively ge-
notype, recalibrate base quality scores, and generate new
input (bam) files, using the genotype files generated from
“UnifiedGenotyper” as known polymorphic positions to be
ignored for base recalibration in each iteration. Convergence
was reached by the fifth iteration, in that variable positions
recovered from this analysis were 33.8% identical to those
from the fourth iteration. The “VariantFiltration” and
“SelectvVariants” functions of GATK were then used to

identify and exdude genotyped positions that 1) were
within 10 bp of an insertion/deletion, 2) had a Phred genotype
quality score (Ewing and Green 1938) of less than 30, which
means that we removed positions that had a probability of
error of greater than 0.001, or 3) had more than one-tenth of
the reads mapping equally well to another position and where
there were at least four of these reads.

The S. tropicalis genome assembly 7.1 consists of 7,730
scaffolds aggregated from 55,234 contigs connected by
“N”s within each scaffold. The total number of bases is
1,437,594,934, of which 5% (n=71,599,926) are "N”"s.
This assembly includes 14 large “super scaffolds” that were
assembled using meiotic map, synteny, and cytological data,
corresponding to the 10 haploid chromosomes, with some
chromosomes being represented by multiple scaffolds (3a
and 3b; 5a and 5b; and 8a, 8b, and 8c). The rest of the scaf-
folds are “orphan scaffolds” whose chromaosomal locations
are not yet known. We divided the genomic regions into five
mutually excusive groups based on 1) the inferred level of
recombination with the sex-determining region by Olmstead
et al. (2010}, 2) the linkage groups in the genome assembly
7.1 (table 1), and 3) the results of the lllumina sequencing of
the dissected petite arm of chromosome 7 (Seifertova et al,,
submitted). The first of the five groups (“completely sex
linked”) included contigs from assembly 7.1 that contain re-
gions that had no recombination (0% with the sex-determin-
ing region in Olmstead et al. (2010). This means that
recombination between an AFLP polymorphism and the sex-
determining region was not observed in any of 300 individuals
assayed by Olmstead et al. (2010). The second group (“par-
tially sex-linked”) included contigs from assembly 7.1 that
contain regions that had a recombination rate of more than
0% and less than 3.0% in Olmstead et al. (2010). The third
group (“chromosome 7p”) contained sections of scaffolds in
assembly 7.1 that are located on chromosome 7p according
to Seifertova et al. (submitted), and not in the “completely sex
linked” or “partially linked” categories. The fourth group
{"“non-7p chromosomes”) contained the remaining sections
on the chromosome-scale scaffolds in Assembly 7.1, induding
the portion of scaffold 7 that did not map to chromosome 7p.
The fifth group (“other orphans”) contained orphan scaffolds
in assembly 7.1 that 1) have not been linked to a chromo-
some, 2) have no evidence of sex linkage according to
Olmstead et al. (2010), and 3) did not map to chromosome
arm 7p according to Seifertova et al. (submitted). More spe-
cific information on the scaffold or scaffold portions in each of
these groups is provided in table 1.

Genome-Wide Distribution of Genotypes in Female and
Male S. tropicalis

For genomic regions in each of the six categories described
earlier, we tabulated genotype patterns for three scenarios
(fig. 1) in 500,000-bp windows across the S. tropicalis
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Scenario 1a: Scenario 2a: Scenario 3a:

W/Z divergence Z-specificity W-spedificity
d7z :
4 Z

w
w —
7 7
=0and

Expectation for
heterozygosity:

Q»d Q:O

no male tags

Scenario 1h: Scenario 2bx Scenario 3b:
X/Y divergence X-spedficity Y-specificity
X X
Q« :
d Y —— Y
X X
Expectation for Q << d d: 0 d: 0and
heterozygosity: no female tags

Fic. 1.—Genotypic scenarios for sex-linked regions. Expectations for
heterozygosity depend on which sex is heterogametic and the region of
the sex chromosome (pseudoautosomal region vs. sex-determining
region). Female heterogamy is potentially associated with female-biased
heterozygosity (Scenario 1a), male-only heterozygosity (Scenario 2a), or
female-only homozygosity with no male genotypes (Scenario 3c).
Corresponding scenarios (Scenarios 1b, 2b, and 3b) apply to the opposite
sex for male heterogamy.

genome; smaller windows were examined at the ends of scaf-
folds or when a scaffold was smaller than 500,000 bp.
Genotype patterns in each sex (i.e., the distribution of homo-
zygous or heterozygous positions) are relevant to sex chromo-
some evolution in the following ways. First, divergence
between the sex chromosomes due to suppressed recombi-
nation generates positions that are either heterozygous in all
females and no males (for a ZW sex-determining system) or
heterozygous in all males and no females (for an XY sex-
determining system). We call these patterns “Scenario 1a”
and “Scenario 1b,” respectively (fig. 1). We note that in
“Scenario 1a” regions, some positions can also be heterozy-
gous in males due to polymorphism on the Z chromosome,
and in “Scenario 1b,” some positions can also be heterozy-
gous in females due to polymorphism on the X chromosome.
In any case, in genomic regions consistent with Scenario 1,
heterozygosity observed in all samples from one sex is ex-
pected to exceed heterozygosity observed in all samples
from the other sex. We, therefore, searched for regions with
heterozygosity presentin all females or in all males. For both of
these statistics, we ignored positions that are heterozygous in
all genotyped individuals. To account for variation in coverage
in males and females, for each window, we divided these
counts by the total number of positions in each window for
which genotype calls were made in at least one female and at
least one male.

Another genotypic scenario for sex chromosomes is that a
genomic region may be present only on the Z chromosome
(with female heterogamy) or only on the X chromosome (with
male heterogamy) (Scenarios 2a and 2b; fig. 1). No counter-
part exists on the W chromosome (or Y chromosome) due to
deletion, insertion, or divergence. To detect such a genomic
region, we searched for regions with heterozygous positions
present in one sex but not the other. For such positions, we
required a genotype call in at least one individual of each sex
but heterozygous calls to be present in only one sex. To ac-
count for variation in coverage in males and females, for each
window we divided these counts by the total number of po-
sitions in each window for which genotype calls were made in
at least one female and at least one male.

A third genotypic scenario for sex chromosomes is that a
genomic region may be present only on the W chromasome
or only on the Y chromosome (Scenarios 3a and 3b, fig 1).
Thus, we searched for positions that had genotype calls only in
females (or only in males) and that are all homozygous. To
account for variation in coverage, we standardize the counts
in each window by the sum of the number of positions in each
window for which genotype data are available for 1) at least
one female and at least one male, 2) at least one female but
no males, and 3) at least one male but no females. Thus, by
evaluating these three genotype scenarios in genomic win-
dows across the S. tropicalis genome assembly, we attempted
to identify genomic windows that either had significantly
more heterozygous positions in one sex (Scenario 1), that
had heterozygous positions only in one sex (Scenario 2), or
that had homozygous positions in only one sex and no ho-
mologous genotypes in the other (Scenario 3). Higher values
for each ratio are suggestive of genotype patterns character-
istic of diverged sex chromosomes.

Expression and Molecular Evolution

As described in Chain et al. (2011), we estimated gene ex-
pression levels based on sequences across 26 expressed
sequence tag (EST) libraries from the following tissues or de-
velopmental stages: eqg, gastrula, neurula, embryo, tailbud,
tadpole, metamorphosis, adipose tissue, bone, brain, head,
heart, intestine, kidney, limb, liver, lung, ovary, oviduct, skel-
etal muscle, skin, spleen, stomach, tail, testis, and thymus. We
summarized patterns of gene expression across EST libraries
using the nonindependent “total,” “intensity,” and “even-
ness” statistics described in Chain et al. (2011). The “total”
expression of a gene (7} is the proportion of times that a gene
was sequenced in each EST library (L) summed across all li-
braries (T=73"L;). The “intensity” of expression (/) is the mean
expression level from the perspective of a gene and is calcu-
lated following this equation: /=303 L, “Evenness” of
expression (£) can be thought of as the “effective number”
of tissues in which a gene is expressed and is calculated
following this equation: £=T/.
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For a subset of the sex-linked and nonsex-linked genes, we
also calculated the rate ratio of nonsynonymous to synony-
mous substitutions per site (dA/dS) along the S. tropicafis lin-
eage using PAML version 4.5 (Yang 1237). This ratio was
calculated using a maximum likelihood model that individually
estimates dN/dS for each branch in a phylogeny, following
Chain et al. (2011). Our phylogeny was estimated from se-
quences from S. tropicalis, X. laevis, and using sequences from
another pipid frog (Pipa carvathoi or Hymenochirus curtipes) as
an outgroup. To avoid undefined values, we added 0.02 to all
ds values before calculating dA/dS, following Chain et al.
(2011). We made this adjustment a priori by looking only at
ds values, to make better use of the data. Because extreme
values for dV and dS were occasionally estimated, we ex-
cluded from the analysis genes with an estimated di or dS
value above 2, and any genes whose available data comprised
less than 100 synonymous positions.

We used a one-sided permutations to test whether the
expression and molecular evolutionary statistics differed be-
tween genes that either (g) were or (b} were not on the same
chromosome as the sex-determining locus. The permutations
randomly divided the set of (g + b) values into two groups of
size a and b and then calculated the difference between the
averages of each group. We repeated this 1,000 times to
generate a distribution for the null hypothesis that the
values were drawn from the same underlying distribution,
and then compared this with the observed differences,
which is the test statistic of each test. A significant difference
was inferred if the observed difference was greater than 35%
of the differences from the permutations. Because these tests
are one sided, the operands of the test statistic {i.e., the min-
uend and subtrahend of each difference) were defined ac-
cording to specific expectations for sex chromosome
degeneration discussed later.

Results

Mitochondrial DNA Variation within S. tropicalis,
Including the "Golden” Strain

We analyzed phylogenetic relationships among approximately
810-bp region of mitochondrial DNA from the commerdially
obtained S. tropicalis individuals that we used for RAD tags
and PCR screens, six individuals from the golden strain used by
Olmstead et al. (2010), and several other wild-caught
S. tropicalis individuals and individuals from other Sifurana spe-
cies. An identical mitochondrial DNA sequence was obtained
from the six golden strain individuals, one of the samples we
used for RAD tag sequencing (a female), 20 of the samples we
used for PCR screens (3 females and 11 males), and one indi-
vidual sampled from Nigeria. Mitochondrial sequences from
five samples used in the RAD tag sequencing (2 females and 3
males) were identical to each other and differed from the
golden strain sequence by one nucleotide substitution.

Mitochondrial sequences from two other samples used in
RAD tag sequencing {1 female and 1 male) and seven samples
used in PCR screens (4 females and 3 males) were identical to
each other and differed from the golden strain mitochondrial
sequence by a different single-nucleotide substitution than the
previously mentioned sequence present in five of the RAD tag
samples. Mitochondrial sequences from another sample from
Nigeria differed from the golden strain mitochondrial se-
quence by two nucleatide substitutions. Phylogenetic analysis
of these and other sequences indicates that the commerdially
obtained S. tropicalis samples used in this study form a well-
supported clade that includes two sequences from Nigeria and
the six sequences from the golden strain of S. tropicafis (fig. 2).
This clade is possibly common in individuals east of the
Dahomey Gap, a savannah corridor that interrupts the West
African rain forest (Salzmann and Hoelzmann 2005).

Reduced Representation Genome-Wide Genotyping from
RAD Tags

We used a reduced representation genome sequencing ap-
proach called “RAD tags” to sequence many small but ho-
mologous portions of the S. tropicalis genome in four female
and four male individuals. An average of 9,636,525 lllumina
reads were mapped in each individual, with the average
number of reads mapped per female or per male being
9,445,507 and 9,347,543 reads, respectively. After excluding
positions in the reference sequence with no data, within an
individual the average depth of coverage was 18.4 reads per
position. Genotypes were called for a total of 19,624,824
positions, and 193,139 SNPs (0.98%) were detected. For
each position at which at least one genotype was called, an
average of 7.14 out of 8 individuals were genotyped.

If S. tropicalis has a large female-specific genomic region on
the W chromasome, we expected a higher proportion of the
lllumina reads from females to map to the genome assembly
because this assembly was generated from a female individ-
ual. Contrary to this expectation, a slightly higher proportion
of reads from males (average per male individual 89.2%,
range: 87.8-90.8%) than from females (average per female
individual 87.9%; range: 85.0-80.8%) mapped to this
genome assembly, arguing against there being a large
female-specific region in the S. tropicalis genome. Another
indication of a large female-specific genomic region on the
W chromosome would be a substantially higher number of
positions genotyped in females than in males. Out of a total of
19,624,824 positions that were genotyped with high confi-
dence in at least one individual, slightly more genotypes were
recovered in females than in males: 312,738 (4.7 %) positions
were genotyped only in one or more females, and 462,732
(2.4%) positions genotyped only in one or more males.
However, in the 10 largest scaffolds, the number of genotype
calls in at least one female was consistently 1.1-3.3% higher
than the number of genotype calls in at least one male, with
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scaffold 7 having 2.5% more genotype calls in females than
males. This suggests that the higher number of unique geno-
type calls in females is primarily a technical artifact related to
differences in coverage among individuals in the RAD taqg li-
braries. The RAD tag data did not provide high-quality geno-
types from any positions on 5,721 scaffolds, which together
comprise 36,133,437 bp (~2.1% of the genome).

Genome-Wide Genotype Patterns and Nucleotide
Diversity Similar in Males and Females

We searched 500,000-bp windows for various genotypic pat-
terns consistent with sex chromosome divergence expected
under female or male heterogamy (fig. 1). In general, this
effort failed to identify any regions with a pronounced geno-
typic signature of sex chromosome divergence expected by
female heterogamy (table 2). One exception was a significant
excess of windows with female-only homozygous genotypes
(Scenario 3a) in orphan scaffolds, but we suspect this was an
artifact related to the broader coverage in females. Most no-
tably, portions of linkage groups 2 and 7 that were catego-
rized as “partially sex-linked” and “completely sex-linked” to
the sex-determining region based on Olmstead et al. (2010)

did not exhibit a genotypic pattern consistent with degenerate
sex chromosomes based on the RAD tag genotypes.

Considerable caution is needed in the interpretation of the
average genotype frequencies in genomic windows for the
“other orphans” category because in many cases the scaffold
is smaller than the window size (500,000 bp), and the result-
ing truncated genomic windows are therefore expected to
have an increased variance in the frequency of various geno-
typic patterns. Additionally, average genotype frequencies in
these genomic windows could fail to detect small scaffolds
that have genotypic patterns consistent with sex chromosome
divergence. For example, “other orphans” had higher than
expected values for Scenarios 2b and 3b, which are consistent
with male heterogamy, and this is probably related to the
small size of these scaffolds and consequent increase in the
sex-specific genotypes in truncated windows for these
scaffolds.

Additional insights are gained by examining nucleatide di-
versity in each sex within 500,000-bp windows. If a portion of
the sex chromosomes is substantially diverged, we expected
much higher average nucleotide diversity per site in one sex
{females for female heterogamy) in genomic windows span-
ning this diverged region. However, average nucleotide
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diversity per site is essentially identical in males and females
throughout these scaffolds, induding chromosome arm 7p,
which is linked to the sex-determining region (fig. 3). To ex-
plore the possibility that there could be variation within the
RAD tag samples in sex chromosome divergence that corre-
sponds with the three mitochondrial DNA haplotype groups
detailed earlier, we explored nucleatide diversity in male and
female individuals from each group. This analysis also did not
identify a pronounced signature of sex chromosome diver-
gence (supplementary figs. S1 and S2, Supplementary
Material online).

Genotype Patterns Based on Sanger Sequencing

We amplified 65 portions (amplicons) of genomic regions
identified by Olmstead et al. (2010) to be linked to the sex-
determining region, including 18 and 46 amplicons from
“completely sex-linked” and “partially sex-linked” regions,
respectively (table 1, supplementary table S1 and fig. S3,
Supplementary Material online). None had female-specific
amplifications, allowing us to dismiss Scenario 3 (fig. 1) for
all these regions. We sequenced 45 of these amplifications in
multiple male and female individuals. SNPs or insertion/dele-
tion polymorphisms were shared between males and females
in at least one amplicon for essentially all scaffolds (no poly-
morphism was observed in amplicons from scaffold 144). This
suggests that Scenario 1 is unlikely for these regions, with the
caveat being that a heterozygous position could arise in both
sexes in a region consistent with Scenario 1 through conver-
gent evolution on the W and Z.

We also used PCR to examine an additional 173 regions
that exhibited signs of sex linkage based on our analyses of the
RAD tag data, including regions of chromosome 7p and else-
where as detailed in supplementary figure S3 and table S1,
Supplementary Material online. None had sex-specific ampli-
fications, allowing us to dismiss Scenario 3 for all these re-
gions. We sequenced 94 of these amplifications from male
and female individuals. Thirty of these were not polymorphic
in any of the individuals we sequenced. Forty-eight had poly-
morphisms shared between males and females, allowing us to
conclude that Scenario 1 is unlikely for these regions. Five had
polymorphisms in both sexes with none being shared across
sexes. Ten had polymorphisms only in females and two had
polymorphisms only in males.

Two amplifications were of particular interest. An amplifi-
cation on scaffold 7 that spanned positions 10,128,301—
10,129,920 was highly polymorphic in females but not
males, although no polymorphism was fixed in females (out
of seven females and three males sequenced; supplementary
table S1, Supplementary Material online). This region failed to
amplify in four females and three males. Another amplifica-
tion, which targeted a region on scaffold 163 had 31 poly-
morphisms in three females but only one polymorphism in
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three males, but essentially all the female polymorphisms were
present in only one individual.

Gene Expression and Molecular Evolution

Expression was detected in a total of 37,730 transcripts in at
least one of the 26 EST libraries we surveyed (table 3). On the
basis of studies of recently diverged neosex chromosomes in
fruit flies (Drosophila) (reviewed in Bachtrog 2013), we ex-
pected expression of genes situated near the sex-determining
locus to be expressed 1) at a lower total level, 2 higher inten-
sity, 3) lower evenness, and to have 4) higher div/dS compared
with genes in other parts of the genome (i.e., the “non 7p
chromosomes”). For the most part, these expectations were
not met for genes that were demonstrably very close to the
sex-determining region, with the one exception that the in-
tensity of “completely sex-linked” genes were individually sig-
nificantly higher than the “non 7p chromosomes” (P < 0.05,
table 3). Evenness of “other orphans” was also significantly
lower than “non 7p chromosomes” as was total expression of
“other orphans.” dN/dS was significantly higher only in

“chromosome 7p” compared with “non-7p chromosomes”
but the magnitude of this difference was small. No expression
data were recovered from genes on Scaffold 22, which is
tightly linked to the sex-determining region (Olmstead et al,
2010), even though it was 1,156,260-bp long. We examined
this scaffold using Xenbase (Bowes et al. 2003) and found that
it contained a cluster of olfactory receptors, which (not sur-
prisingly) were not highly expressed in any of the EST libraries
we examined.

Discussion

To explore sex chromosome divergence in an amphibian, we
used genotype calls from approximately 20 million positions,
information about sex linkage, EST databases, and molecular
evolutionary analyses to further characterize the sex chromo-
somes of the Western tropical frog S. tropicalis. Phylogenetic
analysis of mitochondrial DNA sequences suggests our sam-
ples originated in Nigeria, which is also the source of the
female individual from which the genome sequence was gen-
erated (Hellsten et al. 2010). Additionally, our analysis also
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Table 3

Average Expression and Molecular Evolution Statistics for Sifurana tropicafis Genes in Five Genomic Categories

Regicn Number of Genes Total Intensity Evenness Number of dn/ds
(Expression) Genes (dA/dS)

"Non-7p chromosomes” 35,135 0.00065 0.00015 3.19655 9183 0.2702

"Chromosome 7p” 2,114 0.00079 0.00019 3.17054 546 0.2850*

"Other orphans” 260 0.00040* 0.00012 2.59443% 55 0.2670

"Partially sex-linked” 246 0.00080 0.00018 3.37658 71 0.2751

"Completely sex-linked” 35 0.00101 0.00049* 2.56020 8 0.2615

Note—5See Materials and Methods for description of statistics.

*/alues that are individually significantly different from the “Non-7p chromosomes” (P = 0.05, onesided permutation tests).

suggests that the golden strain analyzed by Olmstead et al.
(2010) is from Nigeria.

Known sequences in the S. tropicalis genome sequence
assembly version 7.1 comprise approximately 80.4% of the
approximately 1.7 Gbp genome, and scaffolds, including
"N"s, comprise approximately 84.5% of the genome. Thus,
the RAD tag data could not be compared with 15-20% of the
genome because of gaps in the genome sequence. Because of
variation in coverage, high confidence genotype calls were not
made on scaffolds that together comprise an additional 2.1%
of the genome. Thus, in this study, we lack information from a
nontrivial portion of this genome.

Mindful of these substantial gaps in genome sequence and
the uncertainty in linkage relationships among many unas-
sembled (orphan) scaffolds, we leveraged information from
a targeted sequencing effort of chromosome arm 7p and also
the linkage analysis by Olmstead et al. (2010) to guide our
analysis. The dearth of genotypic patterns consistent with di-
vergent sex chromosomes, and particularly patterns that are
consistent with female heterogamy (table 2), and the similar
level of pairwise nucleotide diversity in males and females
throughout the petite arm of chromosome 7 (fig. 3) argues
strongly against there being a large sex-specific region of the
S. tropicalis chromosomes, This inference is consistent with the
findings of Uno et al. (2008) who detected no sex differences
in C-banded heterochromatin in S. tropicalis.

On the basis of studies of fruit flies (reviewed in Bachtrog
2013), we expected genes linked to the sex-determining locus
to potentially exhibit lower total expression and higher speci-
ficity (i.e., higher intensity and lower evenness as defined in
Materials and Methods section). We also expected molecular
evolution of these genes to be consistent with relaxed purify-
ing selection. However, on the basis of a small sample size, we
only observed a significant increased expression intensity of
“completely linked” genes compared with the rest of the
genome, with none of these expectations met in “partially
sex-inked” genes (table 3). Some of these expectations
were also met in orphan scaffolds, which have undetermined
linkage relationships with respect to the sex-determining
locus, and regions of chromosome arm 7p. It is not clear

that these latter observations are related in any way to linkage
to the sex-determining region.

Caveats exist in our interpretation of these data. First, non-
recombining portions of the genome tend to accumulate re-
petitive sequences that can be difficult to sequence and map.
For this reason, the sex-specific portion of the S. tropicafis
genome may be under-represented in the current genome
assembly and/or our mapped lllumina reads. Second, it
is conceivable that there is polymorphism in the sex-
determining mechanism (Olmstead A, personal communica-
tion). Polymorphism in genetic sex determination could occur
at a single locus wherein multiple, differently functioned sex-
determining alleles are segregating at a single locus, which
have distinct and not necessarily transitive dominance relation-
ships. Polymorphism in genetic sex determination could also
occur at multiple loci distributed on the same or different
chromosomes. Sex determination in zebrafish, for example,
appears to be orchestrated by genes on different chromo-
somes (Anderson et al. 2012). Genotypic patterns expected
with these types of polymorphisms are unclear and could in-
clude a dearth or absence of pronounced sex chromosome
divergence. A third caveat to our condusions is that polymor-
phism among females could also potentially exist in the extent
of divergence between the W and Z chromosomes. Under this
scenario, it is conceivable that there could be variation among
populations in the extent of recombination along the sex chro-
mosomes and consequently the extent and magnitude of di-
vergence between the sex chromosomes. Further exploration
of these possibilities will be assisted by the identification of the
sex-determining locus in S. tropicalis, the completion of high-
quality sequencing and assembly of sex-linked regions, and
the exploration of variation within and among populations
in sex determination and sex chromosome evolution.

Polyploidization, Dosage Compensation, and Sex
Chromosome Turnover

Within a species, the propensity to undergo genome duplica-
tion and sex chromosome evolution is potentially interrelated.
For example, polyploidization might be less common in spe-
cies with divergent sex chromosomes where one has
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degenerated because, after duplication, the degenerate an-
cestral sex chromosome would segregate as a new autosomal
chromosome, and the resulting homozygous null genotypes
could be detrimental (Evans et al. 2012). Sex chromosome
degeneration also creates imbalances in allelic copy number
between the sexes, which can lead to the evolution of dosage
compensation—a factor that is also potentially relevant to
polyploid speciation (Orr 1330). Dosage compensation is a
process that equalizes expression levels in each sex of a
gene that has a different number of alleles in each sex. This
could evolve in a species with female heterogamy, for exam-
ple, through inactivation of one of the Z alleles in males or
through upregulation of the Z allele in females. Orr (1930)
proposed that dosage compensation in species with a degen-
erate sex chromosome could act as a barrier to polyploid spe-
ciation because dosage compensation would be disrupted
when a newly formed triploid individual backcrosses with a
diploid parental individual. Qur analyses suggest that the sex-
specific region of S. tropicafis is small, that sex chromosome
divergence is minimal, and therefore that dosage compensa-
tion associated with degeneration of the sex-specific sex chro-
masome would have evolved in very few genes or none at all.
Together these features of the sex chromosomes may have
facilitated (or at least not impeded) polyploidization in
Sifwrana, which occurred at least once (reviewed in Evans
2008). Interestingly, the sister genus Xenopus has a newly
evolved sex-determining gene called DAM-W (Yoshimoto
et al. 2008; Bewick et al. 2011). Species in this group also
probably have minimally diverged sex chromosomes and
have undergone polyploid speciation multiple times (Evans
2008). Clearly, however, this is not the only consideration in
the ability of species to tolerate polyploidization because many
amphibian groups that have homomorphic sex chromosomes
lack polyploid species.

The extent of sex chromosome degeneration is also rele-
vant to the chances a species experiences future sex chromo-
some turnover—a change in which pair of chromosomes
carries the trigger for sex determination (Charlesworth and
Mank 2010, If sex chromosome turnover occurs in a species
with a diverged and degenerate sex chromasome, the ances-
tral degenerate chromosome could segregate autosomally,
and some individuals could inherit two copies and be homo-
zygous for degenerate alleles (Charlesworth and Mank 2010).
Thus, sex chromosome turnover may be more likely in species
that have sex chromosomes that are not substantially
degenerated.

If sex chromosome turnover were common, this could
maintain homomorphy of sex chromosomes. Recent work
on sex chromosomes in African dawed frogs has established
nonhomology between the sex chromosomes of X. laevis and
S. tropicalis (Uno et al., submitted) and the recent appearance
of a novel sex-determining locus in X. laevis (Yoshimoto et al.
2008; Bewick et al. 2011). Thus, it appears that the origin of a
new sex-determining gene in X. laevis was associated with a

reassignment of sex chromosomes without necessarily involy-
ing a change in heterogamy, and that recent sex chromasome
turnover can account for sex chromosome homomorphy in
this species (Tymowska 1921). In other species, including
S. tropicalis, itis also possible that the sex-determining mech-
anism of nondiverged sex chromosomes could be old, but that
divergence is prevented by periodic recombination, which
possibly could be fadilitated by breeding individuals that are
phenotypically sex reversed (the “fountain of youth” hypoth-
esis; Perrin 2009). Because we do not yet know the
sex-determining gene(s) of S. tropicalis or other frogs that
might have inherited this sex determination system from a
recent common ancestor (e.g., genera Hymenochirus,
Pseudhymenochirus, or Pipa), we cannot determine at this
time whether turnover or recombination best accounts for
the apparent homomorphy of the sex chromosomes of this
species. Additional identification of sex-determining genes in
amphibians, and analysis of their evolutionary histories and
genomic context, is thus an excting direction for future
research.

Supplementary Material

Supplementary figures S1-53 and table S1 are available at
Genome Biology and Evolution online (http:/Avwaw.gbe,
oxfordjournals.org/).
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4. Shrnuti vysledki a diskuze

4.1 Geneticka mapa

Nov¢ vytvorena genetickd mapa X. tropicalis ma dvé ¢asti- vazebnou mapu a fyzickou
mapu tvofenou FISH markery vytvofenou v nasi laboratofi. Vazebna mapa vychazela z assembly
4.1 a s kazdym mapovanym markerem byla do vazebné mapy ptidana délka celého scaffoldu, ve
kterém se nachéazel.

Vazebna mapa byla vytvofena z celkem 2886 SSLP (Simple Sequence Length
Polymorphysm) markerti. Pivodné byly tyto markery vyhleddvany ve star§i verzi assembly
v.2.0, nicméné do nasledné analyzy byly zahrnuty pouze takové, které mély unikatni sekvenci
v assembly v.4.1. Polymorfni markery byly hledany mezi jedinci kmend Ivory coast a Nigerian
Strains. Experimentalnim zpétnym kiizenim bylo ziskano 190 jedinctl, u kterych byl zjistovan
vyskyt jednotlivych polymorfii. Vazebna analyza provedena programem JoinMap3 vedla
k vytvofeni celkem 10 velkych a 4 menSich vazebnych skupin. Kazda vazebna skupina
obsahovala 103-506 markerd a jejich délka byla 77-138 centimorganti. 4 mensi vazebné skupiny
celkem zahrnovaly 54 markerti (6 az 29 na skupinu) a byly 6-40 cM dlouhé. Celkova délka
vazebné mapy predstavovala 13459 cM, zahrnovala 758 znejvétSich cca 1300 scaffoldi
s velikosti pres 100.000 bp a pokryvala minimalné¢ 62% genomu Xenopus tropicalis (ptiblizné
1,055Gb).

Primérna vzdalenost mezi markery ¢inila u jednotlivych vazebnych skupin 0,27-0,75.
1cM odpovidal primérné vzdalenosti 581 kb, nicméné tato hodnota velmi kolisala (od 4kb/cM
do 3000kb/cM). Pfedevsim v oblasti centromer byla tato hodnota velmi vysoka, nicméné i
nekteré scaffoldy nachazejici se ve velké vzdalenosti od centromery meély tuto hodnotu
zvysSenou.

Piifazeni jednotlivych vazebnych skupin k chromozémiim, jejich orientace a rovnéz
poloha ¢tyt malych LG byla zjisténa technikou Fluorescen¢ni In Situ Hybridizace spojené
s tyramidovou amplifikaci (FISH-TSA) (Krylov et al. 2007). Jednotlivé markery byly vyhledany

ve scaffoldech v databazich Ensembl (www.ensembl.org/Xenopus tropicalis) a GenBank

(http://www.ncbi.nlm.nih.gov). Celkem byla zjisténa poloha 69 c¢cDNA markeri o minimalni
délce 900bp. Pozice jednotlivych sond na chromozémech byla vyjadiena jako pomér jeho
vzdalenosti od centromery a celkovou délkou piislusného raménka (RCD, Relative Distance

From Centromere). Pro kazdy marker byla zjisténa poloha v alespon Sesti riznych mitézach.
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Pro kazdou vazebnou skupinu bylo nahodné¢ vybrano nékolik markert, které vzdy
mapovaly do jednoho chromozému. Jejich potfadi rovnéz umoznilo zjistit orientaci jednotlivych
LG (p-q ¢i q-p).

Malé vazebné skupiny byly metodou FISH-TSA pfifazeny k chromozémim 3, 5 a dvé do
chromozému 8. Porovndnim vazebné a fyzické mapy bylo zjisténo, ze jsou vSechny
chromozémy pokryty vazebnymi markery po celé¢ své délce. Jedinou vyjimkou je kratké
raménko chr.2, ktery neobsahuje zadny vazebny marker a prvni marker pfislusné LG se nachazi
na centromefe. Kratké raménko chr.2 tedy neni soucasti vazebné mapy. Pravdépodobnym
diivodem nemoznosti zahrnout tuto oblast do vazebné mapy mohl byt nizky az nulovy obsah
polymorfnich SSLP markerd, a s tim 1 zménéna rekombina¢ni frekvence v této oblasti. V dobé
vydani vySe uvedeného clanku existovalo velké podezieni, Ze se v této oblasti nachazi gen
urcujici pohlavi. Studie (Macha et al. 2012) navic poukazala na velkou syntenii chr. 2 u X.
tropicalis slidskym chromozémem X. Poloha sex urcujici oblasti byla pozd€ji uréena na
kratkém raménku chromozomu 7 (Olmstead et al. 2010), kde se ve vazebné mapé nachazela

pomérn¢ velka (15¢M) oblast bez jediného markeru.

Vazebna skupina 1 2 3 4 5 6 7 8 9 10
Orientace LG ap | PQ | PQ | P9 | QP QP | P9 | P9 | QP | P
Chromozom

1 2 9 3 4 8 5 10 6 7
(Tymowska 1973)
Chromozom

(Khokha et al. 2009)

Tabulka 1: pfitazeni jednotlivych vazebnych skupin k chromozémim

Zjisténa poloha nékterych markert neodpovidala assembly v.4.1 a tim vypovidala o jeji
mozné chybnosti. U celkem 45 scaffold byla zjisténa poloha né€kolika markert ve dvou a vice
vazebnych skupinach. 27 scaffold bylo v té dobé nové vznikajici assembly v.5.0 rozdéleno na
vice ¢asti. U zbylych scaffoldi nebyl jejich chimerismus potvrzen.

Vytvorena vazebna mapa se stala dilezitym nastrojem pro genetické i genomické studie u
Xenopus tropicalis, potvrdila assembly v.4.1 (Hellsten et al. 2010) a rovnéz slouzila jako

dilezity zdroj informaci pro nové vzniklou assembly v.7.1.
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4.2 Priprava malovacich sond druhu X. tropicalis z mikrodisektovanych
chromozémi a rekonstrukce tetraploidniho Kkaryotypu X. Ilaevis
metodou Zoo-FISH

K oddéleni piibuznych druhti Xenopus tropicalis a Xenopus laevis doslo ptiblizné pied
padesati az Sedesati miliony let (Evans et al. 2004). | pies tento velmi dlouhy ¢asovy tsek je pii
pouziti mezidruhové hybridizacni sondy (Zoo-FISH) stdle mozné zjistit velkou podobnost mezi
jejich chromozoémy a rovnéz je mozné potvrdit tetraploidni piivod druhu Xenopus laevis.

Pro studii ptibuznosti metodou Zoo-FISH byly z primarni testikularni buné¢né kultury X.
tropicalis ziskany metafazni chromozémy. Fixované buiky byly nakapany na polyethylén-
naftalovou membranu, nabarveny Giemsou a mikrodisektovany PALM MicroLaser systémem,
ktery byl spojen sinvertovanym mikroskopem. Od kazdého chromozomu bylo vyfiznuto
ptiblizné 15 kopii.

Malovaci sondy byly pfipraveny dvéma odliSnymi zptsoby. Prvnim byla celogenomova
amplifikace za pouziti GenomePlex Single cell WGA (WGA4) kitu s naslednym znacenim 20ng
amplifika¢niho produktu Dig-11-dUTP za pomoci GenomePlex DNA Reamplifika¢niho Kitu
(WGA3). Druhym zpusobem byly dvé po sob¢ jdouci DOP-PCR s Dig-11-dUTP (Kubickova et
al. 2002). Tento postup se nakonec ukazal jako neuspésny. Nasledna hybridizace testovaci sondy
z chromozomu X. tropicalis (Xt) 9 na Xt kulturu vedla k oznaceni pouze malé oblasti, a to v
sekundarnim pieruseni ptislusného chromozému. Pti pouziti sond vyrobenych prvnim postupem
doslo naopak k oznaéeni téméf celych piislusnych chromozému, nicméné ani v tomto piipadé
nebyl nabarveny cely chromozém. Diivodem mohl byt zvySeny obsah repetitivnich sekvenci na
chromozému 9, které byly nasledné¢ inhibovany kompetitorovou DNA.

Sondy z chromozémi Xt 1, Xt 3, Xt 5, Xt 6, Xt 7, Xt 8 a Xt 10 vzdy znacily vzdy pouze
ptislusny Xt chromozom. Sondy z chromozémi Xt 2 a Xt 4 bohuzel nespecificky znacily 1 dalsi
chromozomalni oblasti a nebyly ztohoto diivodu dale zahrnuty do studie. Pravdépodobnym
obtiznym rozpoznanim téchto chromozému. Pro moznou mikrodisekci téchto dvou chromozomi
bude nezbytn¢ nutné jejich predchozi bandovani.

Po otestovani specifity byly jednotlivé Xt sondy hybridizovany s chromozomy Xenopus
laevis (X1) ziskanych ze splenocytd. Xt 1, Xt 5, Xt 6 a Xt 8 znalily chromozomalni kvartety
druhu Xenopus laevis (viz tabulka). Nejkomplikovangjsi situace nastala v pfipadé barveni
chromozémem Xt 7, ktery znacil cely kvartet X1 7a Xl 10, dale satelitni oblast X1 12 a krom toho

byly ozna¢eny mensi oblasti na mnoha dalSich chromozdémech.
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Xenopus 1 3 5 6 7 8 9 10
tropicalis (Xt)
Xenopus chrl+ qchr chr 13+ | chr 6+ | chr 7+ | chr 11+ | 1/2q Pericentri-
laevis (XI) chr2 12+ chr | chr17 | chr9 chr 10+ | chr 14 | chr 15+ | cké oblasti
16 satelit 1/2q chr.14+chr
chr 12+ chr18 |18
pl3

Tabulka 2: Pfifazeni piislusnych chromozémut podle Zoo-FISH. (Xt) Xenopus tropicalis, (XI)

Xenopus laevis, (1-10,1-18) oznaceni chromozomu

Pomérné mald oznacena oblast na Xl chromozdémech pii pouziti sondy Xt9 miize byt
zpusobena stejnym divodem, jako pii znaceni Xt chromozoému- tedy vysokym obsahem repetic a
jejich inhibici kompetitorem. Moznym divodem mize byt i to, ze chromozémy u X. laevis
postradaji sekundéarni konstrikci vyskytujici se na Xt9.

Nase vysledky ziskané ze Zoo-FISH pokusti podporuji pravdivost teorie vzniku Xenopus
laevis ze dvou diploidnich druhi (2n=20), u kterych doslo pfedeslymi nereciproénimi
prestavbami k translokaci jednoho z chromozému na jiny chromozémy (Schmid and Steinlein
1991). Vzniklé druhy tak mély 18 (2n) chromozému, a jejich kiizeni dalo vzniknout novému
druhu s 36 chromozoémy. S nejvétsi pravdépodobnosti podstoupil tyto piestavby Xt 10, ktery se
nevyskytuje u zadného z piibuznych druhti. Sonda Xt10 znacila pericentrické oblasti X 14+XI
18, coz svédci o prestavbach probéhlych na téchto chromozomech. Tyto chromozoémy jsou
rovnéz znaceny sondami z Xt 8 a Xt 9, pravdépodobné tedy doslo v evoluci k translokaci Xt10
na tyto dva chromozémy.

Dvé sondy (Xt 1 a Xt 6) barvici chromozomalni kvartety odpovidaly studii o rekonstrukci
tetraploidniho karyotypu u Xenopus laevis sreplika¢nim pruhovanim (Schmid and Steinlein
1991). Bohuzel se nepodafilo ziskat sondy z chromozomu Xt 2 a Xt 4, které by na zaklad¢
dalsich vyzkumu (Tlapakova et al. 2005, Krylov et al. 2007) znacily X1 3+XI 8, respektive X1 4+
XI'5.

Timto vyzkumem byla zavedena mikrodisekce chromozomi u druhu Xenopus tropicalis
a rovnéz byl nalezen nejvhodnéjsi typ celogenomové amplifikace pro nésledné pouziti jak pti

vyrobé paintovacich sond, tak i pro dalsi molekularné biologické postupy.
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4.3 Efektivni vysokorychlostni sekvenace laserové mikrodisektovaného

chromozomalniho ramene

Genova assembly predstavuje u kazdého modelového organizmu dileZity ndstroj pro
zjistovani genovych funkci ¢i pro evolu¢ni studie. U modelového organizmu Xenopus tropicalis
existuji v souCasné dobé dvé verze assembly (v.4.1 a v.7.1), ovSem ani jedna z téchto dvou verzi
pln¢ nepokryva jeho deset chromozému. Hlavnim diivodem je velké mnozstvi repetic v genomu
a tudiz i neschopnost assemblacnich programi spojit jednotlivé scaffoldy do vétsich celkii.
V nov¢jsi verzi assembly (v.7.1) byly spojeny souc¢asné poznatky z nové genetické mapy (Wells
et al. 2011) a syntenii skufetem, a vznikla assembly obsahuje 10 velkych scaffoldi
odpovidajicich deseti chromozémim. I v této verzi je ovSem velké mnoZstvi scaffoldi
nepiifazenych- Vv anglické terminologii se jim fika ,,orphan scaffolds®. Dalsim divodem
nemoznosti dokoncit assembly je i nedokonalost vazebné mapy. Ta obsahuje dvé velké oblasti
zcela bez markeri- celé dlouhé raménko chromozému 2 a 15 ¢cM na distalnim konci kratkého
raménka chromozému 7. Jiz pouhym porovnanim v.7.1 a fyzické mapy kratkého raménka chr.2
je mozné zjistit, ze jsou sice jednotlivé geny piifazeny spravné do chromozoému (pravdépodobné
na zaklad¢é syntenie), nicméné jejich potradi si neodpovida. Je tedy ziejmé, Zze pro dokonceni
genetické mapy a i1 pro dokonceni assembly je nutné pouzit dalsi, novéjsi postupy.

V nasi studii jsme se vénovali kratkému raménku chromozému 7, kde se pravdépodobné
nachazi gen urcujici pohlavi (Olmstead et al. 2010). Tento chromozém je snadno rozpoznatelny
pod mikroskopem, a to diky sekundarni restrikci nachdzejici se blizko centromery na jeho
dlouhém raménku. Ve spolupraci s Veterinarnim ustavem v Brn¢ bylo mikrodisektovano 15
kopii kratkého raménka chromozému 7 za pouziti PALM MicroLaser systému (P.A.L.M.
GmbH, Bernried, Germany), ktery byl spojen s invertovanym mikroskopem. Z divodu mozné
ztraty Casti chromozomu pii vyfezavani laserovym paprskem byl fez veden nad sekundarni
restrikci na dlouhém raménku chr.7. Jako zdroj chromozomi slouzila primarni testikularni
bunécna kultura X. tropicalis.

Vzhledem kvelmi malému mnozstvi ziskaného materialu byla ziskana DNA
amplifikovana dvéma amplifikaénimi kity- WGA4 GenomePlex Single Cell Kit (Sigma-Aldrich)
a nasledn¢ WGA3 (GenomePlex WGA Reamplification Kit, Sigma-Aldrich). Tento systém se
nam osvéd¢il v predchozi studii (Krylov et al. 2010). Primérna délka amplifikovanych
fragmentua ¢inila 500-600bp.

Ziskana DNA byla sekvenovana NGS systémem Illumina, a to ve spolupraci s MRC
National Institute for Medical Research v Londyné. Vysledkem bylo ziskdno ptfiblizné 35
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milioni prectenych sekvenci o délce 80 bazi. Ty byly bioinforma¢nimi metodami namapovany
algoritmem Bowtie s maximalné dvéma odchylkami v sekvenci do obou verzi assembly (v.4.1 a
v.7.1). Poloha zasahti do genomu byla zobrazena pomoci programu GBrowse. Ziskané sekvence
byly rovnéz srovnany se znamymi mRNA X. tropicalis.

Do star$i verze assembly (v.4.1) se podafilo unikatné namapovat 3.900.340 Illumina
¢teni. Pro kazdy scaffold lezici na genetické mapé chromozému 7 byl spocitdn pomér mnoZzstvi
zasaht vzhledem k jeho délce. VSechny scaffoldy namapované fyzicky metodou FISH-TSA do p
raménka chr.7 mély tento pomér vysoky (vice nez 29 zasahli/kb), stejné jako vétSina scaffoldi ve
vazebné mapé¢ s prislusnou polohou. Tento pomér rapidné klesl v oblasti centromery (69cM).
Fyzicky namapovany scaffold 297, leZici pfiblizn€ v oblasti fezu tésné pod centromerou se 17
zasahy/kb byl urCen jako hrani¢ni. VSechny scaffoldy s mensSim poctem zdsahu byly brany jako
falesn¢ pozitivni. Jednalo se 0 6,3% z celkového poctu zasahil.

67% zéasahi mapovalo do scaffoldi nachézejicich se v genetické mapé na p ramenu
chr.7, 3,5% do scaffoldi namapovanych do jinych oblasti nez 7p a 22,5% do scaffoldii bez
znamé polohy. Predpokladame, Zze vzhledem k vysokému pomeéru poctu zasahti na kb jsou
scaffoldy z obou téchto skupin rovnéz umistény v mikrodisektované oblasti chromozomu 7.

Poloha veskerych zasahl v jednotlivych scaffoldech byla zobrazena pomoci programu
GBrowse. Ptiblizn¢ 15% ze vSech scaffoldll s polohou na 7p bylo pokryto zdsahy nerovnomérné
a vyskytovaly se v nich velké oblasti (ptes 100kb) bez jediného zasahu. Vzhledem k tomu, Ze se
Vv téchto nepokrytych oblastech nachazeji geny a ze se tedy nejednd o velké repetitivni oblasti,
kam by nemohly zasahy mapovat unikatné, predpokladame, ze jsou tyto scaffoldy hybridni, tj. ze
se jejich nepokryté ¢asti nachazeji v jinych oblastech, nez 7p. Tato domnénka byla potvrzena i
fyzickym mapovanim gent ze scaffold 75, 266 a 270. Z kazdého scaffoldu byl vybran jeden
gen z oblasti s velkym mnozstvim zasahi a jeden z oblasti bez zasahi. Zatimco geny z pokryté
oblasti vzdy mapovaly do kratkého raménka chr.7, ty z ¢asti bez zdsahti mapovaly do jinych
chromozém.

V piipad¢ assembly 7.1 mapovalo do superscaffoldu 7 ptiblizné 80% zasaht, a to
vétsinou do oblasti 0-60Mb odpovidajici kratkému raménku. V 7p se nachézelo nékolik oblasti
zcela bez zasahti a naopak v ostatnich velkych chromozomech a i 7q se vyskytovaly oblasti
s velkym pokrytim, svédCicich o Spatné sestavené assembly v7.1. Rovnéz se nam podafilo
prifadit 14 mensSich scaffoldli bez znamé polohy ke kratkému raménku chr.7.

Touto studii byla v nasi laboratofi vyvinuta nova metoda pro sekvenovani a mapovani
mikrodisektovanych ¢asti chromozému. V porovnani s diivejsi podobnou studii, kde byly

mikrodisektovana chromozomalni raménka amplifikovana pomoci DOP-PCR a sekvenovana
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454- NGS technologii bylo ziskano 30.000x vic ¢teni a 10.000x vice jich unikatné mapovalo do
genomu. Podobnych vysledkti jako naSich bylo dosazeno doposud pouze pii sekvenovani
chromozoémi ziskanych pomoci pritokové cytometrie (Hernandez et al. 2012).

Metodu sekvenovani mikrodisektovanych chromozém a jejich ¢asti 1ze zcela jisté pouZzit
nejen pro oveéfovani genetické mapy ¢i assembly, ale i pro zjistovani polohy gent
V chromozomech u organizmt s neosekvenovanym genomem. Dalsi aplikace techniky by mohla
byt v libovolném vyzkum vyzadujici molekulérni analyzu z velmi malého mnozstvi bunék, jako
je klinicka cytogenetika, onkologie a prenatalni diagnostika. Hlavni vyhodou tohoto systému je
moznost rozpoznani mikrodisektovaného chromozému pod mikroskopem, ktera je v porovnani

s pratokovou cytometrii vyrazné snadnéjsi.

4.4 Velké pseudoautosomalni oblasti na pohlavnich chromozémech zaby

Silurana (Xenopus) tropicalis

Xenopus tropicalis ma homomorfni, tedy nerozpoznatelné pohlavni chromozémy. U
velkého mnozstvi druhli doSlo u pohlavnich chromozémi k jejich rozliSeni, a to sniZenim
rekombinace mezi jejimi nehomolognimi ¢astmi s nadslednym hromadénim mutaci, inverzemi,
delecemi ¢i naopak insercemi DNA V jejich blizkosti (Charlesworth 1991). Pravé postupnym
hromadénim rozdild mezi chromozémy a s tim spojenym zvétSovanim nehomolognich oblasti
mohou V evoluci vzniknout odlisné chromozémy. U druhu X. tropicalis se tak nestalo.
Pravdépodobnou pfi¢inou byla mnohonasobna, vice nez 32 nasobnd, zména pohlavnich
chromozoémi (Schmid et al. 2010, Evans and Charlesworth 2013). Dal§im divodem mohla byt
opakovand rekombinace mezi pohlavnimi chromozémy po celé jejich délce. Takové
chromozémy obsahuji velké pseudoautozomalni oblasti, které homologni rekombinaci
nezabranuji (Stock et al. 2011).

Piestoze ma X. tropicalis osekvenovany genom (Hellsten et al. 2010), nebyla u n& po
sekvenaci charakterizovana oblast urcujici pohlavi. (Olmstead et al. 2010) nalezli 22 markert se
silnou vazbou na pohlavi a podle vazebné mapy (Wells et al. 2011) lezi n¢které z téchto markert
na distalnim raménku p ramena chromozoému 7, v blizkosti 15¢cM oblasti, ktera neobsahuje
jediny vazebné mapovany marker.

Cilem nasi prace bylo blize charakterizovat oblast se silnou vazbou k pohlavi. K tomu
byla pouzita NGS technologie Illumina vyhledavajici SNP markery, tzv. ,,RAD tags“, a to
celkem u ¢tyf samcu a ¢tyfech samic. Zakladnim piedpokladem studie bylo, Ze do genomu bude

mapovat vetsi mnozstvi sekvenci ziskanych sekvenaci ze samic¢i DNA, protoze soucasna
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assembly byla sestavena genetického materialnu pochazejiciho z tohoto pohlavi. Navic je samice
heterogametnim pohlavim, samec by tedy m¢l nékteré ze sekvenci postradat. Tento predpoklad
se bohuzel nepodaftilo prokazat, v obou piipadech byl do genomu namapovan piiblizné stejny
pomér NGS c¢teni (87,8-90,8% u samic oproti 85-90,8% u samct). Absolutni pocet
namapovanych ¢teni se sice u odlisnych pohlavi lisil, ovS§em primérné bylo namapovano u samic
0 1,1-3,3% vic ¢teni do kazdého z deseti chromozomii, s 2,5% u chromozému 7, coz nesvédcilo
o vétsi odchylce u pohlavniho chromozému.

Ani NGS sekvenovani kratkého raménka chromozému 7 nepfineslo signifikantni
vysledky. Mikrodisektované chromozomy byly samc¢i a toto pohlavi by mélo scaffoldy se silnou
vazbou na pohlavi postradat. To se ovSem prokazalo pouze u dvou ze dvanacti scaffoldl ze
studie (Olmstead et al. 2010). Jednalo se o scaffoldy 662 a 278 z assembly v.7.1. V jednom
zZ téchto scaffoldl by se tedy mohl nachazet gen urCujici pohlavi. Zvlastni ovSem je, Ze se oproti
nasemu predpokladu na saméich chromozémech vyskytovaly v§echny ostatni scaffoldy se silnou
vazbou na pohlavi.

Mezi samci a samicemi nebyly nalezeny vyznamné rozdily ani v sekvencich jednotlivych
markert pouzitych ve studii (Olmstead et al. 2010), a zadna z frekvenénich odlisnosti nebyla
fixovana u samiciho pohlavi. Na druhou stranu se v soucasnych verzich assembly nachazi pouze
asi 80% ze vSech bazi a sekvenovani mikrodisektovaného raménka kratkého raménka chr 7.
prokazala, ze se ve verzi v.7.1 nachazi na kratkém raménku chromozému 7 nékolik oblasti, které
jsou sestaveny Spatné, nebo vibec. Je tedy mozné, ze se gen urcujici pohlavi nachazi v ¢astech
genomu, o kterych nemame Z4dné informace.

Celkové nase vysledky nasvédcuji, Ze je oblast uréujici pohlavi na p raménku chr.7 velmi
mala a rozdily pohlavnich chromozémi jsou minimalni. Tento vysledek je shodny se studii (Uno
et al. 2008), ve které se nepodafilo bandovacimi technikami nalézt rozdily mezi samcéimi a
sami¢imi chromozomy u X. tropicalis. Pfesna poloha genu urcujiciho pohlavi ziistava i nadale
nejasnd. Navic neni znamy ani piesny zpusob, jakym je pohlavi uréeno. Napi. u druhu Danio
renio se ukazuje, Ze ma pohlavi urCené sice geneticky, ovSem vé&tSim mnoZstvim gent
nachazejicich se na riznych chromozomech (Anderson et al, 2012). O obdobnou

komplikovanou situaci by se mohlo jednat i u druhu X. tropicalis.
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5.Zavér

Veskeré studie zahrnuté v této dizertacni praci se tykaly genetiky u Xenopus tropicalis.
V prvni studii byla sestavena geneticka mapa, ktera se stala velmi dalezitym zdrojem informaci
pro veskeré nasledujici genetické, genomické, ale i cytologické a evolu¢ni vyzkumy. Mapu byla
tvofena ze dvou celkl- vazebné mapy, kterd obsahovala 2886 vazebné¢ mapovanych markert, a
mapy fyzické. Ta byla vytvofena v nasi laboratofi a jeji soucasti bylo 69 genti s fyzicky zjisténou
polohou. Propojenim obou pfistupt se podatilo ptifadit vSech deset velkych a ¢tyfi malé vazebné
skupiny Kk jednotlivym chromozémum a zjistit jejich orientaci. Piestoze se jedna o nejlepsi
doposud vytvorenou mapu u tohoto druhu, jeji soucasti neni kratké raménko chromozému 2 a
rovnéZ obsahovala mezeru na 15 distalnich centimorganech kratkého raménka chromozomu 7.
Toto misto vykazovalo ve studii (Olmstead et al. 2010) velmi silnou vazbu na pohlavi a jeho
vazebné mapovani je velmi obtizné.

V ramci dalsi studie se ndm podafilo vyvinout novou metodu, kterou se nam podafiilo ke
kratkému raménku chromozomu 7 ptifadit pres 200 novych scaffoldi z assembly v.4.1, nalézt
chybné pfifazené scaffoldy a rovnéz poukazat na chybnost sestaveni u pfiblizné 15% scaffoldl
v této verzi genomu. Chyby byly touto metodou nalezeny i u novéjsi verze (v.7.1). Zakladnim
principem nové vyvinutého pfistupu je mikrodisekce ptiblizn¢ patnacti zvolenych
chromozomalnich oblasti a nasledujici dvojita celogenomova amplifikace ziskané DNA kity
WGA4 a WGA3. Ziskany material je osekvenovan metodou lllumina, jednotliva ¢teni jsou
bioinformatickymi piistupy mapovana do genomu a zdsahy do n¢j jsou graficky zobrazeny. U
Spatné sestavenych scaffoldli je pokryta zdsahy pouze jeho ¢ast, u spravné sestavenych jsou
zasahy rozmistény rovnomérné. Piistup spojujici mikrodisekci, amplifikaci a sekvenaci byla pro
genetické mapovani pouzita poprvé a i samotnd metodika byla oproti dfive pouzivanym
postuplim znacné vylepSena. Pocet jednotlivych ¢teni az 3000x prevySoval pocet Cteni ziskanych
Vv podobné studii u mySi. Je ziejmé, Ze je mozné tuto metodu pouzit u libovolného druhu,
jedinym limitujicim faktorem je moznost rozeznat jednotlivé chromozémy pod mikroskopem.

Pii sestavovani vyse uvedeného protokolu jsme vychazeli z nasi predchozi studie
srovnavajici cytologickymi metodami chromozémy druhti X. tropicalis a X. laevis. V této studii
byly mikrodisektovany chromozomy z bunééné linie druhu X. tropicalis. Ziskana DNA byla
amplifikovana dvéma metodami- dvéma po sobé jdoucimi DOP-PCR a celogenomovou
amplifikaci kity WGA4+WGA3. Druhd amplifikace u obou metod zaroven slouzila k oznaceni
DNA pomoci Dig-11-dUTP . Z vyse uvedenych postupt se prvni (DOP-PCR) ukazal jako zcela

nevhodny, protoze sonda znacila ptislusny chromozom nedostatecné. Druhou technikou se ndm
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podafilo vyrobit sondy pro vSechny chromozomy X. tropicalis, s vyjimkou chr.2 a 4. V jejich
pripadé doslo k chyb¢ pii mikrodisekei, pii které byly vyfezavané chromozomy namichany
s jinymi. Sondy z ostatnich chromozému byly pouzity k zna¢eni chromozomu X. laevis. Touto
studii jsme zjistili, Ze jsou chromozémy X. tropicalis ¢. 1, 5, 6 a 8 sekvenéné velmi podobné s
ptislusnymi kvartety u X. laevis. Rovnéz jsme poukazali na fakt, ze v evoluci doslo ke vzniku
dvou druht po translokaci chromozému Xt 10 na dva jiné chromozémy (pravdépodobné Xt8 a
Xt9). Tyto druhy se kiiZily za vzniku nového druhu s 36 chromozomy.

I posledni studie byla evolu¢niho charakteru a tykala se pohlavnich chromozémui. Pomoci
metody RAD tags a rovnéz dat ziskanych ze sekvenace mikrodisektovanych p ramének
chromozému 7 jsme zjistili, Ze pohlavni rozdily jsou u tohoto chromozému minimalni.
Pravdépodobnym divodem je mnohondsobna translokace genu urcujiciho pohlavi, ke které u
obojzivelnikti ¢asto dochazi. Crossing-over probiha prakticky po celé jejich délce a proto jsou
pohlavni rozdily mezi nimi minimélni. Jediné vétsi rozdily byly nalezeny u scaffold 278 a 662
zassembly v.7.1, které se nenachdzely na mikrodisektovanych kratkych raménkach chr.7 ze
samCich bunék. Protoze data zassembly pochazely ze samice, ktera je heterogametnim
pohlavim, je mozné, ze se na jednom z téchto scaffoldii nachazi gen urcujici pohlavi.

Veskeré nové vynalezené techniky z vySe uvedenych studii je mozné pouzit i u dalSich
modelovych organizmi. Jedinym piedpokladem je rozpoznatelnost jednotlivych chromozdémi
pod mikroskopem. Protoze je genom X. tropicalis sestaven pouze Castecné a obsahuje velké
mnozstvi repetitivnich sekvenci, lze pfedpokladat, ze u jinych modelovych organizmi (mys,
kute) by pocet vyslednych zasahi mohl byt vyssi, nez v pripadé tohoto obojzivelnika. Znacnou
vyhodou metody je potieba pouze malého mnozstvi vstupniho materialu pro mikrodisekci, ktera

umoznuje jeji vyuziti 1 pro klinické studie v onkologii €1 prenatalni diagnostice.
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