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Abstrakt

Me z i nejviznamnDj g2 onbodaesitoiv ®v Tovrog aornvi® migi ovl o g
oboj ¢giXenepusnttopicalisl eho dS2vNDj g2 emhrgy dl?2o piSek@m g¢ ir
vsoul asnosti vytl alovg8no studi e miX trgpealisem§ c k ®h
deset p8r T aihploomodn2m® @genomu a proto je pro
Vposl edn2ch deset.i | et e cnh) koy destaye vaniklmg e @0 imz @ s e
genetich8§ bmhpavytvoSena i B A Ck rkinv ehjo2vanza gmnrodh
vegker ® Yasi | 2 se u tohoto druhu doposud nep
nad8l e zTst8v8§ organizovs8§n ve formhD scaffol

sestaven? zTst8v8 i nad8le sporn®.

N§g vizkuBebyhazbkmMpl et aXeriopugtopicaliau nw chrowh®u p S?2
kter® by byl o mogn®eyyudg2et biylw jnianlz&hk | cardbdh v.a
fyzick® pol ohy marker T sestavena -geahmdvalac k 8§

kr8t k® ram®nko chr omozprnum®aka c¢ bvRMgtzolgbar cb
zaplnhDn2z tNDchto oblast?2 kl asi ckT mi met odami

nemogna®, byla vynalezena nov§8 metoda ekcr o ge
zvol en® ochellaosgtein o mov ou amphi epka&kiverrdws&mn ®m
llumina.Postup mi krodi sekce a amplifikace bXyl vy
tropicalis a X. laevismetodouZooFISH, kdy ampl i fi k Xvrapic8issD NbAI gz | dar

jako sonda a uk§zaleaotsieckkviecnH nkiv aprotdeotbTn.o st m

Ve tSet?2 studii byl o mi kr odi s ekkotpa 8§ nkor, 8§ t akn®hloi
chr.7. Z2 sk abny§l al tsernvng§na se s o uX topicalisiKivy $& z n e ni
oblastis e nej emSp Shdasitl oo el k ® nneonyTs,t va |l es eligyplayh oMo z
sestaven® scaf ftoolhdoyt.o Dvaltzak uzmus kbaynl§8a zpow @z d &1 y
pohlcaehrohoz mT u tohoto desntBisl eMinbuo diekerlea a c?
genetick®ho mapov8&8&§n2 pougita vTbec poprv® a
gi volignlch darseklV,enavanoelzimagknilark gen o meow. g eMet o
mogn® wpug?thi,mkoj @as k éntehdiicck’8na | i onkol ogi e.



Abstract

The diploid amphibiarXenopus tropicalisepresents 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 transgemestsestablishedin the
recentten years many efforts have been made to complete the sequence information.
tropicalis genome has been sequenced but the completion of its assembly only on the basis of
sequence dataas beenmpossible. Therefore, odirst work was focused on one approaches

for a genome completinggeneticmapping. First of all, the genetic map X€nopus tropicalis

was established pursuant linkage and physical positions of markers. Since the map contained
gaps,we developed aew method for genetic mapping basetthe next generation sequencing

of laser microdissected arrising 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 aslwsl 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 mappiege data were also used in the
evolution study othesex determining area placed on the g arm of chromosome 7, which showed
that Xenopus tropicalisex chromosomes contain large pseaudoautosomal areas. Moreover, we
made ZoeFISH analysis using. tropicalismicrodissected chromosomes as probes for iladpel
Xenopus laevishromosomes, 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 semced 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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Vposl edn2ch deset iXenagus tpppicalidScsttia | | edtoe cpho psSee
nejen bunhRDlnich a vivojovich biologT, ale ta
byl o publikov8no nRkolik verz2 assemsoluy asa ®r
dobnND je zn&§mo a oseksekov®Boomp8igbtvgniBDBEA %a
jehogenomu.

X. tropicalisier ovaNDfor nT m model ovim organi zmem pr
obratlovecT. Je velmi dobSe dostupnT ,vnmjagdunk
vivojem jsou doossadrmu reahipulaciZeh & 8o pdTvodu byl a o
| et xenop?2 embrya a oocyty dTJlegitim model en
indukce embryon8ln2horglanwojgenegi gmslbundh n®ha

Vel kou vihodou xenop2ho modelu je rovnhg

vian®m st&§diu vivoje. To bylo vyug2vs8Roo pS
mi kroinjikace |l ibovoln® m&NAr dégil op $rrogIn®g ns® heo
n Sledky tohoto proces(Smith and Harland 1991Pod o b n o u, ovgem opal nc
injikace morpllina-ant i sense ol i gonukl eoti du, (Boadgheril pS:

etal. 2004) Tento syst®m je mogn® Vv uaddom embryippr o
(Khokha and Loots 20053 udruhu X. tropicaliss e j edn8 o0 nejobl 2benihj
zpTs mb | ogveSnnT?.

Nezbytnouso | § st 2 takovIich funk|ln2ch studi?2 je
MRNA. VnDkol i k a posl edn?2ch | etech zaznamenal a
vi TznT ch obl alsetdencAhenj gzd rzentai nknyd.j §<? ecsht apwod ri 2n Tmebiyd tol
(Wellsetal. 2011p uspoS§d&nz2 | egenomudasseiblyd.h) (Hellaten@thab
2010)Za zm2nku ovgem stoj?2 i prvn2 souhrnan® an
kl onov§n? n(Abu-Dayshetan@O0¥ d2 vyt voSen2 center skl a
protil 8tky, f os mi dymeride, taR¥E@ rlolpddny, a to jak v

1.2. Taxonomie

Taxonomie druhiXenopus tropicali®@ j eho p $2 bwduXdnaphy @ r amd| rZrn
kontroverzn2. Fylogenet i cjsolXenopuk zapicaliseXanoguy | o =z

8



epitropicalis p S2 b u z n NDj gHymesoehirusi r| Lehs\k y dr Ppaf e &y i
ameri ck@&3%t amne?d misXedapugRoar am €annatella 1988X. tropicalis sice
pat $2 Xemopuso douv g e m d Silurapao d rSpd B v n 1 np®dieetohotob y  m|
v T z k wmuSiturana (a nikoli Xenopu$} tropicalis. VT zk umy zal ogen® n
srovngn? ri bosom§l n?2 DNA ovgem Siummsrodengzal y
Xenopus( de S8 and. HVé | 6 e®1pPpOBYI nNi ¢ m®n Xenopus nad 8§
tropicalis, a tojak zhisto r i ¢ k Tpcrha k ttiackk T ch dTvodT. L&p&ktkak:
tropi ckg8

Xenopus tropicalige vposl edn2 ch deset. | etve cnlee,gv § ewhioz
pS2buznl a dS2ve vel mi XebhdpdshaewsT Hmad @eP ojg [d To 0
pSedevg2m jeho meng?2X &opipaismg e 2@ ioprioxi- dn2 (@er) o m
(2n) c h r o nXo laevis{T, 710 bp oproti 3.1x18 bp). Situace uX. laevisj e nav 2 c
sl ogithNjg? gegit ®dm8 fakal otjet r Tap Vasinabtnptakticky u h |

vyl oul il a mXJlaevisjdkog pmadéltdv ®h o organi zmu pro
Znal nou X irépicalisg ve i jeho megg?2 gedeNay M g2 np @
oocytT a rovnhRg je mogn® vyug?2t vDXigeveu expe

1.2.1 Xenopustropicalis

1.21.101 OLp OAT 1 1 ET EA

Vsoul asn® dobhlD exi «ttopioalis p IPtr or Tgzemlecth clkil niv
viznamn® pSededhig2emiawnhal ilivioey coast. Jak na
j sou stbldagt s, kde byli datdteh@wceéemichpdvodbdmi 2 za
pougity pro vytvoSanimodazglkej® cimapna, ®a gtemetr i

snadn®ho hl ed8n2 polyploidn2ch markerT.

1.21.2. UUOI O1I 1 Op AEOT i T Uel ij

X. tropicalism&8 10 p&r T chromozowtlT.zePTyvedmde ngtzlv
zal ogeno na ponhDkud nekonven[TpnRowskaslB7@\VTot® n 2 d
n8zvosl ovédceby2®10v zmBDnDno na tradi | nylppde? , K
velikostr- nej v Dt g2 1, t omj one p §Rhpkivegdd al. 12009)Pouze podoiv N
vel kT m chromoz - mTm 7 a 8 byl pSi Skayzneinggre§ zlevs



dost al v2ce metacénmntreirakiuSehi| @mahsecnb@niha ntoygpny
ng8zvost ®vé .pNV8ci je poug2vs8&na novDhDjg2 termini

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

(Khokha et al. 2009) | 1 2 3 4 5 6 7 8 9 10

Tabul ka 1: Srovn8n?2 n §Tymowskd 193) & (Khokiha ebah @8009)1mT p o

10: n8zvy chromoz- - mT

1.21350¢é¢ AT p DBI EI AOp

X. tropicalism§ pound lageeBcky. D ouhou dobu nleibyt ot @ Sy
typu savl 2ho |i ptal 2ho (dXaXldg@¥hyredbdlmo jZN/ Zel) n 2
druh nerozligiteln® (homomorfn?2) pohl avn2 ch
homomorfn2ch coFomoB - Masi® ewvans!| ¢Srandetav s e x
2010, Evans and Charlesworth 2013) RovnhRDg je mogn®, ge pohl a°
druhT mohoaovatekwowenbividDt giStl? ckv @@ tdeAIIkko2®1 p)h
chromoz-my pak maj2 velk® pseudoaut ozom8§8l| n?2
pohl avnhD odlignich chromoz- - mT.

JedinT zn&mpollavaurlupb oW.0Ki tromchlisrei kcTM@ nee nt M
gen postr §d8&os e \Sersad \oa)keitropigadistscamm (Helksten et al. 2010)
nebylachar akt ebil acet8mua | uj 2 c2enap phlok\82Zz.8n¥an hbywnlzdyL
(Amlified FragmentLenghtPo | y mor phi s m3 a m@ad Klganistead at al. 20104
zt Dcht o] maeg ke0 0% vazbou nanapahlsavgl nFynl yk onrozi s
(Wells et al. 2011) Mnoho wexbok earpphlds se ni cm®&nND nach§z

scaffoldech,kte ® nebyly soul 8st? vazebn® mapy a | eji

1.2.2 X. laevis

p8c8¢c8p #EOIT I TU&I U
Xenopus laevim§ 36 chr(®mgz - miPtcdhi mad g2 bit uspoS§
podl e podloibknd lch? cf®ehmidrandf SteinEin 1991t oho by byl o
Usuzov axX laevigiega pjleoi dn2 . Na druhou stranu byl a
dupl i kovamdrhl| mglXnieeiszv Bdg2 | § st (GraflangKoloei 1891)z o v § r
10



Tento druh pavdDpodobniD vzni kl kS2 gen2 m, ve kteroe
genomy.Cytologicky je X. laevisp o p s 8 nf ujn&k K o 2 di pl oi d al 8t etr a
chromozomy a 18 bivalentyehog nom j e vel kT °bp(ST thil ®aawdd 3a ik A
1977) cog je pSiblignn dvoKmdpsaisong veli kost op

1222506 AT p DI EI AOp

St ej nNDX fjropikalis m8 X. laevispohl| av? url|l eno geneti
het er o mo rafviA(Mkame anth Witschi 1963)Genem wur | uj 2 c?2 mW,pohl a
kterT m§ 88e&@néemePMRTuUuus| uj2c2m poOvbshimotetal pt §
2006) Tento gen vzni kl prav&dhgoosddd DI Ipob®, po
Silurana,al e jegt N pSedtzd m,g ednBdyisia X gilfio Tkent o gen b
nal ezen u o0k tXaipwmokenkishX.vestitugBdwiclk dt dl. 2011)

1.3 Genomika

131" AT ACGEAEU | APA

Principi 8l nhD existuj? dva zpTsobyPrkn?2emln
zpTsobem je tvoSenal ataiziedooSup olaipay 3at & o Blan B em’
z8kl adhN frekvence p®%®tmbijneacey zilxrkughel mapev ®n

zjigSovg8na skutelng8 poloha markerT na chr omo

13126 AUAAT T 1T ABT OUT p

Jak jig bylo Seleno, vazebn8 mameerupe ch
homol ogn?2ch chromoz- - mT. 1% | eelmom®t vza&loenho
centimorgan (cM). J& i vzd8l enost mezi dviDma | okusy vDt
neexistuje mezi ni mi buwWa znbaac.h 8Tz& k onva® dnvaoruk ecrhyr os
j ednom, ovgem vel mi dal ek oveldmis ebble2. z kNoa oup ake W
vgdy dRdNRDny spolelnh, protoge maj?2 velmi mal

Pro tvorbu vazebn® mapy jsou poug2vs8§ny po
vpopul aci Hhveytsekryadzujjfotvn2 m st aapy Pyvypdh¥oGenegt
fenotypovlich projevT jegthND pSedebbPmwemnmg .

nek-duj2c2ceuksaaekwenack ®mn genomu byl,svelyklomi me

11



vzd8l enost mi mezi jsednhatini®kidmiDRWma mlagrer yV mo §
prakticky jak®kol i heterozygotn2 | okusy.

Znal nou vihodou vazebn®ho mapovs8n? opr o
namapovat vel k® nmjegsntowz NayntkeorSENE mapa mT(
Znal nou neowinhiakgpeu meezi vb@8aebbsheexistuje |
PravdhDpodobnost rekombi nacienamejza | i cvhlD mfay zmarkk
chromoz- mu,okalp2S2 ke mtdr omery je | etnost rekom
mohou dva markery nach8zet vel mi bl 2zko u se
m2sty se sn2genou rbkawmbhinazbvamebho@&y mapy pwoy
zv|I 89S u samcT a samic jsou u lokusT urlujz2c
kr aanélo et al. 2001) Na pseudoautozom8Il n2rcohomoabImadstje
naopak pravdhDpodobnost rekombi nace vygg?,
pohl avn2ch c¢chr omoz - dnhuMedakapy D dleotlo®falkdl epn?u
pohl avn?2ch (Komdo etam®091) mT

PSi tvorbhR vazebn® mapy mohou bicth §mreg Il enr
dvou | i v 2neeec hc har opnfoezsst o j sou dRNdNny spol el nt
nerovnovs8ha a mT g e bTt zpTsoben mne,h a Yarf awkn
rekombinace a mutac?2, geneti Peasimedimad ht pmoblic
tvoSen?2 v ameEfyre® brhigapysamotnl typ zvolenlch
nerovnomBDr n®gemomz M?rsa Minl2n2vn pS2padh nmTathe ndo R

nNDkterTch oblastIvoduvarplSa®omapyti zvolenlc

1.3.1.216 AUAAT U XeAopuh laddis

Vazebn® map oXv §aavis vzliledem & e h o dl ouh® gener a
alotetraploidithD vel mi slogit®. Vazebn8 mapa
vzhledem v T znamn®mu postavens? tohmi oubbefjigi salam:
vytvoSen2. Pr vna&howaaz eab n289 nlaopkaz sofbrsha h c ek k p mn 8
Linkage Group (Graf1989) Tat o mapa byl a r(Grafgid&ebald99))e gt N
ovgem Vvzhleédeoem®hu pol tu chromoz-mT (18 p8r -

nedst at el nl a | pokryt2z | okusy je vel mi hr ub®

12



1.3.1.226 AUAAT U XeAopua troPicalis

X. tropicalisse vposl edn2m desetil et 2 st al oblasti mi v
geneti ky a pr owvmpo rjcev n8laeRiskjs ed iat .ucad®eivinrt8 vazebn
pSedstavovala celkem 53 mar(koehari[et @l.a2003)3 Puo he e b
chromoz - mT tohoto druhu (10 p8rT) naznal ova
alok i by mRly blt ve vazbi.

Nej probl ematil tDjg?2 obl ast ? p X.otropicaizse b n ®
podaSilo vazebnhD mapovat v §(Klokha ¢l ad. 2@00) Byoe nt r o
kt omu vyugdgito gynogenetick® kS2gen2, pSi Kkte
sekund8rn2ho oocytu. Vzni kIl ® embryo je tedy
Mar kery nach8zej2c?2 se blr2ozckeon tcue nht@dimsohzeyradyo tjns?o
2002)

NovhR vyt voSen XenopasprapicaligWelis etrai 2011) e soul §st 2
pr8ce a vDiDnuwj.el sGee nje2t ikcakpsi tnoal paa

13.1.3& UUEAEU | APA

Druhl typ mapy =zobrazuje fyzickou polohu
chromozomu. M ne g n 2 dobnD je nejvyug2vannhj gsndt ec h
(FluorescentIn Situ Hybridization) . Prvn2m zpTsobem fyzick®ho
restri k| n(&rifimet plol978)nNfe j j ednodugg?2m zpTsobem poi
gt Dpen? dv Dma restrivkédd &i s ®@&nidion ydko lkien&RrTa ordd V) Im
dohr omady. Restrikln2 fragmenty byly n8sl edn

restri klnn2klnapa Sazzen2m jednotlivich fragment

Jak jig bylo Seleno, v cytogenetick®m vI
fluorescenln2ch sond, tedy o0znalkeonnghloe melng IEm
sekvenc? DNA nebo RIN&tu HyPrifizacefSH} (Gall and Randuek1869)
vyug2vala sondy zreaen®| fd,nl kol wipdirs2obyz| at e
znal kami emmumyenl mi s

Znalnou vihodou | SH a FI SH technik je nas
se pSPurk %«ch nebo tkg&n2ch. Je tak mogn® zobr
mar ker u. Na meiotick®m | i mitotick®mBDEIOOT &2

megabg8z2, na interf §n?2(dHangaodhGill@O668)z - mech asi 10
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Naopak nevihodou t®tendme2chmdd&ry® j20lreg2i tpt
markerT z8roveR a i ro&2 d aye 2 p rmeeft Soadry2 hjoe jz8vdr
mapovsg§n2 pomBDrnhD n2zk®.

Metody fyzi ck®ho mapovan? j sou zcel a ur | it
genetick® mapy, ®Seteetpge ppoavpStaybpy vazeb
zal ogeny na zcela jinlTch promcuppShpapesSadst

tomu tak nen2, mus2 bl tsekvamg.ba ve vazebn® map

1.3.1.3.1 FISH sondy

FI SH sondy mohou znalit RNA | i DNA, pro
znal 2c2ch DNMAISeES2ondy mohou blt rTznhD spe:
chromotakipmpmouze |jeden gen. Jako sondy mohou s
Arteficial Chromosome), PAC (R1Derived Arteficial Ch r o mo s o me) | Artefdid C (Y ¢
Chr omosome) kl ony. Vihodou mapovgn2 tRchto v
mo gstv2 genT zsS8arnoovze$Re jt mi@ejicesmg kveenci . Sekvenac
genomu klonu o velikosti 200kb je ovgem opro
podstatnhD jednodugg2. Nevlihodou welkkleak 22 s ok
zvyguj? nespecifilnost signs8l u. Prrodk ®m DA

obohacenou o repetititrs e k vence, n@SA plaemdu sk ompetitor ovo.l

organizmu.

1.3.1.4 Zoo-FISH

Zoo FI SH je techniickka® pmmaop osvr8onvzn.8 vJaecj?2 nfi ypzr i I
ond pochjSekidéhaé chi wol i g n &Baherthn et Alu199YaN tjgiinnlo ud
e poug2vs§ u pS2buznich druhTn?2 cphr og @kjee ncys

(7]

(7]

snadRuj e jej? pougit 2. Nej lastDji j] sou pou
nal2c2 nhjakou MetodaBomblSHoj me§ | M upgS8veatnv8g 2 m pr o ¢

c

N

studi e srovn8vaj2c2 velk®roblmygstnien2prdotp@gal d¢
studi e udhJyTlaltadaZun atl @toaw t ec,hnge yn gnre2 inustknu§t ed m
s

tudovanich organi zmT.
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1.3.2 Sekvenl OUT p

Sekvenov§g8n? j e postup, kterT mpS2es| ughe®na
molekule. H v odn?2 met ody ze sepdgmdkes8hi mh déset ibyel
moder nDj g2 mi postupy, t z Wext Gereetatiore &uenci®g) NGS), n o v
kter® jsou viraznhD rychlejg2 a levnhRjg2. Nev
It e n2-2000p)@0 u n Nkdlek § chlayb®.Zosh ot o dTvowywu ¢s2ev §
sekvelpry&m2 geBangef agi 20PPbp s meENN ned 2% ch

1.321#EAT EAET OAEOAT-Gilbett Bejpuencingh T A |

Nej star g? met oda sekvenace byl a(Maxamnaad e z e n
Gilbert 1977) Jej 2 pr imlcd mi cskp®om 2gt§Npven2 Set Nzee DN
ng8sl ednou modi fikac? radi oaktivn2m izotopem
gt Dpen2 mogn® poug?t rred3thylkd nfutem®@ omaljkgd re8e vy
chemicky modifikovatm?2atmganmoadrdD klayxlea gbMNMAewn a
Modi fi kal n2 r ea k piremidiny(C+T )c ebykleym niettyySiov&ny hy.
po pSidg§gn? Na Gl shpyelcai fti &tk®@ mpowake pro cytosi
pTsoben?2m kyseliny mraven| 2 a guanin byl me t
byl y rozdDIl eny na elzkdmraodeon@®zby®m gglug? \asg
znalenlch izotopT.

PStesge byl a rrade Ime3Id dmodi fi k ov §Bomndetralo s n a
1994)dnessepodst at ND. nepoug?vs§

1.32¢ ~AOAUAT OU 1 AOI AA j3AT CAO OANOAT AE

Druh8 metoda Aprvn2 generacefi sekvenovg§gn?
do n8stupu sekwema|lgdythaamestjoddT! egi t NDj g2 a ne
t echni k o(Sangex and Cdolsod 1975, Sanger et al. 1978) pri nci p | e z
DNA replikaci, pSi kter® jsou do novDhD vznil
di deoxynukl eotidy. Ty postrgdaj ? 3E hydroxy
reakce zastavena. Sekvenaclec hp e ghdS§ evden 2 Int y
pS2slugnliemdi Beoxo PS2ppndNDt &p?t n®ho nahrazen?
bylo vd mi kr 8§t k ®, jed pP®?2 sdegkhnde dpadweoei pSi d§n
vhadbytku. PoltakmeraPDngT nBrgsS82gajd2t ag do konc
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PTvodnNhD bgyyzualdeoxiradi oaktivnhR a anall z

prob2hala na elektrofor®zov®m gel u. Postupn
znal kou, kter8 umognil a ké$ ebveaddnv® (Frattaekgabic h |
1986) RovnRNg samotnl poBbhROpu sle&tvenaumiomnf ¢ @k

sekven8tory vyug2vaj2cxdnkapicl romd) eslchlotpm®f mrs
vzorkT z8roveR.

Jistou nevihodou tecbekkgnpeaijepevmeshk hobp
DNA za pri mer em. Vihodou jsou naopak pomRDrn
metod8m (prTmDrnD 800 bp, ovgem npadio uv hcohdynblocvh
PSestoge byl y vynal egeny ealwiDfk w2 sakvmandergml
sekvenovsg8n? nejl epg? met odou pro sekvenaci

nNut nost nN8§sl edn® assembl y.

~ - ~

138¢80 3AEOAT T OUIT p NextiGenérationS&quéncing ANEE)
NGS technol ogile djossdw pknd®merdl roku 2004. Z8
stejnip$2akawdv SangdBzeeglsomaol doglieent i fi kovsgny
znal ek zakomponovanTch do DNetqSpoljeagal @lpmni
sekvenovg8§n2m vel k®ho mnogstv? vzor kT highajed:
throughput sequenci ng, t e dpyo svlyesdonkzocrhy clhd toesd hn 2|
met od skut-elodfetr dpiedrt? z2ksipaet@ nPe p ap gkha®j P m r e
rokem exponenci BEkn Ppboghza?t,T sktS8er tzjeesd molo ®p a? sl
| t w®2%c e 'hA(datp llldndn).Nov ® zpTsoby sekvenovgn2 tak®
cel ogenomovs8vseaslwustimpaaome zJj emkem VYe®yo ppwv®dinz u
pouze tSi typy NGS, kromBD prvn?2 uveden® met

met ody vysokorychl ostn?2 sekvenace.

1.3.2.3.1 MPSS (MassivelyParallel Signature S equencing)

Prvn2 metodaos®kgenev@uo® dgvadeaeagyitall etz elnat
Lynx Therapeutics. Z8kl adgadcipradapp®mEtadyerj
po | tySech nukl eoti dech. Protoge byl a met o
komer | nD destvems8t or , ni cm®nnN charakterem

kvysokorychl ost n{Benneret@al2000s e k ve nac 2
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1.3.2.3.2454-DUOT OAEOAT T OUT p

Prvn2zm komer | nhD dostupnim sekvem&badem n
firmy Roche. Principem met od{Gharizadehpea al.a2D086)l n 2
prob2haj?2cz?i skec?2gtho wkagpeerk tobsahuj 2 c? homogenn
obsahuje pr TmDrnhD jedemnmpfi & ghkacd!| e & ®HEALZ 2k 04
vi amk 8 ch n gMargukes teti dl.c2605) DNA s e s p 4 @daptaryc e T mi
denaturov8§na na jednovl 8knou, n 8§ s | endunkll ejoet i adn
PSi reakadl!| oduoljedne? kpyrzafl d #fa8tAWuD, P tzean vjzeni ku AT
funkl nzm pS2t omn(Froeblichzelam2011ly ciTear Pzaddukuj e vi
Nei nkorporovan® b8ze jsou degradov8ny apyr 8§z

D®l ka |ten2 u 454 sek@®hma@Gebpzp&st 202z 0
reakci (20M pSeltenlTch bg§8z2) na do&t &mul ghe dn® 2
(Huseetal.2007) NevIi hodou metody zTst&8v§& pomRrnh vy

1.3.2.3.3 lllumina (A GpXAl AGAQq OAEOAT T OUT p
Druh8 metoda NGS sekvenov§gn? b yaraelizario pr v @
reakc? sekvens8&toru lalnmpunmifriyk akc®c hf& zaspungedenyTi rD Ns

spevnhN kotvenimi adaptorovimi sekvencemi. Do
tzv. spojenlich DNA clusterT. PSed sekvenov
jednovl!] 8knou DNA. Ke vzxjuiggtviBm? ¢ & k\Seé n ctey pjys o
ukonl|l uj2c2ch amplifikaci DNA. FIl uorescenl nhi

N8§sl ednD | sou znal ky odmyty a mT g e prob?2h
pyrosekvenovsgn2 prob2hsg-vamyl idooGkdeebjpke ns epkuoee
nukleotidu(Bentley et al. 2008)

PTvodnhD byl o snkneongisceld Ao @ z8elkk?enovgn2 tout

Gb, ovgem postupnim zdokonal ov&n2m techniky
dn2 (jedn8 se o tzv. Hi Seq2000p omrea vod&ut) & t sChnyi
poug2vani mkveryage jlel Isiemi nou nejl evnhj g2, PS¢
mohla cel ogenomov8 sek$%enace st8§t m®nND, neg

1.3.3 Kompletace genomu ( Assembly)

Pot ®, co je genom nhDjak®ho model ov®ho or g
zkompletovat. Sekenal n2 technol ogi e 18.600 bpdldGBuU js2e ko eln@y
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Pacific Biosciences]Eid et al. 2009) ve v Rt ginnN pS2padT jsou o0\
zhruba 2000 bg§z2 pSi pougit?2 Sanger technol g
zkracuenapS. Il lumina/ Solexa -0 d®E Xxu. |ienPasna®
kompletace by orientacegye nov 1 ¢ h s e prakickyoethhae gn ®y | a

Pro sestavovg§rdnogenomTchz | ten? sl oug?2 l
vychgzp§edpokZ adu, ¢ge se vysoce moechobmu® nxNAst:
pozici.? Spadebhoast sl oug?2 jako m2stsmbdr @ odpg)
kvytvoSen2 vNRDtg2ch wWsekT, kterTm se S2k§ cont

Probl ®m mohou pSi sestavovsgn? genomu zpT
nach8zejgerfromse nwa odl iNgenjTpcrhobme maec ht NDj Y2 mi
sekvence, kter® ¢eslo@migemdtmeck® m®mMOS Wit zdr
podobniTch fragmemagr potch §aeklji2gdalchh zm2 st . Ass
sestavovs8§n? t a kybodr®tit andpgjit i@cela e w b 1 Bldadtiz 102 jak moc
bude program ovlivnDn, z- pokidsjé repptifvddle v g s tm kma
kchybn®mu spojen2 nedochg8zz2.

Teoreticky by tedy byl o | epg? teschmalogié od c o
Paci fic Biosciencu. Tato technologie je | 2m
kterTch je vhRDtgina repetitivn2ch sekvenc?2 kr
syst®mu je nerovmnamPmog§ 4djej Haf ¢z =kmBp, viDtgin

b&8z2 dlouhTch. Druhou newaigholdso% bjSez 2v yjseo kS e
(Wetzel etal. 2011) DTl egitT m prvkem pro sprg§vnou asseée
chypbvi ednot | i vl i jvelechee,cht 2 m v2ce mus2 program
odchyl ky me z i spojovanT mi fragmenty a | e t

nesousedn2ch fragmentT.

Modern?2 sekvenaln?2 pS2stupy generuj? data

mez2dnot!l i vl mi b§8zempai(rj edel@v esreacoi )t.z vP.r 8malX es
vyhodnotit tyto informace je nezbytn8 pro sg
dl ouhTch scaffol dT. PSestoge exi atmfjta vel k
schopnost 2, ukazuj e se, ge pro sestavov§g§n?z (

zabTvaj2 pouze probl ®mem -4 pwj. ersc addrotlidegT ydo E
Sadapulbasn® dobhD jsou ne(Popstal.ReodBOPRADaYarianetp S .

al. 2010)nebo Opera(Gao et al. 2011) Tyt o programy |jsou YspniDg
vyugi trTzadtchztypT sekvenc?.
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PSestoge existujatvekfi®hmmd gotr v2 mfatSem?2 c 2

genomu, j sou i nad8l e nedokonal ® a produkuj
ovgem velmi obt2¢gn®, pSedevg2m proto, ¢ge nen
vypadat . Chyedjy? speo unzeen aweh §zpr §vn®m s estlvene n?2 |
samotn®. Zat2mco velk® chybyBACe smeagr®chapneb
fyzicklm namapov§gn? BAC kIl onu do genomu, n

pSest av beykyj en epnmoagknt @ .

1.3.3.1 Genom Xenopus tropicalis

1.3.3.1.1 Verze 4.1 (v.4.1)

Sekvenace genomu byla u druKutropicalisz a h8j ena Joi nt f(B&n o me
2002 a pokralovala ag do roku 2010. Z2skansts
asembly. Jednamej vi znamnhj g2ch a dodnes p,ku @ \8a rbiyd

zveSejsompmas w oku 2005. PSestoge existuje i nc
pS21lignou kontr7ovler(zvii znonvNfalaka ercdemPyg dalt o pg
aktus8l n?2 vWdedal®1ha py

K sestaveX2tropgadisioyua pougita | ten2?, kter 8§

pSiblignnN 7,6x. Genom byl zk o (Aparidotebal. 8002apr ogr
obsahuje 19,&6d&llk csvcoauf fwd IdiTk asst 2 1,51Gbp, do Kk
vgech zn&MmlcB7XZDNejvNRtg2ch scaffold T pokrTyv
genomu. Tat o a spscernobvl iy mdembso vggeennro my p o-fedr n N
sestavena zhruba =z 175.000 souvislTI conti gT
sekvenc?jefif\feedsd arvfbkt er Tch scaffol dT mpwlldtu N
bgzz2.

1.3.3.1.2 Verze 7.1 (v.7.1)

NejnovRhRj g2 verze genomoace&72Q0lbyhadpSeedst s
publ i kojve§fnrPamu Ksest aven?2 byl pler (Bataoglou ptalo2g02)a m A
dostupn8 data ze v {Wellskea @al.220%)a vanpehD® kemnpy eni
dom8§c?2 m. PSiblignhD 70%egenimsuped dd fcéhios a g e ho
odpov2daj? cgse smhazniifhokhasesd. 2009) Rozd2 1y mezi ¢
dvhDma ver zemi assembl ysec\ greeren g € 1 p oslczaviafjo?l djTe

19



vel kT ch supwetlsDeaatfaf ozled Ts yviretoedinld e n¢ e dnna hk ch sc.
verze na | 19tvi®, vierern @ gecewma naanh&h2 super scaf
chromozPm&wi .kvTli pougit?2 synteni?2, | jtaor ® ne

verze genomu vegnispanpu v 8§na za

1.3.3.2 Genom Xenopus laevis
Vsou|l asn® dobRD prob?2 h8§ s EeopesrnaewsS nj? e dgneSn ogne
skutel nh cel ossprodtuwpria cpurj?j erkdiexasuPBerkaley a Japonskd. t y

Da a nebyla zat2zm publikovg8na, a Wwww.xenbagd.oegs n §

Assembly zat2m pokrTvg pSibl icgenlik 2vdb pp o loevtg esnt

pSiblignnNn 1 milion a nav2c jsou vesmBDs vel mi

1.3.33: AOI EA ET &l O AAp
Vposledn2ch Vet &B®h mnbpgskbld§nierkt,erjneejtioovhi ¢ h?
shromagNovat dostupn§ data o obou model ovich

nawww.xenbase.org kde j e mogn® zobKarapicdlisao mRX/Beig ze a:

rovnhDzgdesenach§z? dat ab§ z8z ec DINFA, i nefxoprrneascne  od a
Vegker§ data jakmogh®2sh8bnounfwormati cklch f

Genov® pr ohX fopiealise ednabbh§z2 i na str8nk§8ch
(http://genome.jgpsf.org/Xentr4/Xentr4.info.html | i Ensemt

(http://lwww.ensembl.org/Xenopus_tropica)is/

1.43ADAOAAA AEOT I T Ue&l i
Pro oddRlen2 jednotlivich chromoz-mT od
technikypr Tt okovou cytometrii aemizkm@ adins €lhcimet d1d

z2skg8n2 vel k®ho mnogstv2 chromoz-mT najednou

jej?2 rozligpwvac3psegho@PnoddNDl en?2 je nezbytn®,

viDtg? | i me n g 2 opr otuij e o ptoautzrez mn Nkdd p ks umr od xa
jednotlivich chromoz-mTJ, vesmRDs u nejpoug?2va

RozdDI it chromoz-my pomoc2 mikrodiggsekk ce |j
rozligiteln® pod mi kroskopem. Pro vygg?2 rozl
RovnhRNg je mogn® vyS2znout pouze wurl|litedn® §s
mi krodi sekce je ovgem vel mi mali k, deBt dgiekow 2
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chromozt mfot& dTvodu je pro n8sl ednou anal T

amplifikace.

1.4.1 Mikrodisekc e

Mi krodi sekce | esenpearoadcai svieolungiz cialkl ch Yt ve
bunhNl nT ch komptakr§tindeondtnD | nT Sz Kul tur . pVSelpmaidn,a
kdy je nutn® oddNRDIlit jednotliv® typy bunhDk o
Exi stuj? dva rozd=sltm® geypySmi kit edi®s eskec2vy u (?
novhRygg2vaj2c? |(BemeandFoydlwa)pr s ek

1412, AOAOT OU | EEOI AEOAEAA

Jak jig bylo Seleno, pSi t®to teoahpniscevj e
| aser em. UmogRuje izolaci ktokn&m2®t h? clkkubtuoRKk
naneseny na membr 8nu umogRuj2c?2 snadn® odmyt
kter® maj2 bltkErdloyShynujgoa pSeneseny pom

Exi stuj? dva typyud-?awaejrzov2® b wM IKePHEbrlaef i 220 (
Micke et al. 2005) nebo i nfral erBmeertBuckped plr 1996y \TIHRgdou
syst ®muajw®yxiddm®ov ultrafialov® | aserah®2 vpanpr sk

zchl azov§gn?2buneknebmi§nyRosvnhNg samotnl pSenos m
syst®mT nekohoa&abh®2 buRky | i chromoz-my |jsou
p S2 mo undawky (zakany et al. 2006) Vt echnol ogi i vyug2vaj ?2c?

pSed samotnim transferemiwytwoSead mk o hpulRéxa mp

zvigena pravdRpodobnost k ont Merfiior eemez n¢ ameervk w K j

protopou §g2tvidj il asystr@misal ovimi | aserovimi paprsk

Znalnim probl ®mem | aserov® mikrodi sekce
rovnhRNg jeho degradace pSi vySez8vs&n2 a pSenc
chromoz-mT pS2 mo kdroo zk2ulmaar kb DrPS® miougi t 2 t
snz2gen8 pravdhDpodobnost ztr 8ty | degradace
pSen§gen2? vzork T mezi zkumavkami

1.420 Oij OT ET OU Audi i AOOEA
Metoda je zalogen8 na pringpirpwdaddkRipani nry
| aserov®hodpagnskdobhDVpat S2 me z i nej poug?2val
21



fluorescenlnnN aktivovan8 pr Ttokov§ zomyatl kme tmra
povrchu oddRlovan® partikule. Pomoc2210br Tt o
chromoz - mT (Dol egyesSi reu Clad o mo2z0-1m@gny sobr dme z om
speci fiuocgklcrhrfolmem a jsou rozdRleny podle inte
na chromoz:- mech kSe| 2 k aiordchromseidim drontid@iey epal.u g i t
1979) k t e rihahrpdi Habdhgt 3325@arrano et al. 1979¥s oul asn® dobhD s
nejen intenzita, ale i mn o g st (Bartholdi 1090,rRens ete n | n
al. 1994)

PrTtokov8 cytometrie chromom8&mph2j.eedgecgh®
pobk oly pro jejpiSéh poazlii §evafudeiddnghlecah 1984laii 2
zper i f e (Vatdsonkamd\Rgdberg 1984) t k<goneétal. 1984) | pSes vegker
se ovgem doposud nepodaSilo vyvinoutchpr otlok
910,11 a 12 zat2m neRETMmMoKows zé gkametodidd| rea$
jeshrnutayf Dol egel .et al . 2012)

15#A1 1T CATT T 1T O (WhokiGendaie vAphfikation, WGA )
Mnogstv?2 z2skan®ho materi §lu p8hDt yja®ew oV q
pouzep 8r bunnDk | i nDkoli k chromoz-mT. Vel mi | a
cel ogenomov8 DNA ampli P k8oa. iTatopreemphikaa
jako zdroj DNA sloug? tSeba i jeding buRka.

1.5.1 PEP(Primer Extension Preamplification )

PEP je nejstarg? Cc e(Zhang etnah 139N o Wd da mpll asit k &
reakci, ve 8htoedrn® nparsiemdearjy2 on d®l ce 15 b8z2 na
V takto n2zk® teplothD mohou primery nasedat
naamplifikovan® DNA. Ta je replikModgrhakdaaidg
metody je I-PEP (ImprovedPEP) , kter 8 vyug2v§ krom Taq pol
do kagd®ho cyklu je pSids§rnDieanaierretgah 11999)Oprotr o k p
pTvodn? muPEPW paie |lj eeg ampldfikacd %|® nnNDj gdneowygedolvD by

tytomet ody nahrazeny moder nhDj g2 mi postupy.
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1.5.2 DOP-PCR (Degenerate Oligonucleotide Primed- Polymeraze Chain

Reaction)

Metoda DOPPCR j e zalogena na nesed8n2 kgset ®| n
bNDhem n2zkoteplotn2ch cggnorduT VS E2cirMfa crk®hlba amae
je mogn® dosmMhnepltotzw.T gEmneElNA vihT § ee mp -RER ¢ 6 ®
vi ozmez40Q5pg, pSilemg mnogstv2 z2skan® DNA
(Wells et al. 1999, Peng et al. 2007) HI av n?2 vihodou teckni ky
dostatel n®ho mnogstv2 DN A dmreo(Vuglseka 2aR)Pobzg b r i d
| §stelnhD zdegeoegep@Bah®mPwodwme® yampl i fi kace DI

ovliivRuje nhRkter® mol ekul 8rnhD biologick® tes

D®l ka amplifikovan® DNA | e(Telrtus ktlal. 4992) st e
Modifikace DORPCR umo gRuj e i produkci delOgkoale amp
pougi t ®h o(Kitler etalo2Wd2) uJ) e d n SDOR-RCRd ongAPoducts DOPPCR),
kter8 je zalogena na exonukl e8zoy®l eohkbihDhPwm
amplifikace.

Da ¢ 2 mognou mBPERf ijkacky ulOR 2 v2ce degene
nespecificklch dBomete étialk2@d9n 2Pao ewkIigen2 d®I ky
do reakce pSidg§vsnylfadal grrodi ypkapel ymde§ o.pr c
produkci del g2ch fragmentT DNA s pokryt2m ge

1.5.3 MDA (Multiple Displacement A mplification)
TSet2m pDTaogemgnevou amplifikacije MDA ej 2 m princi pem

kr8§tklzd, geootui nukl eoti dovich primerT na jedr
DNA pol ymer § zodig tddpowhv&m22 knovhD vzniklTch fra
slougit jako opampbh®typrienfjami v PSi MDA tedy

zdrojow® D Nldv mar and Syvaihheko 2pPpdIéymer 8za sl oug?
pol ymezHS&dpadnhD Bst DNA pol ymer 8za, ktersg8 o
(Spits et al. 2006)

Vkl inick® praplifjiekadPA paurge wadtn&l nrfa pdSi. a gn
zjigthNDn2 nNRkterTch gemeataindk Trcen( Lvised | apdlbioalj.s
syndrom fragil niMaloov etlalr 2007p zMIMA jXe rovnhDg mogi
z2sk8&8n2 vel k®ho mnfogsstokd mDNPA k T 1 eeddmedy @ipagmuni =
et al. 2005)
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1.5.4 OmniPlex WGA

Posl edn? metoda celogenomov® amplifikace
definovanou velikoagmenfhfayt ysseakurefnficep osi@eonuyg 2 c 2
primerT pro n8&§sleduj2c? m@mmprhéerfy kaei SZ2PNmkoi K
mnohong§8§sobnhN (tSeba [ milionkr 8t) namnogena
soulasn®ho t est onve§ngv Pné@nRol hcab al kock? ucshT. v

OmniPlex WGA je s ou| asn® domtel) ppaedhAoean2j g2ch typ

amplifikace a rovnRg j sou knoamejreljrm dporsitnucpi npl Tc h
155. AOLET AU AAT T CATTI11TOLAE Al Pl EEZEEAAD

PSi §S8tgn[®ncezl ogenomovich amplifikac?2 se d
kompl etnhD cel 1 tomgu mrom. -2&pNpahdByt ckw ® | INNA mjaé & mn o
tamTgeo biMkterT ch typech izolace i pogkozen§
jsoupr i mery vel mi kr8tk® a | asto degenerovan®,
|l astNji. Lasto tak® doch8z2 keTzhig8hNDsaudl 2t

Studie( H° ckner euk 8azla.l dR20t0n tmet od m§& nej v Nt
ampl i fi kovanTch mi krosatel i tT komer| nhD dostu
SigmaAl dr i c h, vyug2vaj 2c?2 tnRettoodsit uGmnii P4 lexu gWwa Ay

mi krodi sektovan® chromozgeyghnay HylyySi potryopwn §

amplifikace.

1.6 Bioinformatika
Bioinformatika jevs ou | asno st ned2|l nou | 8st?2 Dbioloc

nN8r petl sekvenc? z2skanTch ze sekhkeerbwgthosntoiv ®v

bi oinformattdcc kprcadr SR ddmécen2 dat. Existuje
komer | nD prodgvanich programT, ty ovgem net
bioinformatika e 2 ohot o dTvodu vel mi | asto nutn8 al
programoaayxRao kterT mu umogn2 wupravit si pro

161! 1 ¢CT OEOI U BPOT OUET AT T AT 6UT p AAO UA
Pro vyhodnocen? dat ze sekvenac? exi stuj e
mogn® naprogramovat si kKMpagst wvTdatvl asskanl

NGS sekvenac?2 je ovgem naprosto nezbytn®, ab
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abybyly co nejl ®pe pSizpTsoben® konkr ®NGS2 mu |
sekvenac? des2?2tky kdg hstsekkeeam®l jenTfiukn®, buN
anebo srovnas assembly i § exi stuj 2c?2. PSi pougit?2 nevh

mohla trvat tT ¢sy pougDs2ceel amiteol konn®ho po

Me z i nejpoug2vannijg? al goritmy p¢ioetal i gni
2008b) Bowtie (Langmead et al. 2009) BWA (Li et al. 2008a) MAQ
(http://maqg.sourceforge.fet a Novoal i gn (www.novocraft. com)
vgech rmutvre® vrygjvoSit indexovanl referenln2 g

| t en2 sr ovnS8tviBenhat.o Kpargodgir aanT poug2v§ jinl sy
Novoalign m§ od ostatn2ch iVidhdldiognTal gpTs$ o bnT

Bowtea Novoalign je rovnhDg mognost zvolit ma
referenl n2mu genomu. Test ovsgn? t Dcht o progr
sekvenc? merist at Mi neexi stuje rozd?2| aob@ec hi

(Yuetal.2012)Nej poug2vanhDj gxsmudlagam®i tdrnédmM jpe awdhDpod
je neusts8l e vWewe jjeendaap g Sendree pSeberni m mnogs
Sr ovng8v8nAeens OKA; aelmick RNAagenT, ia ¢p8logramy na v
scaf fagsémbly,&a ov mihgha dhap://§cwiebio.Sourceforge.net/

1.62$ AOT O1 A&l O TUHIVA PWITp UGAAE OAT AA

RTzn® programy pog?2Wlatj@s eroljizenden 8 oo n&Bjt e/d ndoac
sekvence, orientae  a j ej 2ch daedma chSelltasks bmask we < e n
jednom S8dku, pS2padnh je mdz ps(mbepSch spekV é
znakem) Mezi nejzn&mhDj g2 form8ty patS2 FASTA,
trochu jinlT datovl form§t a velmi |asto je n
jich pomRrnhN vel k® meabges®vdatah§zrelDkmaejr2® g wnc
Univerz8ln2 for m§&FZt okebtyd davéduvyevibsSem zabl
form8ty a uvedu je sp2ge pro ilustraci

1.6.2.1 FASTA
Nejjednodugg?2 a nejpoug2vanhDph2n8oAmBt, n§
ngzev, pS2padnhD popis a na dal g2m S8dku je wu

vinternetovich vyhled8val2ch, pS2padnhD jako \

25


http://maq.sourceforge.net/

1.6.2.2 FATSQ

T2mto form8tem je kromD sevkaV @ ncae szekzvreannceen
ze sekvenace. Sekvence zal2n8§8 A@hn, n & zSveetm, m n

S8§dku je zaznamen8na kval it a nsiekktveernicceh, pkrtoegrroa

Ve PN - ~ . -

1.6.28 ¢ $Ail:lb Al O UOU AAOAAUUD

Vel k® mhatystvéh form8§tT vyugpPegermySE ®enk . ¢
Sg§dek obsahuje krom sekvence rTzn® mnogstyv?
| i tabwk&tjadr®em f or m§tu je polet jednotlivlch
i nformace zn8m8, je m2sto n? zwdsmlzxe nae ltmil kmpac
pro zjednodugen? bude podrobnhD pops8anr np8tuyz e
BAM, SAM, My SQL, GFFt®Ocmhobbodmdtge chog&ny i
zn8&mlch, ji g sr omigejbdnd jaksoeskkveace DRA; RNAr ot ei nov

sekvence

1.6.238p " %$ Al O U0

Tento for m§t obsahujeT ¢lsi dpwRi np® dobogky]
nNkter T mi z softwara z o rgor®inemiGenomeBrowsel e d not |l i v® pol ¢
od sebe oddNhDlen2 tabul 8torem a na jednom S$S§d
Jedn8 se o n8sleduj2c?2 pologky:

Scaffol d | i chromoz- - m, na kter ®m se sekvence
Pr v n 2 esgkeercHStart)

P o s | ppdcestkvence (End)

Jm®n o

Sk-re

VI § kfn+oi nfebo A

DruhT-nap&rt start kod-n

Druhl -k@am®c stop kod-n

© © N o g b~ 0w DdPRE

temRGB-barvavz obr azovac?2m progr amu

10.Pol et -pollcek T eedm® BED | i ni i

11.Vel i kost Dbl okT, kter® jsou mezi sebou odd
12.Zal 8t ky jednotlivich blokT
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1.63: UEI AAT p DOl COAI T OA AioinforinatickEU BT OL p O

Pro bioinformatiku je vhodnl jakbdoko]i ¢gel
b ol ogbv ®i@mjosiou program8t oSi , jgzkc o2 nejnjedd vt
nejpSehl sodnDjagh® MobhD pat S? me z i nej poug?v

PYTHONap S2 ptardewddhu kompl i kovanhDj g2 Java.g2alpg?m
Segen2? statisticklch probl®&mT, je R. RovnnRg

BDS, Solaris) operaln2ho syst ®mu.
1.6.3.1 PERL

Jedn8 se o0 pravdDbDpodo thicidrdormatieg. Byd wyérutvwaae N ¢ 2
1987 Larym Wallemajechdhavn2 vIi hodou je jednoduchost, f|
modul T. Je voMwpikerlagpsPupnjeha interpretaci j e
dal g2 progr am, tzv. i nt elrop evt yetrv. o Pernoo bvi eoli kn® om

kter® j e mogin®t esrtrBehtnwb.utSsuhrznnhD se tato modi

(www.bioperl.org . I mn o h o dal g2 ch bi oinformaln2ch
GBrowse [ttp://gmod.org/wiki/GBrowse , kterT je bRgnND poug2vanl
zobrazen? assembly, genT a sekvence.

1.6.3.2 PYTHON

Druhl nej poug2vanhij g? jazwk,evktDerdlanmg sk
Zt ohot o dTvodu je doporulov8&n pro zal 8telnzk
mnogst v?2 modul T jako u PERLU a rovnBhDg jeji
centr8ln2 %l ogiagth, ze Ubker ®bh@hbouth.yl 8t aorg
PYTHON v ol n@wwpgtsonorp nT (
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2.# p DPAUAA

Hl avn2m c2l em pr8ce bylo nal ®2t nov® metody

Xenopus tropicalis.
C21l e jehdnsottuldiivcT cbyly n8§sl eduj 2c?:

T Sestaven?2 genetick® mapy druhu Xenopus tr
genT ve vybranich scaffoldebhompoae - m$fmSaze

jejich orientace

T Opti mali zace | aserov® Xi kopicalisi s ecked eo g ecrha m

amplifikace ajejicltpou gi t 2F IpSH ZZmao| e n 2Xenopudaevisio z - mT
T I'denti fikace scaffoldT a genT na kr 8t k®m
vyug2vaj2c?2m2mi ugn@®i sbhkomop8&m8El n2 obl ast.

lllumina

f Charakterizace rozd?2]|X tropicalissvawuniath? nz hds bk mo

sekvenac?2 mi kproadm@®nekkat ocvhar no®@hooz - mu 7
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We present a genetic map for Xenopus tropicafis, consisting of 2886 Simple Sequence Length Polymorphism
{SSLP) markers. Using a bivinformatics-based strategy, we identified unigue SSLPs within the X. tropicalis
genome. Scaffolds from X. tropicafis genome assembly 2.0 (JGI) were scanned for Simple Sequence Repeats
{SSRs); unigue SSRs were then tested for amplification and polymorphisms using DNA from inbred Nigerian
and Ivory Coast individuals. Thus identified, the SSLPs were genotyped against a mapping cross panel of DNA
samples from 180 F2 individuals. Nearly 4000 SSLPs were genotyped, yielding a 2886-marker genetic map
consisting of 10 major linkage groups between 73 and 132 cM in length, and 4 smaller linkage groups
between 7 and 40 cM. The total effective size of the map is 1658 c¢M, and the average intermarker distance for
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-

4\ Springer

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

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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