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1. UVOD

Vysledky studii zabyvajici se rozpoznavanim signali, které fidi
diferenciaci a organogenezi, ve svém dusledku umoznuji provadét nahradu
poskozenych tkani a organti. Vyvojova biologie se diky tomu stala v nedavnych
letech strategicky nejdilezitéj$im odvétvim biologie. Budoucnost tohoto oboru
tkvi v implementaci a dal§im rozvoji poznatkid ziskanych z ,.embryonélné
ptistupnych* modelovych organismt (napt. Xenopus) na sav¢i, potazmo lidsky,
model. Dobrou ukazkou je vyzkum skupiny prof. Asashimy z Tokijské
Univerzity, pfi némz byli jako prvni schopni vytvorit celou fadu nadpocetnych
funk¢nich organti (chorda, pronefros, pankreas, oko a srdce) u Xenopus laevis
tim, ze oSetfili izolované animdlni cepicky riznymi koncentracemi aktivinu
(mezodermalni induktor) a Kyseliny retinové (Ariizumi et al., 2003). Vysledky

téchto praci se zdaji byt klicové nejen pro pochopeni organogeneze u Zab rodu

Xenopus, ale 1 pro studium téchto procesi u vyssich obratlovci vcetné Clovéka.

V minulosti se vyzkum vyvojové biologie ubiral dvéma sméry. U savci
lze sledovat pouze zavérecné faze diferenciace, nebot’ po provedeni experimentu
jiZz neni mozné vratit embryo zpét do délohy. Jedinad metoda, jeZ umoziuje zasah
do rané embryogeneze savcl, spo¢iva v naroéném a pracném knockout genu.
VyuZziti objevu kmenovych bun€k zatim brzdi jejich omezeny rist a nedostatena
znalost pfirozenych diferenciacnich signald. Druhy zptisob studia embryogeneze
vychézi z vyzkumil provadénych na embryich obojzivelniki, pficemz jako hlavni

modelovy organismus zde slouzi Xenopus.

Zaba rodu Xenopus piedstavuje jedineCny zivociSny systém, ktery v
zakladnim biologickém vyzkumu vyznamné ptispél a i nadéale pfispiva k
rozSifeni védomosti v mnoha riiznych odvétvich. Tento modelovy systém ma

zasadni vyznam jak pfi vyzkumu raného vyvoje embrya obratlovci, tak v

\



bunééné biologii. Pouziti Zab rodu Xenopus je vyhodné i vzhledem k tomu, Ze je
mozné nacasovat ovulaci pomoci injekce lidského choriogonadotropinu (hCG).
V laboratornich podminkach lze tedy kazdodenn¢ snadno ziskat velké mnoZzstvi
embryi (za pouziti dvou aZ tfi samic az nékolik tisic). Nedostatek biologického
materialu je tak zfidkakdy omezenim. Vyvoj Ize diky zna¢né velikosti embryi i
jejich vnéjsimu vyvoji studovat okamzité po oplodnéni. Poté, co zarodek stravi
znacnou ¢ast Zloutkovych granul, se ve stddiu pulce stdva transparentnim, coz
umoziuje pfi studiu vyvojovych procesti (knockout, gene trap, promotor trap
apod.) vyuzivat fluorescenéni reportérové geny (napi. GFP - green fluorescent

protein).

Velikost oocytii i embryi dovoluje mikrochirurgické manipulace vcetné
mikroinjekci a navic embrya Zab rodu Xenopus vykazuji po pouziti téchto
technik neobvykle vysokou schopnost regenerace. Diky tomu se v uplynulych
péti letech podafilo do oocytli nebo embryi Zab rodu Xenopus v rizném stadiu
vyvoje vpravit desitky antisense RNA a morfolino oligonukleotidi. Oba ptistupy
jsou urceny k blokovani exprese zkoumanych geni a to bud’ na urovni
transkripce (antisense RNA), nebo translace (morfolino oligonukleotidy), ¢imz je

na zaklad¢ vysledného fenotypu identifikovana jejich funkce.

Mohutny rozvoj studia exprimovaného genomu u X. laevis a X. tropicalis
se doposud jen malo odrazi v takovych oblastech, jakymi jsou genetika a
cytogenetika, kde jsou dostupna data bud’ neuplna, nebo zcela chybi. Lokalizace
geni na chromozémech a genetické a fyzikalni mapy vytvorené pomoci
polymorfnich markerti umozni rozvinout obrovsky potencial tohoto modelového

organismu.

Predkladana dizertacni prace se zabyva studiem genetiky a cytogenetiky
X laevis, pticemz jednim z hlavnich ukoli zde byla identifikace

heterochromozomi. Dilezitou soucéasti prace bylo zavedeni metodiky



umoziujici chromozémovou lokalizaci u studovanych gend a nalezeni
polymorfnich intronovych markerti, které naznaCuji jednu z mozZnosti

konstruovani genetickych a fyzikalnich map s vyuZzitim intronovych sekvenci.

I.1 Xenopus jako modelovy organismus

Xenopus patfi ve vyvojové biologii mezi klicové modelové organismy. Pti
objasiiovani ¢asné embryonalni indukce, uspofddani zékladniho télniho planu
obratlovcili a rané organogenezi stal Xenopus laevis v ¢ele vyzkumu. Spolecné s
moderni molekularni biologii vedly dtlezZité metody experimentalni embryologie
k prvnim prilomim v chapani mechanizmu tvorby zarode¢nych listi obratlovci
a jejich télni osy, véetn€ porozuméni indukce a vzniku jejich nervového systému.
V oblasti bunétné biologie je jeho vyznam patrny pii studiu replikace
chromozémi, struktury chromatinu a jadra, molekul ovliviiujicich bunécny

cyklus, cytoskeletalniho aparatu a signalnich drah.

Embrya obojzZivelnikd si svou vysadni pozici pfi embryologickych
experimentech udrZela po mnoho desetileti. Evropsti embryologové pouzivali
zejména embrya Colkd (napf. Triturus) a embrya zaby Rana temporaria,
pfibuzné severoamerickému druhu Rana pipiens. V 50. letech 20. stoleti
pouzivala Fischbergova laboratof v Zenevé X. laevis a podafilo se jim prokazat,
Ze po transplantaci jader bun€k epitelu stieva pulce do enukleovanych vajicek
dojde k normélnimu vyvoji dospélce. Dalsim podnétem k vyuziti rodu Xenopus
se v 70. letech 20. stoleti stal experiment, ktery prokéazal, Ze oocyt u Zab rodu
Xenopus dokaze translatovat injektovanou mRNA (Gurdon et al., 1971).
Nedlouho nato se zjistilo, Ze oocyt lze u rodu Xenopus vyuzit i jako in vivo
zkumavku pii studiu funkei biologickych makromolekul (Gurdon, 1975). Zaby
rodu Xenopus se tak postupné staly jednim z nejobliben¢jSich modelovych

systému.



I.1.1 Systematické zaFazeni a zemépisny puvod

Rody Xenopus a Silurana tvoti skupinu takzvanych drapkatych Zab (z
angl. Clawed frogs) z pod¢eledi Xenopodinae a Celedi Pipidea (de Sa and Hillis,
1990; Cannatella and de Sa, 1993). Do stejné Celedi je fazena i podceled’ Pipinae,
kterou tvofi sedm druhii americkych Pip. Druhd, africkd vétev obsahuje Ctyti
druhy rodu Hymenochirus a jeden druh rodu Pseudhymenochirus (Cannatella and

Trueb, 1988a; Cannatella and Trueb, 1988b).

Zemépisny puvod Xenopus laevis (drapatka vodni) urceného k
vyzkumnym uéelim, je odvozen z oblasti Cape Flats kolem Kapského mésta v
jizni Africe. Jeho vyskyt je dale zaznamenan od Nigérie a Sidanu az po

Agulhasky mys.

1.1.2 Xenopus laevis

1.1.2.1 Tetraploidni pivod

Zvlastnosti rodu Xenopus je fakt, Ze az na jediny druh vykazuji vSechny
ostatni (16-20) polyploidni pivod, tvofici série 2:4:8:12 (Kobel and Du Pasquier,
1986). Xenopus laevis je fazen mezi tetraploidy, coZ bylo prokézano porovnanim
obsahi DNA mezi riznymi druhy z Celedi Pipidae a déle jeho tetraploidii
potvrzuje fakt, Ze u X. laevis jsou nékteré geny reprezentovany dvéma kopiemi,
jejichZ rozdil v sekvenci je obvykle nizsi nez 10%. Z evolu¢niho hlediska ma

alespori ¢ast duplikovanych gend podobna omezeni (Hughes and Hughes, 1993).

Na druhou stranu vSak X. laevis vykazuje fadu vlastnosti diploidniho
organismu: karyotyp 18ti pari chromozOmi, jez v meidze tvofi bivalenty
(Tymowska and Fischberg, 1973; Muller, 1974), nezavisla segregace
duplikovanych genti (Graf, 1989a) a neschopnos‘t zivota haploidnich (18-ti



chromozémovych) zygot (Hamilton, 1963). Déle je u tohoto druhu znamo
ptiblizn€ 40 recesivnich mutant. Posledni dva zmifiované idaje naznacuji, ze ast
genetické informace je pfitomna v neduplikované formé, coz se také potvrdilo u
celé fady enzym a jinych proteinti (Graf, 1989a) i u vicegenovych lokusi, jako
je organizator jadérka (Tymowska and Kobel, 1972; Pardue et al., 1973), hlavni
histokompatibilni komplex MHC (Du Pasquier et al., 1977) a lokus pro tézky
imunoglobulinovy fetézec (Schwager et al., 1988). Shrneme-li vySe uvedena
pozorovani, lze fici, Ze X. laevis vykazuje vSechny vlastnosti evolu¢né¢ mladého

tetraploidniho organismu, ktery je v soucasné dobé kompletné diploidizovan.

Tetraploidni plivod X laevis a vysoky vyskyt duplikovanych genii
genetickou analyzu komplikuji. I pfes tyto obtize bylo dosaZeno nékterych
vyznamnych vysledkl, napfiklad kompletni sekvenovani mitochondridlniho
genomu. Jeho 17 553 bp obsahuje geny jak pro 12 S a 16 S rRNA tak i pro 22
tRNA a 13 proteini (Roe et al., 1985).

1.1.2.2 Evoluce duplikovanych genii

Ohno (1970) jako prvni zdiraznil vyznam genové duplikace v evoluci.
Podle jeho teorie umozni ptitomnost funkéniho lokusu jeho kopii po duplikaci
voln¢ akumulovat mutace. To ma za nasledek ztratu funkce pfipadn€ ziskani
funkce nové. K podobnym zavérim dospéla i dalSi prace, kterd usuzuje, Ze
funkéni divergence je pfimo podminéna genovou duplikaci (Kimura and Ota,
1974). Na druhou stranu pravdépodobnost, Ze kopie duplikovaného genu bude po
akumulaci ndhodnych mutaci uml¢ena (z angl. silencing), je daleko vétsi nez, ze

ziska novou funkci (Nei, 1969; Nei and Roychoudhury, 1973).

Pfi identifikaci izoenzymid koédovanych paralognimi geny u tetraploidnich
ryb z Celedi Catostomidae vSak bylo dokazéano, Ze 1 pres dlouhy evolucni Cas, 50

miliond let od duplikace (Uyeno and Smith, 1972), ztratil duplikovany gen svou



funkci u pouhych 53% paralogt (Ferris and Whitt, 1977). U 47% paralognich
gend byly ob¢ kopie transkripéné aktivni. N€kolik teorii se pokouselo vysvétlit
niz§i rychlost uml¢ovani gent nez jaka odpovida pravdépodobnosti (Bailey ef al.,
1978; Takahata and Maruyama, 1979; Li, 1980; Watterson, 1983). Podle téchto
teorii, je jedinou moznosti jak zachovat oba paralogy transkripéné aktivni,
ziskani vyhodné mutace, ktera by zménila funkci u jedné z kopii, pficemz druha

kopie by si svou ptlivodni funkci ponechala.

Tyto zfejmé rozpory se pokusila vysvétlit hypotéza zalozend na
subfunkcionalizaci paralognich gent, jezZ se zabyva rozdily v jejich regulacnich
oblastech (Force et al., 1999). Tyto struktury jsou vétSinou rozsahlejsi nez vlastni
kédujici sekvence. Pravdépodobnost, Zze k pfipadné mutaci dojde pravé zde je
tedy daleko vysSi. Regulacni oblasti se podileji na diferencni aktivit€¢ genové
exprese. Jinymi slovy, jeden a tentyZ gen je v jedné tkani prepisovan do RNA,
zatimco v jiné je transkripéné¢ umlcen. Pfipadna bodova mutace nebo inzerce
transpozibilniho elementu do regulacni oblasti mize zpisobit zménu v afinité
prislusnych tkanoveé specifickych transkripénich faktori. Takto se ob& kopie
stavaji nepostradatelnymi, protoZe jsou prepisovany v riznych tkénich, tzn.
probéhla jejich subfunkcionalizace. To mé za nasledek i selek¢ni tlak vedouci k

zachovani sekvencni struktury obou genti.

V jiné praci se védci zabyvaji evoluci duplikovanych genli u Xenopus
laevis (Hughes and Hughes, 1993) a popisuji n€kolik paralognich genti, u nichz
prokézali tkanové specifickou expresi (kazda z kopii byla transkripéné€ aktivni v
jiné tkani, napf. geny pro c-ets nebo thyreotropin-releasing hormon). Déle také
pozorovali diferencni expresi nékterych paralogi v zavislosti na vyvojovém
stadiu pti embryogenezi (geny pro skeletalni aktin, kalmodulin nebo c-myc). Na
zakladé porovnani synonymnich a nesynonymnich nukleotidovych substituci

mezi kopiemi 17ti paralognich genii a mezi paralognimi kopiemi a pfisluSnym



lidskym nebo mySim ortologem dosli autofi k zadvéru, Ze ve vSech ptipadech jsou

ob¢ kopie pod stejnym pozitivnim selekénim tlakem.

1.1.2.3 Organizace genomu

I.1.2.3.1 Velikost genomu

Velikost genomu X. laevis se pohybuje kolem 3,1 x 10° bp. Jeho replikace
je zahajena z 1,5 x 10* replikont o délce zhruba 195 kbp (20-100 pm). Interval
13 hodin potiebny pro duplikaci DNA odpovidéa rychlosti syntézy 500 bp/min.
Bylo zjisténo, ze genom embryonalnich bun€k je schopen rychlejsi replikace,
pfiCemz jako pravdépodobny divod se uvadi vétsi pocet replikonti, neZ jaky se

vyskytuje u adultnich bunék (Callan, 1973).
1.1.2.3.2 Karyotyp

Mitoticky karyotyp, obsahujici 18 chromozomovych part, 1ze rozdélit do
sedmi morfologicky odliSnych skupin mediocentrickych a akrocentrickych
chromozoémi (Tymowska and Kobel, 1972). Na kratkém rameni chromozému 12
je patrna sekundarni konstrikce, ktera odpovidda organizatoru jadérka. U
pohlavnich chromozémi nebyl prokazan heteromorfismus. Ani techniky
pruhovani chromozomii nezaznamenaly do soucasnosti vétSich uspéchii. Existuje
jiz popis barveni konstitutivniho heterochromatinu (Schmid et al., 1987), ale jako
nejucinnéjSi se zatim jevi replikacni pruhovani, vyuZivajici inkorporaci
bromdeoxiuridinu v S fizi bunééného cyklu (Schmid and Steinlein, 1991).
Pomoci této techniky se podafilo rozliSit v§ech 18 pari chromozoémi. Detailni
analyza odhalila, Ze na zakladé¢ délky, pozice centroméry a rozmisténi
replika¢nich pruhd lze chromozémy takto rozdélit do skupin po ctyfech

(kvartety).



Jak jiz bylo zminéno, meiotické buriky tvori 18 bivalentu. Jejich
identifikaci umoznilo studium Stétkovitych chromozomt (Muller, 1974; Callan et
al., 1987). Pouze Stétkovité chromozoémy totiz v minulosti umoZnovaly
lokalizovat pfevazné repetitivni sekvence (Pardue et al., 1973; Jamrich et al.,
1983; Fostel et al., 1984, Hummel et al., 1984; Kay et al., 1984). Nevyhodou
jejich pouziti je dosud nezndma homologie mezi nimi a mitotickymi

chromoz6my.

I.1.2.3.3 Repetitivni sekvence

Genom X. leavis obsahuje kolem 20 aZz 30% repetitivnich sekvenci
(Davidson et al., 1973). Vedle funkéné znamych repetic, jakymi jsou geny pro
rRNA (Pardue et al., 1973), byla jiz identifikovana i fada dalSich, napfiklad
tandemové repetice (Spohr et al., 1981; Lam and Carroll, 1983a; Lam and
Carroll, 1983b; Carroll et al., 1984; Hummel et al., 1984; Shain et al., 1996),
vmezefené repetice (Kay and Dawid, 1983; Schubiger et al., 1985; Morgan and
Middleton, 1990; Greene et al., 1993; Unsal and Morgan, 1995), ¢i transpozibilni
elementy Tx1 (Garrett and Carroll, 1986) a Tx2 (Garrett et al., 1989).

Mezi nejrozSifenéjSi repetitivni elementy patii kratkd tandemova a
invertovana repetice Xstir (Xenopus short tandemly and invertedly repeating
element), ktera se sklada z opakovani ptiblizné 86 bp jednotky (Hikosaka et al.,
2000). Jeji vyskyt je odhadovéan na 1 milion kopii na haploidni genom. Vyskytuje
se jak ve formé¢ tandemovych, tak invertovanych repetic s riznym poctem
opakovani (primérné § - 10). Za povSimnuti stoji, Ze elementy Xstir se vyskytuji
pouze u X. laevis a jemu ptibuznych druhd. Komparativni analyza odhalila, Ze
téméf shodné tandemové repetice jsou pfitomny jako soucast rag2 genu
(recombination activating gene 2). Naopak invertované bloky vykazuji
podobnost s ¢astmi sekvenci genti pro U7 snRNA, Ul snRNA a ribozomalni
protein S6 (Hikosaka et al., 2000).



Dalsi skupinu tvori transkribované repetitivni sekvence, jako napt. Xlsirts
(Xenopus laevis short interspersed repeat transcripts), jejichZ spoleCnym znakem
je pritomnost repetitivni sekvence, ktera po prepisu do RNA umoziiuje lokalizaci
do vegetalniho kortexu (Zearfoss et al., 2003). Sekvencni analyza odhalila, Ze
nékteré z nich obsahuji otevieny ¢teci ramec, a koduji tudiz urcité proteiny.
Pfitomnost repetitivnich elementt Xlsirts slouzi ke kotveni nékterych vyvojové
dilezitych mRNA, napf. Vgl, Xwntll nebo Bicaudal-C, a to pravé ve
zminovaném vegetalnim kortexu (Heasman et al., 2001). Podobné sekvence byly
nalezeny i u Xenopus tropicalis (Kloc et al., 1993). Zdali se podobné sekvence
vyskytuji i u vyssich organismd, je prozatim nejasné. Zda se, ze podobné jako v

pripad¢€ Xstir, je i vyskyt Xlsirts omezen na rod Xenopus.

I.1.2.4 Determinace pohlavi

Urceni pohlavi u Xenopus laevis odpovidd typu Abraxas (saméi ZZ,
sami¢i WZ). Tento fakt je podloZzen kfiZzenim samci po zvratu pohlavi s
normalnimi samci, jehoZ vysledkem je Cisté samic¢i pokoleni (Chang and Witschi,
1955; Chang and Witschi, 1956; Gallien, 1956). Navic kfizenim samct se
zvracenym pohlavim se samicemi po zvratu pohlavi také vznik4 vyhradné samici
pokoleni (Mikamo and Witschi, 1964). Analyza S§tétkovitych a mitotickych
chromozomiu identifikaci pohlavnich chromozomii bohuzel nepfinesla. I pies
dikladnou morfologickou analyzu se heterochromozémy X. laevis zatim

nepodafilo identifikovat (Schmid and Steinlein, 1991).

1.1.3 Xenopus tropicalis

V soucasnosti se stale vice dostava do popiedi piibuzny druh Xenopus
(Silurana) tropicalis. Mezi obojzivelniky (pfes 4 500 druhil) nabizi X. tropicalis
jeden z nejmensich genomi; 1,7 x 10° bp (Thiebaud and Fischberg, 1977), a
zaroven se jedna o jediny diploidni druh (2n = 20). Mezi jeho dal$i vyhody patfi



krat$i generacni doba, kterd oproti 1-2 roklim u X. /laevis ¢ini pouze 4-5 mésic.
Skute¢nost, ze oba druhy jsou evoluéné ptibuzné, umoziuje ve vétsiné piipadi

vyuzit data nashromazdeéna pti vyzkumu X. laevis i u X. tropicalis.

Mitoticky karyotyp X. tropicalis se sklada z 10ti chromozémovych pard.
Na zakladé velikosti a polohy centroméry lze chromozomy rozdélit do Sesti
morfologicky odliSnych skupin submetacentrickych a akrocentrickych
chromozomi, pfi¢emz na dvou odliSnych péarech (€. 5 a 6) je patrna sekundéarni

konstrikce (Tymowska, 1973).

Diky tomu, Ze je X. tropicalis diploidni, jsou geneticka zkoumani vyrazné

jednodusi, a X. tropicalis tak bude moci v budoucnu vyvojové biologii slouzit

vewvs

Klein et al., 2002).

1.2 Soucasné pristupy k Fizeni embryonalniho vyvoje

Zasadni krok ve vyzkumu rodu Xenopus byl u€inén v poloviné 80. let 20.
stoleti. Védci tehdy pfisli s metodou velkoformatového expresniho screeningu
oocytll zab rodu Xenopus, ktera umoziuje in vitro produkci velkého mnozstvi
syntetické mRNA pomoci promotori bakteriofdga. Po injikovani do oocytu se
tato syntetickd mRNA ucinn¢ translatovala (Krieg and Melton, 1984; Melton et
al., 1984). Oocyty zab rodu Xenopus vyuzily pti velkoforméatovém funkénim
screeningu poprvé skupiny zabyvajici se identifikaci receptorii neuropeptidi a
neurotransmitert (Masu et al., 1987; Julius et al., 1988). Dalsi metoda
screeningu oocyti byla pouzita pii identifikaci sekretovanych molekul, jez

spoustéji mezodermalni nebo neuralni ¢innosti (Lustig and Kirschner, 1995).
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I.2.1 Hledani geni podle nové funkce

V 90. letech 20. stoleti byla zavedena metoda podobna klonovani
receptorii neuropeptidu, jejimz cilem bylo identifikovat geny, které by v ¢asném
embryu zaby dokazaly napodobit indukci dorzoventralni polarity. Zjistilo se, ze
gen Xwnt8 je vyznamnym faktorem dorzoventralni symetrie (Smith and Harland,
1991) stejné jako nov€ objeveny gen rnoggin, u né€jz se pozdéji prokazalo, ze
dokaze kodovat ucinné extracelularni antagonisty proteinu BMP4 (bone
morphogenetic protein 4) (Smith and Harland, 1992; Zimmerman et al., 1996).
Od dob prvnich prukopnickych praci Smithe a Harlanda byla u rodu Xenopus
pomoci velkoformatového hledani genii podle nové funkce, tzv. screeningl
expresnich klonti, identifikovana cela fada dilezitych molekul. Zajimavé je, Ze
vétS§ina z nich patfi mezi signalizacni molekuly, antagonisty signalizacnich
molekul ¢i transkripéni faktory ftizené signalizatnimi molekulami (Amaya,

2005).

1.2.2 Hledani genu podle ztraty funkce

I prestoze se pri identifikaci genti rodu Xenopus zapojenych do bunéénych
a vyvojovych procesi po mnoho let s uspéchem vyuzivalo hledani genti podle
nové funkce, hledani gend podle ztraty funkce zalozené na overexpresi
dominantné negativnich variant geni (Amaya et al., 1991) a na genetickych
metodach se v tomto systému bézné neuziva. Jednim z diivodi je, Ze nejcastéji
pouzivany druh X. laevis je alotetraploid. V poslednich letech se v§ak k vyzkumu
zaCal vyuzivat i jeho diploidni pfibuzny X. tropicalis, ktery je na genomicky
vyzkum i experimenty s hledanim genti podle ztraty funkce mnohem ptihodné;si
(Amaya et al., 1998). A kone¢né, zavedeni antisense morfolino oligonukleotidu
(aMO) otevielo nové moznosti studia zab rodu Xenopus pomoci hledani genid

podle ztraty funkce (Heasman et al., 2000; Heasman, 2002).
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Pouziti aMO ma vSak vazné nedostatky. Konstrukt se do malého embrya
jen obtizn€ vpravuje a kratky polocas rozpadu mRNA neumoziiuje jeho vyuziti v
pozdéjsich vyvojovych stadiich. Genovy produkt miiZze navic napodobovat
¢innost svych ortologt. Tyto problémy lze obejit pouzitim transgenni technologie
vyvinuté specialné pro Xenopus laevis (Kroll and Amaya, 1996; Amaya and
Kroll, 1999), diky nizZ lze v pozdéjsich vyvojovych stadiich vytvéret konkrétni
tkanové konstrukty. Nicméné€ odchylky v trovni exprese a vyvojové abnormality
vSak mohou analyzu priméarnich produkti transgeneze jistym zpusobem
zkomplikovat. K vyuziti u X. tropicalis byla upravena technika transgeneze
znama jako REMI (restriction enzyme mediated insertion) (Offield et al., 2000).
Hlavni vyhodou transgeneze u zab rodu Xenopus je, ze pouZiti GFP (green
fluorescent protein) ve funkci reportérového genu umoziiuje pozorovat expresi
transgenu v Zivych embryich - k dispozici tak mame snadnou a rychlou analyzu
reportérového genu (Hyde and Old, 2000; Lerchner er al., 2000; Ryffel and
Lingott, 2000; Rodriguez et al., 2001).

I.2.3 Sekvenovani genomu

Paralelné s vyvojem systému X. tropicalis se National Institutes of Health
v USA (NIH - http://www.nih.gov/science/models/xenopus/) intenzivné zabyva i
vyvojem genetickych a genomickych informa¢nich zdroji. Od roku 2003 bylo jiz
zveiejnéno, pievazné v podobé EST (ndhodné exprimované sekvence), pres 320
000 sekvenci X. laevis a vice nez 1 000 000 sekvenci X. tropicalis z riznych
tkani a vyvojovych stadii. Pti takovém mnozstvi novych informaci o sekvencich,
poskocil X. tropicalis na paté misto v seznamu organismu s nejveét§im mnoZzstvim
urCenych EST sekvenci, hned za c¢lovéka, mys, ryzi a danio pruhované
(http://www.ncbi.nlm.nih.gov/dbEST/dbEST summary.html). Informace tykajici
se Xenopus EST sekvenci jsou k dispozici na internetovych strankdch GenBank

(http://www.ncbi.nih.gov/Genbank/), pifipadné¢ na strankdch databaze XEST
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(http://www.dkfz-heidelberg.de/tbi_old/services/axeldb_images/nicolas/xest.
html).

V téze dobé se také pomoci smiSené metody sekvenoval genom X
tropicalis v laboratofich Join Genome Institutes of the Department of Energy
(DOE JGI - http://genome.jgi-psf.org/Xentr4/Xentr4. home.html). Neddvno se
podarilo dokoncit sekvenaci genomu X. tropicalis s osmindsobnym piesahem
(Amaya, 2005). Sekvence jsou uspotfadany do scaffoldd a jejich velikost se
pohybuje od 0,5 do 8 milionli parti bazi. Soubor projekti NIH vsak nezahrnuje

sjednoceni vysledki z oblasti genetiky, cytogenetiky a sekven¢nich map.

I.2.4 Mapovani genomu

1.2.4.1 Mapovani chromozémii pomoci hyperdiploidnich hybridi

Chromozomové mapovani pomoci hyperdiploidnich hybridi, analogické s
technikou bunéénych hybridl u savel, vyuzivd moznosti pripravit Zabu, ktera ve
svych bunéénych jadrech obsahuje své dvé chromozomové sady a zaroven i
jeden ¢i vice chromozoému pochézejicich z jiného ZivociSného druhu (napt. mys)
(Kobel and Du Pasquier, 1979). U X. laevis lze alotriploidni individua pfipravit
pomé&meé snadno, bud’ zpétnym kitizenim samic interspecifickych hybridii nebo
inhibici vylouceni druhého poélového téliska u oocytli oplozenych spermiemi
jiného druhu (Muller et al., 1978). Takto vzniklé alotriploidni samice jsou
Zivotaschopné a lze je dochovat do dospélosti. Jejich gamety, vzniklé
meiotickym dé€lenim, jsou vétSinou aneuploidni. Jako priklad lze uvést
alotriploidni samice X. laevis, které maji své dvé sady chromozémi plus jednu
sadu pochazejici z jiného druhu (X. gilli). V pribéhu gametogeneze dochazi ke
vzniku aneuploidnich oocytli obsahujicich jednu sadu chromozémi X. laevis (18)
a ndhodnou kolekci chromozémi z X. gilli. Po oplozeni spermiemi X. laevis lze

ziskat hyperdiploidni potomstvo nesouci ve svych jadrech diploidni pocet X.
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laevis chromozému (36) a navic néktery z chromozému pochdzejici z X. gilli
(Kobel and Du Pasquier, 1979). Zhruba 1 az 3% takto vzniklych potomku
dosahne dospélosti. VySe popsany postup byl v minulosti pouZit pii mapovani
imunologickych markerti u X. gilli (Du Pasquier and Kobel, 1979). Na druhou
stranu maly poc¢et chromozdmovych markert, jako napf. RFLP (polymorfismus v
délce restrikénich fragmentt) nebo AFLP (polymorfismus v délce
amplifikovanych fragmenti) doposud neumoznil lokalizaci nalezenych lokust do

vazebnych skupin.

1.2.4.2 Cytologické lokalizace pomoci in situ hybridizace

Stétkovité chromozémy byly v minulosti hlavnim objektem lokalizace.
Vizualizovaly se na nich nékteré repetitivni sekvence nebo genové skupiny
(Pardue et al., 1973; Jamrich et al., 1983; Fostel et al., 1984; Hummel et al.,
1984; Kay et al., 1984). Dodnes vsak neexistuje jejich klasifikace, ktera by
dovolila jejich piifazeni k mitotickym chromozoémim. Jako prvni se do
metafaznich chromozémi podafilo lokalizovat repetitivni lokus hlavniho
histokompatibilniho komplexu (Courtet ez al., 2001). O dva roky pozd¢ji byla
provedena prvni vizualizace single-copy genu c-srcl (Krylov et al., 2003). V
obou pracich se osvédCilo pouziti cDNA sondy, kterd pifi nasledném
amplifika¢nim kroku (tyramidova amplifikace signélu) zajiStuje nizsi vyskyt
nespecifického signdlu. Zajimavosti je, Ze se zaroven jedna o prvni genovou

lokalizaci u tadu Anura.
1.2.4.3 Gen - centromerové mapovani

U obojzivelnikli, véetné¢ Xenopus laevis, lze diploidni gynogenetické
potomstvo ziskat pomérné snadno. U oocytu aktivovaného spermiemi, které byly

nejdiive oSetfeny UV zafenim, se vysokym hydrostatickym tlakem zabrani

vylouceni druhé polové buriky. Ozafené spermie jsou schopny oocyt aktivovat,
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ale vzhledem k rozsahlému poskozeni DNA se na vyvoji budouciho zarodku
nemohou podilet (Tompkins, 1978). Zarodek tedy obsahuje pouze diploidni
genetickou informaci matky. Analyza gynogenetickych potomkli zaméfend na
heterozygotni znaky pochazejici od matky poskytuje na zékladé rekombinaéni
Cetnosti informace o mapové vzdalenosti mezi odpovidajicimi lokusy a
centromérami (hemitetratova analyza). Timto zplsobem jiz bylo zmapovano
kolem 30 lokust, které se podileji na uréeni nebo regulaci pohlavi (Colombelli et
al., 1984). Piedmétem dalSich vyzkumu je také gen-centromerové mapovani
genu podilejicich se na nékterych vyvojovych defektech (Thiebaud et al., 1984;
Reinschmidt ez al., 1985).

1.2.4.4 Vazebné mapovani

U X laevis vazebné mapovani zna¢né zt€¢Zuje jeho dlouhd ristova faze a
nedostatek dobfe charakterizovanych genetickych markerd. Na zakladé
elektroforetické analyzy izoenzymi u potomstva vznikla provizorni vazebna
mapa obsahujici 35 genl v deseti skupinidch (Graf, 1989a; Graf and Kobel,
1991). Nevyhodou tohoto klasického postupu je dlouhé obdobi vyvoje Zivocicht
do doby, nez dorostou do velikosti, kdy 1ze k rozboru pouzit vzorky jejich tkani.
Dalsi a jesté vétsi prekazku predstavuje malé rozliSeni pti elektroforetické
analyze spolu s histochemickou detekci izoenzymu, a to zejména v piipadé

multimernich genovych produkti.

U X tropicalis byla zkonstruovana vazebna mapa pomoci metody AFLP
(polymorfismus v délce amplifikovanych fragmentti), ktera se stava stale
popularnéjsi. Technika AFLP pracuje na principu selektivni PCR (polymerazova
fetézova reakce) amplifikace restrikénich fragmenti (Vos et al, 1995), a
umoziuje tak detekci polymorfnich markeri bez predchozi znalosti DNA
sekvence. Dale byly také zvefejnény dv€ mapy vytvorené na zéklad¢ analyzy

spole¢né segregace AFLP markerti meziliniového hybridu X. tropicalis. Na mapé
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matefské linie je 13ti vicebodovym vazebnym skupindm pfifazeno celkem 53
markert, z toho 51 AFLP markert a 2 izoenzymové markery. Na oddélené mapé
bylo tfem vazebnym skupinam pfifazeno 9 AFLP markeri z otcovské linie
(Kochan et al., 2003). Technika AFLP byla také vyuzita pfi genetickém
mapovani riznych rostlin a Zivocicht, napt. ryze (Mackill et al., 1996), bource
moruSového (Tan et al., 2001), dania pruhovaného (Ransom and Zon, 1999)

nebo kurete (Herbergs et al., 1999).

Zasadnim pozadavkem pii studiu genetiky Xenopus tropicalis je vytvoreni
genomickych informac¢nich zdroji, které by napomahaly mapovat a klonovat
geny identifikované pomoci mutaci. Mezi soucasné projekty, kterymi se zabyva
University of Houston a Baylor College of Medicine v USA, patii i snaha o
vytvoieni genetické mapy X tropicalis sestavené na zaklad¢é identifikace
polymorfnich markerti. Podle projektu budou pfi pozi¢nim klonovani mapovany
geny identifikované pomoci mutantniho fenotypu s naslednym vyhledavanim
spolecné segregace polymorfnich markerti se specifickymi mutacemi. V ramci
tohoto modelového systému tak projekt vytvari zaklady pro integraci genetické,
molekularni a muta¢ni analyzy a zajiStuje, aby byl geneticky vyzkum X
tropicalis pouzitelny i ke studiu molekularnich mechanismt, jez tvoii zaklad
vyvoje obratlovcl. Prvni Cast genetické mapy X. tropicalis byla zvefejnéna na

internetu v ¢ervnu 2006 (http://tropmap.biology.uh.edu).

Je s podivem, Ze plany na $ir$i vyuziti modelu Xenopus zcela prehlizi
nutnost cytogenetiky. Geny se znamou sekvenci, genetickym markerem a pozici
na chromozému mohou vSechny pouzivané metody vhodné sjednotit do jednoho

celku.
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II. CILE PRACE

Provizorni genetickd mapa Xenopus laevis popisuje 10 vazebnych skupin
a prokazuje vazbu mezi pohlavim a glycerol-3-fosfat dehydrogenazou I (GPD1),
mitochondrialni malic enzymem 2 (ME2) a superoxid dismutazou I (SODI)
(Graf, 1989a). U ME2 byla popsana silna vazba na pohlavi s 6% rekombinanti
(Graf, 1989b). Z tohoto diivodu byl ME2 vybran jako kompetentni marker pro

identifikaci heterochromozomu X. laevis.

Strategie vyzkumu identifikace heterochromozémi byla jednoducha —
lokalizace genu jednoho z enzymi vazanych na pohlavi pomoci fluorescen¢ni in
situ hybridizace (FISH). Aminokyselinové sekvence zmifiovanych enzymi
nebyly v té dobé znamé, coz znamenalo izolaci enzymd, stanoveni
aminokyselinové sekvence, amplifikaci cDNA za pouziti RT-PCR (reverzni
transkripce-PCR), jeji klonovani a sekvenovani. Posledni faze by byla zaméfena

na lokalizaci genu a identifikaci heterochromozému pomoci in situ hybridizace.

Jak jiZ bylo zminéno, Xenopus laevis je vyznamny organismus vhodny k
objasnéni vyvojovych procesi a ke studiu bunécné biologie. Zdokonaleni
genetickych a cytogenetickych metod usnadni genomicky pfistup pii vyuziti zab
rodu Xenopus jako modelu ve vyvojové biologii.

Cile piredkladané prace byly nasledujici:

1. Zjistit strukturu a polymorfismus gend u vybranych pohlavné vazanych

enzymu Xenopus laevis.
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2. Vyvinout techniku fluorescenéni in situ hybridizace (FISH) umoziujici
chromozémové lokalizace single-copy geni X. laevis, pifipadné¢ X

tropicalis.

3. Identifikovat heterochromozomy Xenopus laevis.

Pokusy o purifikaci enzymu ME2 z mitochondrii X. laevis byly diky jeho
extrémné hybrofébnim vlastnostem zcela neuspésné. Nastésti bylo v roce 2001
publikovano zhruba 60 000 nahodné exprimovanych sekvenci (EST) X. laevis, z
nichz dvé byly vyuZity k nalezeni primeri a sekvenovani ME2 genu pomoci
molekularné€ biologickych technik. Souc¢asné probihal vyvoj techniky zjistovani
chromozémové lokalizace single-copy genii na c-srcl genu, ktery se v laboratofi
studoval jiz del$i dobu. BohuZzel, geneticka analyza ukazala, Ze ani jeden z obou
paralognich gend ME2 neni vazan na pohlavi. V publikaci o vazbé ME2 na
pohlavi (Graf, 1989b) mohlo dojit k zaméné mezi ME2 a mitochondrialni malat
dehydrogenazou 2 (Mdh2), ktera dava za stejnych podminek intenzivnéjsi
histochemickou reakci. Proto byl jako dals$i kandidat vybran gen pro
mitochondridlni malat dehydrogenazu 2 (Mdh2). Jak pfistup, tak koneéné

sméfovani projektu bylo nutno rozsahle modifikovat.
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III. VYSLEDKY A DISKUSE

III.1 Xstir polymorfismus a absence vazby na pohlavi ME2
genu u Xenopus laevis

Xstir polymorphism and absence of sex linkage in Xenopus laevis ME2 gene.
Macha J., Tlapakova T., Krylov V., Kopsky V.
Folia Biol. (Praha) (2003), 49: 115-117.

Vazebné mapovani je u Xenopus laevis dosud omezeno na provizorni
mapu zaloZenou na elektroforetické analyze izoenzymu (Graf, 1989a). Touto
metodou byla prokdzdna vazba mezi pohlavim a glycerol-3-fosfat
dehydrogenazou I (GPD1), mitochondridlni malic enzymem 2 (ME2) a superoxid
dismutazou I (SOD1). Diky vyvinuté technice lokalizace bylo nasim pivodnim
zamérem detekovat po predchozi vazebné analyze ME2 gen na chromozémech
Xenopus laevis. Vysledkem by byla detekce pohlavnich chromozémi, které

zatim nejsou u tohoto modelového organismu znamy.

ME?2 katalyzuje oxidativni dekarboxylaci malatu na pyruvat. Mimo né¢j
existuji jest€¢ dvé odlisné formy, a to ME1 (cytoplasmatickd) a ME3 (dalsi
mitochondrialni forma) kédované riznymi geny. ME2 a ME3 se zna¢né lisi z
pohledu struktury a izoelektrického bodu. ME3 je bazicky enzym s
izoelektrickym bodem kolem 9,0. Tato vlastnost pfedem vylucuje jeho vazbu na
pohlavi, protoZze zminéna elektroforeticka analyza byla provedena pfi pH = 6,0,

kdy se ME3 pohybuje smérem ke katodé¢ (Graf, 1989b).

Na zéklad¢ dostupnych EST sekvenci byla metodou RT-PCR ziskana
sekvence ME2 genu (GenBank: AY225508). Porovnani aminokyselinové
sekvence se sekvenci lidského ME2 enzymu ukazalo 80% shodu. PCR analyza

ME2 intronovych oblasti odhalila délkovy polymorfismus mezi samici a samcem
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u jednoho z predem vybranych parG X laevis. Na zakladé elektroforetické
mobility byly jednotlivé prouzky oznaceny A (670 bp), B (940 bp) a C (1100
bp). DNA ze samce obsahovala prouzky B + C, sami¢i vzorek A + C. Sekvenace
fragmentu A odhalila pfitomnost tandemové Xstir repetice (Hikosaka et al.,
2000) se tfemi jednotkami o délce 86 bp. Analyza provedend restrikéni
endonukleazou Scal, jejiz rozpoznavaci misto se nachazi mezi jednotkami,
ukazala uniformni obraz jak u rodicl, tak u F1 generace. Kromé fragmentd, které
pochazely z okolni sekvence, byl na elektroforetickém gelu patrny i prouzek o
velikosti 86 bp. Vzhledem k plivodnim délkam vSech tfi fragmenti (A,B a C) byl
zjiStén pocet opakovani v kazdém z nich 3x (A), 6x (B) a 8x (C).

Potomci F1 generace (42 samcli a 26 samic) vykazovali distribuci
fragmenti AB:AC:BC:C v poméru 19:12:14:23. Nasledna statisticka analyza
potvrdila shodu se §t€pnym pomérem 1:1:1:1 s tim, Ze zastoupeni samic a samcti
v kazdé z kategorii bylo zhruba stejné. V pfipadé tésné vazby na pohlavi je
povolen vyskyt pouze dvou alel v kazdém pohlavi, coz neodpovidalo naSemu
pozorovani. Uvedené vysledky jasné ukazuji na nezdvislou segregaci, a jsou
tudiz v rozporu s pozorovanim autora jiz zminované publikace (Graf, 1989b).
Jako mozné vysvétleni prichdzi v uvahu fakt, Ze byl detekovan jesté jiny ME2
(paralogni) gen, anebo zZe doSlo k zaméné s mitochondridlni malat
dehydrogenazou 2 (Mdh2), kterd stejné jako ME2 reaguje s NADP a NAD a

tudiz ji timto zptisobem nelze histochemicky odlisit.

Vysledky této prace predstavuji dosud nepopsany délkovy polymorfismus
Xstir. Vzhledem k tomu, Ze v genomu X. laevis je rovnomérné rozmisténo milion
kopii tohoto elementu (Hikosaka et al., 2000), existuje zde redlnd moznost jeho

vyuziti jako markeru pro segregacni analyzy a pti konstrukci vazebnych map.
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II1.2 Lokalizace c-srcl na chromozémech Xenopus laevis
pomoci fluorescenéni in situ hybridizace

The c-srcl gene visualized by in situ hybridization on Xenopus laevis
chromosomes.

Krylov V., Macha J., Tlapakova T., Takac M., Jonak J.
Cytogenet. Genome Res. 2003, 103: 169-172.

Proto-onkogen c-src je jednim z ¢lend rodiny receptorovych tyrozinovych
proteinkindz, které se prevazné uplatiiuji v regulaci rGstu bunék a jejich
diferenciaci (Cooper and Howell, 1993; Courtneidge et al., 1993). Haploidni
genom Xenopus laevis obsahuje dva paralogni geny c-srcl a c-src2, jejichz
cDNA sekvence byly ziskany z RNA oocytti pomoci reverzni transkripce (Steele,

1985; Steele et al., 1989).

Karyotyp Xenopus laevis se sklada z 18ti pari chromozom, které lze na
zaklad¢ jejich morfologie rozdélit do sedmi skupin mediocentrickych a
akrocentrickych chromozémti (Tymowska and Kobel, 1972). Z testovanych
technik pruhovani chromozomii se jako nejucinné€j§i ukazala inkorporace
BrdU/dT (Schmid and Steinlein, 1991). Jeji nevyhodou je nekompatibilita s
hybridiza¢nimi technikami (FISH). Lokalizace, pfevazné repetitivnich sekvenci,
byly jiz dfive provedeny na $tétkovitych chromozémech (Graf and Kobel, 1991),
které ovSem svou morfologii neodpovidaji mitotickym chromozémim. Poprvé
byla popsana Uspé$na vizualizace repetitivniho lokusu MHC a Ig gend na
mitotickych chromozémech Xenopus laevis pomoci fluorescencni in situ
hybridizace spojené s tyramidovou amplifikaci signalu (FISH-TSA) (Courtet et
al., 2001). Na druhou stranu, tato metoda neumozniovala lokalizaci single-copy

gend.

Cilem této prace bylo vyvinout metodiku umoznujici lokalizace single-

copy genli na chromozomech Xenopus laevis. Jako klicova se ukazala ptiprava
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cDNA sondy digoxigeninovym znafenim pomoci nahodnych primerd
(dekanukleotidy), kde se velikost oznafenych fragmenti pohybovala kolem 200
bp. Tyto kratké useky se byly bez vétSich potizi schopny dostat k cilové
komplementarni sekvenci. Jako zbytecné se ukadzalo oSetfeni preparati RNézou,
které je vSeobecné zahrnuto ve vétSin€ in situ hybridiza¢nich protokolech. Kviili
morfologii chromozéml byla po pfedchozim zvySeni permeability preparatu
pepsinem provedena postfixace rozlozenych metafaznich mitéz 2%
paraformaldehydem. Dostatecné vysoka citlivost metody byla zajisténa

tyramidovou amplifikaci signalu.

Utinnost nami vyvinuté metody byla jako prvni testovana na lokalizaci
MHCI1b lokusu, ktery byl jiz predtim vizualizovan ptivodni technikou (Courtet et
al., 2001). Aneuploidni linie XL6 (n = 34), pouzita pii pilotnich experimentech,
poskytla signal na konci dlouhého ramene neparového submetacentrického
chromozému. Po zavedeni metody pfipravy metafaznich preparath ze slezin
dospélych jedincti byl MHC1b lokus vizualizovan na konci dlouhych ramen
dvou homolognich akrocentrickych chromozoémii patficich do kategorie G
(Tymowska and Kobel, 1972; Graf and Kobel, 1991). Vysledky ziskané nasi
metodou byly tudiz ve shod€ s pozorovanim autorti jiz zminéné publikace

(Courtet et al., 2001).

Lokalizace single-copy genu c-srcl byla pozorovana v subcentromerické
oblasti dvou homolognich akrocentrickych chromozomti z téze kategorie.
Vysledky experimentu jsou zaloZeny na pozorovani vice nez 100 mitéz. Z
morfologického hlediska patii do kategorie G malé akrocentrické chromozomy,
které je obtizné soucasnymi barvicimi technikami od sebe rozlisit. Odpovéd’ na
otazku, zda MHCI1b lokus a c-srcl gen lezi na stejnych nebo odlisnych
chromozémech, ndm poskytla dvojitd hybridizace sond pro obé€ oblasti na

preparatech pripravenych ze slezinnych bunék. Z provedenych lokaliza¢nich
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experimentl jasné vyplyva, Zze MHC1b lokus a c-srcl gen leZi na dvou odliSnych

chromozdmech.
Vysledkem této publikace je G€innd technika umoznujici vizualizaci

single-copy genli X. laevis a zaroven se jedna o prvni lokalizaci single-copy genu

u fadu Anura.
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II1.3 Lokalizace, struktura a  polymorfismus dvou
paralognich geni pro mitochondridalni  malat
dehydrogenazu u Xenopus laevis

Localization, structure and polymorphism of two paralogous Xenopus laevis
mitochondrial malate dehydrogenase genes.

Tlapakova T., Krylov V., Macha J.
Chromosome Res. 2005, 13: 699-706.

Xenopus laevis hraje kliCovou roli pfi studiu embryondlniho vyvoje a
bunéfné biologie. Jako modelovy organismus se velkou mérou podili na
zodpovézeni otazek, tykajicich se bunéfné determinace, indukce Vv
embryogenezi, bunécné a tkanové kompetence a organogeneze. Navic jeho
tetraploidni ptivod umoziuje studovat evolu¢ni aspekty souvisejici s genovou
duplikaci. Dikaz tetraploidie vychézi z porovnani obsahli DNA mezi riznymi
druhy z Celedi Pipidae a potvrzuje ji i fakt, Ze u X. laevis je velka Cast jeho genti
zastoupena v duplikované formé (Graf and Kobel, 1991). Na druhou stranu, 18
pari chromozomu tvofi v meidze bivalenty (Tymowska and Fischberg, 1973;
Muller, 1974). Z téchto pozorovani vyplyva, ze Xenopus laevis vykazuje v§echny
vlastnosti evoluéné mladého tetraploidniho organismu, ktery je v soucasné dobé

kompletné€ diploidizovan.

Lokaliza¢ni experimenty byly u obojzivelnikii doneddvna omezeny pouze
na repetitivni sekvence (satelitova DNA) (Picariello et al., 2002; Odierna et al.,
2004), oblast rDNA (Owens, Jr. and Wiley, 2001; Wiley, 2003) a MHC1 lokusy
(Courtet et al., 2001). Modifikovana metoda fluorescen¢ni in situ hybridizace
spojena s tyramidovou amplifikaci signdlu (FISH-TSA) umoznila vizualizaci

single-copy genu c-srcl (Krylov et al., 2003).

Cilem této prace bylo lokalizovat dva paralogni geny pro mitochondridlni

malat dehydrogenazu 2 (Mdh2a, Mdh2b) pomoci* nami vyvinuté metody
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lokalizace single-copy gend. Intronovy polymorfismus nalezeny v obou
studovanych genech poskytuje jednu z moznosti jak konstruovat genetické nebo

fyzikalni mapy u Xenopus laevis.

Pii ptipravé cDNA obou genti jsme vychazeli z dostupnych EST sekvenci,
které vykazovaly vysokou sekven¢ni shodu s mySim Mdh2 genem. 5" a 3’
koncové specifické EST obsahovaly nukleotidové zdmény umoZiujici rozliSeni
obou gend pomoci PCR. Sekvenace jejich cDNA a nasledné porovnani ukazalo v
kddujici sekvenci 95% shodu. Nukleotidové poradi obou cDNA bylo zaneseno
do databaze GenBank pod identifikatnimi ¢isly AY681346 pro Mdh2a a
AY681347 pro Mdh2b. In silico analyza aminokyselinovych sekvenci detekovala
pouhych 7 zdmén. Provedend PFAM analyza odhalila konzervované domény
typické pro mitochondridlni a glykozomalni malat dehydrogenazy z nadrodiny
NAD-dependentnich 2-hydroxykarboxyl dehydrogendz. Komparativni studie
zahrnujici rostlinnou, sav¢éi, kvasinkovou a bakterialni (E. coli) Mdh2
dehydrogenazu vykézala 55-60% aminokyselinovou shodu. Vysoka evoluéni
konzervace aminokyselinovych zbytkd byla nalezena v oblasti enzymového
aktivniho centra (Goward and Nicholls, 1994), zvlasté pak u argininu 104, ktery
definuje substratovou specifitu. Program TargetP (Emanuelsson et al., 2000)
lokalizoval na zaklad¢ signalni 17 aminokyselinové N-koncové sekvence oba

proteiny do mitochondrii.

Exon-intronova struktura a intronovy polymorfismus Mdh2 genli byl
studovan pomoci PCR amplifikace genomovych sekvenci pochézejicich z
n¢kolika jedincii. Exonova segmentace je u obou Mdh2 genii X. laevis totoZna s
mySim ortologem. Po sekvenovani byla mezi introny zjiSténa niz8i sekvencni
podobnost (71%, 9% mezer) nez mezi exony. PCR analyza odhalila pfitomnost
dvou variant intronu 6 v Mdh2b genu. Delsi sekvence obsahovala 482 bp dlouhy
inzert, ktery odpovidd nekompletnimu non-LTR retrotranspozénu L1Xl. U

paralogniho genu (Mdh2a) tento délkovy polymorfismus nebyl objeven. Na
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druhou stranu Mbol restrikce PCR amplifikatu o velikosti 5,2 kbp, ktery

obsahoval intron 1, odhalila pfitomnost dvou alel u Mdh2a genu.

Oba nalezené polymorfismy vykazovaly S§tépeni podle Mendelovych
zdkond. U jedinci F1 generace, pochazejicich z heterozygotnich rodici byl
nalezen S$tépny pomér 24:53:16, ktery na zéklad€ statistického vyhodnoceni
odpovidd poméru 1:2:1 (x20,05 > 3,2553). Vysledkem kfiZzeni heterozygotni
samice s homozygotnim samcem bylo homozygotni a heterozygotni potomstvo v
poméru 44:43 (1:1).

Oba studované geny byly lokalizovany do subcentromerickych oblasti
dlouhych ramen chromozomii 3 (Mdh2a) a 8 (Mdh2b). Vzhledem k vysoké
sekven¢ni shodé obou cDNA byla specifita hybridizace 85 - 86%. Zbylych 14 -
15% mitéz vykazovalo lokalizaci pfislusného paralogniho genu. Identifikace
chromozomi byla provedena na zakladé velikosti chromozoému a poméru délky p
a q ramen (Tymowska and Kobel, 1972). Umisténi obou genli na chromozémy 3
a 8 také podporuje podobné schéma jejich pruhi po replikaénim pruhovani. Pti
rekonstrukci tetraploidniho karyotypu tvofi oba chromozoémové pary kvartet
(Schmid and Steinlein, 1991).

Tetraploidni ptivod Xenopus laevis umoziiuje provadét evoluéni studie z
pohledu genové duplikace. Byla provedena analyza cetnosti nukleotidovych
substituci mezi duplikovanymi paralogy 17ti genli u X. laevis a mezi kazdym z
gend a lidskym nebo mySim ortologem (Hughes and Hughes, 1993). Vysledky
této studie ukazuji na podobnou mutacni rychlost mezi paralognimi kopiemi
vSech 17ti geni a to jak z pohledu synonymnich, tak nesynonymnich
nukleotidovych zamén. Podobnych vysledkl jsme dosahli analyzou Mdh2 gend,
kdy byly po zjisténi nukleotidové sekvence ortologu u Xenopus tropicalis
porovnany nukleotidové substituce. Ziskané vysledky podporuji duplikacni-

degenerativni-komplementacni (DDC) hypotézu, kde se na zaklad¢ degenerativni
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mutace v regulaéni oblasti jedné z kopii nasledné oba paralogy stavaji

nepostradatelnymi diky své subfunkcionalizaci (Force et al., 1999).

Zavérem lze fici, Ze nami vyvinutd metoda lokalizace pomoci FISH-TSA
umoziuje nejen vizualizovat single-copy geny, ale také G€inné€ rozliSit sekvencné
velmi podobné paralogni geny, coz do budoucna otevird cestu nejen pro
mapovani genti Xenopus laevis, ale i jinych tetraploidnich organismu. Nalezeny
intronovy polymorfismus lze vyuzit k identifikaci markerd slouzicich pfi
konstruovani genetickych a fyzikalnich map. Stejny pfistup lze pouzit i u X

tropicalis, ktery se stava stale aktualnéj$im modelovym organismem.
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II1.4 Struktura a lokalizace Mdh2 single-copy genu do
chromozémiu Xenopus tropicalis pomoci FISH-TSA
techniky

Structure and localization of Mdh2 single-copy gene on Xenopus tropicalis
chromosomes by FISH-TSA technique.

Krylov V., Tlapakova T., Macha J.

Cytogenet. Genome Res., v tisku.

Tato prace se zabyva klonovanim a chromozomovou lokalizaci Mdh2
genu u Xenopus tropicalis. Je to poprvé, kdy byl na chromozémech X. tropicalis

vizualizovan single-copy gen.

Pii piipravé cDNA Mdh2 genu jsme vychazeli z dostupnych EST
sekvenci, které vykazovaly vysokou sekvencni shodu s Mdh2 paralogy X. laevis.
Kédujici sekvence byla klonovana, sekvenovana a poslana do databaze GenBank
(AY842260). Po srovnani aminokyselinové sekvence Mdh2 X. tropicalis s
paralognimi proteiny X. laevis byla zjisténa 95% shoda a 97% podobnost bez
mezer v sekvencich. Mitoprot program (Claros and Vincens, 1996) ptedpovédél,
Ze protein je do mitochondrii exportovan s pravdépodobnosti signalni sekvence

0,9918.

Gen Mdh2 byl lokalizovan pomoci metody fluorescenéni in situ
hybridizace spojené s tyramidovou amplifikaci signalu (FISH-TSA). Ve srovnani
s lokalizacemi u X. laevis byla zavedena drobna Gprava v postupu znamenajici
zjednoduseni hybridiza¢ni smési. Lze tedy fici, Ze metoda lokalizace pomoci
FISH-TSA, kterd byla plivodné vyvinuta pro X. laevis, vyhovuje i pro X
tropicalis. Mdh2 gen byl lokalizovan do subcentromerické oblasti dlouhych
ramen homologniho paru chromozému 3. Identifikace chromozéml byla

provedena na zaklad¢ velikosti chromozomi a poméru délky p a q ramen
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(Tymowska, 1973). Morfologie chromozému 3 X. tropicalis a chromozému 3 X.

laevis jsou si velmi podobné, stejné€ jako polohy Mdh2 geni v chromozémech.

Xenopus tropicalis je v soucasné dobé zavadén do vyzkumu v oblasti
funk¢ni genomiky, protoze jeho diploidni genom je na rozdil od alotetraploidniho
genomu X. laevis vhodny k sekvenovani. Kromé toho, udaje tykajici se
chromozémové pozice riznych gend X. laevis a X. tropicalis mohou byt vyuzity
v evolucnich studiich, které se zabyvaji syntennimi skupinami genu s ohledem na
duplikaci genomu u obojzivelnikii, a pfispét tak k vyzkumu genovych rodin

formujicich se u vyssich obratlovcii.
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IV. ZAVERY

1.

Byl sekvenovan ME2 gen X. laevis a zaroven byl u néj objeven dosud
nepopsany intronovy polymorfismus Xstir elementi v poctu opakovani
repetice vykazujici standardni Mendelovskou dédi¢nost. Nalezené
polymorfismy je mozné vyuzit pifi konstrukci genetickych nebo

fyzikalnich map u X. laevis.

Na zékladé¢ modifikované metody fluorescencni in situ hybridizace
spojené s tyramidovou amplifikaci signdlu (FISH-TSA) byla vyvinuta

ucinna metoda lokalizace single-copy genli Xenopus laevis.

Viibec poprvé u obojzivelniki byl do subcentromerické oblasti dvou
homolognich akrocentrickych chromozému X. laevis patticich do skupiny

G vizualizovan single-copy gen, c-srcl.

Byla urcena sekvence paralognich genti Mdh2a a Mdh2b Xenopus laevis

véetné jejich exon-intronové struktury.

. Pomoci FISH-TSA metody, kterd je schopna rozliSit geny s 95%

podobnosti, byla Gspésné provedena prvni lokalizace dvou paralognich X.
laevis Mdh2 geni do subcentromerické oblasti dlouhych ramen
chromozému 3 (Mdh2a) a 8 (Mdh2b). U obou genii byl zjiStén intronovy
polymorfismus poskytujici pti kiizeni S$tépné poméry v souladu s

Mendelovymi zakony.
Vazba na pohlavi nebyla potvrzena ani u Mdh2 paralogii, ani u ME2 genu

X. laevis. Nékteré udaje z jiz publikované vazebné mapy (Graf, 1989a;

Graf, 1989b) byly tudiz vyvraceny.
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7. Byl sekvenovan a lokalizovan Mdh2 gen Xenopus tropicalis. Metoda
FISH-TSA, pavodné navrzend pro X. laevis, odhalila tento gen v
subcentromerické oblasti dlouhych ramen chromozémi 3, tzn. ve stejné

oblasti jako u velmi podobného chromozému X. laevis.

8. Geny se znamou strukturou, chromozomovou pozici a snadno
zjistitelnymi alelami se hodi k uspofddani contigh a propojeni
nukleotidovych sekvenci s vazebnou analyzou. Vysoky vyskyt
intronovych mutaci lze obecné vyuzit pfi vazebnych analyzach. FISH-
TSA metoda, pouzivajici krat§i cDNA sekvence k lokalizaci do

chromozoémi, usnadriuje analyzu genomu ptinejmensim u obratlovch.
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Xstir Polymorphism and Absence of Sex Linkage in Xenopus

laevis ME2 Gene
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Prague, Czech Republic

Abstract. A fragment of ME2 ¢cDNA from exon 2 to
exon 11 was sequenced and the sequence submitted to
GenBank. Analysis of the intron, probably intron 13,
revealed a polymorphism which is due to the presence
of tandem repetitions of Xstir elements. Genetic analy-
sis of the parents and the offspring showed a standard
distribution of intron variants. This distribution was
not dependent on sex. We conclude, contrary to previ-
ous reports, that the ME2 gene is not linked to sex.
Consequently, the Xstir polymorphism can be used as
a tool for genetic analysis.

In developmental biology Xenopus laevis is a widely
used model organism, yet its genetics is far from clear
so far due to its long generation time and few well-char-
acterized genetic markers. Almost all members of the
Xenopus genus are of polyploidic origin and form
a polyploid series of 2n, 4n, 8n, 12n starting with
diploid X. tropicalis and tetraploid X. laevis (Tymowska
and Kobel, 1972; Tymowska and Fishberg, 1973; Kobel
and Du Pasquier, 1986). During meiosis X. laevis forms
bivalents (Tymowska and Fishberg, 1973). This reveals
its ancient, tetraploid, strongly diploidized character,
which is consistent with the high proportion of gene
duplications in its genome (review Graf and Kobel,
1991). Breeding sex-reversed males with normal males
produces only male progeny (Chang and Witschi, 1955,
1956; Gallien, 1955, 1956). Crosses of sex-reversed
males and sex-reversed females result in all female
progeny (Mikamo and Witschi, 1964). These results
indicate the Abraxas type sex determination in X. laevis,
in other words: the Xenopus male is homogametic (ZZ)
and the Xenopus female is heterogametic (WZ).

The genetics of X. laevis was studied mostly by elec-
trophoretic analysis of isoenzymes (Graf, 1989b). The
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same method was used for determination of the sex link-
age of mitochondrial malic enzyme (Graf, 1989a). Here
the author detected malic enzyme activity in the mito-
chondrial extract from liver of frogs bred by backcross-
ing hybrids of four X. laevis subspecies with respective
parental subspecies. The enzymes were separated by
starch gel electrophoresis at pH 6.0 and detected histo-
chemically. Based on the results of the segregation
analysis the author concluded that alleles do segregate as
expected for a sex-linked gene with 6% of recombi-
nants. Malic enzyme (ME) catalyzes the oxidative
decarboxylation of malate to pyruvate. It is found in
three forms coded by separate genes. Cytoplasmic malic
enzyme is labelled as MEI, mitochondrial ME2 and
ME3. ME2 and ME3 differ in structure and isoelectric
point. ME3 is the basic enzyme with isoelectric point of
approximately 9.0. These properties exclude ME3 as the
protein detected in Graf’s study (1989a). During elec-
trophoresis at pH 6.0 ME3 migrates catodically and can-
not be detected under such circumstances.

Heterochromosomes of X. laevis were not identified
despite a detailed morphological analysis (Schmid and
Steilein, 1991). Therefore we searched for a sex-linked
marker gene appropriate for chromosomal localization.
Since the malic gene showed the lowest recombination
with sex, we were interested in its further characteriza-
tion, with the prospect of using it as a heterochromo-
some marker.

Material and Methods

RNA and DNA were isolated from X. laevis liver by
the guanidine hydrochloride method (Kingston and
Gilman, 1994-1997) and the proteinase K — phenol
method (Moore, 1994-1997). RT-PCR and PCR were
performed according to manufacturer’s instructions (MBI
Fermentas, Vilnius, Lithuania). Cloning was done using
the TOPO TA cloning kit (Invitrogene, San Diego, CA).

The human ME2 exon-intron structure, deduced from
comparing the genomic contig NT_033905 (GenBank)
and messenger RNA sequence NM_002396 (GenBank),
was used to establish the provisional exon-intron structure
in X. laevis. Primers, fitted to the exon-intron structure of
human ME2, were designed using X. laevis EST
sequences similar to the human ME2 gene (GenBank

Folia Biologica (Praha) 49, 115-117 (2003)
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BG730283, BES08129, BG406935). Primers XM2F2 (5’-
GCA AGA AAG GCA AAT CCT CGA -3’) and XM2R4
(5" - CGT CTT CTG TAA ACA GCC GTC C - 3)
expected to span from exon 2 to exon | | were used for RT-
PCR. Primers XM2F7 (5’ — AGT TCG ACA CAT AAG
TGA CCG GTT - 3’) and XM2R6 (5’ - CCT GGT CCC
ATC TCT TCA ACA G - 3’) expected to span from exon
13 to exon 14 and containing the sequence of the intron
were used for analysis of intronic polymorphism.
Sequenation was done by AGOWA (Berlin, Germany).

Results and Discussion

RT-PCR yielded a partial X. laevis ME2 sequence
that was submitted to GenBank (AY225508). The cor-
responding protein sequence was compared with
human ME2 (Fig. 1), showing 80% identity. The com-
parison of the X. laevis and human ME2 protein
sequences confirmed that the chosen EST corresponds

ME2
ME2

X.laevis
Homo

ME2
ME2

X.laevis
Homo

ME2
ME2

X.laevis
Homo

ME2
ME2

X.laevis
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ME2
ME2

X.laevis

ME2
ME?2

X.laevis
Homo

Homo Lo, V.S...S..K.......

to the ME2 gene, since these sequences are in substan-
tial length overlapping with the RT-PCR sequence.
Since the primers used for genomic analysis are com-
plementary to sites within this EST sequence, we can
assume that the observed polymorphism occurs in the
ME2 gene of X. laevis.

The analysis of one couple and its offspring using
PCR with primers XM2F7 and XM2R6 demonstrated
polymorphism in the respective ME2 gene segment (Fig.
2). The fragments were labelled as follows: 670 bp as A,
940 bp as B and 1100 bp as C. The male parent had B and
C fragments and the female parent A and C fragments.
Offspring (42 males, 26 females) had an AB:AC:BC:C
distribution of 19:12:14:23. This result is in agreement
with the distribution of alleles a/c and b/c with
17a/b:17a/c:17b/c: 17c/c ratio (x> = 4.35 < X% 45 = 7-8).
All offspring combinations were of both sexes (a/b 58%
males, a/c 50%, b/c 50%, ¢ 78% males). In the case of the
complete sex linkage only two alelic combinations can

LOGLLPPKIESQDIQAARFHRNLSRIDDPLQKYIYLMGIQERNEKLFYRVLLDDIEHLMP
KKMTS..E....I............. I.Q0....S.

LIQGRGEGIDGNQELFAHSAPEKPVSSFLDAVKVLQPTAIIGVSGA
.VK..KAK..SY..P.T..... SIPDT.E...NI.K.ST....A..

Fig. 1. Sequence comparison of X. laevis ME2 sequence (GenBank AY225508) and human ME2 sequence (GenBank

NM_002396).
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Fig. 2. Distribution of intron variants in parents and off-
spring (ST = standard DNA fragments, F = female, M =
male, 1-10 = offspring number).

occur in each sex in the offspring, which is far from
observed results. Theoretical frequences without sex
linkage (10.5 males and 6.5 females for each alelic com-
bination) are not significantly different from experimen-
tal values (11:6:7:18 in males and 8:6:7:5 in females)
according to the x 2 test (2 = 9.2 < ¥ %05 = 14.1).

These results are in contrast to the results of Graf
(1989a). There are two different explanations of the dis-
crepancy. The first rests on the possibility that there is
another ME2 gene linked to sex. The second possibility
is that Graf worked with mitochondrial malate dehy-
drogenase MDH2. Both enzymes react with NADP and
NAD and produce the histochemical detection pattern
used by Graf.

Sequencing of the fragment A containing an intron,
probably intron 13 (Fig. 3), revealed the presence of
tandem repetitions of 86 bp elements corresponding to
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TTTTTCTGAAGCT GCTAAGgt cagttgecttaacctgecaatattatttaataaaaagecatc
acatgtgacgtgtaggcatgtctccatgtatgactcttgataatacagtagataacagac
aagtactactatagtttatataaacaagctgtgtagccatgggggcagacattcaagcac
aggatacacagtagataacagataagtactactatagtttatataaacaagctgetgtgt
agecatgggggcagecattcaagcacaggatacacagtagataacagataagtactacta
tagtttaaataaacaagctgctgtgtagecatgggggecagecattcaagcacatgatata
caccctcectectattcatattccagacttttattcaaatcaatgecatggttgttaggagaa
tttggaccatagcaaccaaattgctcaaattgeaaactggagagetgctgaataaaaagce
taaataat aaaaattgaaaaccaactgcaaatgttctcagaatatccctctcectacatcat
tgcaaaagttaattgaaaggtgaacagecctctttaaacatgaaatgtgtattttaataaa

tgtagGCECTTGCT GAGCAAT TGA

Fig. 3. Sequence of fragment A containing an intron sequence with three Xstir repetitions. Homology with the Xstir
sequence (GenBank AB039922) shown in grey (non-homologous bases within the Xstir sequence shown in white).
Upper case marks exonic sequences, bold face represents the beginning of each repetition and underlined are Sca 1 cleav-

age sites.

~ be

P
Py

ST 6
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Fig. 4. Sca | DNA restriction of intron fragments (F =
female, M = male, 1-6 = offspring number corresponding
to Fig. 2, arrow = 86 bp Xstir band).

Xstrir as described by Hikosaka et al. (2000). The rep-
etitions contain a Sca | restriction site. The restriction
of PCR products from parents and offspring containing
fragments A, B and C and their combinations with Sca
1 resulted in a uniform pattern of 86 bp and flanking
sequence bands (Fig. 4). This demonstrates the pres-
ence of 3, 6 and 8 Xstir tandem repetitions. This is the
first described example of Xstir polymorphism. We
have evidence of a broad distribution of this marker
(unpublished results). Therefore, Xstir repetitions could
become a useful marker for segregation analysis.
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The c-src1 gene visualized by in situ
hybridization on Xenopus laevis chromosomes
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Abstract. Fluorcscent in situ hybridization followed by
tyramide signal amplification was used to map the site of the
c-srel gene on Xenopus laevis chromosomes. Positive results
were obtained with a ¢cDNA probe of about 1 kb, The c-srcl

gene is located in the subcentromeric region in the long arm of

one of the acrocentrie chromosomes of the G category (classi-

fied according to Graf and Kobel, 1991). The c-srel gene and
the Yenopus major histocompatibility complex (MHCO) 1b
locus, which consists of 20 tandemly arranged gene copies. are
situated on different chromosomes of the G category.

Copyright £ 2003 S Karger AG, Base!

The proto-oncogene ¢-sr¢ 18 one of a family of nine non-
receptor tyrosine kinases. the sre family, whose members have
been implicated in the regulation of cell growth and differentia-
tion (Cooper and Howell, 1993; Courtneidge et al., 1993). Its
product, highly conserved pp 604+ 1s ubiquitously expressed
in vertebrates. The haploid genome of Xenopus laevis contains
two functional sre genes, srel and srel. as revealed by the
sequence analvsis of two sre CDNAs obtained from the mater-
nal RNA pool of the oocyte by reverse transcription (Steele,
1985 Steele et al.. 1989).

Xenopus was chosen by the NIH as one of five important
non-mammalian models of human development and discase
(see wwav.nih.gov/science/models/xenopus), but the tetraploid
origin of X laevis, the most widely emploved species of the
genus, and the bigh proportion of conserved gene duplications
n its genome (approxamately 87% in a sample of 1040, Black-
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shear et al., 2000, lghly complicate #s genetic analysis. The
conventionally stwined mitotic karvotype of’ 18 chromosome
pairs can be divided into seven groups of morphologicaily more
or less distinet metacentrie and acrocentric chromosomes {Ty-
movska and Kohel, 1972). An exact wentification of all chro-
mosome pairs of A faevis using BrdU/dT labehing was de-
scribed (Schmud and Steinlein, 1991) but. unfortunately. it 1s
not compatible with i situ hybridization. Thus, the gene map
of X faevisis in its imfancy: chromosomal locahization by in situ
hybrichzation on mitotic or lamp-brush chromosomes has hith-
erto heen mainly restricted o repetitive sequences and repeti-
tive gene clusters (Graf and Kobel, 1991), Only recently. Cour-
tet et al. (2001) described the first successful mapping of some
Ig and MHC genes by the fluorescent in situ hybridization
(FISH) technigue with tyramide signal amplitication (TSA).
Despite this clear breakthrough, the authors reported that their
protocol was efficient only when at least three adjacent copies
of the gene were present and attempts Lo monitor a single copy
gene failed. apparently due to the lack of sensitivity,

In our previous work we described the preparation of trans-
genic U Juevis embryos and frogs harboring in their genomes
the Rous sarcoma virus (RSV) fong termmal repeat (LTR) and
vesre gene (n the fisst generation) and RSV LTR only (in the
second generation). The presence of the RSV LTR and v-sre
gene correlated with a high expression of v-Sre Kinase and the
presence of RSV LTR with an enhanced expression of ¢-Sre
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kinase in tssues of the embryos and a highly aberrant morpho-
genests (Habrova et al., 1996: Takac eval., 1998; Jonak, 2000).
As the first step to elucidate the mechamsm of the assumed
activating effect of RSV LTR on ¢-sr¢ gene expression in the
second generation of transgenic X, fuevis we describe here the
chromosomal localization of its ¢-srel gene by the FISH-TSA
technique

Materials and methods

€ hromosene source and preparaiion
The conditions of FISH-TSA technodogy were first set using chromoe-

somes from an ancuplnd cell ine XEb fn = 3d) denved from an embrvo of

11 generation of transgenic A Jaeves frogs (Habrova et al.. 1996) Final esper-
mients were carried out with the cuplnd spleen cells of normal adult frops,
Chromeosome preparation and examination by FISH-TSA were carned ot
ewsentialhy according o Courtet et al. (2001 with mmor modificatons.,
Shorthy, the RNase treatment was asorded andd the chromosomal prepara-
trons on shides were fined with 2% paratormaldebyde for 90 nun at room
temparature (RT) following the dhgostion with pepsin (30 pg/ml i 00N
HOTat 37 7°C tor 10 man). The shdes were then washed with [ PBS (136 mM
NaCh EAmM KCL 8T mM NacHPO S 2 28 mM KHLPO ) and 70% ethanol
andd could he stored in 70% cthanol at 47 C for about one month,

To prepare chromosome samples from spleen vells, colehiome at a con-
centration of 15 pg/p o/ was ingected into the lvmphatic sac of the frogs
4 h betore their decapitation. Then the spleen was torn to shreds with needles
in 1 mi diluted PBS (2 volumes PBS. | volume H:0) and the suspension was
filtered through a polyamide sieve with 60 um meshes. The suspension of
cells was then trypsinized with Sigma T41 74 (Sipma-Aldrich, Prague. Czech
Republic) diluted 1:9 with PBS a1 RT for 1 mumn and the enzyme was macti-
vated by addition of S volumes of diluted bovine serum (2 volumes serum. |
volume H>0) The cells were spun dowa at 900 rpm fr 10 min at RT, the
roedium was carefully removed and further treatment (starting with a hypo-
tonie shock) was carned out according to Courtet et al (2001 with modifica
tions deserthed below,

Probe preparacion and tabeling

C¢DNA for probes was obtamed by RT-POR from ¥ faevis hver RN A and
clened into the pCR 2.1-TOPO plasnud using the TOPO TA Clomng ki
from Invitrogen (KRD. Prague. Czech Republic). ¢NA for probes for the
MHC b locus was derived using primers deseribed in Courtet et al, (2001).
The probe for X faeves srel gene (M24704, GE5324730) was obtained by
PCR from ¢DNA clones using a torward primer in exon 3: S-ANTCTCGC-
ACAGAGACGOGACT -3 and a reverse primer in oxon 11 SSGAATCT A
CCATACAGCGCAGCCT-3'. The amplificatton yielded o fragment of
1040 bp and s structure was veritied by sequenaing,

The labeling with digoxigenin (dig-11-dUTP) was performed by random
prirmung using the Decalabel DNA Labeling ki1 from MBI Fermentas (Vil-
nis, Lithuania) according 1o the istructhions of the manutacturer. Labelg
of Fmg DNA was varried out. Following the labeling, the sample was purified
on a column (PCR purification kit Qiagen, Bio-Consult Lab., Prague. ¢ zech
Republic) and obtained in a final volume of S0 pl. The quality of the labeling
was tested on a dot blot,

Hybridization, staming and visualization

After storage in 70% cthanol, shdes were equilibrated in PBS for 10 min.
The shdes were then incubated in 1% H;O- in PBS at RT tor 30 mun to
inactivate endogenous peroxidases. washed three tumes for § mm each in
PBS at RT und dehydrated w three baths of 70, 30 and 100% methanaol for
3 min each and left to air-dry

Deraturation and hyhridization

The mus (50 pd) composed of 50% detomized formamde 1 2x SSC, (0=
Denhardt solution, | mg/ml salmon sperm DNAL0.1% SDS. and 2 pl of the
probe was depoesited on the chromosome preparations and covered by a 2.4 x
30 mm covershp, Denaturation was carried out in a cyeler (TECHNT Jac..
Priceton, USA)Yat 93°C for S mm, The shides were then installed ina humid
chamber. Hybnidization was carried out at 3770 for 1216 him o thermaostay
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The slides were then washed three imes for 10 man each i 502 tormamite.
2= SSC, pH 2.0 at 457 C and three times for S cach m 2x SSCaw RT.

Staning with tyvramudy signal amplitication and visualzation

The blocking of slides was carried out in © ml TNB butfersshde (0.1 M
Tris-HCH pH 7.5, 013 M NaCl 0.5 % Blocking Reagent; Bochringer, Mann.
heim. Germany) gt RT for 30 man. The baffer was removed and the shide was
incubated with | mi of a conjugate antibody-peroxidase sulution (anti-digos-
igenin-POD, Fab tfragment. 130 UL Roche, Mannheim, Germans )y dituted
L1000 10 TNB butler at RT tor T h, The shides were washed three times for
Srun each i TNT but¥er (0.1 M Tris-HCT pH 7.5, 0,15 M NaCl 0,03 %
Tween 200, Ty ranude amphfication was carried out using the TSA Phus Fluo-
rescence System kit with o Huoreseein derivative (NEL 741, Perkin Elmer.
Prague, Czech Repubhic) according to the mstruchions of the manufacturer,
One hundred gl of the solution was lavered on a shide. the shide was covered
with o 24 > S0 mm covership and leh 1o incubate tor 10 pun e a humid
vhamber at RT The shides were then washed three times for § smn each i
INT. 3 mun o water and ae-dreied. To mount the preparation, 30 gl Mool
 DAPL (b o -duimadimo- 2-phenvhindole, $00 nwmh were added and the
preparation was checked under o fuorescence ancroscope Olympus BX-40,
Prctures were tiken with a SONY Exsasve HAD hlack and white camera and
ptapes were provessed and codored with the ACC Programe v S8(SOVO,
Brove, (Czech Republic)

Resuits

The efficiency of our modified version of the FISH-TSA
method of Courtet et al. (2001) was evaluated in experiments
atmed at the detection of the MHC 1b locus already visualized
by the original version of the method. The first experiments
were carried out using an ancuploid cell line XL6 and the sig-
nals of a class MHC 1h probe occurred at the telomeric end of
only one submetacentric chromosome (Fig. 1a). Hybridization
of chromosomes from spleen cells of normal adult X Jaevis
resulted i labeling of two, apparently homologous chromo-
somes with a morphology different from that i the ancuplord
cell fine (Fig. Ih). This time the labelhing with the probe for the
MHC 1blocus oceurred at the end of the long arm of acrocent-
ric chromosomes belonging to the category G, or the results
closely mimicked those onginally described by Courtet ¢t al.
(2001). They also observed a difterent staining patiern of chro-
mosomes from aneuploid and cuploid cells.

The hybridization of chromosomes from spleen cells of nor-
mal adult frogs with a probe tor the c-srel gene regularly labeled
the subcentromeric region of the long arm of two acrocentric
chromosomes as revealed by analvsis of more than 100 mitoses
(Fig. 1¢). These chromosomes belong to the same category as
the chromosomes carrving the MHC b locus. The labeling of a
pair of morphologically undistinguishable chromosomes in the
normal X, laevis set of 36 chromosomes with the ¢-srel gene
probe is in agreement with the diploidized character of the spe-
cics. However, the presence of the signals on all four chroma-
tids was detectable less frequently than the labeling of the MHC
1h locus, which regularly exhibited a four-site hit. Two to four
signals were also detected when interphase nucler were mvesti-
gated (results not shown).

Double hybridization of spleen cell chromosomes with the
probe for the MHC 1b locus and the probe for the ¢-srel gene
revealed that the MHC b locus and the ¢-srel gene are local-
ized on ditferent but morphologically similar chromosomes of
the G category (IMig. 1d). The intensity of the signal obtained hy
the FISHETSA detection of the one copy ¢-wrel gene with the



Fig. 1. LISH on Nenopies lacy iy chromosomes
(@) Detection of the M
plond cell line NLo
the paralogous chromosome Ged arrow ) s appar-

Ih locus i the ancu-
L he absence of the signal on

ently due to the ok of the region carryving ths
focus (b) Detection of the MEIC
spleen cells of a normal adult troy. (e) Lodaliza-

Ih locus on

ton of the wo b vene on the chiromosomes ot
spleen cells o @ normal adult trog. (d) Double
hyvbridization of the MH(
probes on chromosomes of spleen cells of i nor-

IbJocus and vrel vene

mal adult frop

1040 bp ¢cDNA probe was sigmiticantly Tower than that oh-
tained by the fabeling of the MHC Th locus which consisis of
tandem array of 20 gene copies.

Discussion

Uintil now chromosomal localization of the cellular src genes
has been reported for tour vertebrates: cat. mouse. rat and
human. The feline c-vre has been localized to chromosome A3
(O'Brien et al.. 1997), the murine c-ve to chromosome 2 (Blau
ctal, T984: Gilaser. 19RY) the rat c-vre to chromosome 3 (342,
NBCT Locus Link) and the human c-ve to chromosome 20 (Sa-
kaguchi et al. TORS). Our expermments revealed that the c-vel
vene ot v Jaevis resides onone ot the acrocentric chromosomes
of the G category (Classificd accordimg to the systenv ot Tyimon-
sha and Kobell 19720 and Girat and Kobel, 1991

This s the first time that it was possible to map a sigic copy
gene by FISHE on v Juevis chromosomes. The mappimg was
achieved by a shighth adapted method of Courtet et al. (2001,
although the authors reported that they were not able. by thaer
procedure. to monittor single copy genes ol the v laevis MEIC
svstem. Experiments to map the chromosomal site of the ¢-ve 2
gene of Vo Jaeviy are i progress.,

Fhe successtul visualization of the c-vrcl vene on 4 Jucin

chromosomes was only possible by couphing the FISEH sty

with the tvranmide sienal amphtication
to localize the c-ve b gene by combining PRINS (Koch ot al

POXO)y o m s POR (Gosden and Flanratty . 1993) and tvra-
aude amphification fded. We tound that rtwas due to astarm

A our carbier attempts

Background resistant towashimg that descloped asaresult ot an
unspecitic bindme ot the digoneenim-labeled nucleotide o the
sample tolowed by o strong enhancement of the signal i the
noramide amphificanon step. The pretreatment with ddN TP
accordime to Koch et all (1993 did not provide any improy e
moent (results not shown), The starry background was apparent -
v notencountered i ongimal experiments using PRINS and o
~situ PCR i combimation with Nuoreseenthy fabeled conjugates
deseribed by Gosden and Tawson (1994) designed o focahize
predomimanthy repetitne regions on human chromosomes
when the TSN was not apphied

Hhvbridization with a0 digovigenim-fabeled probe targeted
acanstin situ PCR amphitied sl regron (Bagasea and Hansen
P99 was tound to stam telomeric regions of several chromo-
somes. However: the stanmg by this approvimateh 100-bp
fong probe labeled by digovigenim combimed with IS\ also
occurred without any PCR reaction. Tt appears that ot was
mamnh due 1o a dlow speaiticity of the hybridization with this
refativ v short probes Thus, the combination of PRINS orin
sttu PCR wath TS mour hands gav e no satistactory results,

Preparation of chiromosomes o v Jueviy tor an ethicient

vene mappine appears to be particularhy sensitive to the condi-
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tions of hypotonic treatment. We could contirm the finding of

Courtet et al. (2001 that hypotonic treatment by 0.038 M KCI
gives optimal results. Already a small shift to a lower 0,033 M
concentration brings about incomplete mitoses. The pepsin

treatment was found to significantly reduce the stainmg of

chromosomes and induce their loss. Therefore. a posttixation
with paraformaldehvde was introduced.

Certainly the most important step in the successful detec-
tion of mdividual genes on chromosomes of X faevis is the
preparation of an cfficient and specific probe. Labeling of the
probe DNA by nick translation failed to give reproducible
results. Apparently, the length of the labeled DNA fragments
varied and specific activity was lower than that obtained by
random priming. Staining with probes fabeled by PCR was not
successtul either (see above),
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Abstract

Two paralogous mitochondrial malate dehydrogenase 2 (Mdh2) genes of Xenopus laevis have been cloned and
sequenced, revealing 95% identity. Fluorescence in-situ hybridization (FISH) combined with tyramide
amplification discriminates both genes; Mdh2a was localized into chromosome q3 and Mdh2b into chromosome
g8. One kb cDNA probes detect both genes with 85% accuracy. The remaining signals were on the paralogous
counterpart. Introns interrupt coding sequences at the same nucleotide as defined for mouse. Restriction
polymorphism has been detected in the first intron of Mdh2a, while the individual variability in intron 6 of
Mdh2b gene is represented by an insertion of incomplete retrotransposon L1XI. Rates of nucleotide substitutions
indicate that both genes are under similar evolutionary constraints. X. laevis Mdh2 genes can be used as markers

for physical mapping and linkage analysis.

Introduction

Xenopus laevis has been an invaluable source of
knowledge for gaining a grasp of embryonic devel-
opment and cell biology. The X. laevis model has
contributed to elucidation of early fate decision,
embryonic induction, competence, organogenesis
and their underlying molecular mechanisms. More-
over, its tetraploid origin allows us to perform
evolutionary studies relevant to gene duplication.
Evidence for tetraploidy of Xenopus laevis comes
from comparisons of DNA content in various spe-
cies of the Xenopus genus as well as of some spe-
cies of the Pipidae family. A high proportion of
X. laevis genes is present in duplicated copies (Graf
& Kobel 1991), while 18 pairs of distinct chromo-
somes form bivalents in meiosis (Tymowska &

Fischberg 1973, Muller 1974). X. laevis displays
features of an ancient tetraploid species that has
diploidized completely.

Linkage mapping of X. laevis has been severely
hampered by its long generation time and shortage of
well-characterized genetic markers. A linkage map
containing 35 genes in 10 groups has been obtained
by electrophoretic analysis of offspring isoenzymes
(Graf & Kobel 1991). The disadvantage of this
classical approach is the time span necessary for
animals to grow large enough for tissue samples
to be used for analysis. Still greater inconvenience
results from the low resolution of electrophoresis
combined with histochemical detection of iso-
enzymes, specifically in the case of multimeric gene
products. PCR can distinguish polymorphism several
days after crossing and its reliability is much higher.
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In amphibians, chromosomal localization experi-
ments have been restricted to repetitive sequences as
satellite DNA (Picariello er al. 2002, Odierna et al.
2004), rDNA regions (Owens & Wiley 2001, Wiley
2003) or repetitive genes of X. laevis immunoglob-
ulin, MHC1a and MHCI1b loci (Courtet et al. 2001).
Tyramide amplification of the fluorescence signal
now permits localization of a single gene in Xenopus
laevis. Gene c-srcl has been situated in one of the G
group chromosomes, different from a similar chro-
mosome carrying the repetitive gene MHC1b (Krylov
et al. 2003).

In fish, another important model for studying
developmental processes and gene duplication, cen-
tromeric repeats (Reed & Phillips 1995), tandem
repeat sequences (Crollius er al. 2000, Phillips &
Reed 2000), sex-specific or sex-linked repetitive
sequences have been visualized leading to identifica-
tion of sex chromosomes in guppy (Poecila reti-
culata) (Nanda et al. 1992) and in Chinook salmon
(Oncorhynchus tshawytscha) (Stein et al. 2001). In
platyfish (Nanda et al. 2000) and medaka (Matsuda
et al. 1998), cosmid clones containing sex-linked
single-copy genes were used as a probe in fluores-
cence in-situ hybridization (FISH) for their identifi-
cation. Species-specific chromosome paint probes
have been used to study chromosome elimination in
hagfish Eaptatretus okinosearius (Kubota et al. 1993)
and salmonid hybrids (Fujiwara et al. 1997). In this
paper, we demonstrate the ability of in-situ hybridiza-
tion coupled with tyramide amplification to localize
and distinguish very similar paralogous mitochondri-
al malate dehydrogenase 2 (Mdh2) genes. Intronic
polymorphism found in both genes might provide a
more convenient approach to integrated X. laevis
genome mapping.

Materials and methods

RNA was isolated from X. laevis liver by the
guanidine hydrochloride method (Kingston & Gilman
1994-1997) and genomic DNA was prepared from
erythrocytes of adults or hatched tadpoles by using a
NucleoSpin Tissue kit (Macherey-Nagel). Cloning
was done using the TOPO TA and TOPO XL PCR
cloning kit (Invitrogene).

Hybridization probes were prepared from respec-
tive cDNAs by using the following primers: Mdh2a:
5'-CTGAGTTTGTGCTTCCCTATCAGC-3' and 3'-
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GCAGTCAGCTTGCCTAGTCCC-5', Mdh2b: 5'-
CGGCACTGAGCTCGTGA-3" and 3'-GCAGT
CAGCTTGCCTAGTCCC-5'. PCR amplificates were
purified by gel electrophoresis and labelled with
digoxigenin-11-dUTP (Roche) by means of a Deca-
Label DNA Labeling kit following the manufactur-
er’s instructions (Fermentas).

FISH from spleen cells of adult animals combined
with tyramide signal amplification has been de-
scribed previously (Krylov er al. 2003). Images were
recorded at a resolution of 100 nm per pixel and
processed in an ACC program (SOFO, Czech
Republic).

Synonymous and non-synonymous rates of nucleo-
tide substitution were conducted by Nei & Gojobori’s
method (1986) using the MEGA program, version 2.1
(Kumar et al. 2001).

Results
Cloning

The design of primers for two overlapping segments of
cDNA was based on X. laevis ESTs, which were
similar to the mouse Mdh2 gene. Clones from the 3’
segment showed differences in restriction pattern and
structure, thus revealing the presence of two expressed
duplicated genes. Primers designed for dissimilar
sequence sites also demonstrated two genes in the 5’
segment. Sequences denominated Mdh2a (GenBank
Accession number AY681346) and Mdh2b (GenBank
Accession number AY681347) have a 95% identity
and have no insertions or deletions in their coding
parts, thus excluding splicing variants. Corresponding
protein structures differ in 7 amino acid residues (97%
identity and 99% positives).

Structure analysis

PFAM analysis of translated Mdh2a and Mdh2b
shows conserved domains typical for mitochondrial
and glycosomal malate dehydrogenase from a super-
family of NAD-dependent 2-hydroxycarboxylate
dehydrogenases. Comparison of plant, mammalian,
yeast and E. coli Mdh2 results in 55-60% overall
identity of amino acid residues. Mouse cytosolic and
mitochondrial malate dehydrogenases have only 23%
identity (McAlister-Henn et al. 1987) and, respec-
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tively, higher similarity exists between mitochondrial
Mdh2 and lactate dehydrogenase (Setoyama et al.
1988). Enzyme sequences obtained by conceptual
translation of Mdh2a and Mdh2b are aligned with
mouse Mdh2 (Figure 1), resulting in 83% or 84%
identity and 91% or 92% similarity as may be the
case with the mouse protein. Amino acid residues
from ‘active site vacuole’ (Goward & Nicholls 1994)
are framed in the alignment. They are completely
conserved in the described sequences of Vertebrata,
as well as in X. laevis Mdh2a and Mdh2b. Arginine
at position 104 (white characters on black back-
ground) defines substrate specificity of enzymes; in
lactate dehydrogenases this is replaced by glutamine
and in E. coli malate dehydrogenase this substitution
relaxes the high degree of specificity for the substrate
oxaloacetate (Goward & Nicholls 1994). Program
TargetP (Emanuelsson er al. 2000) predicts a sub-
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cellular location of both Xenopus proteins in mito-
chondrion; the predicted length of signal peptide is
17 amino acid residues. All these sequence features
indicate that Mdh2a and Mdh2b encode mito-
chondrial malate dehydrogenases 2.

Intron variability

Exon—intron structure and intron polymorphism of
X. laevis Mdh2 genes were studied by PCR ampli-
fication of genomic sequences from several individ-
uals. Results are listed in Table 1. Exon segmentation
of X. laevis and mouse Mdh2 genes proved to be
identical. Similarity between introns of Mdh2a and
Mdh2b is substantially lower than between exons.
Full sequences of intron 2 have 71% identity and 9%
gaps. PCR experiments detected the presence of two

10 20 30 40 50 60
) [ I I | | |
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M. musculus .L.AL....G AA.R.SF..S N..K.A
70 80 90 100 110 120
| | | |
X. laevisa TPGVAADLSH IETRAKVTGY LGAEQLPESL KSADVVVIPA GVPIKPGMTR| DDLFHTNASI
X. laeVisD .. it it it ite et T - 2 . P T
M musecuius .......... ..... N.K.. ..P....pC. .6C....... ...B.............. T.
130 140 150 160 170
| | | | |
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X. iaevisb  ..... Eovvr tinnnnenns Rttt terte ettt
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) ! I I I I
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Figure 1. Amino acid sequence homology of mouse and X. /aevis mitochondrial malate dehydrogenases. Amino acid residues from the active
centre of enzymes are framed in the alignment; white characters on black background mark arginine defining the specificity of enzymes.
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Table . Introns of Mdh2 genes in Xenopus laevis.

Gene and intron no. Size GenBank Accession no.
Mdh2a

1 5.2 kb AY924294, AY924295
2 540 bp AY924295

3 673 bp AY924295

4 1.4 kb AY924295, AY924296
5 1182 kb AY924296

6 2 kb AY924296, AY924297
7 1.5 kb AY924297, AY924298
8 559 bp AY924298
Mdh2b

1 6 kb AY924299, AY924300
2 506 bp AY924300

3 700 bp AY924300, AY924301
4 2.3 kb AY924301, AY924302
5 828 bp AY924302

6 2.699 kb AY924302

7 1.2 kb AY924302, AY924303
8 610 bp AY924303

variants of intron 6 in Mdh2b genes. The longer
sequence contains a 482-bp-long insert (Figure 2) of
incomplete non-LTR retrotransposon L1XI (GenBank
Accession number AF027962). The distribution of
intron variants in parents and some offspring is shown
in Figure 3b. No variability has been proved in the
same intron of the Mdh2a gene, but Mbol cleavage of
a 5.2-kb-long amplificate containing intron 1 reveals
two alleles (Figure 3a). Another restriction polymor-
phism has been uncovered in the first intron of the
Mdh2b gene (not shown). Both polymorphisms
studied show simple Mendelian inheritance. Parents
are heterozygous in the Mdh2a gene and their
offspring had an allele distribution in the ratio of
24:53:16, which is in agreement with a 1:2:1 ratio
(X305 > 3.2553). Crossing of a female heterozygous
and a male homozygous for the Mdh2b gene yields
homozygotes and heterozygotes at a 44:43 ratio. Six

classes of the allele distribution with frequencies 13:8:

10:7:22:26 is in concordance witha 1:1:1:1:2:2 ratio
(X(z).os > 3.4884), excluding strong linkage of Mdh2
genes.
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Localization of Mdh2 genes

Gene Mdh2a was localized to chromosome 3q, gene
Mdh2b to chromosome 8q (Figure 4). Identification
of chromosomes was based on their size and p/q
arms ratio (Tymowska & Kobel 1972). The specific-
ity of hybridization was 85-86%; 14—15% resulted in
labelling of paralogous counterpart. Only chromo-
somes labelled on both chromatids were evaluated.

Rates of nucleotide substitutions

In order to determine the evolutionary constraints of
duplicate Mdh2 genes in X. laevis, we compared rates
of synonymous dg and non-synonymous dy nucle-
otide substitutions between both X. laevis Mdh2
paralogues and a X. tropicalis Mdh2 orthologue
(GenBank AY842260). Results are summarized in
Table 2. For all genes, ds exceeded dy. Differences
within both dg and dy groups are not significant.

Discussion

In the present study, we have demonstrated structural
analysis, chromosomal localization and the evolu-
tionary aspect of two paralogous Mdh2 genes in X.
laevis. Both genes revealed the same exon-intron
organization as in mouse. Although differences in
intron positions are often emphasized in studies of
genome evolution, most gene segmentation is con-
served in human, Drosophila, Caenorhabditis and
sponge genes. On the other hand, intron sequences
are not conserved (Muller et al. 2002). Nevertheless,
some intron regions show enough identity to produce
alignment between man and mouse (Castresana
2002). Short evolutionary time (Bisbee et al. 1977,
Evans er al. 2004) since the genome duplication in
X. laevis causes 70% identity of Mdh2 intronic frag-
ments outside gaps and repetitions. Intron sequences
often contain blocks of repetitive sequences (Macha
et al. 2003, Hikosaka & Kawahara 2004) or trans-
poson residues useful for linkage analysis. The

Intron 6 -EACCTAI\TA == Part of transposon L1X| == XS TAATATATTC - Intron 6

intron 6 - ACCTAATATTC - Intron 6

Figure 2. Two variants of intron 6 in Mdh2b gene with incomplete non-LTR retrotransposon L1XI. Direct repeats of target sequence are
framed; sequences used by retroviral integrases are in white characters on black background.
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Figure 3. Intron variability of Mdh2 genes. (a) Mbol restriction polymorphism of intron 1 of Mdh2a gene in parents and offspring (F =
female, M = male, numbers indicate the number of offspring, ST = DNA ladder). Intronic sequence was amplified with primers: 5'-CTG
AGTTTGTGCTTCCCTATCAGC-3" and 3'-GGGCAATATCATACAAAGCAAGGTT-5'. (b) Variants of intron 6 of Mdh2b gene in parents
and offspring (F = female, M = male, numbers indicate the number of offspring, ST = DNA ladder) which resulted from PCR amplification
with primers: 5'- GTGTAGGTGACCGGTCCGATT-3' and 3'-TGAATTCGGCCAATCAGTACTTC-5'.

retrotransposon insert found in intron 6 is flanked by
direct repeats of the genome target sequence. The
intron, as well as the insert, contains a 4-bp-long
terminal sequence characteristic for retroviral dou-
ble-stranded DNA cleaved by retroviral integrase
(Sherman & Fyfe 1990). The presence of an
integrase-recognized region might be the reason for
incomplete transposition.

Hughes & Hughes (1993) have demonstrated that
nucleotide substitution rates between 17 pairs of non-
allelic duplicated genes in Xenopus laevis compared
with rates between human and rodent orthologous
loci prove to be similar. The results hold well for both
synonymous and non-synonymous mutations. The
authors conclude that at least a portion of duplicated
genes in X. laevis is under purifying selection during the
evolution. Even X. laevis Mdh2 paralogues demonstrate
no significant difference in mutation rates when com-

pared with the X. tropicalis gene. Similar nucleotide
substitution rates of paralogous genes support the
duplication—degeneration—complementation (DDC) hy-
pothesis proposed by Force et al. (1999), where, after
a single degenerative mutation of regulatory domain,
both gene copies are necessary.

Localization of Mdh2 genes on q3 (Mdh2a) and q8
(Mdh2b) is supported by a replication banding pattern
similar for both chromosome pairs. In reconstructing
the tetraploid karyotype of X. laevis, the chromo-
somes form a quartet (Schmid & Steinlein 1991).
Chromosomal positions of twin forms of mitochon-
drial malate dehydrogenase indicate appreciable
synteny and support a conclusion of mutual origin
of both chromosomal pairs. This is the second time
that paralogous genes on a tetraploid chromosome set
have been mapped. Previously, two regions of MH
class I genes were located on rainbow trout chro-
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Figure 4. Localization of Mdh2 genes. (a, b) Detection of Mdh2a on q arms of chromosome 3. White arrowheads indicate signals in the
entire mitosis (a). Details of positive chromosomes together with their paralogous counterparts (ch 8) are depicted in b. (¢, d) Detection of
Mdh2b on q arms of chromosome 8. White arrowheads indicate signals in the entire mitosis (c¢). Details of positive chromosomes together
with their paralogous counterparts (ch 3) are depicted in d. Scale bar = 2 pm.
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Table 2. Mean ds and dx/100 sites (+ SE) between X. laevis
paralogous Mdh2 genes and between each of two duplicated
sequences (a and b) in X. laevis and an orthologous X. rropicalis
Mdh2 gene.

ds + SE dy + SE
X. laevis a vs. X. laevis b 420+59 7.0+26
X. laevis a vs. X. tropicalis 53.0+6.5 16.0 + 4.0
X. laevis b vs. X. tropicalis 41.0+59 17.0 + 4.1

ds: number of synonymous substitutions; dn: number of non-
synonymous substitutions; SE: standard error.

mosomes 14 and 18, containing duplicated PSMBS&-10
and ABCB3B genes (Phillips et al. 2003). Our
preliminary results show that the Mdh2 gene is in
the same position as on a similar chromosome 3 in X.
tropicalis (unpublished observations).

Differentiation between positions of very similar
duplicated genes on chromosomes allows for an
advanced mapping of tetraploid genome. High intron
mutation rate offers a rich source of individual
variability necessary for linkage analysis. Introns
are flanked by unequal sequences, ensuring the gene
identity and easy design of PCR primers. Methods
for detecting intronic polymorphisms are simple and
offspring evaluation is fast. Genes with a known
sequence, genetic marker and position in a chromo-
some as an anchoring point can complement mass
throughput methods. With the use of such points, a
linkage group of arbitrary genetic markers can be
inserted into chromosomes and oriented or genomic
contigs can be ordered even in the tetraploid genome.
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Abstract. A single copy gene, mitochondrial malate dehydrogenase 2 (Mdh2), was
localized on Xenopus tropicalis chromosomes by fluorescence in situ hybridization
coupled with tyramide signal amplification step (FISH-TSA). The respective cDNA
was cloned and sequenced. Labelled probe hybridized with subcentromeric region of
long arms of homologous chromosomes 3. Results of comparison of the gene
localization with previously mapped X. laevis paralogs strongly suggest common
evolutionary origin of all three chromosomes. This is the first time that a single copy
gene has been visualized on X. tropicalis chromosomes. FISH-TSA method gives a

strong signal already with 1 kb labelled probe.

1. Introduction

Xenopus tropicalis, one of the leading organisms in the study of developmental
processes, has recently been adopted for research in genetics and functional
genomics. Its diploid genome, unlike that of allotetraploid Xenopus laevis, is
suitable for sequencing. Reading of X tropicalis genome has already been
accomplished by DOE Joint Genome Institute. Sequences are organized in scaffolds
and their size varies from 0,5 to 8 million of base pairs. There is a collection of
genomic methods for X. tropicalis, including chemical and insertional mutagenesis,
gynogenesis, and transgenic techniques. However, X. tropicalis cytogenetics is still
in its infancy. The conventionally stained mitotic karyotype can be divided into 10
chromosome pairs by analyzing the p/q arms ratio (Tymowska, 1973). Localization
of two paralogous Mdh2 genes in X. laevis was published previously (Tlapakova et
al., 2005). Here, we demonstrate the application of this method on Xenopus
tropicalis. Selecting the orthologous gene (Mdh2) allows for comparison of
chromosomal position of Mdh2 in both species with respect to the evolutionary
duplication event. Knowledge of chromosomal positions of X. tropicalis genes can

facilitate ordering of scaffolds and construction of linkage maps.



2. Material and methods

The design of primers for RT PCR was based on EST’s of X. tropicalis with
high similarity to X. laevis Mdh2 paralogs. Amplified DNA from liver RNA was
cloned using TOPO TA and TOPO XL PCR cloning kits (Invitrogene). Sequencing
was done by AGOWA (Berlin, Germany).

Localization of Mdh2 gene was carried out by means of normal adult frogs
splenocytes. Animals were injected with 20 pg/g (w/w) of colchicine into their
lymphatic sac 4 hours prior to decapitation. Spleen cells were hypotonized, fixed,
and dropped onto microscopic slides as described in Courtet et al. (2001). After
drying out, 15 min treatment with pepsin (50 pg/ml in 0,01N HCI at 37°C) was
applied followed by post fixation with 2% paraformaldehyde (30 min at room
temperature). Slides were stored in 70% ethanol at 4°C for about one month. cDNA
for Mdh2 probe was obtained by RT-PCR from X. tropicalis liver RNA with the
following primers: forward primer: 5" CGGCTCTGAGCTCGTG 3, reverse primer:
5" TTCTTGGAAAGAATCACGGTGG 3'. Digoxigenin labelling of 1 mg of cDNA
was done with DecalLabel DNA Labeling Kit (Fermentas) following manufacturer’s
instructions. Labelled probe was purified on a column of QIAquick Gel Extraction
Kit (QIAGEN) in a final volume of 50 ml. FISH combined with tyramide
amplification was described previously (Krylov et al., 2003). Briefly, slides were
equilibrated with PBS (136 mM NaCl, 1.5 mM KCI, 8.1 Na,HPO,, 2.25 mM
KH,PO,). Endogenous peroxidase was inactivated by 30 min incubation in 1%
H,0,. After dehydratating in three baths of 70%, 90% and 100% methanol,
chromosomes, and 2 pl of labelled probe were denatured in 50 ml of simplified
hybridization mixture (50% deionised formamide, 300 mM NaCl, 30 mM sodium
citrate, pH 7.0). For better preservation of the chromosomal structure, denaturation
was performed for 5 min at 80°C instead of 95°C. Following that, hybridization was
carried out at 37°C for 12-16 h. Slides were then washed three times for 5 min each
in 50% formamide, 2 x SSC (300 mM NaCl, 30 mM sodium citrate, pH 7.0) at



42°C, three times for 5 min each in 2 x SSC at room temperature and 5 min in TNT
(100 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.05% Tween 20) at room temperature.
Blocking of slides, followed by incubation with antibody diluted by 1:1000 (anti-
digoxigenin-POD, Fab fragment, 150 U, Roche,) was carried out with TNB buffer
(100 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5% Blocking Reagent, Boehringer
Mannheim, Germany) for 30 and 60 min. Slides were then three times washed in
TNT buffer. Tyramide amplification step was done according to the instructions of
the manufacturer (TSA Plus Fluorescence System kit with a fluorescein derivative,
Perkin Elmer). Final triple washing in TNT was followed by mounting and
counterstaining of slides.

Chromosome identification was done in accordance with Tymowska (1973)

based on the relative length and p/q arms ratio.

3. Results

Coding sequence of X. tropicalis Mdh2 gene was cloned and sequenced. It
was uploaded and published in the GenBank database under access number
AY842260. In Fig. 1 enzyme sequence obtained by conceptual translation of X.
tropicalis Mdh2 is aligned with X. laevis paralogous proteins, revealing 95%
identity and 97% similarity without any gaps. Mitoprot program (Claros and
Vincens, 1996) predicts protein export to mitochondria with 0.9918 probability and
cleavage of signal sequence.

FISH-TSA experiments on splenocytes from adult frogs show localization of
Mdh2 gene on the subcentromeric region of long arms of homologous chromosomes
3 (Fig. 2). Signal position was evaluated on 128 mitosis. 65% of those bore the
specific signal. The remaining mitosis did not show any chromosome staining.
Number of chromosomes in each mitosis corresponded to the euploid karyotype (2n
=20).



4. Discussion

Extensive similarity of X. laevis and X. tropicalis sequences, conservation of
amino acid residues in the enzyme active site and presence of mitochondrial export
signal indicate that Mdh2 encodes mitochondrial malate dehydrogenase 2. The
evolutionary relationship of Mdh2 genes was discussed elsewhere (Tlapakova et al.,
2005). Until now, chromosomal localizations in genus Xenopus were restricted only
to X laevis. Courtet et al. (2001) described the first mapping of selected MHC and
Ig genes into Xenopus chromosomes. Their technique was able to detect loci when
at least three adjacent copies of the gene were present. The use of one-layer method
of tyramide amplification allowed the detection of c-src gene (Krylov et al., 2003)
and made it possible to differentiate between two paralogous Mdh2 genes in the
same species (Tlapakova et al., 2005). Signal positions of X. laevis and X. tropicalis
Mdh2 genes and morphology of the respective chromosomes are very similar. In an
analysis of X. laevis tetraploid genome (Schmidt and Steinlein, 1991) chromosomes
3 and 8 form quartet, which together with localization experiment on X. tropicalis,
indicates common origin of all three chromosomes.

Sequencing of X. tropicalis genome produced many readings ordered in
scaffolds. Localization of genes by FISH-TSA technique allows matching scaffolds
to a particular chromosome and permits control of scaffold contiguity. DOE Joint
Genome Institute database survey revealed that Mdh2 gene is positioned in scaffold
72. Data concerning chromosomal position of various genes in X. laevis and X.
tropicalis could also be used in the evolutionary studies of syntenic groups with
respect to genome duplication event in amphibians and contribute to the research of

gene families shaping in higher vertebrates.
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Fig. 1 Amino acid sequence homology of Xenopus tropicalis and Xenopus laevis
mitochondrial malate dehydrogenases. White characters on black background mark

amino acid residues from the enzyme active centre.



Fig. 2 Localization of Mdh2 gene on Xenopus tropicalis chromosomes.



