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UvVOD

Banéanovnik (Musa spp., ¢eled Musaceae) je velka jednod€loznéd bylina rostouci v
tropickych a subtropickych oblastech Afriky, jizni Ameriky a jihovychodni Asie.
Plody bananovniku jsou hlavnim zdrojem obzivy vice nez 800 milioni obyvatel
zejména v rozvojovych zemich tropt a jsou také vyznamnou exportni komoditou,
¢imz se fadi mezi nejvyznamnéjsi plodiny svéta. Navzdory velkému spolecenskému
a ekonomickému vyznamu bandnovniku vSak doposud nebyly uspokojivé vysvétleny
a popsany fylogenetické vztahy v rdmci celedi Musaceae a rovnéz zlstava
nedofesena otdzka klasifikace a charakterizace jednotlivych druhti a poddruht této
celedi.

Celed Musaceae nalezi do tadu Zingiberales a sestava ze tii rodt; Musa,
Ensete a Musella. Tradi¢ni morfo-taxonomicka klasifikace bananovniku vychazi
z morfologickych znakd jednotlivych druhtt a zakladniho poctu chromozomd.
S rostouci dostupnosti molekularnich nastroji vyuzitelnych pro studium genetické
diverzity a fylogeneze rostlinnych organizmi se objevily studie, které se pokouseji o
ovéieni spravnosti tradi¢ni taxonomie bananoviku.

Ukazalo se, ze vysledky morfo-taxonomickych a molekuldrné-taxonomickych
studii nejsou pln€ v souladu. Toto prakticky znemoziiuje vybér optimalnich rodict
pro Sléchténi novych odrid a zaroven komplikuje rozumny vybér polozek pro
konzervaci genetické diverzity v genovych bankéach. Pro vyfeSeni tohoto problému
bude nutné co nejlépe charakterizovat dostupné genové zdroje a také dikladné
prostudovat evolu¢ni vztahy mezi druhy bandnovniku. Znalost diverzity je klicova
pro efektivni konzervaci genofondu, protoze usnadni racionalni vybér polozek pro
genové banky tak, aby postihly existujici diverzitu co nejkomplexnéji a zaroven
pomtize omezit pocet duplikovanych ¢i nespravné oznacenych polozek.

Ptredkladana dizertacni prace si klade za cil ptispet k charakterizaci genovych
zdrojii bandnovniku, objasnit fylogenetické vztahy uvniti Celedi Musaceae a ptispét
tak k pochopeni evolu¢ni ptibuznosti zastupct této Celedi. Vysledky této prace by
zaroveil mély poslouzit ke zptesnéni klasifikace jednotlivych druhti, poddruhti a

kultivovanych klont bananovniku.



CIiLE DISERTACNI PRACE

1. Prispét k charakterizaci genovych zdroji bananovniku
Cilem prvni casti disertaéni prace bylo zvolit molekuldrni nastroj vhodny
k charakterizaci bohatych zdroji genetické diverzity bananovniku a zjistit
moznosti jeho pouziti pro rozsahlé¢ genotypovani jednotlivych druht a

poddruhii rodu Musa.

2. Optimalizovat vhodny systém pro vysokokapacitni genotypovani
bananovniku
Dalsim cilem predklddané prace bylo optimalizovat zvoleny systém
molekularni charakterizace pro vyuziti ve vysokokapacitnim genotypovani
bananovniku, ovéfit jeho reprodukovatelnost na vétSim souboru vzorkt a jeho

vyuzitelnost pro molekulérni charakterizaci nezndmych polozek.

3. Prispét k objasnéni evolucnich vztahi v ramci Celedi Musaceae
Tretim cilem predklddané disertaéni prace byla izolace vétSiho souboru
genovych markerd pro rekonstrukci fylogeneze celedi Musaceae a pouziti
téchto markerd k datovani evolu¢niho staii jednotlivych vyvojovych linii

rodu Musa.



LITERARNI PREHLED

1. CHARAKTERISTIKA BANANOVNIKU

1.1 Morfologie bananovniku

Bananovnik je tropicka rostlina s pfedpokladanym plivodem v jihovychodni Asii,
odkud se pozd¢ji rozsifila do tropickych a subtropickych oblasti Afriky a jizni
Ameriky. Prestoze kultivované odridy bézné nartstaji do vysky 2 az 8§ m a nékteré
plan¢ rostouci druhy Casto dosahuji az 15 m, jedna se o jednodéloznou bylinu, ktera

postrada pro stromy typické dievnaténi a sekundarni ztluSténi stonku (Karamura &
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Obr. 1.1: Zakladni morfologie rostliny bananovniku. Daniells et al. 2001, prevzato s upravami.

10



Kofenovy systém bandnovniku je radidlni a nazasahuje hluboko do pidy. Ze
zakrslého stonku pod urovni plidy vyrtistd nepravy kmen, tzv. pseudostem, ktery je
tvofen cirkuldrné uspotddanymi listovymi pochvami. Nové listy vyrastaji vzdy
zevnitt pseudostemu (Obr.1.1). Po vytvoreni cca 30-40 listl je prozatim neznamym
mechanizmem iniciovana transformace vegetativniho apikdlniho meristému na
generativni a vznikd previslé klasovité kvétenstvi. Kvéty jsou jednopohlavng,
pricemz v bazélni ¢asti kvétenstvi vyristaji kvéty samici a v distalni ¢asti jsou, tésné
uzavieny v sam¢im pupenu, kvéty samci. Plodem bandnovniku je bobule, ktera u
kultivovanych jedlych forem neobsahuje semena a tyto druhy bananovniku jsou
parthenokarpické, mnozici se vegetativné pomoci odnozi (Stover & Simmonds
1987). Plané diploidni druhy bananovniku vSak tvofi plody plné semen a jsou

schopny pohlavniho rozmnoZzovani.

1.2 Taxonomie bananovniku

Systematicky je bananovnik zatazen do rodu Musa, ktery nalezi do celedi
bananovnikovité¢ (Musaceae). Tato celed spolecné¢ se sedmi dalSimi celedémi
(Obr.1.2), znichz nékteré (napt. Zingiberaceae — zazvornikovité) maji podobné
velky hospodaisky vyznam, patii do fadu zdzvornikotvaré (Zingiberales).

Mimo rod Musa, zahrnuje Celed Musaceae jesté dalsi dva samostatné rody, rod
Ensete, péstovany zejména ve vychodni Africe (tzv. Ethiopsky bananovnik),
a monotypicky rod Musella, jehoz rodovy status byva Casto zpochybiiovan (Li 1978,
Liet al. 2010, Liu et al. 2010) a byva proto slucovan s rodem Ensete.

Tradi¢ni a dodnes pouzivana klasifikace jednotlivych druhit bananovniku, jichz bylo
dosud popsano vice nez 40, je zaloZena na zdkladnim poctu chromozomi (x)
a souboru morfologickych deskriptora (jako napt. délka a barva pseudostemu, barva
kvétl, pocet a tvar plodi atd.; Cheesman 1947, Simmonds & Shepherd 1955,
Simmonds 1962). Podle tohoto systému se rod Musa dale rozclenuje do Ctyt sekci,
Eumusa [x = 11], Rhodochlamys [x = 11], Australimusa [x = 10], a Callimusa [x =9
a 10]. Pritom sekce Callimusa je do jist¢ miry diskutabilni, nebot’ druhy do ni
nalezici se navzajem li§i v zdkladnim chromozomovém Ccisle a zakladem jejich
spolecné klasifikace byla spise oblast vyskytu. Pozd¢ji byla Argentem (1976) ptidana

dal$i samostatna sekce, Ingentimusa pro druh Musa ingens [x = 7].
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Nejpocetnéjsi a také nejrozsitenéjsi sekei rodu Musa je Eumusa, kterd zahrnuje dva
nejvyznamnéjsi druhy, Musa acuminata (A genom) a M. balbisiana (B genom) a
mimo to také predstavitele S genomu, druh M. schizocarpa. Zastupci T genomu jsou
klasifikovani do sekce Australimusa (M. fextilis). Druhy zahrnuté v sekci
Rhodochlamys nevynikaji velkou produkci plodi, jsou vSak cenény jako okrasné

rostliny pro rozmanitou barevnost kvéti (Hékkinen & Sharrock 2002).

Rad ZINGIBERALES

Celed [ Costaceae )
— Zingiberaceae (49)
——  Marantfaceae (29)
— Cannaceae (1)
—— Lowiaceae 68
L Strelitziaceae (3)
L Heliconiaceae (1)
L Musaceae 3)

Rod Muselln (x=9
Ensete (x=9)
Musa
Sekce Eumusa x=11)

Rhodochlamys (x=11)
Australimusa  (x=10)

Callimusa x=10;9)

Obr. 1.2: Taxonomické zarazeni rodu Musa. U Celedi jsou v zavorce uvedeny pocty rodii, u rodit a

sekci je uveden prislusny zdakladni pocet chromozomii (x).

Banéanovnik se vyskytuje v diploidni, triploidni a tetraploidni formé. Nejbéznéjsi
jedlé formy bananovniku jsou triploidni vnitrodruhové i mezidruhové hybridni formy
AAA, AAB a ABB, odvozené od ptedchiidcti A genomu (M. acuminata Colla) a B

genomu (M. balbisiana Colla). Podle genomového slozeni rozeznavame nékolik
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skupin banand, jsou to Highland bananas a sladké bandny tzv. ,dessert bananas‘
(genom AAA), dale tzv. ,plantains s genomem AAB a tzv. ,cooking bananas‘
(genom ABB) pouzivané pro vysoky obsah Skrobu spiSe jako zelenina (Price 1995).
Dalsi vyznamnou skupinu jedlych druhi tvoii tzv. Fe’i banany rostouci na ostrovech
Pacifiku, které jsou typické oranZzovou barvou plodii s vysokym obsahem
karotenoidd a jsou odvozeny od zastupct sekce Australimusa. Piesny piivod téchto
dnes péstovanych forem bandnovniku neni zndm a dne$ni podoba téchto kloni je

vysledkem dlouholeté selekce piivodnimi obyvateli.

1.3 Hospodarsky a spoleCensky vyznam bananovniku

vvvvvv

zejména rozvojovych zemich piedstavuje nenahraditelnou slozku v denni vyzivé
obyvatelstva. Celosvétova ro¢ni produkce banant véetné ,,plantains* dosahuje téméf
130 miliond tun (FAOstat 2009), pfitom ovSem az 90% je zajiSténo drobnymi
péstiteli a konzumovano v misté produkce. Pouze 10% svétové rocni produkce je tak
urceno pro velkoobchod, ve kterém v soucasné dobé dominuji kultivary skupiny
Cavendish (triploidni AAA genom). Nejvétsi spotiebu bananli na obyvatele maji
africké zem¢ (200 az 250 kg na osobu/rok), kdezto napiiklad v Evropé ¢i severni
Americe predstavuje ro¢ni konzumace na osobu/rok pouze asi 15 kg. Ve srovnani
s Evropu ¢i severni Amerikou, kde pfevazuje konzumace sladkych, tzv. dezertnich
banand, je v Africe také mnohem vyssi obliba tzv. cooking bananii a plantains. Tyto
pfedstavuji v mnoha africkych zemich pfimo zakladni potravinu pro velké skupiny
obyvatel.

Bananovnik jako rostlina ovSem poskytuje mnohem S§ir$i vyuziti neZ jen jako zdroj
plodii. V Indii se bananovnik nazyva také ,,Kalpatharu“, coz znamena rostlina se
vSemoznym vyuzitim, jaké si jen lze predstavit (Roux et al. 2008). Listy
a pseudostem bananovniku jsou zdrojem vlaken, které se zpracovavaji pro vyrobu
latek a lan. Listy se mimo to také vyuzivaji jako obalovy materidl pro ochranu
predmétii pii transportu, ¢i jako jednoduché obaly, talife a misky pro vafeni i
servirovani pokrmt. V nékterych zemich se také banany pouzivaji k vyrobé alkoholu
¢i jako krmivo pro hospodarskd zvirata. Celd rostlina pak slouzi pfi smiSeném
hospodateni ke stinéni a vytvareni vhodného mikroklimatu pro nizsi plodiny, jako

napf. vanilka, kavovnik ¢i peptrovnik.
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Co do nutriéni hodnoty jsou plody bananovniku velmi cenné pro sviij vysoky
energeticky obsah a vysoky podil jednoduchych cukrt, pfi t¢éméf nulovém obsahu
tuku a cholesterolu. Banany jsou také zdrojem vlakniny a mineralnich prvki,
zejména fosforu, vapniku a drasliku (pfi nizkém obsahu sodiku), ale také zdrojem

vitaminu C a A (Chandler 1995).

1.4 Choroby a Slechténi bananovniku

Navzdory kazdoro¢né nartstajici celosvétové produkci je bananovnik neustale
ohrozovéan chorobami a skiidci, coz v pfipadé péstovanych jedlych klontt mnozicich
se odnozemi predstavuje nemaly problém. Dokladem toho je naptiklad epidemie tzv.
panamské choroby na pielomu 50. a 60. let 20. stoleti, kterd zptsobila obrovské
ztraty v celkové produkci do té doby pro komer¢ni trh pievazné péstovaného
kultivaru Gros Michel. V disledku toho se pro ucely komercéniho péstovani
bananovniku zacala pouzivat odriida Cavendish, ktera je sice vii¢i panamské chorobé
do velké miry odolnd, nicmén¢ jeji klonalni mnozeni nadale pfedstavuje riziko (Jeger
et al. 1995). Vedle panamské choroby, zpiisobované pidnim patogenem Fusarium
oxysporum patii mezi nejCastéj$i choroby 1 tzv. Black Sigatoka, zpiisobovana
houbovym patogenem Mycosphaerella fijiensis a dal§i choroby virového (tzv.
Bunchy top virus) ¢i bakteridlniho pivodu (choroba Moko; Pseudomonas
solanacearum, Stover & Simmonds 1987).

V soucasné dob¢ neni mozné chranit se vici témto ohrozenim jinak nez Castym
chemickym oSetfenim pomoci postiiki (aZ jednou tydné€), coz ovSem piedstavuje
velkou ekologickou zat€z a pro drobné péstitele je takovad ochrana finanéné
nedostupnd. Alternativnimu feSeni v podobé vyslechténi novych odrid s rezistenci,
ale pfi zachovani ¢i zlepSeni konzistence a nutriénich vlastnosti plodl prozatim stoji
v cesté Castecna nebo uplna sterilita a vegetativni mnozeni péstovanych genotypu.
Pouziti fertilnich diploidnich, ptipadné tetraploidnich druht zatim nevedlo ke vzniku
pro péstitele prijatelnych jedlych odrid. Kli¢em k pteklenuti tohoto problému muze
byt pfesna charakterizace sloZzeni genomu a identifikace druhil které prispély ke
vzniku dnes péstovanych jedlych odrid. Pro tuto charakterizaci je nezbytné ditkkladné
prostudovani genetické diverzity bananovniku na molekularni rovni, aby bylo
mozné plné¢ uplatnit moderni postupy molekuldrni biologie a biotechnologie pro

Slechténi bananovniku.
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2. MOLEKULARNI CHARAKTERIZACE GENETICKE
DIVERZITY ROSTLIN

2.1 Biodiverzita a geneticka diverzita

Biodiverzitu lze chapat jako biologickou rozmanitost na nékolika urovnich; od DNA
a gend, pres druhy az na uroven populaci a ekosystému. I kdyz je genetickd diverzita
z hlediska hierarchie na nejnizsi arovni, je zdkladem pro vyvoj a prizbisobivost
jedince 1 populaci k nové vzniklym podminkdm prostiedi. Z tohotu pohledu se da
geneticka diverzita popsat jako rtznorodost mezi organismy, ktera je geneticky
fixovana. Studium a ochrana genetické diverzity je dalezitd nejenom pro pochopeni
evoluce dnesSnich organizmt, ale také pro zachovani vzacnych genovych zdroji
vyuzitelnych ve Slechténi novych odrid (Paton 2009, Rands et al. 2010).
Dokumentace a studium genetické diverzity jsou tedy nepostradatelné pro zakladni
vyzkum stejné jako pro jeho aplikace (Miller & Rossman 1995).

V soucasnosti existuji pro mnoho rostlinnych druhti, v€etné bananovniku tzv. genové
banky (http://www.bioversityinternational.org), které maji za kol shromazdovat,
dokumentovat a uchovavat jednotlivé polozky reprezentujici diverzitu dané¢ho druhu.
Je dulezité, aby byly jednotlivé polozky, které jsou v genové bance vedeny, ale také
ty, které se do ni teprve zavadéji dikladné charakterizovany a ptfedchazelo se tak
pfipadnym duplikacim ¢i chybam v oznaceni, coz jsou typické problémy, se kterymi

se genové banky potykaji (Zhang et al. 2006).

2.2 Nastroje studia genetické diverzity rostlin

Genetickou diverzitu rostlin je moZzné studovat s pouzitim mnoha nastroji, od vyuZiti
systematické biologie a morfo-taxonomie az po moderni molekuldrni techniky.
Morfologické charakterizace genetické diverzity rostlin sice neni narocnd na drahé
technologie, na druhé strané ovSem vyzaduje znacnou zkuSenost a je limitovana
dostupnosti rostlinnych zdroji, mtize byt vyrazné ovlivnéna podminkami okolniho
prostiedi a také jeji rozliSovaci schopnost napt. u druht mnozicich se vegetativné

muze byt omezena (De Langhe et al. 2005). U bandnovniku je navic limitujici i
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potteba rozsdhlych ploch pro udrzovani vSech hodnocenych rostlin v pfirozenych
podminkach.

Se soucCasnym rozvojem a rostouci dostupnosti metod molekuldrni biologie se také
rozsifilo pouziti molekularnich marker. Molekularni markery popisuji diverzitu bud’
na urovni primarni struktury DNA (DNA markery) nebo na urovni proteini a

sekundarnich metaboliti (biochemické markery).

2.2.1 Biochemické markery

Molekularni markery, které jsou zamétfeny na odhaleni polymorfizmu na trovni
proteinit (pfitomnost/neptfitomnost proteinu, rizné¢ velké formy stejného proteinu,
funk¢nost/nefunkénost enzymu), ptipadné sekundéarnich metaboliti
(pfitomnost/nepfitomnost metabolitu ¢i jeho rozdilné koncentrace ve stejnych
pletivech) jsou nazyvéany biochemické markery. U rostlin je nejcastéji pouzivana
analyza isoenzymu, coz jsou polymorfni formy enzymu. Pomoci elektroforetickych
separanich a imunoanalytickych metod lze jednotlivé formy od sebe odlisit a
stanovit tak miru genetické diverzity, genetické struktury druhii ale také genetickou
strukturu v rdmci populace (Mondini ef al. 2009). Hlavni vyhodou isoenzymovych
markerti je jednoduchost jejich pouziti, které nevyzaduje predchozi znalost sekvence
DNA, primery ani sondy, je pomérné experimentalné a cenoveé nenarocné a vysoce
reprodukovatelné. Naopak mezi jejich slabé stranky patfi pomérné nizkd wroven
polymorfizmu, a také fakt, Zze mohou byt, stejné¢ jako fenotypové (morfologické)
markery ovlinény vnéjSimi faktory— napft. tim, ze které Casti rostliny byl izolovan
materidl pro analyzu (Spooner et al. 2005). Proteinové markery jsou vétSinou
kodominantni, ¢ili umoziuji rozlisit vSechny rodicovské alely, ale zaroven podléhaji

post-translaénim modifikacim a jejich vyskyt u rostlin je limitovan (Kumar 1999).

2.2.2 Molekularni DNA markery

Jako DNA markery oznacujeme takové markery, které studuji diverzitu pfimo na
urovni primarni struktury DNA. Narozdil od morfologickych a biochemickych
markerii jsou DNA markery nezdvislé na vnéjSim prostfedi. Jejich pouziti je
zalozeno na rozpoznani polymorfizmii v sekvenci DNA, neboli na detekei inzerci,

deleci, translokaci, duplikaci a bodovych mutaci. Tyto zmény genetické informace
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mohou byt studovany v jakékoliv casti genomu a na materidlu pochdzejicim
z kterékoliv ¢asti rostliny. Geneticka variabilita mezi organizmy existujici na urovni
DNA je mnohonésobn¢ vyssi nez variabilita projevujici se fenotypové, protoze velka
¢ast, zejména bodovych mutaci v DNA se nepromitd do sekvence proteinu a tim
neovlivni jeho strukturu, expresi ani funkci (Burr 1994). Je tedy zifejmé, ze zavedeni
molekularnich markertt pro charakterizaci, neboli genotypovani rostlin znacné
rozSifilo hranice studovani genetické diverzity od evolu¢né velmi vzdalenych az po
evoluéné velmi pribuzné a fenotypové tézko odlisitelné (Ford-Lloyd 2001, Avise
2004). Zaroven, ve srovnani s Casov€é narocnymi postupy klasického Slechténi,
fenotypovym hodnocenim potomstva a selektovanim jedinct s lep$imi vlastnostmi,
poskytuji dneSni molekularni metody velmi rychly a G€inny néstroj (tzv. ,,marker
assissted selection®) pro moderni Slechténi (Winter & Kahl 1995, Langridge &
Chalmers 2004).

Idealni DNA marker splituje n€kolik zékladnich pozadavki, mezi néz patii Cetné a
rovnomérné zastoupeni v genomu studovaného organizmu, vysokd frekvence
polymorfizmu, reprodukovatelnost analyzy a jeji finanéni a experimentalni
nendrocnost a také, v dnesni dobé ¢im dal podstatnéjsi, ptedpoklad pro vysokou
kapacitu (tzv. ,high-throughput™) a automatizaci analyzy (Agarwal et al. 2008).
Navic je vyhodné, pokud pro pouziti takového DNA markeru neni nutna ptedchozi
sekvencni informace o genomu a pokud nevyzaduje izolaci velkého mnozstvi DNA.
Navzdory pomérné Sirokému vybéru markerii, které se v soucasné dobé rutinné
pouzivaji pro genotypovani a analyzu genetické diverzity, zadny z nich nekombinuje
vSechny uvedené vlastnosti a volba idedlniho markeru tak =zistdva spojena
s konkrétnim tUcelem jeho aplikace. Rozhodovani o vhodném typu markert se
vétSinou fidi pomérem mezi jeho prakticnosti a pfesnosti, sjakou je schopen
detekovat genetickou variabilitu (Sunnucks 2000). Zde je také zasadni rozdil mezi
markery kodominantnimi (rozliSujici vSechny alely) a dominantnimi, které
neumoziuji rozliSit heterozygoty (Tab. 2.1). Dominantni charakter tedy ptedurcuje
hodnoceni DNA fragmenti pouze na piitomnost/nepfitomnost (0/1 systém
skorovani) a tim limituje moznosti analyzy, jako napf. urceni frekvence jednotlivych
alel apod. (Pérez et al. 1998, Hurme & Savolainen 1999). Kodominantni markery
jsou sice Casto jednolokusové a tim méné praktické, protoze poskytuji mensi objem
hodnotitelnych fragment, na druhou stranu vSak umoziuji identifikaci jak

recesivnich tak dominantnich alel, ¢imz se vyznamné zvySuje jejich pfesnost
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(Sunnucks 2000). Navic, s rozvojem technologii je dnes mozné provadét paralelni
analyzu mnoha jednolokusovych markerti napt. na mikrocCipech a tak postupné mizi
rozdil v prakti¢nosti z hlediska mnoZstvi najednou skorovatelnych markert.

Podle principu experimentalni metody, na které jsou DNA markery zalozZeny, je lze
roz€lenit do tii skupin, a to markery zaloZené na hybridizaci, markery zaloZené na
polymerazové fetézové reakci (PCR) a markery zalozené na sekvenovani. I kdyz se
pro studium genetické diverzity rostlin uplatiiuje Siroka Skala DNA markerd, jsou
mezi nimi takové, které se uzivaji ve vétsi mife, a pouze t¢émto bude v nasledujicim

textu vénovana pozornost.

Tab. 2.1: Porovnani vlastnosti vybranych (nej¢astéji pouzivanych) typti markerd.

Vlastnosti RFLP DArT RAPD AFLP SSR SNP
Princip hybridizace hybridizace PCR PCR PCR sekvenovani
Naroky na kvalitu vysoké vysoka vysoka stiedni stiedni vysoka
DNA
Naroky na vstupni
mnoZstvi DNA (ug) 10 0.05 0.02 0.5-1.0 0.05 0.05
Cetnost vyskytu stiedni vysoka vysoka vysoka vysoka velmi vysoka
Pracnost pouZziti pracné jednoduché jednoduché jednoduché  jednoduché jednoduché
MoZnost

. ne ano ano ano ano ano
automatizace
Reprodukovatelnost vysoka vysoka nizka vysoka vysoka vysoka
Naro¢nost vyvoje stiedni vysoka nizka stiedni vysoka vysoka
th a.l;akter kodominantni dominantni dominantni dominantni = kodominantni  kodominantni
dédicnosti

2.2.2.1 DNA markery zalozené na hybridizaci

Typickym predstavitelem DNA markert zalozenych na hybridizaci a zaroven jednim
z prvnich v praxi pouzivanych DNA markerd vibec (Botstein et al. 1980) jsou
RFLP markery (Restriction Fragment Length Polymorphism). Po §tépeni genomové
DNA specifickou restrikéni endonukledzou vznikaji fragmenty DNA, které se mohou
vlivem inzerci, deleci, ¢i bodovych mutaci mezi jednotlivymi jedinci liSit. Po jejich
elektroforetickém rozdéleni a vizualizaci pomoci hybridizace se znacenou homologni
sondou lze rozliSit rtizné restrikéni profily reprezentujici genetickou variabilitu
studovanych organizmt (Weising et al. 2005). Pravé RFLP sondy, které jsou tvofeny

prostiednictvim knihoven genomové DNA anebo cDNA (komplementarni DNA),
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predstavuji nejvetsi nedostatek této metody. Jejich konstrukce a pouziti je ¢asove i
finanéné naroné a neni kompenzovano extrémné vysokou mirou detekovatelné¢ho
polymorfizmu (Agarwal et al. 2008). Proto 1 kdyZ byly tyto markery s ispéchem
pouzity pro nékteré rostlinné druhy (Tanksley ez al. 1989, Ragot & Hoisington 1993,
Takasaki et al. 2006;) a jejich reprodukovatelnost je vysokd, jsou postupné
nahrazovany modern¢jSimi technikami, jako jsou tzv. DArT markery (Diversity
Array Technology).

Technologie DArT je v podstat¢ variaci metody RFLP s prvky AFLP (viz nize).
Také vyuziva jako vychozi krok $tépeni DNA, restrikéni endonukledzy jsou zde vSak
dvé, ztoho jedna mé vziacnéji se vyskytujici metylsenzitivni rozpozndvaci misto
Stépeni, coZ znamend produkci méné DNA fragmentl a redukci komplexity genomu.
Vzniklé fragmenty se poté liguji do vektoru, ktery nese adaptéry pouze pro konce
vzniklé vzacnéji Stépicim enzymem. Timto zpisobem je vytvofena tzv. genomova
reprezentace a genom studovaného organizmu je zredukovan na mensi mnozstvi
fragmenti DNA, obohacenych o fragmenty variabilni, tedy polymortni (Jaccoud et
al. 2001). Zaroven je diky pouziti metylsenzitivniho enzymu genomova reprezentace
obohacena o sekvence s nizkym poctem kopii, ¢asto pochézejici z genovych oblasti.
Narozdil od RFLP se zde polymorfni fragmenty nedetekuji hybridizaci na mebrané,
ale na specialnim ¢ipu, ktery obsahuje genomovou reprezentaci studovaného druhu.
Sondu tvoii také genomova reprezentace, pfipravend z DNA konkrétni studované
rostliny. Pouziti Cipu nabizi obrovskou kapacitu pro paralelni skrining a tato
technologie byla jiz aplikovana pro studium genetické diverzity mnoha rostlinnych
druhii, mezi nimi napt. jeémen (Wenzl et al. 2004), pSenice (Akbari et al. 2006),
travy (Kopecky et al. 2009), ryze (Xie et al. 2006) a dalSich, v€etné bananovniku
(Risterucci et al. 2009). Vyvoj Cipu pro novy druh je vSak pomérné finanéné
narocny, stejné¢ jako analyza v pfipad¢, Ze mame zdjem o studium pouze malého
poc¢tu vzorkli a nenaplni se tak kapacita metody, protoze vzrustd jednotkova cena
(tzv. datapoint). Jistou nevyhodou metody je také to ze, DArT markery jsou
dominantni. Celd technologie se poskytuje jako servis bez moZnosti provést
experimentalni ¢ast samostatné na svém souboru vzorkl, coz lze chéapat jako vyhodu

1 jako ptekazku jejiho pouziti pro konkrétni projekt.
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2.2.2.2 DNA markery zalozené na metode PCR

S nastupem metody polymerazové fetézové reakce (PCR; Mullis & Faloona 1987) se
oteviel prostor pro rozvoj rychlych a experimentalné jednoduchych molekularnich
markerti vyuzitelnych v genotypovani rostlin. Jednim z prikladi jsou RAPD markery
(Random Amplified Polymorphic DNA; Williams et al. 1990), metoda, ktera
vyuziva nespecifické oligomerni primery pro PCR (délka kolem 10 bp). Tyto
primery nasedaji na komplementarni mista v genomu studované rostliny a z nich se
amplifikuji ndhodné fragmenty DNA, které¢ se mezi jedinci mohou liSit napf.
v disledku mutace v misté nasednuti primeru anebo delece/inzerce mezi dvémi
takovymi misty (Obr. 2.1). Po elektroforetickém rozdéleni vzniklych fragmenti tak
lze detekovat polymorfizmy dokumentujici genetickou diverzitu studovanych
jedinct. Vzhledem k tomu, ze se pouzivaji ndhodné generované primery, je u metody
RAPD splnéna podminka rovnomérného pokryti genomu studované rostliny.
Extrémni jednoduchost této metody ji vyslouzila pomémé velkou popularitu pro
genotypovani rostlin (napt. Virk et al. 1995, Siles et al. 2000, Sales et al. 2001,
Birmeta et al. 2002) 1 piesto, Ze se jednd o markery dominantni, zatizené pomérné
nizkou reprodukovatelnosti zna¢né zavislou na reakénich podminkach (Ellsworth et

al. 1993, Muralidharan & Wakeland 1993).

druh A
PCR mix obsahujici PCR -« -« -«
genomovou DNA R — — —
analyzovanych druhti a
oligomerni primery (10 bp) druh B
+— P +—
—> —> —>
druh C
< - «—
—> — —>

L J L J L ]

520 bp 260 bp 360 bp

elektroforéza

A
[ R — Y —]
— | 520 bp

360 bp

= | 260 bp

Obr. 2.1: Schéma znazornujici princip detekce polymorfizmu metodou RAPD. Upraveno podle
Weising et al. 2005.
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Pozd¢ji byla vyvinuta metoda s mnohem vys$$i spolehlivosti opakovéani, nazvana
AFLP (Amplified Fragment Lenght Polymorphism; Vos ef al. 1995). AFLP markery
jsou také dominantni, nevyZaduji pfedchozi znalost sekvence DNA pro navrzeni
PCR primera a byly tspésné aplikovany v molekularni charakterizaci rostlin (napf.
Kardolus et al. 1998, Koopman et al. 2001, Després et al. 2003). Princip metody
spociva ve Stépeni genomové DNA studovaného organizmu dvéma riznymi enzymy,
které zanechdvaji kohezni konce, nasledovaném ligaci specifickych adaptéri o
znamé sekvenci na konce vzniklych fragmentl. Adaptéry pak tvofi mista pro
nasednuti specifickych znacenych primeri a PCR-amplifikaci. Pro redukci pfili§
velkého mnozstvi takto vzniklych fragmentl jsou primery pouzivané k amplifikaci

tzv. selektivni, tedy jsou prodlouzeny vici adaptéru o jednu az tfi baze (Obr. 2.2).

5— TTAA CAATTC 9
5 AATT CTTAAG 5’
v
TAA G
T CTTAAG
Ligace adaptorti
v adaptor 2
TTAA C o
> T CTTAAG
adaptor 1
1. amplifikace
| fwd primer A
TTAA G
T CTTAAG
[C revoprimel
2. amplifikace
[fwd primer A
TTAA G
T CTTAAG
AGC rev rimer#(

fluorescenéni znacka

Analyza polymorfnich
produkt

Obr. 2.2: Schematické znazornéni principu metody AFLP. Upraveno podle Weising et al. 2005.
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Podminky reakce jsou nastaveny tak, aby k amplifikaci doSlo pouze tehdy, je-li
komplementarita obou primera k cilovému mistu stoprocentni. Statisticky se tak pii
1-bazovém prodlouzeni selektivniho primeru snizi mnoZstvi vzniklych fragmentt
16krat, pii 3-bazovém prodlouzeni az 4096krat, coz vyznamné usnadni hodnoceni
vysledku. PakliZe se navic pouzije fluorescencni znaceni primert, lze zvysit kapacitu
1 presnost metody pouzitim kapildrni elektroforézy. Pies veskeré vyhody, AFLP
markery trpi i nékolika nedostatky, jako jsou vysoké pozadavky na kvalitu DNA a
jeji relativné vyssi mnozstvi a také ne zcela rovnomérnou distribuci v genomu
v zé&vislosti na pouzitych restrikénich enzymech (Young ef al. 1999).

Zastupcem kodominantnich markerd mezi markery zalozenymi na PCR jsou markery
odvozené od sekvenci mikrosatelitni DNA, neboli SSR (Simple Sequence Repeat)
markery. Jedna se o kratké (1-6 bp), tandemové uspoiadané repetitivni sekvence,
které byly poprvé objeveny v genomu kraba (Skinner et al. 1974). Pozdéji bylo
zjisténo, ze jsou tyto sekvence pfitomny v genomech vétSiny zivych organismid,
rostliny nevyjimaje (Weising ef al. 1989, Beyermann et al. 1992), a Ze je lze velmi
dobie uplatnit pro studium genetické diverzity, ¢i genetické mapovani (napt. Prasad
et al. 1999, Gupta & Varshney 2000).

V priibéhu evoluce pti mnohonésobnych cyklech replikace genomové DNA dochazi
obCas v mistech pfitomnosti SSR motivii ktzv. sklouznuti DNA polymerazy
(polymerase slippage), kdy se replikovany fetézec DNA posune o jednu nebo nékolik
repetitivnich jednotek a vznikaji tak rtizné dlouhé varianty stejného lokusu lisici se
o n¢kolik pard bazi. Prave tento jev je povazovan za nejCastéjsi pfi¢inu vzniku
genetické variability, detekovatelné jako polymorfizmus SSR markert (Tautz et al.
1986, Schlotterer & Tautz 1992). V praxi se pouzivaji specifické primery, které jsou
navrzeny z oblasti tésné¢ obklopujici mikrosatelitovy lokus, je tedy nutné znat
sekvenci DNA v misté¢ hodnoceného markeru. Z téchto primert se amplifikuji
délkové polymorfni DNA fragmenty reprezentujici jednotlivé alely hodnoceného
lokusu, které Ize separovat na polyakrylamidovém gelu a detekovat barvenim (Obr.
2.3). Pii vyuziti fluorescencné znaCenych primerd ve spojeni s kapildrni
elektroforézou lze pak docilit rozliSeni jednotlivych alel lisicich se o jeden nukleotid
(Weising et al. 2005). Bylo prokézano, ze ve srovnani s ostatnimi zde dosud
popsanymi markery maji mikrosatelity nejvétsi informativni hodnotu (méfitelnou
jako tzv. polymorphism information content; Powell et al. 1996, Nybom 2004).

Jejich relativni nevyhodou je velkd pracnost a finan¢ni narocnost vyvoje. I tak ale
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zlstavaji SSR markery jednim znejpopularnéjSich nastroji pro studium a
charakterizaci genetické diverzity, genotypovani rostlin, popula¢ni studie, mapovani
genomu 1 pro vybér vhodnych jedincii pro Slechténi rostlin (marker assisted

selection; Jarne & Lagoda 1996).

) Alela 1 Alela 2
SPECIFICKY

PRIMER
fwd

AGG AGG AGG AGG AGG AGG AGG AGG AGG AGG AGG AGG AGG

TCC TCC TCC TCC TCC

4| TCC TCC TCC TCC TCC TCC TCC TCC
—

SPECIFICKY
PRIMER
rev

Analyza PCR produktd elektroforézou

~

Jedinec Jedinec Jedinec

Alela 1
—

Alela 2
—

Obr. 2.3: Schéma amplifikace mikrosatelitového lokusu. Alely 1 a 2 se vzajemné lisi o 3 repetitivni
Jednotky. Produkty amplifikace se separuji elektroforézou a Ize rozlisit homozygotni jedince (A a C)
od heterozygotniho jedince (jedinec B). Upraveno podle Weising et al. 2005.

2.2.2.3 DNA markery zalozZené na sekvenovani

Nejvice piimocarym zpisobem jak studovat variabilitu na urovni DNA je
samoziejmé ziskat jeji nukleotidovou sekvenci, neboli osekvenovat definované tiseky
DNA ptibuznych organizmi, v idedlnim ptipadé celé rostlinné genomy, a ty poté
vzajemn¢ srovnavat na nukleotidové urovni. V dnesni dobé¢, kdy je sekvenovani stale
dostupnéjsi a existuji databaze s ¢asteCnou nebo uplnou sekvencni informaci mnoha,
nejen rostlinnych organizmi, je tento pfistup ke studiu genetické diverzity
dosazitelny a otevird se prostor pro tzv. markery nové generace, mezi néz se fadi i
SNP markery (Single Nucleotide Polymorphism). Jedna se o zachyceni
jednonukleotidovych rozdilti v sekvenci DNA rtznych jedincii. Tyto varianty DNA

jsou n€kdy také oznacovany jako bodové polymorfizmy. Vyskytuji se v genomech
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vSech Zivych organizmii, pficemz vysoké frekvence jejich vyskytu u rostlin (napf. u
kukutice kazdych 60-120 bp; Ching et al. 2002, u eukalyptu dokonce kazdych 16-
33bp; Kiilheim et al. 2009) z nich Cini nejpocetnéjsi markery vibec (Gupta et al.
2001). I kdyz teoreticky muze mit SNP lokus Ctyfi rtizné varianty - Ctyfi riizné
nukleotidy, ve skuteCnosti velmi vyrazn€ pievazuji bialelické SNP (majici dvé
varianty), které vznikaji v disledku tranzice ¢i transverze (Weising et al. 2005).
Velkou vyhodou SNP je vedle jejich Cetnosti také kodominantni charakter dédi¢nosti
a relativné rovnomérna distribuce v genomu, i kdyz v souladu s ocekavanim lze
pozorovat Castéjsi vyskyt SNP v nekodujicich oblastech genomu, jako jsou introny,
repetitivni sekvence ¢i pseudogeny (Balasubramanian et al. 2002).

Identifikace SNP lokusti v genomu studovaného organizmu je mozna bud
experimentalné, nebo in silico s pouzitim dostupnych sekvencnich dat v databazich.
Pro organizmy u kterych neni zndma sekvence genomu se naj¢astéji vyuziva databazi
tzv. EST (expressed sequence tag) sekvenci, které pochazeji z exprimované ¢asti
genomu a jsou tak obohaceny o genové oblasti (Batley et al 2003).
V experimentdlnim pfistupu se vuzivaji rtizné¢ metody, od prevedeni jiného typu
markeru — napt. AFLP nebo RFLP na SNP pomoci vytvofeni SNP-specifickych
primeri, pies hybridizaci na mikro€ipu, az po piimé sekvenovéani kandidatnich
oblasti (napt. gend). Zpiisobii genotypovani SNP markeri je rovnéz nékolik, mezi
nimi napft. alelové specifickd PCR, kdy se pouziva specialné¢ navrzenych primera tak,
aby dochézelo k amplifikaci pouze jedné z variant SNP (Wu ef al. 1989). DalSim
zpusobem je tzv. single base extension metoda, neboli prodlouzeni specifického
primeru pouze o jeden nukleotid pravé v mist¢ SNP, pficemz nové zabudovany
nukleotid je fluorescencné znaceny a podle této znacky lze rozlisit konkrétni variantu
SNP (Sokolov 1990). Mimo to lze také pouzit alelové-specifickou hybridizaci
oligonukleotidii (Casto vyuzivand pii vysokokapacitnim genotypovani na
mikroc¢ipech) nebo alelové-specifickou ligaci. VSechny pfistupy vSak maji spolecny
rys, kterym je pomérné naro¢nd optimalizace. Pro ucely studia genetické diverzity
rostlin je vhodné hodnotit paralné velké mnoZstvi SNP markert, coZ je v souc¢asné
dobé dostupné jako servis pro nckteré druhy, nicméné finan¢ni naro¢nost vyvoje i
aplikace téchto ¢ipti je vysoka. S prudkym rozvojem novych vysoce vykonnych
platforem pro sekvenovani — tzv. next generation sequencing (454/Roche, Margulies
et al. 2005; Illumina/Solexa, Shaffer 2007; ABI SOLID, Valouev et al. 2008;
Helicos Heliscope, Harris et al. 2008; Pacific Biosciences SMRT, Eid et al. 2009) se
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stava sekvenovani i celych rostlinnych genomli mnohem dostupné;jsi. Je tak zfejmé
jen otazkou casu, kdy budou k dispozici celé¢ databaze SNP pro mnoho rostlinnych
druht a SNP markery se zfejm¢ stanou nejvyuzivanéjSim néstrojem nejen pro

studium genetické diverzity rostlin.

2.3 Geneticka diverzita a jeji charakterizace u bananovniku

V priibéha nékolika tisic let domestikace bandnovniku vzniklo obrovské mnozstvi
riznych kultivari, které jsou velmi cennym nositelem genetické diverzity vyuzitelné
ve Slechténi novych druhii. Pro ochranu téchto genovych zdroji byl sestaven soubor
obecné doporucenych pokyni pod ndzvem The Global Conservation Strategy for
Musa (INIBAP 2006), ktery =zahrnuje -charakterizaci genetick¢é diverzity a
racionalizaci ndrodnich a mezinirodnich genovych bank pro jeji uchovévani.
Mezinarodni kolekce genotypti bananovniku je uchovavana pod zastitou Bioversity
International v International Transit Centre pii Katolick¢é Univerzit¢ v belgické

Lovani (http://bananas.bioversityinternational.org/). Tato sbirka obsahuje vice nez

1000 polozek, a je neustdle rozSifovana o zajimavé druhy bananovniku rtzného
puvodu. Vedle velmi dobfe zavedené morfo-taxonomické klasifikace bananovniku
(kapitola 1.2) vyvstava postupné i otdzka hledani nejlepsiho mozného zpiisobu pro
molekularni charakterizaci polozek jednak v mezinarodni sbirce, ale také jakychkoli
spornych druhii, které se mohou objevit mezi védeckou vefejnosti zabyvajici se
studiem bananovniku. Od 80. let 20. stoleti se objevuji prace popisujici vyuziti
molekularnich markert pro studium genetické diverzity bananovniku (Tab. 2.2).

Vétsina téchto praci popisuje relativné uzky soubor genotypl, Casto se jednd o
lokalng vyznamné genotypy. Pfitom pro zamezeni zkresleni vysledki, je vhodné
zahrnout do analyzy co nejvétsi pocet taxonti a studovat ho pomoci co nejvétsiho
poctu markerti. V nékolika ptipadech je zahrnut vétsi soubor zastupct, ktery ma
ambice reprezentovat diverzitu v ramci rodu Musa (Ude et al. 2002b, Wong et al.
2002, Risterucci et al. 2009) a né€které vysledky ukazuji na potiebu reklasifikace —
napf. Wong et al. (2002) ve své studii navrhli slouc¢eni sekce Eumusa a
Rhodochlamys, a slouceni sekce Australimusa se sekci Callimusa. Nicméné, dosud
nebyl stanoven standard pro zptisob genotypovani jednotlivych druhti bananovniku,
ktery by slouzil jak $ir$i védecké véfejnosti, tak pro Gcely molekularni charakterizace

polozek genové banky bananovniku.
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Tab. 2.2: Pfehled vybranych praci zabyvajicich se pouZzitim molekularnich markert
pro studium genetické diverzity bananovniku.

Studie Ugel studie Pouzité Studované druhy
markery

Jarret a Litz, 1986 analyza genetické isoenzymy 35 zastupctu M. acuminata a M.
diverzity balbisiana

Gawel et al. 1992 fylogeneticka studie RFLP 19 zastupct rodu Musa

Jarret et al. 1992 fylogeneticka studie RFLP 26 lokalnich druhti (Papua Nova

Guinea)

Lagoda et al. 1998 vyvoj SSR markerti pro  SSR --
Celed Musaceae

Grapin ef al. 1998 analyza genetické SSR 59 planych i kultivovanych
diverzity (STMS)’ zastupct M. acuminata

Pillay et al. 2000 identifikace RAPD RAPD 40 triploidnich hybridnich
markert specifickych genotypil
pro A a B genom
bananovniku v
hybridech

Pillay et al. 2001 analyza genetické RAPD 29 lokalnich kultivar tzv.
diverzity highland banand (vychodni

Afrika)

Wong et al. 2001 analyza genetické AFLP 32 lokalnich zastupci M.
diverzity acuminata (Malajsie)

Ude et al. 2002a analyza genetické AFLP 28 zastupcii A a B genomu
diverzity (diploidni i triploidni hybridni)

Ude et al. 2002b analyza genetické AFLP 39 zastupct ze 4 sekei rodu Musa
diverzity a klasifikace

Wong et al. 2002 validace klasifikace AFLP 21 zastupci ze 4 sekci rodu Musa
rodu Musa

Creste et al. 2003 analyza genetické SSR 35 lokélnich zastupcti rodu Musa
diverzity (Brazilie)

Noyer et al. 2005 analyza genetické SSR, AFLP, 30 zastupcu plantains
diverzity MSAP *

Ge et al. 2005 studie populaéni SSR 267 lokalnich zastupci z 15
struktury PCR-RFLP  populaci M. balbisiana (Cina)

Wang et al. 2007 analyza genetické AFLP 218 lokalnich zastupcti z 15
diverzity populaci M. balbisiana (Cina)

Risterucci ez al. 2009  analyza genetické DArT 168 zastupci ze sbirek CIRAD a
diverzity IITA

Till et al. 2010 identifikace DNA SNP 80 zastupct rodu Musa

polymorfizmu pomoci
Ecotillingu

* STMS = specidlni druh SSR markert se sekven¢ni adresou - sequence tagged microsatellite sites
*MSAP = methylation sensitive amplification polymorphism
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3. MOLEKULARNI FYLOGENETIKA ROSTLIN

3.1 Molekularni data a molekularni fylogenetika

Data generovana prostfednictvim molekularnich markeri jsou, jak jiz bylo feeno
odrazem variability na urovni DNA. Tato variabilita vznikd mutacemi DNA, které
jsou zdrojem evolu¢nich novinek a v pribéhu c¢asu se akumuluji v genomech
jednotlivych organizmii, ¢imz zanechavaji jakousi molekuldrni stopu evoluce. Proto
lze vyuzit data dokumentujici variabilitu DNA (napi. generovana molekuldrnimi
markery) nejen pro studium genetické diverzity organizmi, ale je mozné je také
zpétné prevést na evolucni vztahy mezi organizmy neboli zrekonstruovat obraz
evoluce Zivych organizmi — fylogeneticky strom.

Molekularni fylogenetika je progresivni mlada védni disciplina s pocatky v 60. letech
20. stoleti, ktera se zabyva pravé popisem evolucnich vztahii mezi druhy na zakladé¢
molekularné-biologickych dat. Vedle molekularnich markert (viz kapitola 2) se
s masivnim ndrGstem dostupnosti sekvenacni technologie zpfistupnil zdroj velmi
uzitetnych sekvencnich informaci pro molekularni fylogenetiku. Existuje hned
nckolik davodl, pro¢ jsou molekuldrni znaky (zejména pak sekvence DNA)
efektivnéjsim nastrojem pro evoluéni biologii, nezli data klasickd (morfologicka, ¢i
fyziologicka). PfedevSim je na molekularni urovni k dispozici mnohem vice
informativnich znakli a ve srovnani s klasickymi znaky jsou Iépe pftizplisobitelné
kvantitativnimu hodnoceni (Prakash 2007). Dal$im divodem je, Ze data molekularni
lze snadnéji uplatnit ve zkoumani vzajemné vzdalenéjSich druhti a zarovei jsou tyto
znaky Casto selekén€ neutralni (bez vlivu na pfirozeny vybér), tedy jsou obrazem
evolucni pribuznosti druhti, nikoli ptibuznosti selekénich tlaki, které na né pasobily
(Flegr 2005). To je dulezité¢ zejména z hlediska problému odliSeni konvergentni a
paralelni evoluce. Pfi klasické divergentni nebo také darwinovské evoluci, se
postupné hromadi rozdily mezi dvéma druhy pochdzejicimi ze stejné¢ho predka, az
dojde ke vzniku novych, odlisnych druhti. U konvergentni evoluce vSak dochazi
naopak vlivem nahodného piisobeni obdobného selekéniho tlaku k vyvoji podobnych
znakll u druhti vzdjemné odlisnych, které nesdili spolecného predka. Navic existuje
mechanizmus tzv. paralelni evoluce (Obr. 3.1), kdy se dva podobné druhy nezavisle

na sob¢ vyviji podobnym zptsobem vlivem stabilizujiciho vnéjsiho selekéniho tlaku,
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aniz by pfitom mély spole¢ného ptedka (Niklas 1997). Odlisit tyto rozdilné evolu¢ni
pochody pomoci klasickych, napt. morfologickych znakl je velmi obtizné. Ovsem
pii pouziti molekularnich dat tento problém neni tak zasadni, protoZe i pii plisobeni
stejného vnéjsiho selekéniho tlaku nevzniknou na urovni DNA u nepiibuznych druht
stejné neutralni mutace. I v pfipadé, Ze dojde k fixaci n¢kolika mutaci vzniklych
konvergenci ¢i paralelni evoluci, nedochazi k ovlivnéni vysledku fylogenetické
analyzy, protoZe ta vétSinou pracuje s velkym souborem molekularnich znakd,

v némz se statisticky vliv t€chto nahodnych mutaci eliminuje (Flegr 2005).

& —

Obr. 3.1: Schematické znazorneni divergentni, paralelni a konvergentni evoluce. U divergentni
evoluce (I.) se ze spolecného predka (A) v pribéhu casu vytvori dva druhy s odlisnym homolognim
znakem (C a D). Paralelni evoluce (Il.) predstavuje vznik dvou podobnych znakii (C) u podobnych
predkii (A) nezavisle na sobé, puisobenim stejného selekcniho tlaku. V pripade konvergentni evoluce

(I11.) se u dvou riiznych predkit (A a B) vyvinou podobné znaky (C).(upraveno podle Flegr 2005)

I v ptipad¢ molekularni fylogenetiky vSak plati, ze by neméla opomijet klasicka data
pochézejici z fenotypovych znakli. Zejména u praci zabyvajicich se taxonomii je
dilezité vzit do uvahy také morfologicka data. I kdyz nam totiz molekularni znaky
mohou dat odpovéd’ na otdzku jaka je kladogeneze (zmény vlastnosti majici za
nasledek odstépeni vyvojové linie) studovanych druhii, bez zapojeni klasickych

morfologickych znakii nemiizeme rozkli¢ovat anagenezi (zmény vlastnosti v rdmci
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vyvojové linie) a tudiZ nelze spolehlivé rozhodnout, zda odstépenym vétvim piislusi

postaveni samostatného taxonu (Stuessy 2009).

3.2 Sekvence DNA pro molekularni fylogenetiku

Sekvence DNA, jak bylo zminéno vyse, predstavuje nejvhodnéjsi a nejptimé;si zdroj
molekularnich dat pro ucely studia fylogeneze zivych organizmi. V ramci
rostlinného genomu, tak jako i u jinych organizmt, vSak existuji rozdily v tom, do
jaké miry jsou jednotlivé jeho useky vhodné ¢i mén¢ vhodné jako zdroj
fylogeneticky informativnich znaki. Fixace neutralnich mutaci dokumentujicich
evoluci daného druhu neni totiZ ve vSech oblastech genomu stejna. Obecné lze vétsi
pravdépodobnost vyskytu selekéné neutralnich mutaci ocekavat u nekddujici DNA
(napf. v pseudogenech, ¢i intronech; Hartl 2011). Mirou rychlosti molekuldrni
evoluce je tzv. substitucni rychlost, kterd predstavuje pocet fixovanych mutaci v dané
pozici DNA za ¢asovou jednotku, vétSinou se vyjadfuje za rok. Substitucni rychlost
se lisi také mezi tfemi rostlinnymi genomy - mitochondrialnim, chloroplastovym a
jadernym genomem. Jaderny genom vykazuje u rostlin nejvyssi substitu¢ni rychlost,
zatimco genom mitochondrialni je u rostlin naopak pomérné vysoce konzervovany
(Gaut 1998). Je pfitom zajimavé, Ze u Zivo€ichi je situace jind a mitochondridlni
genom je naopak pro svou velmi vysokou rychlost molekularni evoluce velmi Casto
vyuzivan v molekularné-fylogenetickych studiich (Brown ef al. 1979, Harrison 1989,
Hyman et al. 2007). V chloroplastovém genomu rostlin se co do substitu¢ni rychlosti
li8i oblast variabilnéjSich sekvenci jednokopiovych, vcetné genti kdédovanych
chloroplastovym genomem a oblast tzv. obracenych repetitivnich usekt (inverted
repeats), kterd je naopak vice konzervovana (Wolfe ef al. 1987).

Pfi vybéru vhodné Casti genomu, resp. vhodného genu pro fylogenetickou analyzu je
rovnéz dualezit¢ posoudit rychlost evoluce ve vztahu kevoluéni vzdalenosti
studovanych druhii. Paklize chceme studovat druhy, o kterych vime, Ze jsou
vzajemné pomérné blizce ptibuzné, je dobré zvolit takovou oblast genomu, kterd ma
vysokou substitu¢ni rychlost (napf. pseudogeny). Naopak, budeme-li studovat
evolu¢né vzdalené organizmy, vhodnéjSim zdrojem dat bude ta oblast genomu, ktera
se vyvijela pomaleji (napf. exony).

Dalsim faktorem, ktery by nemél byt opomijen pii volbé zdroje molekuldrnich dat

pro fylogenetickou analyzu je pocet a velikost/délka analyzovanych lokust. Bylo
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ukazano, Ze pro zlepSeni piesnosti fylogenetické analyzy je vhodné&jsi pouzit vice
vzajemné nezavislych DNA lokust, které mohou byt i relativné kratsi, nez postavit
analyzu na jediném, byt i dlouhém useku DNA (Rokas et al. 2003, Carling &
Brumfield 2007). V praxi je ovSem konkrétni projekt Casto limitovan dostupnosti
sekvenci vhodnych markeri a finan¢nimi zdroji a je proto nutné najit kompromis
mezi poctem lokusli a poftem taxonll zahrnutych do analyzy, protoze s kazdym
piidanym lokusem cena analyzy exponencidlné narusta.

Mezi nejpopularnéjsi molekularné-fylogenetické cile v ramci rostlinného genomu
patii chloroplastovda DNA a také jadernd ribozomélni DNA (nrDNA), pfedevsim
useky ITS (internal transcribed spacer). V posledni dobé se také zvySuje pocet studii
vyuzivajicich k fylogenetické analyze jaderné geny, coz tizce souvisi s dostupnosti
castecné nebo uplné genomové sekvence pro narustajici pocet rostlinnych

organizmu.

3.2.1 Chloroplastova DNA ve fylogenetické analyze

Rostliny obsahuji kromé¢ jaderné jes$té mimojadernou dédicnou informaci uloZenou
v chloroplastovém genomu, ktery je ve srovnani s jadernym genomem pomeérné maly
(mezi 37 a 200 kbp). Diky jeho velikosti a malému obsahu repetitivnich sekvenci je
dnes pomérn¢ snadné ziskat sekvenci jeho DNA, coz dokladd také zaznam
kompletnich sekvenci chloroplastového genomu u 171 zelenych rostlin

(http://www.ncbi.nlm.nih.gov/genomes/, 1.1.2011).  Chloroplastovy genom ma

cirkularni strukturu, 1 kdyZ byly pozorovany i jeho linearizované formy, u nichz se
ale pfedpokladd, ze jsou pouhymi fragmenty kompletni kruhové molekuly (Brown
1999). Pocet gent kodovanych chloroplastovym genomem se pohybuje mezi 60 a
200, pricemz jde z vétsi ¢asti o geny pro ribozomdlni a transferovou RNA,
ribozomalni proteiny a také proteiny uplatiujici se pii fotosyntéze (Martin et al.
2002). Tyto geny jsou uspofaddny ve dvou tzv. jednokopiovych oblastech
oddélenych oblasti tzv. obracenych repetic (IR), ktera se vyznacuje vysokou
konzervovanosti (Obr. 3.2, znazornéno na piikladu chloroplastového genomu
pomerancovniku).

Mezi vyhody, které z téchto gentli ¢ini oblibeny nastroj rostlinnych fylogenetickych
studii patfi mino jiné dostupnost univerzalnich primertt umoznujicich jednoduchou

amplifikaci a sekvenovani pozadovanych tiseki DNA. DalSim pozitivem je relativné
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vy$$i konzervovanost (nizsi substituéni rychlost) chloroplastovych gend ve srovnani
s geny jadernymi, coz je dobie vyuzitelné pro feseni otazek fylogeneze vzdalengjsich
resp. starSich rostlinnych druhl (Graham & Olmstead 2000). Na druhé strané ovSem
oblasti intronti ¢i tzv. genovych mezernikii (intergenic spacers), které jsou také
soucasti chloroplastové DNA, nejsou pod tak vysokym selekénim tlakem jako geny,
vyvijeji se rychleji a jsou pouzitelné i pro rozieSeni fylogenetickych vztahli na
niz$ich taxonomickych trovnich mezi vzijemné piibuznéj§imi druhy (Gielly &
Taberlet 1994). V neposledni fad¢ poskytuje chloroplastovy genom proti jadernému
vyhodu mnohem nizSiho obsahu pseudogent, repetitivnich sekvenci a cizorodé

DNA.

podjednotky Rubisco

proteiny fotosystému

proteiny souvisejici s cytochromy

ATP syntaza

NADH dehydrogenaza

podjednotky ribozomalnich proteint

. . . ribozomalni RNA

Citrus sinensis " RNA polymeraza (kédovana plastidy)
160,129 bp jiné

neznama funkce

transferova RNA

Obr. 3.2: Genova mapa chloroplastového genomu pomerancovniku (Citrus sinensis). Ve vnitinim
kruhu jsou znazornény oblasti jednokopiovych sekvenci (velkd oblast — LSC, large single copy, a mala
oblast— SSC, small single copy) oddélené oblastmi obracenych repetic (inverted repeat;, IRa a IRb).

Bausher et al. 2006, prevzato s upravou.

Vsechny tyto vlastnosti se podepsaly pod obrovské mnozstvi praci, které vyuzivaji

chloroplastové DNA pro rekonstrukci fylogeneze rostlinnych druhi. Jedna z prvnich
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velmi komplexnich rostlinnych fylogenetickych studii, kterd polozila zaklad dne$ni
predstavé o fylogenezi krytosemennych rostlin byla provedena pravé s pouzitim
sekvence chloroplastového genu rbcL (ribuloza-bisfosfat karboxylaza) na souboru
500 taxont (Chase et al. 1993). Tento obrovsky soubor taxonti byl pozdéji jesté
roz$iten na 2538 druhli reprezentujicich veskeré fotosyntetizujici organizmy
(Kéllersjo et al. 1999) a pozdé€ji dokonce az na 13 000 rostlinnych taxonti ve studii
autorti Smith et al. (2009).

Oblast, kde pouziti chloroplastové DNA neni natolik vyhodné, je analyza speciace
hybridnich druhti, protoze chloroplastovd DNA se vyznacuje uniparentalni dédi¢nosti
(Birky 1995). V ptipadé vétSiny krytosemennych rostlin je genom chloroplastu dédén

v matetskeé linii a dokumentuje tak evoluci hybridnich druht pouze jednostrané.

3.2.2 Jaderna ribozomalni DNA ve fylogenetické analyze

Geny kodujici ribozomalni RNA se v jaderném genomu rostlin, podobné jako u
ostatnich eukaryotickych organizmi, nachazeji ve stovkéach az v tisicich kopii, které
jsou organizovany jako tandemové se opakujici jednotky. Klastry s témito
tandemovymi jednotkami jsou v genomu vétSinou lokalizovany na fyzicky
oddé€lenych mistech, jednim je lokus obsahujici geny pro 5S rRNA, druhym je 45S
rDNA lokus, ktery obsahuje geny pro 18S, 5.8S a 26S rRNA (Obr. 3.3). Tyto geny
(18S-5.85-26S rRNA) jsou v prubchu transkripce DNA piepisovany spolec¢né jako
jedna jednotka, v¢etné dvou vnitfnich mezernikd, kterymi jsou oddéleny (ITS1 a
ITS2; Internal Transcribed Spacer; Hillis & Dixon 1991) a az nasledné jsou
sestfizeny na samostatné useky RNA. Jednotlivé kopie 18S-5.85-26S rRNA genli
jsou vzajemné oddéleny mezigenovym mezernikem (IGS; Intergenic Spacer), z n¢jz
jsou do mRNA ptepisovany pouze jeho konce tvofené tzv. externimi piepisovanymi
mezerniky (ETS; External Transcribed Spacer; Rogers & Bendich 1987).

Pravé oblasti ITS1 a ITS2 jsou vyuZivany jako jeden z nejcastéjSich fylogenetickych
marker v rekonstrukci fylogeneze rostlin. Mezi hlavni vyhody ITS patii jejich
univerzalnost, jsou to totiz oblasti s pomérné vysokou mirou genetické variability,
obklopené naopak pomérn¢ konzervovanou strukturou rRNA gend. To umoznilo
navrzeni univerzalnich primeri pro jednoduchou amplifikaci ITS mezerniki
z rostlinné DNA (White et al. 1990). Zaroven primérna délka kompletniho ITS1-
5.8S-ITS2 iseku DNA se u vétSiny rostlin pohybuje pod 700 bp (Feliner & Rosselld

32



2007), coz je idealni délka pro snadné sekvenovani této oblasti bez nutnosti pouZiti

specifickych vnitinich primera.

45S rDNA
NTS
e | 05 | sos— ) s Jrem
26S 3’ ETS 5 ETS : 18S 5.8S 26S |3ETS|- = =
rst ‘Ts2

Obr. 3.3: Schematické znazornéni obecné struktury 45S rDNA lokusu rostlin. Geny pro 18S, 5.8S a
268 rRNA jsou oddéleny vnitinimi prepisovanymi mezerniky (ITS1 a ITS2). Mezi jednotlivymi kopiemi
185-5.85-26S rDNA je IGS mezernik (intergenic spacer), ktery se sklada z netranskribované cdasti
(NTS- nontranscribed spacer) a prepisovanych 3’ a 5’ koncii (ETS- external transcribed spacer).

Upraveno podle Poczai & Hyvénen 2010.

Bylo prokazéano, ze variabilita v rdamci ITS sekvenci (zejména ITS1) je dostatecné
vysoka aby bylo mozné uplatnit tuto oblast DNA pro fylogenetické studie na Grovni
rodli az druht (Baldwin et al. 1995). Na druhé strané, relativné nizka variabilita
sousednich gent spolecné s vysokou konzervovanosti sekundarni struktury sekvence
ITS2 zarucuji vysokou uspésnost v identifikaci potencialnich nefunk¢nich variant —
pseudogenti (Bailey et al. 2003, Wolf et al. 2005), jejichz zahrnuti do fylogenetické
analyzy muze negativné ovlivnit piesnost vysledku (Mayol & Rossell6 2001).

Jaderna rDNA se také vyznacuje charakteristickym mechanismem evoluce, ktery
byvd oznaCovan jako ,evoluce v koncertu“ (concerted evolution). Tento
mechanizmus je zodpovédny za to, Ze i pfi velkém poctu kopii rDNA v jaderném
genomu rostlin zlstdva zachovana vysoka uniformita jejich sekvence. Podstata
evoluce v koncertu spoc¢iva v homogenizaci genlti rDNA, coz znamend, ze misto aby
v prib¢hu ¢asu vznikala riiznd mira sekvencni variability u kazdé z mnoha kopii
rDNA vlivem akumulace mutaci, dochdzi k hromadéni stejnych mutaci u vSech kopii
rDNA a ty se tak vyvijeji jako celek (Zimmer et al. 1980, Elder & Turner 1995). 1
pies rozsahlou dokumentaci tohoto evolu¢niho mechanizmu u rDNA, byly popsany
také pripady, kdy homogenizace neni kompletni a u jednoho druhu tak mutze byt

pfitomna vice neZ jedna varianta ITS sekvence. Takova situace miZe nastat zejména
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u hybridnich druht, kde v dasledku hybridizace ¢i polyploidizace nékdy zlstanou
zachovany rodicovské formy rDNA a déle se vyvijeji nezavisle (napt. u knotovky,
Popp & Oxelman 2001, nebo pSenice, Zhang et al. 2002). V nékterych ptipadech
rodicovské formy rDNA rekombinuji za vzniku chimerickych ITS sekvenci
(Barkman & Simpson 2002). Podobné odchylky od kompletni homogenizace rDNA
lokusu mohou byt uzite¢né pro identifikaci rodi¢ovskych linii u hybridnich druht
(Wendel et al. 1995), zaroven vSak také mohou vnést do fylogenetické analyzy
nepfesnost. Aby bylo mozné tomu piedejit, je vhodné pouzit pii analyze ITS
sekvenci vzdy radéji postup klonovani a sekvenovani n€kolika klonid pro zachyceni
vSech ptitomnych variant ITS, nezli sekvenovat ITS oblast pfimo z genomové DNA

(Alvarez & Wendel 2003).

3.2.3 Geny s nizkym poctem kopii ve fylogenetickée analyze

Diky obrovskému mnozstvi genti a vysoké evolucni rychlosti zejména v intronech
predstavuje jaderny genom zdaleka nejbohatsi zdroj fylogeneticky informativnich
dat, které maji potencial vyftesit otdzky evolucni pfibuznosti i tam, kde rozliSovaci
schopnost chloroplastové ¢i ribozomdlni DNA neni dostate¢nd. Jaderné geny
vyskytujici se v genomu v nizkém poctu kopii, idedln¢ geny jednokopiové, se stavaji
¢im dal vyuzivanéjsi pro fylogenetickou analyzu na vSech taxonomickych trovnich
(Sang 2002). Pfi jejich pouziti odpada problém uniparentalni dédicnosti, ktery hraje
roli u organelové DNA a také neni nutné brat v potaz mechanizmus evoluce
v koncertu, jako je tomu u ribozomalni DNA. Navic se nabizi moznost vyuzit vice
genl a tedy vice vzajemné nezdvislych lokust, coz zvySuje piesnost rekonstruované
fylogeneze (Heckman et al. 2007).

I pfi pouziti jadernych gent je vSak nutné dbat na nékolik faktort, které mohou
negativné ovlivnit vysledek analyzy. Jednim znich je zakladni ptedpoklad pro
fylogenetické studie, a to ze vstupni data pro komparativni analyzu jsou homologni.
To znamend, ze v piipadé DNA srovnavame takové sekvence, jejichz podobnost
je disledkem jejich spole¢ného ptivodu (Doyle & Davis 1998). S tim také souvisi
problém rozliSeni ortologniho a paralogniho ptivodu genii. V obou pfipadech maji
tyto geny spole¢né¢ho ptredka a jsou homologni, ovSem geny ortologni vznikly
speciaci, kdezto paralogni geny jsou dusledkem duplikace ancestralniho genu (Obr.

3.4, Fitch 1970). Je tedy ziejmé, ze nelze spojovat paralogni a ortologni geny v jedné
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analyze, protoze dokumentuji dvé rozdilné evolucni udalosti (Sanderson & Shaffer
2002). Odliseni téchto dvou forem homolognich genti neni jednoduché, paralogni
geny vSak lze ¢asto odhalit pomoci sledovani rozdili v molekularni struktute, napf.
v nukleotidovém slozeni sekvenci (zastoupeni jednotlivych bazi) nebo ve struktuie

kodont (Cotton 2005).

Ancestralni
gen

duplikace

N -

speciace
druh a druh b

== @Emc=0

Obr. 3.4: Znazorneni rozdilu ve vzniku ortolognich a paralognich geni. Vsechny G geny jsou
vzajemné homologni (sdili spolecného predka). Geny Gla a G2b jsou vzdajemné paralogni (vznikly
v dusledku duplikace ancestralniho genu), geny Gla a G1b, resp. G2a a G2b jsou vzajemné ortologni
(vznikly v diisledku speciace). Upraveno podle Koonin 2005.

Z praktického hlediska by mély geny, Ci jejich Casti zvolené pro fylogenetickou
analyzu zohlediovat piedev§im jeji ucel. Pokud tedy chceme zkoumat evolu¢ni
vztahy na urovni jednotlivych druhd, je vhodné zahrnout do analyzy také rychle se
vyvijejici introny, a naopak pro zkoumani evoluce na vysSich taxonomickych
urovnich je vhodnéjsi intronové sekvence eliminovat (Sang 2002). Ve snaze vyhnout
se paralognim genim je také zaddouci vybirat geny jednokopiové, protoze u genil o
vice kopiich pochazejicich z pocetnych genovych rodin je vyssi pravdépodobnost, ze
prosly né€kolika cykly genovych duplikaci a deleci, coz znesnadnuje rozliseni jejich
ortologniho ¢i paralogniho pivodu (Clegg et al. 1997). Prestoze je v jaderném

genomu rostlin k dispozici enormni mnozstvi fylogeneticky zajimavych cilovych

oblasti, nejsou dostupné univerzalni primery umoznujici snadné ziskani sekvence
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DNA zmnoha druhii. Potencidl jadernych gent zodpovédét Siroké spektrum
evoluénich otazek vramci rostlinné fiSe tak zlstavd limitovdn zejména financni

dostupnosti vyvoje genovych fylogenetickych markert.

3.3 Analyza molekulirné-fylogenetickych dat

Ziskand molekularni data lze prfevést do podoby fylogenetického stromu
odpovidajiciho evoluénim vztahim studovanych taxonii pomoci nékolika
principialné odlisnych piistupt. Prvni pfistup, oznacovany jako distanéni metody,
pouziva k rekonstrukci kladogeneze matici genetickych vzdalenosti pro kazdé dvé
sekvence DNA (ptfipadné jind molekuldrni data). Pomoci vypocetniho algoritmu je
poté sestaven jeden fylogeneticky strom, ktery nejlépe vystihuje informaci uloZenou
v distanéni matici. Jinym piistupem je hledani nejlepsiho fylogenetického stromu
z mnoziny mnoha moznych strom podle zvolené¢ho kritéria optimality. Tento
piistup pouzivaji napt. metody maximalni parsimonie a maximalni pravdépodobnosti
(Vandamme 2003). Mimo tyto dva zakladni pfistupy existuje jesté zvlastni skupina
metod pro sestaveni fylogenetického stromu, které jsou také metody
pravdépodobnostni, ale vychdzeji z Bayesova teorému a byvaji oznaCovany jako
metody bayesovské (Li 1996, Mau 1996, Rannala & Yang 1996).

Z4dna z metod analyzy fylogenetickych dat neni nejspravnéjsi (Rosenberg & Kumar
2001) a nelze dopfedu odhadnout, zda néktera poskytne ptesnéj$i rekonstrukci
kladogeneze na daném souboru, proto se v praxi pouziva kombinace nékolika
alternativnich pfistupi. Pokud vSechny vyzkousené metody poskytuji stejny

vysledek, je velkd pravdépodobnost, Ze odrazi skutecné evoluéni vztahy.

3.3.1 Distancni metody

Distan¢ni metody pracuji s pfedpokladem, Zze dva organizmy, které sdili nedavného
spole¢ného piedka, si budou podobnéjsi, nez organizmy, jejichz spoleény predek je
star§i. Proto prvnim krokem je ptfevedeni nukleotidovych sekvenci na distancni
matici vyjadiujici podobnost organizmii. Prace s distancni matici, kde odpada
nutnost zabyvat se kazdou nukleotidovou pozici v sekvenci DNA zvlast, je méné
naroc¢na pro pocitatové zpracovani a umoziuje tak pomérné rychle dojit k vysledku i

pro velké soubory srovnavanych taxonti, coz je hlavni vyhodou distan¢nich metod
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(Van de Peer 2003). Distancni matice je do formy fylogenetického stromu pievedena
pomoci vypocetnich algoritmil, mezi nimiz nejznaméjsi jsou algoritmy UPGMA
(Unweighted Pair Group Method with Arithmetic mean, Michener & Sokal 1957) a
Neigbor Joining (NJ, Saitou & Nei 1987). Metoda UPGMA sestavuje vysledny strom
tak, ze vzdy identifikuje nejkrat$i vzdalenost v matici, spoji pfislusné taxony a
v dal$im kroku je povazuje za jednu jednotku, vypocitd novou distanéni matici a cely
postup se opakuje v potiebném poctu krokti. Vysledkem UPGMA je fenogram, ktery
je obrazem podobnosti organizmu, ale jeho topologie se nemusi vzdy shodovat
s prubéhem kladogeneze. Neigbor Joining je distancni metoda, ktera poskytuje
fylogramy, tedy skute¢ny obraz kladogeneze, a to diky tomu, Ze umoziiuje pocitat
s nestejnou rychlosti evoluce v riznych vyvojovych vétvich stromu, coz casto

mnohem Iépe vystihuje skutecnost (Barton et al. 2007).

3.3.2 Metody zaloZené na kritériu optimality

Narozdil od distan¢nich metod, metody zalozené na kritériu optimality pracuji pfimo
s pivodni informaci uloZzenou v nukleotidovém slozeni analyzovanych sekvenci
DNA a odrazi tedy navic informaci o tom, do jaké miry ovliviuji jednotlivé
nukleotidové pozice délku vétvi vznikajiciho fylogenetického stromu (Page &
Holmes 1998). Diky tomu je také mozné vnést do analyzy pfedem stanoveny
evoluéni model (model procesu nukleotidovych substituci). V prvnim kroku analyzy
jsou u téchto metod vygenerovany vsechny mozné stromy vyjadfujicich vztahy mezi
analyzovanymi druhy podle zvoleného evolu¢niho modelu. Dalsi postup se 1isi podle
zvoleného kritéria optimality.

Metody maximdalni parsimonie (Uspornosti) vychézeji z pravidla tzv. Occamovy
britvy, které tika, ze pfi absenci jinych rozhodovacich faktorti je vzdy nejlepSim
feSenim problému to nejjednodussi (Swofford & Sullivan 2003). Z mnoziny
generovanych stromt je tedy podle tohoto kritéria vybiran jako nejlepsi ten, k jehoz
vzniku bylo zapottebi nejméné krokt - evolu¢nich zmén (Camin & Sokal 1965).

U metod, kde je zvolenym kritériem maximalni pravdépodobnost (tzv. likelihood
metody) se nejlépe vyhovujici strom vybira tak, aby s co nejvétsi pravdépodobnosti
odpovidal vstupnim datim. Jinymi slovy, vybird se takovy strom, jehoZ topologie,
délka vétvi i parametry evolu¢niho modelu (napt. pomér tranzici a transverzi, rozdily

v evoluéni rychlosti na jednotlivych poziciich apod.) je nejpravdépodobnéjsi
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vzhledem k pozorovanym vstupnim sekvencim DNA (Von Haeseler & Strimmer
2003). Vzhledem ktomu, ze ob¢ vyse popsané metody vybiraji vysledny
fylogeneticky strom z cCasto obrovského souboru moznych stromt, jsou velmi
naro¢né na pocitacové zpracovani a Casto je nutné pristoupit ke zjednodusenému, tzv.
heuristickému vyhledavani vysledného stromu, kdy se nékteré skupiny stromt daji

predem vyloucit z analyzy.

3.3.3 Bayesovské metody

Bayesovské statistika je podobnd metodé¢ maximalni pravdépodobnosti (ML;
maximum likelihood), ale rozsifuje ji navic o tzv. a priori pravdépodobnost, neboli
bere do Uvahy, Ze vétSinou mame k dispozici néjakou predchozi znalost vstupnich
dat. Aplikovano na fylogenetickou analyzu, stejné¢ jako ML metody pocita
bayesovskd analyza s jasné stanovenym evoluénim modelem, ale pfi vypoctu nejveétsi
pravdépodobnosti vysledného stromu (zde nazyvané a posteriori pravdépodobnost)
zohlediiuje a priori pravdépodobnost toho jaké stromy mohou vzniknout vzhledem
ke vstupnim datim (Huelsenbeck et al. 2002, Archibald et al. 2003). Diky tomu, Ze
bayesovské metody pouzivaji jako vypocetni algoritmus tzv. Markov Chain Monte
Carlo simulaci (jejiz podrobné&jsi popis presahuje zaméteni této prace; Metropolis et
al. 1953), jsou vétSinou ve srovnani s metodou maximalni pravdépodobnosti méné

pocita¢oveé narocné.

3.4 Vyuziti molekularnich dat k datovani evolu¢nich udalosti

Rekonstrukce fylogeneze pomoci molekularné biologickych dat poskytuje jednak
informaci o piibuznosti studovanych druhil a postupnosti odstépovani jednotlivych
vyvojovych linii, ale zadroven lze jeji pomoci také ziskat informaci o casovém sledu
téchto dé&ji. K tomu se vyuziva konceptu tzv. molekularnich hodin, ktery je zalozen
na piedpokladu, ze muta¢ni (substitucni) rychlost je v pribéhu fylogeneze u vsech
organizml pfiblizné konstantni (Zuckerkandl & Pauling 1962, 1965). Potom tedy
mnozstvi neutradlnich mutaci fixovanych v genomech dvou sesterskych organizmt je
umérné dobé, pred kterou se oddélily od spolecného piedka, €ili od okamziku

divergence. Pokud tedy zname substitu¢ni rychlost specifickou pro dany druh,
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pfipadné¢ gen (tedy primérny pocet mutaci fixovanych u daného druhu/genu za

casovou jednotku), Ize zpétné datovat okamzik divergence podle:

T=D/2k

kde T je Cas divergence druhti reprezentovanych témito sekvencemi (v letech), D je
pocet substituci mezi dvéma homolognimi sekvencemi pfipadajici na jednu
nukleotidovou pozici a k je absolutni rychlost nukleotidové substituce na pozici za
rok (Gaut 1998). V pfipadé, ze substitu¢ni rychlost neni zndma4, lze molekularni
hodiny kalibrovat pomoci jiného druhu, jehoz stafi bylo urCeno z fosilniho
paleontologického nalezu. Pokud tedy zname mnoZzstvi fixovanych mutaci mezi
dvéma studovanymi druhy a mnozstvi mutaci kterymi se tyto dva druhy lisi od
trettho druhu s fosilnim zdznamem, je moZné stanovit okamzik divergence
studovanych dvou druhti.

Jak se ovSem pozdéji ukazalo, realnd situace v genomech zivych organizmu se od
konceptu striktnich molekularnich hodin ponckud 1i§i. Ve skutecnosti totiz
substituéni rychlost u riznych druhti neni stejnd a také v rdmci genomu se mutze lisit
substituéni rychlost jednotlivych oblasti (Fitch & Margoliash 1967, Gaut et al. 1992).
Toto poznani postupné vedlo ke snaze zahrnout do stanoveni evolu¢niho stafi také
heterogenitu substitu¢ni rychlosti mezi jednotlivymi vyvojovymi liniemi. Vznikl tak
koncept tzv. relaxovanych molekuldrnich hodin, ktery pomoci statistickych modelil
vyuzivajicich napf. maximdalni pravdépodobnosti ¢i Bayesovského modelovani
umoznuje pocitat s nekonstantni substitucni rychlosti a zpiesnuje tak odhady
evolu¢niho stafi organizmi (Sanderson 1997, Thorne et al. 1998, Drummond et al.

2006).

3.5 Fylogeneze Celedi Musaceae

Molekuldrné-fylogenetickych studii zamétenych na evoluéni vztahy v celedi
Musacae neni mnoho. Prvni série takto zamétenych studii vyuzivala predev§im rtizné
typy molekularnich markerti, napt. RFLP markery (Jarret et al. 1992, Gawel et al.
1992), nebo RAPD a modifikované SSR markery (Venkatachalam et al. 2008).

Teprve v posledni dobé se objevuji prace vyuzivajici pro popis fylogenetickych

vztahil v ¢eledi Musaceae sekvenovani DNA, pfedevsim chloroplastové geny a jejich
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introny (Swangpol et al. 2007), ale také chloroplastovou DNA v kombinaci
s jadernym ITS lokusem (Liu et al. 2010, Li et al. 2010). V poslednich dvou pracich
je sice zahrnut pomérné velky soubor taxonl, chybi vSak podrobné sekvenovani
jednotlivych klonovanych ITS variant, které¢ by odhalilo ptipadnou heterogenitu ITS
lokusu v té€chto taxonech a tim podalo piesnéjsi informaci o sméru, kterym se ubirala
jejich evoluce. Zadna studie dosud nepopisuje fylogenezi Musaceae na podkladu
vetsiho souboru jadernych gent.

Celed” Musaceae byla zahrnuta také do nékolika molekularné-fylogenetickych praci
jako soucast jednodé&loznych rostlin (Bremer 2000, Janssen & Bremer 2004,
Anderson & Jansen 2009), nebo jako jedna z ¢eledi fadu Zingiberales (Kress et al.
2001, Kress & Specht 2006). Z téchto praci také plynou prvni odhady evolu¢niho
stati celedi Musaceae, které bylo stanoveno mezi 61 a 110 miliony let. Nicméng,
dosud zadna studie neposkytla informace o evolu¢nim stafi jednotlivych vyvojovych

vétvi uvniti Celedi Musaceae na nizsich taxonomickych tirovnich.
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Abstract

Bananas and plantains (Musa species, Zingiberales) are a relatively
underresearched plant group in contrast to their great socio-economic
importance and their significance as one of the earliest domesticated crops. The
classification of species and clones is hampered by the traditional morphology-
based taxonomy, with limited knowledge on specific molecular characteristics of
individual taxons. The phylogeny of the Musaceae has never been fully resolved,
and the accuracy of the current classification system is a common point of
debate among the scientific community. Different types of molecular markers
have been used to investigate the diversity at various taxonomic levels within
Musa species and have reached various degrees of success in terms of
phylogenetic reconstruction. The phylogenetic history of Musaceae as a part of
the order Zingiberales was investigated in previous studies (Kress et al., 2001).
However, within the family Musaceae itself, a few papers have addressed this
question (Lescot et al., 2008; Boonruangrod et al., 2008) and the evolutionary
relationships remain fuzzy. This paper is an overview of molecular-based
approaches that have been employed by our research group in an attempt to
shed more light on Musaceae diversity and evolutionary relationships, and
thereby serve for the classification and development of reliable markers for
unambiguous banana species identification.

INTRODUCTION

Modern, currently grown bananas are mainly diploid and triploid intra- and
interspecific hybridisations between the two wild Musa progenitors, Musa acuminata
Colla (AA,, genome) and Musa balbisiana Colla (BB, genome). The classification
of Musa genotypes is traditionally based on morphological descriptors and the basic
chromosome number (Cheesman, 1947; Simmonds and Shepherd, 1955). Several
studies have investigated the diversity of bananas and plantains, and have eventually
proposed changes to the original system. Diversity studies have been carried out
using a wide range of molecular markers, e.g. amplified fragment length
polymorphism — AFLPs (Ude et al., 2002; Wang et al., 2007), microsatellites — SSRs
(Buhariwalla et al., 2005), random amplified polymorphic DNA — RAPD (Pillay et
al., 2000; Venkatachalam et al., 2008) or PCR combined with restriction fragment
length polymorphism — PCR-RFLP (Ning et al., 2007). Although each of the
methods mentioned above allowed for assessment of the diversity and relationships
among certain group of cultivars, a clear picture of Musaceae phylogeny is still
lacking.

Here, we provide an overview of a set of molecular tools that are being used
in our research to address banana phylogenetics at the molecular level.
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RIBOSOMAL DNA ITS1-5.8S-ITS2 REGION

In higher plants, the 45S ribosomal RNA gene unit consists of 188S, 5.8S and
26S rRNA coding regions, separated by internal transcribed spacers (ITS1 and ITS2).
The internal transcribed spacer is the most popular non-plastid DNA region used in
plant phylogenetic studies. Numerous features make the ITS locus an ideal target for
molecular phylogenetics. First, it is a highly variable DNA region with a significant
level of inter-specific mutations (Baldwin, 1992). At the same time, the highly
variable ITS locus is surrounded by conserved sequences, which facilitates the use of
a set of universal primers for PCR amplification. Moreover, the average length of the
spacers varies around 700 bp, providing perfect material for diversity analysis at the
sequence level, as sequencing can be performed without the need for a time-
consuming internal primer design. On the other hand, the 18S, 5.8S and 26S rDNA
repeat units show homogenisation within species, probably due to unequal crossing-
over and gene conversion, mechanisms leading to concerted evolution (Dover, 1982).
Concerted evolution causes the different copies of the spacer sequences to be more
similar within species than among species (Elder and Turner, 1995). One of the
accented arguments against the exclusive use of ITS region for phylogenetic studies
is that such an analysis based on a single locus within the genome may not
thoroughly reflect the real picture of evolution.

In Musa, a restriction-based PCR-RFLP strategy was used to study the ITS
region in selected species and was proved to be useful for distinguishing between the
A and B genome (Nwakanma et al., 2003). In order to get down to the level of
distinguishing species, subspecies and clones, it would be necessary to study the
internal transcribed spacer in detail by a comparative sequence analysis of a number
of representatives of the genus. Recently, our research group has carried out a project
on comparative sequence analysis of the ITS1 and ITS2 region from 88 accessions,
including AAA, AAB, ABB, AxS and AXT hybrids (Hfibov4 et al., 2009).

INTRON-SPANNING LOW-COPY NUCLEAR GENE-DERIVED MARKERS

An alternative target for phylogenomics are low-copy nuclear genes. As
compared to the ITS region, they offer the advantage of a lower level of homoplasy,
which as a result of the convergent evolution impedes the possibility of building
unambiguous alignment of homologous genome regions (Alvarez and Wendel,
2003). At the same time, the phylogenetic informativeness of obtained data is
relatively high, especially when non-coding introns are included in the analysis
(Bailey and Doyle, 1999). As introns are non coding, they are subject to a less
stringent selection pressure in contrast to the coding regions. Thus, intron-spanning
single-copy gene-derived markers serve as a rich source of targets that can be used
with success to resolve phylogenies, even at lower taxonomic levels (Creer, 2007;
Peng et al., 2009).

Zou et al. (2008) used a set of 142 single-copy genes from rice, which proved
to have enough informative power to completely resolve the diversification of the
rice genus. However, development of a set of low-copy nuclear gene markers for
non-model organisms requires large investments in terms of funding and labour,
especially when compared to the use of more or less universally amplifiable rDNA
intergenic spacers or high-throughput techniques, such as DArT and/or next-
generation sequencing methods. Feltus et al. (2006) have surveyed the use of
“conserved intron-scanning primers” (CISP) derived from the genomic sequence
information of completely sequenced species. Another study (Lohithaswa et al.,
2007) has worked this system out for a number of representatives from the orders
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Poales, Arecales, Asparagales and Zingiberales, including Musa, showing the
potential utilisation of this type of CISP in comparative studies. There are several
drawbacks that need to be carefully considered when using intron-spanning gene
markers for phylogenomis, such as the problem of paralogy, heterozygotic length
variants, insertion/deletions treatment, etc. (reviewed in Creer, 2007). On the other
hand, when all the potential interfering properties of this type of phylogenetic marker
are handled cautiously, targeting low-copy or, ideally, single-copy nuclear genes that
are evenly distributed across the genome provides an excellent source of locus-
independent sequence information that can address different evolutionary questions
(Feliner and Rosello, 2007).

DIVERSITY ARRAY TECHNOLOGY (DArT) MARKERS

In contrast to the comparative sequence-based analysis, Diversity Array
Technology (DArT) represents a different approach to estimate species diversity that
does not require sequence information. This method has been widely used for
genotyping purposes on numerous organisms, including Musa species (Amorim et
al., 2009). DArT technology is based on solid-state surface (microarray)
hybridisation. Polymorphic DNA fragments from a given organism are amplified and
spotted onto the microarray, which is subsequently used for hybridisation with a
reduced representation of the genomic DNA of the species to be genotyped (Jaccoud
et al.,, 2001). It is a high-throughput technique, where hundreds of polymorphic
markers can be amplified in a single PCR, suitable for automation (Luikart et al.,
2003).

DATrT analysis mainly results in dominant markers, which compared to
codominant markers posses lower informative power. However, it can be
successfully implemented in phylogenetic studies, if not as the exclusive source of
phylogenetic information, then as a complementary approach to assess the diversity
within the species of interest.

CONCLUSIONS

This paper describes different approaches that have been used by our reseach
team in the Laboratory of Molecular Cytogenetics and Cytometry for studying
phylogeny of the Musa species. Our preliminary results confirmed that comparative
sequence analysis of single-copy genes is a powerful tool for resolving the
evolutionary history of Musaceae and is complementary with the analysis of the
ribosomal DNA ITS1-5.8S-ITS2 region and DArT markers analysis. We believe that
well-balanced combination of these methods provides a useful toolbox for Musaceae
phylogeny analysis and can significantly contribute to reliable identification of Musa
species, subspecies and cultivated clones.
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ABSTRACT

Background and aims

Bananas and plantains (Musa spp.) are one of the major fruit crops
worldwide with acknowledged importance as a staple food for millions of
people. The rich genetic diversity of this crop is, however, endangered by
diseases, adverse environmental conditions and changed farming practices,
and the need for its characterization and preservation is urgent. With the aim
to provide a simple and robust approach for molecular characterization of
Musa species, we developed an optimized genotyping platform using 19
published SSR markers.

Methodology

The genotyping systems is based on 19 microsatellite loci, that are scored
using fluorescently labeled primers and high-throughput capillary
electrophoresis separation with high resolution. This genotyping platform was
tested and optimized on a set of 70 diploid and 38 triploid banana
accessions.

Principal results

The marker set used in this study provided enough polymorphism to
discriminate between individual species, subspecies and subgroups of all
accessions of Musa. Likewise, the capability of identifying duplicate samples
was confirmed. Based on the results of a blind test, the genotyping system
was confirmed to be suitable for characterization of unknown accessions.
Conclusions

Here we report on the first complex and standardized platform for molecular
characterization of Musa germplasm that is ready-to-use for the wider Musa
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research and breeders community. We believe that this genotyping system
offers a versatile tool that can accommodate all possible requirements for
characterizing Musa diversity, and is economical for samples ranging from
one to many accessions.

INTRODUCTION

The important role of bananas and plantains (Musa spp.) as one of the top
world trade commodities and as a food security for millions of people
especially in humid tropics is unquestionable. However, this crop faces a
serious endangerment by numerous pests and diseases. Breeding efforts are
hampered by a high degree of banana sterility and a lack of characterized
germplasm as potential parents for breeding. Currently grown banana
cultivars are mainly triploid clones, which originated as intraspecific hybrids of
M. acuminata and interspecific hybrids between M. acuminata and M.
balbisiana, with a possible involvement of a few other species within the
genus. To set up an efficient strategy for breeding improved banana varieties
and support the choice of crossing parents, a solid understanding of the
genetic diversity of available resources is needed. Coessentially, the
conservation of the existing gene resources is highly eligible, especially when
we can observe the continuous loss of banana diversity due to indelicate
environmental treatment of the rain forests, as well as changed farming
practices of the smallholders. The main objectives and means for Musa
diversity conservation were formulated in The Global Conservation Strategy
for Musa (INIBAP 2006) under the scope of GMGC (Global Musa Genomics
Consortium). Nevertheless, irrespective of the selected strategy, efficient
collecting and preserving the banana diversity highly depends on the
unambiguous sample identification. To avoid problems of duplicities within
national, regional and Global germplasm collections, an accurate and
standardized characterization of newly introduced accessions as well as
those already deposited in gene banks would be of a great benefit. This
rationalization effort will allow Musa accessions to be efficiently conserved.

Traditional classification of Musa species is based on morphological
characters and chromosome counts (basic chromosome number; x)
(Cheesman 1947; Simmonds and Shepherd 1955). Although a
morphotaxonomic system allows for a differentiation of specific banana
clones (Stover and Simmonds 1987), insufficiencies of this approach start to
emerge as the genetic basis of the plants under study gets narrow.
Additionally, a small change at the DNA level can cause a large phenotypic
manifestation, while sometimes none or minor morphological changes can be
observed after extensive genetic changes. Obviously, a classification system
that relies exclusively on the phenotypic manifestations of the genome
suffers from a limited accuracy (Crouch 2000; De Langhe 2005), but can be
made robust if supported by molecular-based characterization.

The enormous increase in the availability of various molecular techniques
over the past decades has facilitated the classification of new banana
cultivars, as well as reassessment of the traditional taxonomy. Among the
broad portfolio of molecular tools, some of the markers have gained special
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attention in terms of their use in diversity studies and molecular
characterization of banana genotypes. Most recently, the Diversity Arrays
Technology (DArT) was used for the assessment of the genetic diversity
within Musa spp. (Risterruci et al. 2009). While holding the advantage of a
high-throughput approach suitable for large numbers of genotypes, its use for
a limited number of samples in a short turn-around time would rank it within
the more demanding methods in terms of funding support. The same applies
to the Genotyping by Sequencing approach, which has gained special
attention recently (Elshire et al. in press). Other molecular markers applied in
Musa diversity studies were RAPDs (random amplified polymorphic DNA;
Pillay et al. 2000; Pillay et al. 2001; Ruangsuttapha et al. 2007,
Venkatachalam et al. 2008) and AFLPs (amplified fragment length
polymorphism; Loh et al. 2000; Wong et al. 2001a; Ude et al 2002; Wang et
al. 2007). Both of these markers have relatively high level of polymorphism,
but they are dominant and in case of the RAPDs, their reproducibility is a
serious limitation (Jones et al. 1997). The more advantageous co-dominant
markers were also used for Musa, such as the RFLPs (restriction fragment
length polymorphism; Gawell et al. 1992; Nwakanma et al. 2003; Ning et al.
2007) and SSRs (simple sequence repeats; e.g. Kaemmer et al. 1997,
Grapin et al. 1998; Lagoda et al. 1998; Buhariwalla et al. 2005). While RFLPs
perform well in terms of reproducibility, they suffer from relatively low level of
polymorphism and are laborious to use. On the contrary, the SSR markers
are outperforming the RFLPs and RAPDs in all the above mentioned
aspects.

Microsatellites (SSRs) are stretches of simple 1-6 base pair long repeat
motifs arranged tandemly within the genomes of prokaryotic and eukaryotic
organisms. Their flanking regions that are usually highly conserved are
suitable for designing locus-specific primers. SSRs have been successfully
applied in molecular genotyping of many important crops such as rice
(Pessoa-Filho et al. 2007), cereals (Hayden et al. 2007), grapevine (This et
al. 2004) or cacao (Zhang et al. 2006). Moreover, the use of SSR markers
opens the possibility of automation and multiplexing which significantly
increases the throughput of the technique.

With the aim of developing a standardized protocol to classify Musa
germplasm we have tested and optimized the use of 22 published SSR
markers on a set of banana genotypes. The goal of the present study was to
investigate the potential of this marker set to distinguish individual accessions
and to develop a standardized procedure for Musa genotyping that could
serve as a basis for molecular characterization of new samples introduced
into the Global Musa gene bank (International Transit Centre, ITC, Leuven,
Belgium) as well as to the wider Musa research and breeding community.

MATERIALS AND METHODS
Plant material and the Reference DNA collection

The Reference DNA collection, comprising a total of 65 accessions (Table 1)
was established to represent genetic diversity within the genus Musa and
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corresponding in vitro plantlets be available for distribution from the
Bioversity International Transit Center (ITC). The genomic DNA of 61 out of
the 65 accessions is stored in the Musa Genome Resources Centre
(http://www.musagenomics.org/cetest firstpage1/genomic_dna.html) and is
available for distribution. Out of the 65 accessions, 54 were successfully
included in the analysis (Table 1). To extend the diploid representation of the
genotype set, 39 additional diploid accessions were included (Table 2), with
three of them being duplicate samples to the Reference DNA collection.
These duplicates were included intentionally to test the capability of the
genotyping platform to identify sample duplicities. All the 39 additional diploid
accessions originated from the ITC collection (International Transit Centre,
Leuven, Belgium) as in vitro rooted plants and were maintained in a heated
greenhouse after transfer to soil. DNA of these 39 entries was isolated from
young leaf tissue using the Invisorb® Spin Plant Mini kit (Invitek, Berlin,
Germany), following the manufacturer's instructions.

PCR amplification and fragment analysis

The 22 SSR loci (Table 3) were amplified using specific primers (Crouch et
al. 1998; Lagoda et al. 1998; Hippolyte et al. 2010) that were adjusted by 5'-
M13 tails to enable the use of universal fluorescently labeled primer
according to Schuelke (2000). Four different flurophores were used for the
primer labeling (6-FAM, VIC, NED, PET), allowing for subsequent
multiplexing of the reactions (Table 3). The reaction was performed in a final
volume of 20 ul containing 10 ng of template genomic DNA, reaction buffer
(consisting of 10mM Tris-HCI (pH 8), KCI 50 mM, 0.1% Triton-X100 and 1.5
mM MgCl,), 200 uM dNTPs (each), 1U of Taq polymerase, 8 pmol of the
M13-tailed locus specific forward primer, 6 pmol of the fluorescently labeled
universal M13 forward primer, 10 pmol of the locus specific reverse primer.
The cycling conditions were set as follows; initial denaturation step at 94°C
for 5 min, followed by 35 cycles of denaturation (94°C/45 s), annealing at
temperature corresponding to the locus—specific primer (1 min) and
extension (72°C/1 min). The final extension was allowed for 5 min at 72°C.
Purification of the PCR products was performed by ethanol/ sodium acetate
precipitation. Three independent PCR reactions were performed in order to
improve the accuracy of alleles binning.

For automatic capillary electrophoresis, optimized amounts of amplification
products were combined with highly deionized formamide and internal
standard (GeneScanTM—SOO LIZ size standard, Applied Biosystems, Foster
City, CA, USA). After 5 min denaturation at 95°C, samples were loaded onto
the automatic 96-capillary ABI 3730xI DNA Analyzer and electrophoretic
separation and signal detection was carried out with default module settings.
In order to reduce the cost and increase the capacity of the genotyping
platform, samples were multiplexed for the second and third round of
electrophoretic separation. Up to 4-fold multiplexing was applied by
combining 4 PCR products, labeled with different fluorescent dyes (6-FAM,
VIC, NED and PET; Table 3) into a single sample for loading. The level of
multiplexing could be further increased by combining products of different
expected lengths, labeled with the identical fluorescent dyes.
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Fragment sizing and data analysis

The resulting data were analyzed and called for alleles using GeneMarker®
v1.75 (Softgenetics, LLC., State College, PA, USA). Automated scoring of
the data was followed by a careful manual check and low quality DNA
samples were discarded from the analysis. The marker panels were built
based on the allele calls of the Reference DNA Collection sample set and
later extended by additional diploid accessions allele calls, in order to
increase the reference SSR-profiles database. Bins for each allele were set
with respect to the allele frequencies and signal strength extracted from the
three repeated runs of each sample.

The diploid and triploid accessions were analyzed separately, because in
case of polyploid species, the polysomic inheritance brings along the
simultaneous occurrence of several alleles of a single SSR. In such a
situation, the exact number of copies of individual alleles cannot be
determined; therefore the genotypic data are converted into binary (coded by
1-presence/ 0-absence) and analyzed as a dominant marker’s record
(Weising et al. 2005). Both, genotypic and binary data were used to generate
a genetic similarity matrices based on Nei’s genetic distance coefficient (Nei
1973) in the software PowerMarker v3.25 (Liu and Muse 2005). The
unweighted pair-group method with arithmetic mean (UPGMA; Michener and
Sokal 1957) was used to assess the relationship between individual
genotypes. The results of UPGMA cluster analysis were visualized in a form
of a tree using TreeView v1.6.6 (Page 1996). Polymorphism information
content (PIC) and heterozygosity of individual markers was estimated in
Powermarker v3.25. The overall probability of identity (Pp) of unrelated
multilocus genotypes was assessed according to Paetkau et al. (1995) as
implemented in the IDENTITY program (Wagner and Sefc 1999).

Blind test

In order to verify the reliability of the optimized genotyping platform and its
potential as a standardized methodology for molecular characterization of
new accessions, a set of anonymous samples was analyzed (Table 4). The
genomic DNA was extracted from lyophilized leaf tissue provided by ITC and
samples were analyzed following identical experimental procedure as for the
Reference DNA collection. Negative and positive controls (5 previously
analyzed reference genotypes) were included in the Blind test to assure
correct allele sizing and control the consistency of the electrophoretic
condition. The unknown samples were coded numerically and their true
identity was disclosed by our partners only after the data analysis. As
revealed subsequently, the Blind test sample set contained additional four
samples that were duplicates to the Reference DNA collection (see Table 1
and 4).

Genotyping errors handling

To eliminate the genotyping errors several precautions were employed in the
genotyping pipeline, following the recommendations by Bonin et al. (2004).
First, to minimize the allelic dropout effect, the multitube approach (Taberlet
et al. 1996) was used with three independent reactions for each
marker/genotype combination. The error prone samples with low quality DNA
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were discarded from the analysis. Second, the multilocus genotype was
examined and accessions differing at a single locus were carefully inspected
and reanalyzed (if needed) to confirm the difference. Third, to decrease the
human factor errors, the sample preparation was performed by two different
persons for the replicated reactions. Data evaluation was ruled by strictly pre-
set parameters to avoid errors such as misinterpretation of stutter peaks.

RESULTS

Twenty two SSR markers were selected by CIRAD as a set enabling to
distinguish between individuals in the Musa Reference DNA collection
(Crouch et al. 1998; Lagoda et al. 1998; Hippolyte et al. 2010; website1;
Table 3). After the initial double-repeated primer test screening using our
protocol, 19 markers were selected out of the initial 22 markers set, for their
clear reproducible amplification pattern. The three markers that were
excluded from the analysis produced extensive stuttering of peaks, disabling
the reproducible interpretation of the SSR profiles. All further analyses were
performed with the selected 19 SSRs. Altogether, the SSR profiles were
collected for 70 diploid and 38 triploid banana accessions.

Analysis of diploid accessions

Diploid accessions were underrepresented in the Reference DNA collection;
therefore, we decided to include additional diploids into the analysis to
increase the number of reference SSR-profiles (Table 2). In the resulting set
of 70 diploid accessions (incl. the Blind test entries), a total of 292 alleles
were scored from the 19 loci, with the average of 15.4 alleles per locus. The
observed heterozygosity (the fraction of all individuals who are heterozygous
for the observed locus) ranged between 0.179 and 0.714 (mean 0.450). The
polymorphism information content (PIC) of the markers used was relatively
high (mean value 0.827), ranging between 0.625 — 0.936 (see Table 5 for
details). The Ppp probability of identity (combined over all loci), which
represents the probability of observing identical genotypes purely by chance,
was 9.44 x 10° denoting the extremely high resolution power of this marker
set.

The UPGMA cluster analysis based on the Nei (1973) genetic distance
revealed relatively clear grouping of genotype groups and subgroups (Figure
1). The B-genome representatives, M. balbisiana including the diploid hybrid
cultivars (AB and BBxT) formed a separate cluster (cluster |). The A-genome
representatives, M. acuminata species were grouped in several clusters
depending upon their subspecies classification. M. acuminata ssp. banksii
entries grouped within the cluster Il, M. acuminata ssp. microcarpa grouped
together with M. schizocarpa and AS hybrids within the cluster Ill. The sole
representative of errans subspecies, cultivar Agutay, was present at the
separate clade with relation to the above described M. acuminata clusters.
Subcluster VI contained the M. acuminata ssp. zebrina representatives.
Subspecies burmannica, burmannicoides and siamea were grouped within
cluster VII, sharing their position with several entries from the section
Rhodochlamys. M. acuminata ssp. malaccensis subspecies formed a
separate cluster labeled VIII (Figure 1). Most of the AA cultivars were
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grouped within the cluster IV. The Australimusa section representatives
included in the study formed cluster V, together with M. beccarii (classified
under the Callimusa section). M. coccinea, another representative of the
Callimusa section, was separated from all the other groups, resembling a
behavior of an outgroup species. As mentioned before, Rhodochlamys
species were partly present in the cluster VIl (specifically the M. ornata and
M. mannii entries). M. velutina accessions, another representatives of the
Rhodochlamys section formed a separate cluster labeled X together with a
single M. ornata accession (ITC 1330).

Blind test with diploid accessions

When the anonymous samples were included into the dataset, the clustering
was slightly changed (Figure 2). The position of accession Agutay (M.
acuminata ssp. errans) moved into the cluster Il containing mostly the M.
acuminata ssp. banksii entries. Another alteration could be seen in the
position of M. acuminata ssp. zebrina species, which no longer formed a
separate subclade (previously labeled with VI), but instead clustered within
the cluster IV containing the AA cultivars. Finally, cluster VII, although not
changed in the content, showed now a different subclustering pattern, with
the M. acuminata ssp. burmannica, burmannicoides and siamea species
grouped together within one subcluster (Vlla), separated from the
Rhodochlamys entries (subcluster VIIb).

Out of the nine anonymous accessions, eight were assessed correctly as the
closest related species to the corresponding reference accession (Figure 2).
The only exception was blind sample no.4 (M. acuminata ssp. malaccensis
ITC 0250), which did not group together with its reference genotype (the
same ITC 0250 accession), but instead clustered together within the M.
acuminata ssp. banksii subgroup (clade Il). The multilocus genotypes of the
blind sample no.4 (ITC 0250) and the closest related genotype Higa (ITC
0428) differed at a single locus only, suggesting that the blind sample no.4
belonged very likely to the banksii subspecies.

In order to further investigate this incongruence in the blind test results, we
conducted the ITS locus sequence analysis according to Hfibova et al. (in
press) in the problematic malaccensis accessions. This analysis confirmed
that the blind sample no.4 was not identical to the genotype M. acuminata
ssp. malaccensis ITC 0250, which was originally received from the ITC and
stored in the local greenhouse [see ADDITIONAL INFORMATION]. The
results are, however, not conclusive about the identity of the blind sample
no.4, as only a single representative of the banksii subspecies was used for
the ITS analysis in our previous study. Thus, it cannot be explicitly stated,
whether the blind sample no 4. is different genotype of M. acuminata ssp.
malaccensis or ssp. banksii, or rather a hybrid between malaccensis and
banksii subspecies. Only a more detailed sequence analysis would probably
provide a definite answer.

Analysis of triploid accessions

Altogether, 38 triploid accessions were analyzed (incl. the Blind test entries).
The 19 microsatellite loci scored a total of 267 alleles, ranging between 8 and
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24 per locus, with the mean value of 14 alleles per locus. The average PIC of
the SSR markers applied on the triploid accessions was 0.850 (Table 6).

The UPGMA analysis majority rule consensus tree showed two main
clusters, cluster A and B (Figure 3). Cluster A contained solely the AAA
hybrid accessions, with separated clade bearing the Lujugira/Mutika
subgroup representatives, as well as a distinct clade leading to the edible
species from the Cavendish and Gros Michel subgroups. Among all the AAA
entries included in the analysis, only the accession Pisang Berangan
clustered outside the A cluster, sharing a clade (IVa) with the African
plantains representatives within the main cluster B. The second main cluster
B was split into 4 subclusters/subclades. While subcluster Il was formed
exclusively by the AAB hybrid entries, subcluster | contained also an ABB
genotype Namwa Khom (Pisang Awak subgroup), as a closest relative of the
AAB Figue Pomme Géante accession from the Silk subgroup. Two of the
ABB hybrids representatives, Kluai Tiparot and Pelipita formed the third
subclade within the B cluster (lll). The majority of the ABB hybrids was
grouped under Vb, together with an AAB accession Popoulou. The African
plantains formed a separate clade IVa with a single AAA representative P.
Berangan, as mentioned above.

Blind test with triploid accessions

Six encoded triploid samples were included in the Blind test and all of them
were assessed correctly as the closest related species to the corresponding
reference genotype from identical subgroup, with significant statistical
support (Figure 4). The position of some clades was slightly altered after the
inclusion of anonymous samples into the analysis (Figure 4). Specifically, the
UPGMA cluster analysis has now shown an altered position of the clade
previously labeled with Ill (ABB accessions Pelipita and Kluai Tiparot) and
the subclade of the cluster previously labeled with Il, bearing the AAB
genotypes P. Palembang, P. Rajah and P. Raja Bulu. However, the bootstrap
statistical support for the nodes leading to these clades was not significantly
strong in either dataset and the position of all the other clades in the
consensus tree remained unchanged.

Identification of duplicate accessions

The 100% similarity in multilocus genotypes was seen in 9 pairs of duplicate
accessions (Table 7). Some of the duplicities were introduced into the
accession set intentionally from the local greenhouse (originally coming from
the ITC collection) to assess the capability of our genotyping system of
spotting the duplicate accessions. Others were introduced through the Blind
test samples (see M&M). All the duplicates were identified (Table 7), with two
exceptions. The M. textilis Reference collection DNA sample (ref. 50), that
was reported to correspond to the ITC accession ITC 1072, was shown to be
identical to another M. textilis accession (ITC 0539). This suggests that the
reference sample (ref. 50) was either mislabeled or its origin was not
reported correctly.

Another anticipated duplicate, introduced into the triploid entries through the

Blind test, was the accession blind 12 (Pisang Bakar ITC 1064). Its
corresponding reference DNA sample was ref. 19; however, their identity
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based on the multilocus molecular profile was not approved. Although the
two samples differed at 7 out of the 19 scored SSR loci, their closest
relationship was revealed after the UPGMA cluster analysis (Figure 4),
suggesting that their mutual subgroup classification (subgr. Ambon) may be
correct, but the identity of one of the samples was confused.

Moreover, more than one duplicate accession were reported for both,
accession ref. 8 (M. acuminata ssp. burmannicoides ‘Calcutta4‘) and ref. 21
(M. balbisiana ‘Tani‘). The second duplicate for each of the two reference
samples were classified under the same species/subspecies (Table 7). This
indicates that either the marker set used had not enough resolution power to
distinguish these accessions or, more likely based on the low P value
mentioned above, these accessions were mislabeled.

DISCUSSION

While the use of microsatellite markers to analyze genetic diversity among
Musa species is well documented (e.g. Kaemmer et al. 1997; Grapin et al.
1998; Buhariwalla et al. 2005; Ning et al. 2007; Venkatachalam et al. 2008;
Wang et al. 2010), its application in a form of a standardized platform to
serve for genotyping purposes for the wider Musa community is still missing.
In this study, we attempted to develop an optimized SSR-based system for
molecular characterization of Musa accessions that could be used as the
basis for the foundation of the Musa Genotyping Centre.

Mislabeling of accessions and sample duplications are common problems in
germplasm collections (e.g. Virk et al. 1995; Zhang et al. 2006). The
resolution of the marker set tested in this study was high enough (Pp = 9.44
x 10?) to distinguish between different accessions and proved to be
powerful enough to identify mislabeled accessions, as documented in case of
M. acuminata ssp. malaccensis accession. Similarly, its potential for
identifying duplicates was clearly approved on the present dataset.
Nevertheless, we wanted to assure the reproducibility of results and
genotyping errors minimization prior to its implementation into practice. When
compared to the original data reported by Lagoda et al. (1998) for a subset of
the markers, the allele size ranges were overlapping, but not identical.
Similar problems were described previously and most often they could be
attributed to the method used and the conditions of electrophoretic
separation (e.g. Testolin et al. 2000; Creste et al. 2003). Also, the automatic
capillary electrophoresis system used in this experiment allows for much
higher resolution and run-to-run precision then the previously used gel-based
systems. Therefore, the wider range of allele sizes and higher numbers of
identified alleles are adding to the resolution power of the marker set, rather
than infirming the capability of the platform.

Among the common genotyping errors that are responsible for
misidentification of a particular genotype, allele dropout and false allele
amplification play an important role. Allele dropout is an accidental failure of
PCR to amplify one of the alleles present at the heterozygous locus, which
produces false homozygous patterns (Pompanon et al. 2005). To deal with
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this problem, three options have been proposed. The first relies on
systematic replication of the genotyping, i.e. multitube approach, which in
most cases would expose the underlying allelic dropouts or allele shifts due
to poor amplification (Taberlet et al. 1996). Another possibility is to allow for a
certain level of mismatch tolerance, providing that enough loci are scored.
Then based on the multilocus genotype, the differences generated by
genotyping errors can be distinguished by the low number of mismatches
from those that are actual differences between two genotypes (McKelvey and
Schwartz 2004). The third option combines the two former ones, with
replicated genotyping only for the samples where 3 or fewer mismatches at
different loci were observed. These multilocus genotypes are reevaluated
after the repeated typing to prove that they are different genotypes in reality,
but the cost increase by PCR replications is minimized (Zhang et al. 2006). In
this pilot study, we adopted the multitube approach with three replicates to
assure the maximum precision. However, with many more samples coming
to be analyzed in the Musa Genotyping Centre, and thereby increasing the
reference database of molecular profiles, the third (combined) option appears
to be adequate and is currently being tested.

The grouping revealed by the UPGMA cluster analysis was consistent with
the characterization based on the morphotaxonomic classification of the
accessions (Figure 2 and 4). The Callimusa section, however, did not form a
separate cluster, which reflects its controversial position and agrees with its
previously reported close relationship to the Australimusa species (Wong et
al. 2001b; Wong et al. 2002; Jarret and Gawel 1995). Also, the close relation
between Rhodochlamys and M. acuminata species (Wong et al. 2002; Barto$
et al. 2005; Li et al. 2010; Liu et al. 2010) was confirmed. The marker set
enabled distinction to the level of individual subgroup/subspecies. The
degree of polymorphism varied between subgroups and subspecies and
polymorphic sites were still to be found within the subgroups and subspecies.
For example, in contrast to the study of Creste et al. (2003) who were not
able to find polymorphic loci among the Cavendish subgroup of bananas in
their study based on 6 SSR loci, the marker set used in our study did provide
polymorphic loci among the three representatives of Cavendish subgroup
allowing for their distinction. Obviously, the larger number of loci scored
increases the possibility to find enough polymorhic loci. On the other hand,
the limitations in the resolution of microsatellite markers become evident
when somatic mutants are analyzed; as they share the common origin and
the genetic variation that is narrowed through the cycles of vegetative
propagation may not be reflected in the SSR molecular profile (Cipriani et al.
1994; Creste et al. 2003; Esselink et al. 2003). As most of the commercial
banana cultivars are vegetatively propagated clones, the assessment of their
genetic variability through the marker set tested in this study may not be
successful and is yet to be confirmed. However, it still presents a very useful
platform for molecular characterization of unknown samples and assessment
of the genetic integrity of the Musa germplasm collections.

Although microsatellites have been used as reliable markers for projects with

labor division among laboratories (Bredemeijer et al. 2002; Rdder et al.
2002), several works have shown that there was a significant level of
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incongruence between results obtained at different workplaces, thus
complicating the transferability and comparability of the data (Jones et al.
1997; Weeks et al. 2002; This et al. 2004; Van Treuren et al. 2010). In the
light of this, centralization of genotyping activities in Musa and its
standardization as a service to the research community appears to be a
preferable option. In addition to facile quality control, the core facility would
enable using other methods to support the genotyping, such as flow
cytometric estimation of ploidy level and/or genome size, keeping in mind
that the genotyping data treatment differs for the diploid and polyploid
accessions. Obviously, sample transfer requirements can be minimized if
both types of analysis are preformed at single site. Moreover, with every new
sample passing through the analysis, the database of reference SSR profiles
is enlarged and the probability of identifying the closest relative or exactly
matching accession is enhanced.

Based on our results obtained with the SSR markers presented in this work
and those of Hfibova et al. (in press) obtained with ITS, as well as the long-
term experience in DNA flow cytometry (Dolezel 1991; Lysak et al. 1999;
Roux et al. 2003; Barto$ et al. 2005; DolezZelova et al. 2005) the Musa
Genotyping Centre has been established at the Institute of Experimental
Botany in Olomouc (Czech Republic) under the umbrella of Bioversity
International. The Centre serves the whole Musa research and breeders
community. Moreover, the genotyping platform has already been included in
the pipeline for characterization of newly introduced accessions to the
International banana germplasm collection (ITC). Although it is obvious that
new high-content high-throughput genotyping approaches will gradually
replace marker-based systems, we feel confident that the platform described
here offers a well-founded and ready-to-use approach, which can be applied
immediately and which offers higher flexibility in scaling the analysis with
respect to the sample size, cost-efficiency and results turn-around time.

CONCLUSIONS and FORWARD LOOK

The platform for genotyping of Musa germplasm described here provides a
robust and reproducible approach to characterize genetic variability of this
important crop, support the management of germplasm collections and help
to direct genotype selection for breeding improved cultivars. The database of
molecular profiles keeps growing with every new sample passing through the
analytical pipeline, resulting in stepwise improvement in the grouping, and
consequently increasing a chance of finding an exact match for unknown
samples. As a part of the future plans, a batch of tetraploid accessions will be
included in the analysis to make it more versatile and satisfying all possible
requirements for molecular characterization of the diverse Musa gene pool.

ADDITIONAL INFORMATION

The following additional information is available in the on-line version of this
article:

Additional file 1: The detailed results of the ITS sequence analysis of the
blind sample no. 4 and its putative corresponding reference accession — M.
acuminata ssp. malaccensis (ITC 0250).
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FIGURE LEGENDS

Figure 1. Dendrogram showing the results of the UPGMA analysis of
diploid accessions dataset. Bootstrap support values higher than 50% are
marked below the corresponding branches. The classification of the
genotypes into individual sections, species and subspecies of the genus
Musa is indicated by the colored side bars and legends. Complete list of
accessions with their taxonomic details can be found in Tables 1 and 2.

Figure 2. Dendrogram showing the results of the UPGMA analysis of
diploid accessions dataset including the Blind test samples. Bootstrap
support values higher than 50% are marked below the corresponding
branches. The anonymous samples included in the Blind test are highlighted
in red. The classification of the genotypes into individual sections, species
and subspecies of the genus Musa is indicated by the colored side bars and
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legends. Complete list of accessions with their taxonomic details can be
found in Tables 1, 2 and 4.

Figure 3. Dendrogram showing the results of the UPGMA analysis of
triploid accessions dataset. Bootstrap support values higher than 50% are
marked below the corresponding branches. Complete list of accessions with
their taxonomic details can be found in Tables 1 and 2.

Figure 4. Dendrogram showing the results of the UPGMA analysis of
the triploid accessions dataset including the Blind test samples.
Bootstrap support values higher than 50% are marked below the
corresponding branches. The anonymous samples included in the Blind test
are highlighted in red. Complete list of accessions with their taxonomic
details can be found in Tables 1, 2 and 4.
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Table 1. Taxonomic details of the Reference DNA Collection
accessions.
(http://lIwww.musagenomics.org/cetest_firstpage1/genomic_dna.html)

Ref. Correspondin
sample Accession Species Subspecies DNA glITC
number  name Genus Section (group) (subgroup) Availability  accessions
1 Lady Finger Musa Eumusa AAB Nadan Yes ITC 0582
Pome /
2 Foconah Musa Eumusa AAB Prata Yes ITC 0649
Pome /
3 Prata Ana Musa Eumusa AAB Prata Yes ITC 0962
Pisang
Klutuk
4 Wulung Musa Eumusa balbisiana type 4 Yes ITC 1063
5 Pisang Batu Musa Eumusa balbisiana type 4 Yes ITC 1156
6 Banksii Musa Eumusa acuminata banksii Yes ITC 0623
7 Borneo Musa Eumusa acuminata microcarpa Yes ITC 0253
burmannicoi
8 Calcutta 4 Musa Eumusa acuminata des Yes ITC 0249
9 Kluai Tiparot Musa Eumusa ABB Klue teparod  Yes ITC 0652
10 Orishele Musa Eumusa AAB Plantain Yes ITC 1325
11 Pelipita Musa Eumusa ABB Pelipita Yes ITC 0472
12 Dole Musa Eumusa ABB Bluggoe Yes ITC 0767
Grande
13 Naine Musa Eumusa AAA Cavendish Yes --
14 Pisang Kayu = Musa Eumusa AAA Orotav Yes ITC 0420
15 Agutay Musa Eumusa acuminata errans Yes ITC 1028
16 Khae (Phrae) Musa Eumusa acuminata siamea Yes ITC 0660
Figue
Pomme
17 Géante Musa Eumusa AAB Silk Yes ITC 0769
18 Saba Musa Eumusa ABB Saba Yes ITC 1138
19 Pisang bakar  Musa Eumusa AAA Ambon Yes ITC 1064
20 Monthan Musa Eumusa ABB Monthan Yes ITC 1483
21 Tani Musa Eumusa balbisiana Yes ITC 1120
22 Long Tavoy Musa Eumusa acuminata burmannica Yes ITC 0283
23 Safet Velchi Musa Eumusa AB cv Ney Poovan  Yes ITC 0245
24 Petite Naine Musa Eumusa AAA Cavendish Yes ITC 0654
25 Paliama Musa Eumusa acuminata banksii Yes ITC 0766
26 Poyo Musa Eumusa AAA Cavendish Yes ITC 1482
Maia Maoli/
27 Popoulou Musa Eumusa AAB Popoulu Yes ITC 0335
28* Simili Radjah  Musa Eumusa ABB Peyan Yes -
29 Gros-Michel Musa Eumusa AAA Gros Michel Yes ITC 1122
30 Wompa Musa Eumusa AS Yes ITC 1152
31° Kunnan Musa Eumusa AB cv Yes ITC 1034
Pisang Jari
32 Buaya Musa Eumusa AAcv (18) jari buaya Yes ITC 0312
33 Pisang Mas Musa Eumusa AAcv (2) Sucrier Yes ITC 0653
Pisang Raja
34 Bulu Musa Eumusa AAB Pisang raja Yes ITC 0843
35 Leite Musa Eumusa AAA Rio Yes ITC 0277
36 Ice Cream Musa Eumusa ABB Ney Mannan  Yes ITC 0020
37 Zebrina Musa Eumusa acuminata zebrina Yes ITC 1177
38 Tomolo Musa Eumusa AA cv Cooking AA  Yes ITC 1187
39 Honduras Musa Eumusa balbisiana type 1 Yes ITC 0247
40 Lal Velchi Musa Eumusa balbisiana type 3 Yes no
Namwa
41 Khom Musa Eumusa ABB Pisang Awak Yes ITC 0659
Lujugira/Muti
42 Mbwazirume  Musa Eumusa AAA ka Yes ITC 0084
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Ref.

Correspondin

sample Accession Species Subspecies DNA glITC
number  name Genus Section (group) (subgroup) Availability  accessions
Lujugira/
43 Intokatoke Musa Eumusa AAA Mutika Yes ITC 0082
Yangambi
44 km5 Musa Eumusa AAA Ibota Yes ITC 1123
45 Red Yade Musa Eumusa AAB Plantain Yes ITC 1140
Nendra
46" Pisang Rajah  Musa Eumusa AAB padaththi Yes ITC 0243
Eumusa x ABBT
47° Yawa 2 Musa Australismusa  ABBT Ssp/sgr 501 Yes ITC 1238
Pisang
48 Ceylan Musa Eumusa AAB Mysore Yes ITC 1441
49 Schizocarpa Musa Eumusa schizocarpa Yes ITC 0856
50 Textilis Musa Australimusa textilis Yes ITC 1072
Rhodochlamy
51 Musa ornata Musa S ornata ornata Yes ITC 0637
CIRAD 930
52 (DH Pahang) Musa Eumusa acuminata malaccensis  Yes ITC 1511
53 Red Dacca Musa Eumusa AAA Red Yes ITC 0575
Khai Thong
54° Ruang Musa Eumusa AAA Ibota Yes ITC 0662
Philippine
Pisang Lacatan/
55 Berangan Musa Eumusa AAA Sgr. 555 Yes ITC 1287
Plantain-
56° Obino I'Ewai Musa Eumusa AAB French Yes ITC 0109
Plantain-
57° Ihitisim Musa Eumusa AAB Horn Yes ITC 0121
Pisang
58 Palembang Musa Eumusa AAB Pisang Kelat  Yes ITC 0450
59¢ Uzakan Musa Eumusa AAB Iholena No ITC 0825
60 Pisang Rajah  Musa Eumusa AAB Pisang raja Yes ITC 0587
61 Simili Radjah  Musa Eumusa ABB Peyan Yes ITC 0123
62 Kalapua No2  Musa Eumusa ABB Kalapua Yes --
Lujugira/
63¢ Igitsiri Musa Eumusa AAA Mutika No ITC 0081
64¢ Blue Java Musa Eumusa ABB Ney Mannan  No ITC 0361
65¢ Pisang Lilin Musa Eumusa AA Pisang Lilin No ITC 1121

2 replaced with accession no. 61 and eliminated from the set.
® excluded from the analysis due to low quality DNA.
¢ excluded from the analysis-sole tetraploid representative.

4 DNA not available for distribution, not included in the analysis.
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Table 2. List of additional diploid accessions from ITC collection

(maintained in local greenhouse) included in the analysis.

Subspecies

ITC code  Accession name Species (group) (subgroup) Section

ITC 0917 M. peekelii ssp.peekelii peekelii peekelii Australimusa

ITC 1207  Musa maclayi maclayi Australimusa

ITC 0614  Musa maclayi type Hung Si maclayi Australimusa

ITC 0927 Kawaputa Fe'i Australimusa

ITC 1021 Menei Fe'i Australimusa

ITC 1072* Musa textilis textilis textilis Australimusa

ITC 0539 Musa textilis textilis textilis Australimusa

ITC 1070 Musa becccarii beccarii beccarii Callimusa

ITC 0287  Musa coccinea coccinea coccinea Callimusa

ITC0610  Tuu Gia AA cv Eumusa

ITC0259  Galeo AA cv Eumusa

ITC0299  Guyod AA cv Eumusa

ITC 0269  Niyarma Yik AA cv Eumusa

ITC 0249* Calcutta 4 acuminata burmannicoides Eumusa

ITC0072  Tavoy acuminata burmannica Eumusa

ITC0093 Long Tavoy acuminata burmannica Eumusa

ITC 0250  Malaccensis acuminata malaccensis Eumusa

ITC0896 M. acuminata ssp. banksii acuminata banksii Eumusa

ITC 0428 Higa acuminata banksii Eumusa

ITC 0728  Maia Oa acuminata zebrina Eumusa

ITC 0672  Pa (Rayong) acuminata siamea Eumusa

ITC 0564 Butuhan, salient apex balbisiana Eumusa

ITC 0094  Balbisiana (10852) balbisiana Eumusa

ITC 1120* Tani balbisiana Eumusa

ITC 0248  Singapuri balbisiana Eumusa

ITC 0545  Balbisiana balbisiana Eumusa

ITC 0246  Cameroun balbisiana Eumusa
Eumusa x

ITC 1074 Butuhan balbisiana x textilis Australimusa

ITC 0846  Schizocarpa schizocarpa Eumusa

ITC 0822  Tonton Kepa AS Eumusa

M. acuminata ssp banksii x M.

ITC 0859  schizocarpa AxS Eumusa

ITC 0820 Ato AS Eumusa
Rhodochlamy

ITC 0528 Kluai Bou ornata ornata s
Rhodochlamy

ITC 1330  Musa ornata (red fingers) ornata ornata s
Rhodochlamy

ITC 0370 Musa ornata ornata ornata s
Rhodochlamy

ITC 0011 Musa velutina velutina velutina s
Rhodochlamy

ITC 0638  Musa velutina velutina velutina s
Rhodochlamy

ITC 0543  Musa mannii H. Wendl sanguinea sanguinea s
Rhodochlamy

ITC 1411 Musa mannii s

* accessions included as duplicates to the Reference DNA collection samples
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Table 3. Detailed list of the SSR markers used in the study.

Minimum Maximum
Annealing allele allele
Fluorop Accession temperature (this study; (this study;
Marker hore Motif Reference GenBank (this study; °C) bp) bp)
Lagoda et al.
mMaCIRO01 6-FAM (GA)20 1998 X87262 55 241 440
Lagoda et al.
mMaCIR03 6-FAM (GA)10 1998 X87263 55 111 147
Lagoda et al.
mMaCIR07 NED (GA)13 1998 X87258 53 136 195
Lagoda et al.
mMaCIR08 VIC (TC)BN24(TC)7 1998 X87264 55 229 283
Lagoda et al.
mMaCIR13 PET (GA)16N76(GA)8 1998 X90745 53 268 427
Lagoda et al.
mMaCIR24 PET (TC)7 1998 785972 48 240 291
Lagoda et al.
mMaCIR27* PET (GA)9 1998 785962 58 232 277
Lagoda et al.
mMaCIR39 vIC (CA)5GATA(GA)5 1998 785970 52 329 390
Lagoda et al.
mMaCIR40 6-FAM (GA)13 1998 285977 54 169 247
Lagoda et al.
mMaCIR45 6-FAM (TA)Y4ACA(CTCGA)4 1998 785968 57 274 318
Hippolyte et al.
mMaCIR150 VIC (CA)10 2010 AM950440 54 253 376
(CTT)18,(CT)17,(C Hippolyte et al.
mMaCIR152 6-FAM A)6 2010 AM950442 54 147 195
Hippolyte et al.
mMaCIR164 VIC (AC)14 2010 AM950454 55 256 458
Hippolyte et al.
mMaCIR195* vIC (GA)11,(GA)6 2010 AM950461 54 262 306
(TA)4, (TC)17, Hippolyte et al.
mMaCIR196 NED (TC)3 2010 AM950462 55 163 201
Hippolyte et al.
mMaCIR214 NED (AC)7 2010 AM950480 53 115 238
Hippolyte et al.
mMaCIR231 NED (TC)10 2010 AM950497 55 236 286
Hippolyte et al.
mMaCIR260 PET (TG)8 2010 AM950515 55 204 264
Hippolyte et al.
mMaCIR264 6-FAM (Ccmn7 2010 AM950519 53 234 383
Hippolyte et al.
mMaCIR307 NED (CA)6 2010 AM950533 54 143 173
(GA)17AA(GA)BAA(
Ma-1-32* NED GA)2 Crouch etal. 1998  n/a 58 208 251
Ma-3-90 PET (CT)11 Crouch et al. 1998 n/a 53 147 191

* excluded from the analysis due to unreproducible amplification.

Table 4. List of encoded accessions included in the Blind test.

Anonymous

Code ITC code Accession name Species (group) Subspecies (subgroup)
blind 1 ITC 0080 Balbisiana balbisiana

blind 2 ITC 0138 Chibulangombe AAA Lujugira / Mutika
blind 3 ITC 0245* Safet Velchi ABcv Ney Poovan
blind 4 ITC 0250 Malaccensis acuminata malaccensis
blind 5 ITC 0322 Maiden Plantain AAB Plantain

blind 6 ITC 0370* Musa ornata ornata

blind 7 ITC 0613 Schizocarpa no. 1 schizocarpa

blind 8 ITC 0643 Cachaco ABB Bluggoe

blind 9 ITC 0653* Pisang Mas AAcv

blind 11 ITC 1034 Kunnan ABcv Ney Poovan
blind 12 ITC 1064 Pisang Bakar AAA Ambon

blind 13 ITC 1072* M. textilis textilis

blind 14 ITC 1222 Sport of Silk AAB Silk

blind 15 ITC 1304 Kluai Namwa Khom ABB Pisang Awak
blind 16 ITC 1308 Pisang Sipulu AAcv

* duplicates to the Reference DNA collection samples
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Table 5. Allele number, frequency of the major allele, unique
genotypes observed, heterozygosity and informativeness (PIC) of the
19 microsatellite loci applied on the dataset of 70 diploid Musa
accessions.

Major allele Number of unique Allele Observed

Marker frequency genotypes observed number heterozygosity PIC*

mMaCIR01 0.125 39 26 0.531 0.936
mMaCIR03 0.357 13 7 0.400 0.694
mMaCIR07 0.181 33 21 0.551 0.883
mMaCIR08 0.231 22 12 0.646 0.830
mMaCIR13 0.229 28 19 0.543 0.870
mMaCIR24 0.328 19 15 0.344 0.767
mMaCIR39 0.200 39 20 0.714 0.893
mMaCIR40 0.233 29 23 0.534 0.887
mMaCIR45 0.207 16 8 0.357 0.801
mMaCIR150 0.328 20 15 0.522 0.797
mMaCIR152 0.232 19 11 0.250 0.849
mMaCIR164 0.161 28 22 0.322 0.916
mMaCIR196 0.250 23 13 0.453 0.855
mMaCIR214 0.383 12 7 0.313 0.670
mMaCIR231 0.214 27 14 0.540 0.880
mMaCIR260 0.329 20 14 0.357 0.765
mMaCIR264 0.239 35 24 0.522 0.900
mMaCIR307 0.500 10 6 0.179 0.625
Ma-3-90 0.167 31 15 0.474 0.893
Mean 0.258 24.4 15.4 0.450 0.827

* Polymorphism Information Content

Table 6. Major allele frequency, allele number and informativeness (PIC)
of the 19 microsatellite loci applied on the dataset of 38 triploid Musa
accessions.

Major allele  Allele

Marker frequency number PIC*
mMaCIR01 0.105 24 0.942
mMaCIR03 0.237 12 0.839
mMaCIR07 0.132 17 0.912
mMaCIR08 0.237 14 0.867
mMaCIR13 0.342 12 0.804
mMaCIR24 0.289 12 0.817
mMaCIR39 0.316 18 0.859
mMaCIR40 0.289 9 0.817
mMaCIR45 0.289 12 0.814
mMaCIR150 0.263 8 0.808
mMaCIR152 0.263 12 0.850
mMaCIR164 0.131 18 0.913
mMaCIR196 0.237 15 0.881
mMaCIR214 0.263 8 0.788
mMaCIR231 0.132 16 0.905
mMaCIR260 0.474 13 0.733
mMaCIR264 0.158 18 0.913
mMaCIR307 0.342 8 0.760
Ma-3-90 0.105 21 0.934
Mean 0.242 141 0.850

* Polymorphism Information Content
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Table 7. List of duplicates identified among the analyzed genotypes.

Accession name

No. in the
Reference DNA
collection /
corresponding ITC
code

Accession label in the
UPGMA tree

DNA sample origin

Identical multilocus
genotype to
accessions
(duplicate samples)

DNA sample origin
of the duplicates

M. acuminata ssp.
burmannicoides
‘Calcutta4*

ref. 8 /ITC 0249

M. acuminata
burmannicoides
Calcutta4 ref8

Reference DNA
collection (CIRAD,
Guadeloupe)

M. acuminata
burmannicoides
Calcutta4 ITC 0249

ITC collection / local
greenhouse on-site

M. acuminata
burmannica Long
Tavoy ITC 0093

ITC collection / local
greenhouse on-site

M. balbisiana ‘Tani*

ref. 21/1TC 1120

M. balbisiana Tani
ref21

Reference DNA
collection (CIRAD,
Guadeloupe)

M. balbisiana Tani
ITC 1120

ITC collection/local
greenhouse on-site

M. balbisiana P. Batu
ref. 5

Reference DNA
collection (CIRAD,
Guadeloupe)

AB cv. Safet Velchi

ref. 23 /ITC 0245

AB cv Safet Velchi
ref23

Reference DNA
collection (CIRAD,
Guadeloupe)

blind 3/ AB cv Safet
Velchi ITC 0245

ITC collection /
lyophilized leaf
tissue for the Blind
test

AA cv. Pisang Mas

ref. 33 /ITC 0653

AA cv Pisang Mas
ref33

Reference DNA
collection (CIRAD,
Guadeloupe)

blind 9/ AA cv.
Pisang Mas ITC
0653

ITC collection /
lyophilized leaf
tissue for the Blind
test

Reference DNA
collection (CIRAD,

ITC collection / local

M. textilis ref. 50 /ITC 1072 M. textilis ref50 Guadeloupe) M. textilis ITC 0539 greenhouse on-site
ITC collection /
lyophilized leaf

ITC collection/local blind 13 / M. textilis tissue for the Blind

M. textilis ITC 1072 M. textilis ITC 1072 greenhouse on-site ITC 1072 test
ITC collection /
lyophilized leaf

ITC collection/local blind 6 / M. ornata tissue for the Blind

M. ornata ITC 0370 M. ornata ITC 0370 greenhouse on-site ITC 0370 test

135



PRILOHA IV

The ITS1-5.8S-1TS2 sequence region in the Musaceae: structure,

diversity and use in molecular phylogeny

Hiibova E, Cizkova J, Christelova P, Taudien S, De Langhe E, Dolezel J.
Plos One 6: ¢17863, 2011.

[podil doktorandky na prdci: klonovani a sekvenovani ITS lokusu u vybranych zdstupcii-

experimentalni ¢ast — 20 %, sepsani publikace — 20%]
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PRILOHA V

Genomic constitution of Festuca x Lolium hybrids revealed by the

DArTFest array

Kopecky D, Barto$ J, Christelova P, Cernoch V, Kilian A, Dolezel J.
Theoretical and Applied Genetics 122: 355-363, 2011.

[podil doktorandky na praci: sekvenovani DArT markerii, zakladni uprava dat-experimentalni cast —

40%, sepsani publikace — 20%)]
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PRILOHA VI

Genetic mapping of DArT markers in the Festuca-Lolium complex

and their use freezing tolerance association analysis
Bartos J, Sandve SR, Kdélliker R, Kopecky D, Christelova P, Stoces S, Ostrem L,

Larsen A, Kilian A, Rognli OA, DoleZzel J.
Theoretical and Applied Genetics 122: 1133-1147, 2011.

[podil doktorandky na praci: sekvenovani DArT markeri, zakladni vuprava dat-experimentalni cast —

40%, sepsani publikace — 20%]
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PRILOHA VII

Phylogenetic relationships in the Musaceae based on nucleotide

sequence of the I'TS1-5.8S-ITS2 region

Hiibové E, Cizkova J, Némcové P, Dolezel J.
V: Abstracts of the International Conference “Molecular Mapping & Marker
Assisted Selection in Plants”. p. 58. University of Vienna, Vienna, 2008.
(abstrakt posteru)
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Phylogenetic Relationships in the Musaceae Based on Nucleotide Sequence of
the ITS1-5.8S-ITS2 Region

Eva Hiibova, Jana Cizkova, Pavla Némcova, Jaroslav Dolezel.

The family Musaceae comprises genera Musa, Ensete and Musella. Traditional
taxonomy based on the plant phenotype and chromosome number devided the genus
Musa into four sections: Eumusa (x=11), Rhodochlamys (x=11), Australimusa
(x=10) and Callimusa (x=10). This classification has been questioned; the taxonomy
of the genus Musa has never been fully resolved and remains a subject of debate.
Recently, the internal transcribed spacer (ITS) region of the 18S-5.85-26S nuclear
rDNA has been utilizedas a marker in many phylogenetic studies. In this work we
have amplified and sequenced the ITS region of different diploid taxa from the four
sections of Musa, two species of the genus Ensete and one Musella species.
Nucleotide sequences were edited using BioEdit software and a phylogenetic tree
was constructed based on the neighbor joining method. The tree rooted on Zingiber
spp. supports the genus Musa as a monphyletic group that is separated from Ensete
and Musella. The genus Musa is divided into two distinct clades — a clade of
Callimusa and Australimusa and s clade of Eumusa and Rhodochlamys, where A
genome is strictly separated from the B genome. Our results provide useful
information for the taxonomy of Musaceae and we expect that the ITS sequence data
will aid in resolving some relationships at lower taxonomic levels within the genus
Musa. This work was supported by ASCR (award A600380703), IAEA (Research
Contract no. 12230 and Research Agreement no. 13192) and Generation Challenge
Programme (LOA INIB 2006/15).



Phylogenetic relationships in family Musaceae

based on the nucleotide sequence of
ITS1-5.85-1TS2 region

E. Hiibova, J. Cizkova, P. Némcova, J. DoleZel

Laboratory of Molecular Cytogenetics and Cytometry, Institute of Experimental Botany, Sokolovska 6, 77200 Olomouc, Czech Republic

Introduction
= The family Musaceae comprises genera Musa, Ensete and
Musella
® Traditional taxonomy based on the plant phenotype and
chromosome number has been questioned
®= The taxonomy of the genus Musa has never been fully resolved

= The 185-5.85-26S nuclear rDNA contains the internal
transcribed spacers ITS1 and ITS 2

thas been utilized as a marker in phylogenetic

studies

e =0 =] i——— « i

Sequence analysis in M. balbisiana 'Cameroun’ (ITC 0246) revealed
variability in the ITS region and insertion of a part of Radka10 repetitive
sequence into the 5.85 rRNA gene

S T = HH-
S{HHC=] XY ECTRTSRTI N Y -
e I e =

= Radkal0 contains a sequence homologous to the MUSAS clone carrying repetitive part of cacao
swollen shoot badnavirus
RS S SRt L

Experimental Design

* Genomic DNA isolation ? PCR amplification of the ITS
region using specific primers ITS L and ITS 4 (Nwakanma
etal.2003) ? direct sequencing ? sequence data analysis
? cloning of heterogenous ITS region (TOPO cloning,
Invitrogen) ? sequencing of clones ? sequence data
analysis (Staden package, BioEdit) ? construction of the
phylogenetic tree

=ITS2 - secondaz structure Eredicﬁon smfold, Zuker 2003=

0
Conclusions

= Phylogenetic tree based on the Neighbour-Joining method
was rooted by Zingiber (DQ064573-91) and supports the
genus Musa as monophyletic group that is separated from
genus Ensete and Musella

= Musa is divided into two distinct clades - clade of
Callimusa and Australimusa and clade of Eumusa and
Rhodochlamys

= The A genome is strictly separated from the B genome

= Sequence analysis revealed that a part of Radka10
repetitive sequence is inserted into 5.85 rRNA gene of M.
balbisiana 'Cameroun' (ITC 0246)

= The secondary structures of ITS 2 predicted for different
Eumusa, Rhodochlamys and Callimusa species have the
constitution characteristic for plants

= The secondary structures of the most of the Australimusa
species predicted using mfold differ from the other Musa

sEecies

Dendrogram based on Neighbour Joining method of
Saitou and Nei, rooted on Zingiber spp.

Z.rubens

2 fragile

2. otensii

2. coralinum

2 junceum

2 neotruncatum

| SECONDARY STRUCTURES OF ITS2 |

o

Tha. o

Australimusa accessions ITC 0614, 1072, 1207, 0934,
0917 and 1021 have different secondary structures of
ITS2 than other Musa and Ensete species

ITC
0072
0093
0283
0249
0660
0672
0250
0259

Evaluated accessions

Accession name
Tavoy

Long Tavoy
Long Tavoy
Calcutta4

Khae (Phrae)

Pa (Rayong)
Malaccensis
Galeo

Borneo
Niyarma Yik
Guyod
Truncata
Pisang Mas
Maia Oa
Banksii

EUMUSA (AA)

ameroun
Honduras
Singapuri
M. balbisiana
Tani =
Pisang Klutug Wulung
M. velutina

M. ornata

M. ornata

M. oranata - red fing
Kluai Bou (ornata)
M. mannii

UMUSA (BB)

RHODOGHLAMYS

CALLL-

. jackeyi

2zgEEEExEs
E

=
<
3
2
sl
AUSTRALIMI

Utafun (Fe’i)
Kawaputa (Fe’i)
Menei (Fe'i)

8
Ensete ventricosum
Musella lasiocarpa

This work was supported by ASCR (award A600380703), IAEA (Research Contract no. 12230 and Research Agreement no. 13192) and Generation Challenge Programme (LOA INIB 2006/15). "
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PRILOHA VIII

Phylogenetic relationships in family Musaceae based on the

nucleotide sequence of I'TS1-5.8S-ITS2 region

Hiibova E, Némcova P, Cizkova J, Schillerova L, Dolezel J.
V: Abstracts of the Annual Meeting for the Society of Molecular Biology and
Evolution (SMBE). p. 636. SMBE, Barcelona 2008.
(abstrakt posteru)
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Phylogenetic relationships in family Musaceae based on the nucleotide sequence of
ITS1-5.8S-ITS2 region

Eva Hfibova, Pavla Némcova, Jana Cizkova, Lenka Schillerova, Jaroslav Dolezel.

Laboratory of Molecular Cytogenetics and Cytometry, Institute of Experimental Botany,
Sokolovska 6, 77200 Olomouc, Czech Republic

Traditional taxonomy of banana (Musa spp.) is based on the plant phenotype and
chromosome number. However, phylogenetic relationships within the genus Musa have
never been fully resolved. In this study we focused on the ITS1-5.8S-ITS2 region of
ribosomal DNA. We have sequenced ITS region of different diploid taxa from four sections
of Musa genus, two species of genus Ensete and one Musella species. Phylogenetic tree was
constructed based on the neighbor joining method. The tree rooted on Zingiber spp. supports
the genus Musa as monophyletic group that is separated from genus Ensete and Musella. The
genus Musa is devided into two distinct clades - clade of Callimusa and Australimusa and
clade of Eumusa and Rhodochlamys, where the A genome is strictly separated from the B
genome. The results based on the ITS sequence data presented in this study provide useful
informations on taxonomy of the family Musaceae. Moreover, the ITS sequence data are
useful to resolve some relationships at lower taxonomic levels within the genus Musa. This
work was supported by the International Atomic Energy Agency (Contract No.
12230) and the Grant Agency of the Academy of Sciences of the Czech Republic
(Contract No. TAA600380703).

Key words: Musa, ITS region, molecular phylogenetics
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Phylogenetic relationships in family Musaceae
based on the nucleotide sequence of
ITS1-5.85-ITS2 region

Eva Hiibov4, Pavla Némcov4, Jana Cizkova, Lenka Schillerova, Jaroslav DoleZel

Laboratory of Molecular Cytogenetics and Cytometry, Institute of Experimental Botany, Sokolovské 6, 77200 Olomouc, Czech

Sequence analysis in M. balbisiana 'Cameroun’ (ITC 0246)
revealed variability in the ITS region and insertion of a part of
Radkal0 repetitive sequence into the 5.85 rRNA gene

HHH=] [ a5} || o

= Radkal0 contains a sequence homologous to the MUSAS clone carrying repetitive part of cacao
swollen shoot badnavirus

* Phylogenetic tree based on the Neighbour-Joining method

was rooted by Zingiber officinale (DQ064590)

Analysis based on ITS2 spacer supports the genus Musa as

monophyletic group that is separated from genus Ensete

and Musella

* Clade of Australimusa contains also Callimusa species and
clade of Eumusa contains Rhodochlamys species

= The B genome is strictly separated from the other Eumusa
and Rhodochlamys species

* Sequence analysis revealed that a part of Radkal0
repetitive sequence is inserted into 5.85 rRNA gene of M.
balbisiana ' Cameroun’ (ITC 0246)

® Sequence analysis based on ITS1 and ITS2 specers is useful
for characterization of different genomes in hybrid banana
clones

RESULTS

NJ tree of ITS1 rooted by NJ tree of ITS2 rooted by NJ tree of ITS1 NJ tree of ITS2

Zingiber Zingiber bled for selected bled for selected

. . A, B and T genomes and A, B and T genomes and
four hybrid clones four hybrid clones

e
1IC 02

it
jitd )
e G
Enc i

Multiple alignments of ITS sequences was performed using ClustalW and
phylogenetic trees were calculated using neighbor-joining method (bootstrap
values calculated from 500 replicates). Phylogenetic trees were visualized using
the SPLITS TREE tool. Bootstrap values higher than 50% are indicated above
cach branch.

- ncome
it

0246
0247
0248
0545
1120

0011
0638
0370
0637
1330
0528
0543
1411
0627
0287
1070
0539
0563
1072
0588
0614
0934
1207
0917
0813
0913
0927
1021
1027

Republic
. . . Evaluated
Introduction Experimental Design :
e iCCC_SSIOHS
. . CCession name
® The family Musaceae comprises genera Musa, Ensete and Musellall | . Genomic DNA isolation ? PCR amplification of the ITS 0072 Tavoy
® Traditional taxonomy based on the plant phenotype and :Ie\?iorl\( using SPelCifZig &l;ir;\e;s ITSL and ITS 4 , 0093  Long Tavoy
. 'wakanma et al., ? direct sequencing ? 0283 Long Tavoy
chromosome number has been queShoned sequence data analysis ? cloning of heterogenous ITS 0249 Calcuttad
®= The taxonomy of the genus Musa has never been fully resolved region (TOPO cloning, Invitrogen) ? sequencing of 0660 Khae (Phrae)
. . . . . clones ? sequence data analysis (ClustalW, BioEdit) ? 0672  Pa (Rayong)
= The main problem is the characterization of banana hybrids construction of the phylogenetic tree based on ITS1 and 0250 Malaccensis
= The 185-5.85-26S nuclear rDNA contains the internal ITS2 spacer (Splits Tree) 0259  Galeo
. 0253  Borneo
bed spacers ITS1 and ITS 2 0269 Niyarma Yik
i 0299  Guyod
C 1 N 0393 Truncata
0653 Pisang Mas
OnC uS]'OnS 0728 Maia Oa
e = ¥ 0896 Banksii

M. paradisiaca
M. paradisiaca

Cameroun
Honduras
Singapuri

M. balbisiana
Tani

Pisang Klutug Wulung

velutina
velutina

ornata

ornata

ornata - red finger
uai Bou (ornata)
mannii

mannii

laterita
coccinea
beccarii

textilis

textilis

textilis

jackeyi

EEZ22EEEZZZEREEEEE

M. maclayi

M. peekelii
Wain (Fe’i)
Utafun (Fe’i)
Kawaputa (Fe’i)
Menei (Fe’i)
Asupina (Fe’i)

Musella lasiocarpa

Karoina (AAXT)

Sar (AAXT)

CALLI-

maclayi type Hung Sif|
maclayi ssp. ailuluai

EUMUSA (B5)

MUSA RHODOCHLAMYS

P

This work was supported by ASCR

(award A600380703), IAEA (Research

Contract no. 12230 and Research

Agreement no. 13192) and Gi

Challenge Programme (LOA INTB
2006/15).
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PRILOHA IX

Nucleotide sequence of the ITS1-5.8S-1TS2 region and DArT
markers shed light on phylogenetic relationships within the

Musaceae

Hiibova E, Némcova P, Cizkova J, Schillerova L, Kilian A, Dolezel J.
V: Abstracts of the International Conference on “Polyploidy, Hybridization and
Biodiversity”. p. 143. INRA, Saint Malo, 2009.
(abstrakt posteru)
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Nucleotide Sequence of the ITS1-5.8S-ITS2 Region and DArT Markers Shed
Light on Phylogenetic Relationships within the Musaceae

E. Hiibova', P. Némcova', J. Cizkova', L. Schillerova', A. Kilian® and J. DoleZel'

'Laboratory of Molecular Cytogenetics and Cytometry, Institute of Experimental
Botany, Olomouc, Czech Republic
? Diversity Arrays Technology, Canberra, Australia

Email: hribova@ueb.cas.cz

Bananas and plantains (Musa spp.) provide a staple food for millions of people in
sub-Saharan Africa, South and Central America and much of Asia. All cultivars that
are grown are seed sterile clones and are thought to have been selected as naturally
occurring hybrids in Southeast Asia by the earliest of farmers. In fact, many believe
that banana was one of the first crops to be domesticated by man. Almost all of the
300 or more cultivars that are known arose from two seeded, diploid species, Musa
acuminata Colla and M. balbisiana Colla; they are diploid, triploid and tetraploid
hybrids among subspecies of M. acuminata, and between M. acuminata and M.
balbisiana. Despite the socioeconomic importance of bananas and plantains, the
exact mode of their origin and phylogenetic relationships within the family Musaceae
remain subjects of debate. In this study we focused on the ITS1-5.8S-ITS2 region of
the ribosomal DNA locus. We have sequenced ITS region of different diploid taxa
from four sections of Musa, two species of genus Ensete and one species of Musella.
Phylogenetic tree was constructed based on the neighbour joining method. The tree,
which was rooted on Zingiber spp., supports the genus Musa as monophyletic group
that is separated from genus Ensete and Musella. The genus Musa is divided into two
distinct clades — a clade of Callimusa and Australimusa and a clade of Fumusa and
Rhodochlamys, where the A genome is strictly separated from the B genome. The
results based on the ITS sequence data presented in this study provide useful
information on taxonomy of the family Musaceae. Moreover, the ITS sequence data
are useful to resolve some relationships at lower taxonomic levels within the genus
Musa. Our conclusions derived from the study of ITS nucleotide sequences were
supported using a different phylogenetic strategy based on DArT markers to avoid a
phylogenetic reconstruction based only on one locus. This work has been supported
by the Grant Agency of the Academy of Sciences of the Czech Republic (grant
award no. TAA600380703) and the International Atomic Energy Agency (research
agreement no. 13192).

Keywords: ITS, ribosomal DNA locus, taxonomy
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Nucleotide Sequence of the ITS1-5.8S-ITS1 Region
and DArT Markers Shed Light on Phylogenetic
Relationships within the Musaceae

E. HFibova', P. Némcova', J. Cizkova', L. Schillerovd!, A. Kilian2, J. DoleZel

ILaboratory of Molecular Cytogenetics and Cytometry, Institute of Experimental Botany, Sokolovska 6, 77200 Olomouc,
Czech Republic
Diversity Arrays Technology, Canberra, Australia

Introduction Experimental Design Evaluated

accessions
® The family Musaceae comprises genera Musa, Ensete and Muselli. . Gonomic DN isolation? PCR amplification of the ITS g;:z ?:5?;‘“’“ name
= Traditional taxonomy based on the plant phenotype and regiorll( using SPelciﬁC Pr)i;negs TS L and TTo 8 0093 Long Tavoy
: (Nwakanma et al., 2003) ? direct sequencing ? 0283 Long Tavo
chromosome n ber has been queStloned sequence data analysis ? cloning of heterogenous ITS 0249 Calcguttml &/

® The taxonomy of the genus Musa has never been fully resolved region (TOPO cloning, Invitrogen) ? sequencing of 0660 Khae (Phrae)

: : i g clones ? sequence data analysis (Staden Package, 0672 Pa (Rayong)
= The main problem is the characterization of banana hybrids Clustalw) ? construction of the phylogenetic tree based 0250 Malaccensis
* The 185-5.85-26S nuclear rDNA contains the internal o I S T re o GED @ty
. omparison of e nucleotide sequence of e region 0253 Borneo
transcribed spacers ITS1 and ITS 2 of M. acuminata " Calcutta4” obtained using standart 0269 Niyarma Yik
* ITS region has been utilized as a gt s e el itez o i dlivuc R limnein
sequencing), BAC clone sequ 0653 Pisang Mas
0728 Maia Oa
0610 Tuu Gia
0896  Banksii
0089 M. paradisiaca
M. paradisiaca
Schizocarpa

M. ornata

M. ornata

M. ornata - red finger
Kluai Bou (ornata)

M. mannii
* Sequence analysis based on ITS2 spacer is useful for M. mannii
characterization of genome constitution in hybrid banana M. laterita
clones M. coccinea
* Phylogenetic tree based on the DArT markers is in M. beccaru
agreement with the results obtained using ITS nucleotide
sequences
C = DArT markers are useful for classification of different
of the ITS1-ITS2 sequence regions. Phylogenetic tree based on the results diploid banana species
of different diploide Musa, Ensefe and Muslls of DAT markers analysis of 94 o . - o
species was calculated using neighbor-joining (NJ) different Musa, Musella and Ensete * The 454 sequencing of M. acuminata *Calcuttad " nuclear
st hegt e e T accesslonsi(G): genome provided useful data for analysis of structure and
replicates) and rooted on Zingiber offcinale (A) The original data set from DAIT .
NJ phylogenetic tree of the ITS2 sequence regions of ‘marker analysis was processed by the heterogenity of the rDNA locus
different hybrid banana species and the RESTDIST and NEIGHBOR application| .
representatives of Eumusa and Australimusa of the PHYLIP software package * The 454 data showed that ITS1-5.85-ITS2 region of
species was rooted on Ensete (B). (Felsenstein, 2005). heterozygous banana clone M. acuminata ~Calcuttad” was
Phylogenetic trees were visualized using the SPLITS| Phylogenetic tree was visualized using highl d
TREE tool. Bootstrap values higher than 50% are the TREEVIEW tool. 1ghly conserve:

indicated above each branch.

* The nucleotide sequence of ITS1-5.85-ITS2 region of
“Calcutta4 " obtained from direct sequencing and 454
sequencing differ only in one mismatch (see below)

Pelipita (A

Karoina (AAXT)

Sar (AAxT)
Umbubu (AAXT)
Kabulupusa (AAXT)
Butuhan (BBxT)
Ato (AS)

Ungota (AS)

? AAXSS

Hochuchu (AAA)

This work has been supported by
the Grant Agency of the
Academy of Sciences of the
Czech Republic

grant award no. TAA600380703
and the International Atomic

Energy Agency (research

agreement no. 13192). @@
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PRILOHA X

Phylogenetic relationships in the family Musaceae based on the genic
sequences, sequence of the ITS1-5.8S-ITS2 region and DArT

markers

Némcova P, Hiibova E, Valarik M, Cizkova J, Schillerova L, Kilian A, Dolezel J.
V: Global Perspectives on Asian Challenges. p. 18. International Society for
Horticultural Science/ProMusa, Guangzhou, 2009.

(abstrakt prednasky)
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Phylogenetic Relationships in Family Musaceae Based on the Genic
Sequences, Sequence of the ITS1-5.8S-ITS2 Region and DArT
Markers

P. Némcova!, E. Hiibova', M. Valarik', J. Cizkova', L. Schillerova', A. Kilian® and
J. Dolezel'

'Laboratory of Molecular Cytogenetics and Cytometry, Institute of Experimental
Botany, Olomouc, Czech Republic
? Diversity Arrays Technology, Canberra, Australia

Despite the socio-economic importance of banana (Musa spp.), phylogenetic
relationships within the family Musaceae as well as the classification of subspecies
and clones remain subject to debate. Different types of molecular markers have been
used until now with various degrees of success and a detailed picture is still lacking.
An unexplored opportunity is to compare DNA sequences of a large set of genes
across the Musaceae. In this work, we searched banana ESTs for homology to single-
copy rice genes and hybridized candidates with banana genomic DNA. During the
first phase of the project, sequences of 24 candidate genes from 14 carefully selected
species (ITC collection, Belgium) representing maximal diversity within the
Musaceae were analyzed. The sequence analysis confirmed previously reported
observations on clear divergence of Musa, Ensete and Musella as monophyletic
groups. Moreover, within the Musa genus clade, section Fumusa clustered with
Rhodochlamys, clearly separated from the cluster of Australimusa and Callimusa.
These findings are in concordance with the previously reported close relation of
these sections. The significance of our results was further supported by comparison
with the results of nucleotide sequence analysis of ITS1-5.8S-ITS2 region in selected
Musaceae species as well as analysis with DArT markers. Although each of the
methods used is based on a different principle, data that were collected and analyzed
supported the same concept of evolutionary relationship within the Musaceae
species. We expect that a detailed analysis of the sequence data from higher number
of genes and extension to other members of the family will clearly reveal
phylogenetic relationships within the Musaceae and provide markers for
unambiguous identification of subspecies and clones. This work has been supported
by Grant Agency of the Academy of Sciences of the Czech Republic (grant award
no. IAA600380703).
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PRILOHA XI

Pouziti genovych sekvenci pro objasnéni fylogenetickych vztahi

v ramci Celedi Musaceae

Némecova P, Valarik M, Hiibova E, Dolezel J.
V: Sbornik abstrakt z védecké konference “5. Metodické dny”. p. 77. Bulletin Ceské
spolecnosti experimentalni biologie rostlin a Fyziologické sekce Slovenské botanické
spole¢nosti. Malenovice, 2009.

(abstrakt posteru)
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POUZITI GENOVS:{CH SEKVENCI PRO OBJASNENI
FYLOGENETICKYCH VZTAHU V RAMCI CELEDI MUSACEAE

PAVLA NEMCOVA', MIROSLAV VALARIK', EVA HRIBOVA', JAROSLAV
DOLEZEL!

! Laboratof molekularni cytogenetiky a cytometrie, Ustav experimentalni botaniky
AV CR v.v.i., Sokolovskd 6, 77200 Olomouc, CR.
E-mail: nemcova@ueb.cas.cz, tel.: 585 205 860

Bananovnik (Musa spp., ¢eled Musaceae) patii mezi nejvyznamngjsi plodiny
svéta, jako dilezity zdroj obzivy mnoha obyvatel zejména v rozvojovych zemich a
také jako vyznamna vyvozni komodita. Navzdory svému spolecenskému a
ekonomickému vyznamu vSak doposud nebyly plné vysvétleny a popsany
fylogenetické vztahy v ramci Celedi Musaceae a rovnéz zlstava nedofeSena otazka
klasifikace a charakterizace jednotlivych druhti a poddruhi této ¢eledi. Riizni autofi
se ve svych studiich s vétSim ¢i menSim Gspéchem zabyvali pouzitim rozli¢nych typa
molekularnich markeri pro objasnéni fylogeneze bananovniku, nicméné celkovy a
podrobny ptehled zatim nebyl ziskan. Jedna z moznosti, kterd dosud u Musaceae
nebyla pouzita, je srovnani sekvenci DNA odvozenych z genll s jedinou kopii v
genomu pro rdzné druhy bananovniku. Touto cestou je mozné velmi detailné
porovnat oblasti s homolognimi Gseky mezi jednotlivymi genomy, coz by pii pouZiti
sekvenci s vysokym poctem kopii nebylo mozné. Vyvoj takového typu markeri byl
v této praci proveden podle nasledujici strategie. Databaze dostupnych sekvenci EST
z Celedi Musaceae byla srovndna s genomovou sekvenci ryze, kterd je pro
bananovnik nejblize pfibuznou rostlinou se sekvenovanym genomem. Byly vybrany
ty EST sekvence, které vykazovaly vysokou homologii k jedinému lokusu v genomu
ryze a vyskyt intronti v rdmci tohoto lokusu, pro zvyseni pravdépodobnosti vyskytu
druhové specifickych mutaci v odvozenych markerech. Jako pocate¢ni zamér bylo
stanoveno ziskat alespon jeden kandidatni gen pro kazdé zramen ryZovych
chromozomi, tak aby byla zajiSténa co nejvyssi mira pravdépodnobnosti ndhodné
distribuce kandidatnich genii v genomu bandnovniku. Nasledné bylo v prvni fazi
projektu vybrano 13 zastupci z ¢eledi Musaceae, tak aby co nejlépe reprezentovali
diverzitu v rdmci Celedi a jeden outgroup, druh Strelizia nicolai z ptibuzné cCeledi
Strelitziaceae. Soubor kandidatnich geni byl po amplifikaci z genomové DNA
vybranych druhti sekvenovan. Analyza ziskanych sekvenci a fylogenetickd analyza
potvrdily monofyleticky plivod rodu Musa. Déale byla jasné potvrzena blizka
piibuznost sekce Eumusa a Rhodochlamys, stejné jako blizky evolu¢ni ptivod sekci
Australimusa a Callimusa, coz je v souladu s pfedeSlymi zjist€énimi. V rdmci sekce
Eumusa je navic patrnd samostatnd evolucni vétev tvofena zdstupci A genomu
bandnovniku, jasn¢ separovand od zastupci B genomu. Dokonceni analyzy by mélo
vést k datovani divergence jednotlivych roda celedi Musaseae a sekci rodu Musa.
Ptedpokladame, ze dalsi detailni analyza sekvenac¢nich dat z vétSiho mnozstvi genil a
rozsifeni studie o dals$i druhy poskytne podrobny obraz fylogeneze ¢eledi Musaceae
a cenny zdroj markert pro charakterizaci jednotlivych druhti bandnovniku.

Tato prace byla podpoiena grantem 144600380703 Grantové Agentury Ceské republiky.
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POUZITI GENOVYCH SEKVENCI PRO OBJASNENI
FYLOGENETICKYCH VZTAHU V CELEDI MUSACEAE

P. Némcova!, M. Valarik!, E. Hf¥iboval, J. Dolezel!

t‘g 1 Laboratof molekulérni cytogenetiky a cytometrie, Ustav experimentalni botaniky AV CR v.v.i., Sokolovské 6, 772 00 Olomouc
e-mail: nemcova@ueb.cas.cz, tel.: 585 205 860

Uvod

Klasifikace jednotlivych druht je zaloz Celed Musaceae
znacich a zakladnim poétu chromozomi (x)

Celed Musaceae obsahuje t¥i rody: Musa, Ensete a Musella =
Evoluéni pfibuznost jednotlivych druhit v ramci éeledi nebyla [ Callimusa [x=10(9)]

Eumusa [x = 11]
|—— Australimusa [x = 10]

dosud detailné prostudovana Rhodochlamys [x=11]
Podrobny popis fylogenetickych vztahi v ¢eledi Musaceae
napomiize piesnéjsi charakterizaci a uréeni jednotlivych druhd,
popi. poddruhii a kultivovanych klont bananovniku

Experimentalni provedeni a vysledky

1. Identifikace a vybér kandidatnich genii s nizkym poétem kopii

2. Design specifickych primert odvozenych ze sekvenci EST

[ 1 2 | 3 eon ot Bonz L wons o Exond |

¢ Primery pro amplifikaci kandidatnich gent jsou od y ze sekvence EST, jsou
tedy komplementarni ke kédujici oblasti genu
* EST jsou Yy S ) 7 ryZe pro * Na zikladé pfedpokladané podobnosti s ryZi jsou primery navrzeny tak, aby
identifikaci orthol h genit

oblasti introni

3. Amplifikace kandidatnich gent z vybranych genotypt t ik 4. Sek

i, analyza sek énich dat, fyl

Musa | Eumusa 0249 | Calcuttad. acuminata__[burmannica | Myanmar.
Musa [ Eumusa 0728 [ Maia 0a acuminata | Zebrina Hawall

Musa [ Australimusa Musa textils | textils texils Philppines
Musa [ Australimusa M.maclayi [ maclay; maclay PNG mainiand
ng St
Wiss | Australmuss ener T Gomesticated | PG Wanus
Musa [ Calimusa. Musa becc cori eccari Borneo B
us: Callimusa_ 0287 Musa coccinea | coccinea. S. Indochina dblasi Australimusa
Ensete 367 | Ensete Ventricosum [ Ventricosum | Highland E. Africa = R A
Ventricosum .
O Callimusa
Fisels S China; N, Burma, Thailand " "
Strelitzia | Outgroup 2 Lo
nicolal 3 0614  M.maclayi ‘Hung i’
i proj 1v diversi [ Musella  Musella
¢V prvni fazi projektu bylo vybrano 13 druhii tak, aby rep ly v 1 p— . Miisella + Ensete

Strelitzia nicolai

v Predbéz
Callimusa

K Totni 1 1 2 kandidatnict Hud, pores i < qs s adnotlivech vetvi s xaledi Mo ST T e

Tato price byla podporena grantem IAA600380703 Grantové Agentury CR.
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ZAVER

Predkladand dizertaéni prace byla zaméfena na analyzu genetické diverzity a
fylogeneze ¢eledi Musaceae s vyuzZitim molekularnich nastroji.

Cilem prvni ¢asti prace bylo vybrat vhodny zptisob pro molekularni charakterizaci
genovych zdroji celedi Musaceae a optimalizovat jej pro pouziti ve
vysokokapacitnim genotypovani jednotlivych druhli, poddruhii a kultivovanych
odrid bananovniku. Z dostupnych molekularnich néstrojii byl pro tento ucel zvolen
soubor 22 mikrosatelitovych markert, které byly jiz dfive vyvinuty pro studium
diverzity bananovniku. Za pouziti modernich metod separace PCR produkti pomoci
kapilarni elektroforézy ve spojeni s fluorescenénim znacenim primertt byl tento
soubor markert otestovan na referen¢ni sbirce genotypti bandnovniku. Byla ovéiena
jeho funkCnost a reprodukovatelnost a také moznosti automatizace a tzv.
multiplexingu analyzy vzorkd. Bylo zjisténo, ze 19 z piivodnich 22 markerd je
pouzitelnych jako dostatecné spolehlivy a ucinny ndstroj pro potieby molekuldrni
identifikace jednotlivych genotypt bandnovniku. Zaroven byla pomoci tzv. slepého
testu u tohoto genotypovaciho systému ovéfena a potvrzena schopnost
charakterizovat neznamé vzorky, identifikovat jejich pravdépodobné taxonomické
zafazeni na Urovni druhli a poddruht a také identifikovat ptipadné duplikované
vzorky. Vysledky této Casti prace tak prispivaji k dikladnému poznani genetické
diverzity bananovniku a nabizeji prvni standardizovanou, vysokokapacitni
genotypovaci platformu, ktera se stala zdkladni metodou pouZzivanou v ¢innosti tzv.
Musa Genotyping Centre. Toto Centrum puasobi v ramci Laboratofe molekularni
cytogenetiky a cytometrie UEB v Olomouci a bylo povéfeno ovéfovanim
molekuldrni identity poloZzek genové banky bandnovniku a molekularni
charakterizaci zajimavych, spornych, piipadn€¢ novych genotypli bananovniku pro
Sir§Si  védeckou vefejnost. Optimalizace spolehlivého genotypovaciho systému
pomoci SSR markerd poprvé umozni charakterizaci diverzity bandnovniku na
globalni Grovni a zajisti vzajemnou porovnatelnost jednotlivych polozek, a to 1 diky
tomu, ze vSechny polozky nové zavadéné do genové banky budou prochazet
molekularni charakterizaci v Musa Genotyping Centre. Zde mohou byt tyto analyzy
doplnény také o sekvenéni analyzu oblasti ITS (vhodnou pro piipadnou blizsi

charakterizaci hybridnich klonil) a také o analyzu pomoci jiz diive vypracovanych

188



metod (napt. priitokové cytometrie pro méteni velikosti genomu a stupné ploidie; ¢i
fluorescencni in situ hybridizace).

Druh4 cast prace byla zaméfena na dikladné prostudovani evolu¢nich vztahti
v ramci Celedi Musaceae. K tomuto ucelu bylo pouzito dvou pfistupti. V prvnim, na
némz jehoz experimentdlni c¢asti jsem se Ccastené podilela, bylo vyuzito
fylogenetické analyzy ITS lokusu ribozomalni DNA na velmi Sirokém souboru 87
genotypti bananovniku obsahujicim také hybridni triploidni klony. Ve druhém
pristupu byl naopak pouzit rozsahly soubor 19 jadernych geni, resp. jejich intronii,
odvozenych z dostupnych sekvenci DNA bananovniku. Vybrané kandidatni geny
byly amplifikovany a nésledné sekvenovany z genomové DNA 13 diploidnich
zastupcl bananovniku, zvolenych tak, aby reprezentovali diverzitu Celedi Musaceae.
Fylogenetickd analyza ziskanych sekvenci DNA umoznila jednak pro rekonstrukci
evoluénich vztahtt v celedi Musaceae a také datovani divergence jednotlivych
vyvojovych linii uvnitt ¢eledi. V souladu s ptedchozimi pracemi bylo minimalni staii
¢eledi datovano do obdobi ptelomu tietihor a kiidy (~ 69 mil. let) a divergence rodu
Musa do obdobi starSiho paleogénu (~ 50 mil. let). Ziskana data dale ukazuji na
pocatek oddélovani vyvojovych vétvi vedoucich k sekcim rodu Musa pred tddove 28
mil. let. Vyvojova linie nejmladsi ze sekci, sekce Australimusa, se zacala
diverzifikovat pred asi 5 mil. let. Tato ¢ast prace predstavuje fylogenetickou analyzu
Celedi Musaceae na dosud nejrozsahlejSim souboru jadernych genti a poskytuje prvni
udaje staii jednotlivych evoluénich vétvi uvnit této celedi, ¢cimz posunuje soucasné

Spole¢né s prvni ¢asti prace tak ziskané vysledky poskytuji komplexni
pohled na evoluci bandnovniku vyuzitelny pro dalsi studium diverzity genovych
zdroji bandnovniku a zpfesnéni klasifikace jednotlivych druhl. Ve svém souhrnu
znamenaji ziskané vysledky zésadni posun ve studiu genetické diverzity a fylogeneze

éeledi Musaceae.
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SEZNAM POUZITYCH ZKRATEK

AFLP

DArT
DNA
ETS
IGS
IR
ITC
ITS
ML
mRNA
NJ
NTS
PCR
RAPD

rDNA
rbeL
RFLP

RNA
rRNA
SNP
SSR
UPGMA

polymorfizmus délky amplifikovanych fragmentii (amplified fragment
length polymorphism)

Diversity Array Technology

deoxyribonukleova kyselina

mezigenovy mezernik (intergenic spacer)

obracena repetice (inverted repeat)

International Transit Centre

vnitini pfepisovany mezernik (internal transcribed spacer)

maximalni pravdépodobnost (maximum likelihood)

medidtorova RNA

Neigbor-joining

nepiepisovany mezernik (non-transcribed spacer)

polymerazova fetézova reakce (polymerase chain reaction)

nahodn¢ amplifikovand polymorfni DNA (random amplified
polymorphic DNA)

ribozomalni DNA

ribuloza-bisfosfat kaboxylaza

polymorfizmus délky restrikénich fragment (restriction fragment
length polymorphism)

ribonukleova kyselina

ribozomalni RNA

jednonukleotidovy polymorfizmus (single nucleotide polymorphism)
jednoducha repetitivni sekvence (simple sequence repeat)

unweighted pair group method with arithmetic mean
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