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Souhrn

Do subtribu Hieraciinae jsou tazeny taxonomicky slozité polyploidni a vétSinou
apomiktické rody Hieracium a Pilosella, stejné¢ jako diploidni sexualné se
rozmnozujici rod Andryala. Tyto rozdily nabizi unikdtni moZznost porovnat
evolucni trendy a procesy u blizce piibuznych skupin s odliSnym zastoupenim
polyploidie, odliSnym zplGsobem rozmnozovani a zemépisnym roz§ifenim.
Predlozena disertacni prace se zabyva pouze skupinou Hieracium s. str. a rodem
Andryala; rod Pilosella byl studovén jinymi autory.

Byla stanovena velikost genomu tzv. ,,zakladnich druht“ rodu Hieracium s. str.
(Hieracium podrod Hieracium) a namétené hodnoty byly porovnany s vysledky
fylogenetické analyzy sekvenci jaderné ribozomalni DNA, ploidni urovni,
reprodukénimi mechanismy a ekogeografickymi faktory. Byla analyzovana jak
vnitrodruhova, tak mezidruhova variabilita velikosti genomu. Variabilita velikosti
genomu koresponduje s vysledky molekularni fylogeneze, ktera oddélila tii hlavni
skupiny druhd v souladu s jejich geografickym rozsitenim v Evropé (,,zapadni®,
,»vychodni“ a ,,hybridogenni*). Monoploidni velikost genomu ,,zapadni* skupiny je
signifikantné mensi nez velikost genomu ,,vychodni“ skupiny. Vnitrodruhova
variabilita je obecné velmi mald. Pfi porovnani monoploidnich velikosti genomu
diploidnich a polyploidnich rostlin byl zjistén ,,genome downsizing“. Byla
prokazana korelace velikosti genomu a zemépisné délky. Korelace s jinymi
ekogeografickymi faktory prokazana nebyla.

U rodu Andryala byla rekonstruovana evoluc¢ni historie a stanoveny velikosti
genomu. K rekonstrukci fylogenetickych vztahd uvnitf rodu jsme pouzili tfi
jaderné tiseky DNA (ETS, ITS a single-copy gen sgs) a dva chloroplastové useky
(trnT-trnL and trnV-ndhC). Zatimco analyza chloroplastovych tsekti potvrdila
predeslé zjisténi, tedy velmi vzdalenou introgresi z rodu Pilosella, jaderné useky
DNA ukazuji na monofyleticky ptivod rodu Andryala. V dtsledku nizké variability
obou jadernych ribozomalnich a obou chloroplastovych usektit DNA a vysoké mife
homoplazii u nejvariabilngjsiho tseku sgs, neumoznil zadny z pouzitych markert
podrobné rekonstruovat fylogenetické vztahy. Fylogeneticka analyza oddélila
pouze dvé bazilni dobie podpoiené skupiny, pficemz kazdd je tvorena jednim
reliktnim druhem A. laevitomentosa, A. agardhii. Do tieti dobfe podpotené skupiny



(“Major Radiation Group”) spadaji vSechny ostatni analyzované druhy. Vztahy
uvniti této skupiny zlstaly nevyieSené. Nejvetsi velikost genomu byla stanovena u
reliktnich druhtt (4. laevitomentosa, A. agardhii) a u dvou populaci druhu A.
ragusina. Oproti tomu dv¢ jiné populace druhu A. ragusina maji vyrazné¢ mensi
velikost genomu. Vy$si vnitrodruhova variabilita velikosti genomu u nékolika malo
druhd mtze byt vysvétlena alopatrickou speciaci zahrnujici ostrovni populace nebo
introgresivni hybridizaci.

Zvlastni pozornost byla také vénovana fylogeografii a cytotypové struktuie druhu
Hieracium intybaceum, sesterské skuping vSech Ctyf rodt subtribu Hieraciinae tvo-
fici linii s ne Gplné jasnym postavenim. Bylo zkoumano 43 populaci napfic¢ celym
arealem tohoto druhu (Alpy, Vogézy a Schwarzwald). VSechny populace byly
podrobeny cytometrickym a molekularnim (AFLP) analyzam. Byly odhaleny dvé
ploidni Grovné — diploidni a tetraploidni, které se 1isi reprodukénimi zpiisoby (se-
xualita u diploidt, apomixe u tetraploidd, stejné jako u ostatnich zastupct rodu Hi-
eracium s. str.). Diploidni populace byly zjistény napfi¢ celymi Alpami,
tetraploidni populace jsou omezeny pouze na malé uzemi zapadnich Alp a Vogéz;
ploidné smiSené populace nebyly nalezeny. Geneticka variabilita je celkové velmi
nizka. Bayesovska analyza nalezla ¢étyfi klastry/genetické skupiny, které ¢aste¢né
koresponduji s ploidni strukturou a geografickym rozsitenim (vychodni vs. zapadni
Alpy). Domnivame se, ze odlednéna Gzemi byla pravdépodobné kolonizovéna z
matefskych diploidnich populaci zapadnich Alp.

Summary

Subtribe Hieraciinae includes taxonomically intricate polyploid and mostly
apomictic genera Pilosella and Hieracium as well as diploid sexual genus
Andryala. Tt offers a unique possibility to compare evolutionary trends and
processes in closely related genera with contrasting frequency of polyploids,
modes of reproduction, and geographical distrubution. The thesis is focused on
Hieracium s.str. and Andryala; the genus Pilosella was studied by another authors.

Genome size of so called ‘basic’ species of Hieracium s. str. (Hieracium subgen.
Hieracium) was estimated and correlated with results of phylogenetic analysis
based on nuclear DNA marker ETS, ploidy level, breeding system and



ecogeographical features. Inter- and intraspecific variability in genome size was
also analyzed. Genome size variation corresponded with results of molecular
phylogeny that separated three main clades reflecting geographical distribution in
Europe (‘western’, ‘eastern’ and hybridogenous). The monoploid genome size in
the ‘western’ species was significantly lower than in the °‘eastern’ ones.
Intraspecific variability was generally low. Genome size downsizing was
confirmed in monoploid C values comparison among diploid and polyploid
cytotypes. Correlation of genome size with longitude was apparent for the whole
data, correlations with latitude and altitude were not significant.

Evolutionary history and genome size pattern and evolution were explored in
Andryala, a medium-size genus distributed mainly in the Mediterranean Basin and
Macaronesia. To reconstruct the relationships within the genus we used three
nuclear markers (ETS, ITS and single-copy gene sgs) and two chloroplast markers
(trnT-trnL and trnV-ndhC). While cpDNA analysis confirmed a previously inferred
chloroplast capture event with the sister genus Pilosella, nuclear markers supported
the monophyletic origin of Andryala. None of phylogenetic analyses resulted in
sufficient resolution, due to very low levels of nucleotide divergence of two
nuclear and two chloroplast markers and a high degree of homoplasy and
incomplete lineage sorting in the variable sgs marker. Only two well-supported
basal lineages corresponding to relict species A. laevitomentosa and A. agardhii
were separated. The rest of Andryala species collapsed to well-supported large
group named here ‘Major Radiation Group’. Relationships inside this group are
largely unresolved. Regarding the genome size, highest C values were detected in
basal relict species (4. laevitomentosa, A. agardhii) and in two populations of A4.
ragusina. Another two populations of 4. ragusina have distinctly lower C values.
Higher intraspecific variation of genome size in a few species might be explained
by allopatric differentiation including island populations.

In addition, special attention was also payed to phylogeography and cytotype
structure of Hieracium intybaceum, the sister member of all Hieraciinae genera
forming transitional lineage among the four Hieraciinae genera. 43 populations
collected across the distribution range in the Alps and the Vosges Mts were
explored using flow cytometry and AFLP molecular markers. We detected two
ploidy levels, diploid and tetraploid with contrasting modes of reproduction
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(sexuality in diploids, apomixis in tetraploids). Diploids were found all across the
Alps, while tetraploids only in the westernmost Alps and the Vosges Mts. Genetic
variation was very low. Bayesian clustering identified four clusters/genetic groups,
which are partly congruent with the ploidy pattern and geographical distribution.
We suppose that diploids colonized the deglaciated areas from source populations
most likely located in the southern part of the recent distribution range and in the
western Alps.



Uvod

Taxonomie a evoluc¢ni historie subtribu Hieraciinae

V poslednim desetileti je castym tématem studium blizce piibuznych
monofyletickych skupin. Pfesto vSak detailnich srovnani blizkych skupin s vyrazné
odlisnymi reprodukénimi zplsoby, riznym zastoupenim apomixie a polyploidie, je
stadle malo. Subtribus Hieraciinae (tribus Cichoriae) je mimoiadné vhodny
modelovy systém diky pfitomnosti dvou rGznych typd apomixe (aposporie,
diplosporie) ve dvou vysoce rozriznénych a komplikovanych rodech (Hieracium a
Pilosella) a zaroven také pritomnosti vyluéné sexudlniho sesterského rodu
Andryala. Tato kombinace vlastnosti u blizce piibuznych skupin je unikatni nejen u
Celedi Asteraceae (Noyes 2007).

Jiz po dlouhé roky je studium fylogenetickych vztahti a taxonomie subtribu Hiera-
ciinae v hledacku mnoha botanikl. Na zakladé morfologické kladistické analyzy a
chromozomovych pocti subtribus Hieraciinae ptivodné zahrnoval Hieracium s.l.
(veetné Pilosella Hill a Chionoracium Dumort.), Andryala L., Hispidella Barnad.
ex Lam., Hololeion Kitam., Tolpis L. a Arnoseris L. (Bremer 1994). Pozd¢ji Lack
(2006) umistil Arnoseris do subtribu Hypochaeridinae a Gemeinholzer et al. (za-
hrnuto v Kilian et al. 2009) dosli k z&véru, ze se shlukuje s rodem Cichorium. Dalsi
zmény ve vymezeni subtribu Hieraciinae se tykaji rodu Tolpis, ktery utvoril skupi-
nu s Cichorium jako soucast subtribu Cichoriinae, a rodu Hololeion, ktery byl za-
fazen do skupiny Heteracia-Soroseris v ramci subtribu Crepidinae. Vyjmuti rodu
Hololeion je podpoteno i jeho zakladnim chromozomovym ¢islem x = 8, které se
lisi od ostatnich rodt subtribu Hieraciinae (x =9).

Molekularni analyza na bazi jednoho jaderného a dvou chloroplastovych useki
DNA (Fehrer et al. 2007) nov¢ fadi do subtribu Hieraciinae pouze Hieracium s.l.
(v€etné Pilosella a Chionoracium), Andryala a Hispidella. Toto nové ¢lenéni je i v
souladu s morfologickymi znaky (Krak & Mraz 2008). Tii hlavni linie rekon-
struované na bazi jaderného tseku (Fehrer et al. 2007) se shoduji s vymezenim
rodl: (i) rody Pilosella a Hispidella jsou sesterské rody, (ii) stejné tak Hieraci-
um/Chionoracium, a (iii) rod Andryala je sestersky rod celé skupiny. VSechny rody
maji stejné zakladni chromozomové ¢islo x = 9. Jednotlivé rody se lisi frekvenci



polyploidnich cytotypt, frekvenci a typem apomixe a jejim vlivem na jejich evolu-
ci. Zatimco useky chloroplastové DNA ukazuji na ddvnou mezirodovou introgresi
z rodu Hieracium do ,,zapadoevropské linie* rodu Pilosella a z této linie do rodu
Andryala, iseky jaderné DNA ukazuji na monofyleticky ptivod vSech roda (Fehrer
et al. 2007, Fereira et al. 2015). Vzhledem k tomu, Ze této introgrese se ucastnily
diploidni druhy, prob¢hla pravdépodobné pied prechodem téchto rodd k apomixi
(Fehrer et al. 2009).

U rodi Hieracium a Pilosella miZeme polyploidizaci a apomixi oznacit za vy-
znamnou hnaci silu evoluce. Oproti tomu, rod Andryala je ptikladem alopatrické a
parapatrické speciace a mize dobfe slouzit jako modelova skupina pro studium bi-
ogeografickych otdzek ve Stredozemi a Makaronésii.

Disertacni prace byla zamétena na dva rody s odlisnou evolu¢ni historii — Hieraci-
um s. str. jako polyploidni apomiktickou skupinu a Andryala, jako mensi a vyluéné
diploidni rod. Zvlastni pozornost byla také vénovana druhu Hieracium intybaceum,
ktery na zakladé jaderné ribozomalni DNA tvofi sesterskou skupinu vSech ctyf
rodl subtribu Hieraciinae a na zéklad¢é chloroplastové DNA jasné spada do rodu
Hieracium (Fehrer et al. 2007).

Hieracium

Vymezeni rodu Hieracium je pfedmétem mnoha diskusi (vice v disertacni praci). V
této studii bylo pfijato vymezeni, kde Hieracium obsahuje dva podrody —
Hieracium a Chionoracium. Tento koncept podporuji morfologicka data, zptisob
rozmnozovani (podrod Chionoracium zahrnuje nejpravdépodobnéji pouze
diploidni sexualni druhy, zatimco v podrodu Hieracium pitevazuji polyploidni
apomiktické druhy) a také rozsiteni (Chionoracium je rod Nového svéta a
Hieracium je hlavné eurasijskym rodem). Molekularni data toto ¢lenéni podporuji.
V Hieracium subgen. Hieracium fylogeneticka analyza rozlisila dvé hlavni skupiny
(,,vychodni“ a ,zapadni“) odpovidajici vétSinou geografickému rozsiteni
jednotlivych druhd (Fehrer et al. 2009). Fylogeneticky strom na bazi ETS ukazuje,
ze Chionoracium je odvozeno od druhti ,,vychodni* skupiny podrodu Hieracium,
coz také podporuje relativné velka velikost genomu druhd podrodu Chionoracium
(Zahradnicek & Krahulcova, nepublikovano). ,,Vychodni“ skupina ma



prokazatelné vétsi velikost genomu nez ,,zapadni“. Vysledky kombinované analyzy
dvou chloroplastovych usektit DNA zase ukazuji na monofyleticky ptivod podrodu
Chionoracium, kde lezi na bazi n¢kterych skupin podrodu Hieracium. To ukazuje,
ze zadny ze soucasnych analyzovanych druhl podrodu Hieracium nema zadny
vztah k americké linii (Fehrer et al. 2007).

Hieracium podrod. Hieracium zahrnuje vytrvalé druhy rozsifené hlavné v
temperatnim pasu Evropy, Asie, vzacn¢ v mediteranni Africe, Severni Americe a
zavlecené do nékterych jinych oblasti (napt. Novy Zéland). Podrod mé Sirokou
ekologickou amplitudu a jeho druhy rostou na rozli¢nych stanovistich, jako jsou
lesy, meze, rizné typy travinnych porostt a skaly od nizin az do alpinského stupné.
Hieracium podrod Hieracium je rozsahly polyploidni komplex s pievazujicimi
triploidnimi a tetraploidnimi (Merxmiiller 1975, Schuhwerk 1996, Schuhwerk &
Lippert 1998, Chrtek et al. 2007), a vzacné pentaploidnimi (Chrtek et al. 2004)
druhy. V porovnani s polyploidnimi jsou diploidni druhy velmi vzacné (cca 20
druhil) a soustfedéné do oblasti glacialnich refugii jizni Evropy a vychodnich
Karpat (napf. Merxmiiller 1975, Chrtek 1996, Mraz 2003, Castro et al. 2007).
Pouze jediny diploidni druh, H. umbellatum, je Siroce rozsifeny v celé Eurasii.

Polyploidni zastupci podrodu Hieracium jsou tradi¢n¢ povazovani za obligatné
nebo téméef obligatné apomiktické. Mechanismus apomixe u této skupiny je ozna-
¢ovan jako diplosporie typu Antennaria (Bergman 1941, Skawinska 1963, Gustafs-
son 1947, Nogler 1984), embryo a endosperm se vytvareji nezavisle bez oplozeni.
U nékterych rostlin s timto typem apomixe byl zaznamenan i sexudlni zptisob roz-
mnozovani, tzv. zbytkova sexualita (Bergman 1941, Skawinska 1963, Hand et al.
2015). Diploidni rostliny jsou sexudlni s pravidelnou mikro- a megasporogenezi
(Gustafsson 1947) a autoinkompatibilitou (Rosenberg 1927, Bergman 1941). Pfi
vet§i pfitomnosti pylu jinych druhti na blizné muze ale dojit k prolomeni au-
toinkompatibility (proces oznacovany jako "mentor effect"; Mraz 2003). Repro-
dukéni mechanizmy také uréuji potencial k hybridizaci. Ta je v soucasnosti pozo-
rovana vzacné mezi diploidnimi druhy jak v pfirodé, tak v ramci experimentalnich
ktizeni. Hybridni rostliny pak ale v téméf naprosté vétsiné produkuji sterilni nazky
(Mraz & Paule 2006, Mraz et al. 2005, Chrtek et al. 2006). KfiZzeni je mozné ale i
mezi diploidnimi matefskymi roslinami a tetraploidnimi rostlinami jako donory
pylu (pyl ale zdaleka neprodukuji viichni tetraploidi). Uspé&nost kiizeni v experi-
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mentalnich podminkach je i tak obecné malé (nepublikovano). V ptirodé bylo nale-
zeno pouze nékolik hybridnich rostlin a pouze ve dvou piipadech byly nalezy pub-
likovany (Hieracium krasanii (Mréaz et al. 2005, 2011) a H. grofae (Chrtek et al.
2006)). I tito hybridi jsou vSak vétSinou sterilni nebo produkuji jen malé mnozstvi
zivotaschopnych nazek. V minulosti byla ale hybridizace jednim z nejvyznam-
néjsich evolucnich procest v tomto rodu (Fehrer et al. 2009).

Pro rod Hieracium byly v Evropé pouzivany dva taxonomické pfistupy. V
predkladané praci jsme pouzili stfedoevropsky pfistup, zalozeny na pracich Négeli
& Peter (1885) a Zahn (1921-1923). Dle naseho minéni tento piistup 1épe odrazi
situaci napfi¢ celym aredlem rodu Hieracium. Hlavné pak v jizni a jihovychodni
Evropé, kde se vyskytuji diploidni druhy, ze kterych jsou odvozeni polyploidni
zastupci. Na zakladé stfedoevropského pristupu je v podrodu Hieracium
rozeznavano cca. 500 druhd (Zahn 1921-1923). Druhy jsou ¢lenény na ,,zékladni
a ,,prechodné*. Zakladni druhy (cca 45 druhti) jsou povazovany za nehybridogenni,
jsou Casto, ale zdaleka ne ve vSech pfipadech diploidni a jsou povazovany za
zékladni jednotky v evoluci jestfabniki. Druhy pfechodné jsou hybridogenniho
pivodu mezi dvéma nebo vice druhy hlavnimi a sdileji tak jejich morfologické
znaky.

Andryala

Soucasny taxonomicky koncept rodu Andryala uznava cca 17 vytrvalych nebo
vzacnéji jednoletych nebo dvouletych druhd (Greuter 2006, Blanca 2011, Ferreira
et al. 2014). Rod je rozsifen hlavné ve Stfedozemi a v Makaronésii, s centry diver-
sity v severozapadni Africe, na Pyrenejském poloostrové a Kanarskych ostrovech.
Doposud byly nalezeny pouze diploidni (2n = 18; Goldblatt & Johnson 1979-) se-
xudln€ se rozmnozujici rostliny.

Rod Andryala zahrnuje jak reliktni druhy rostouci na nékolika malo lokalitach A.
laevitometosa s jednou lokalitou v rumunskych Karpatech (Kukula et al. 2003) a
A. agardhii s nékolika lokalitami v horach Andalusie a severni Afriky (Blanca et al.
1998), tak Siroce rozsifené druhy casté i na synantropnich stanovistich jako je mor-
fologicky velmi varibilni 4. integrifolia s.l.



Hieracium intybaceum

Hieracium intybaceum je vytrvaly druh rostouci na silikaitovém podlozi v
alpinském a subalpinském stupni Alp a na dvou odlehlych lokalitdich ve Vogézach
a Schwarzwaldu. Pro tento druh byly doposud nalezeny tfi ploidni stupné:
diploidni (2n = 18), triploidni (2n = 27) a tetraploidni (2n = 36; Favarger 1997,
Chrtek et al. 2007). Diploidni cytotyp zcela pfevazuje a je k nalezeni napfi¢ celym
arealem vyskytu. Tetraploidni populace se vyskytuji pouze na malém tzemi v
jihozapadnich Alpach a ve Vogézach.

Na zaklad¢ jaderné ribozomalni DNA tvoti Hieracium intybaceum sesterskou sku-
pinu vSech Ctyf rodd subtribu Hieraciinae a je dosti vzdalené od ostatnich druhd
rodu Hiracium (Fehrer et al. 2007, 2009). Oproti tomu chloroplastova DNA fadi H.
intybaceum zcela jasné do rodu Hieracium (Fehrer et al. 2007). Jiz v minulosti né-
ktefi autofi fadili tento druh do samostatného rodu Schlagintweitia Griseb., zejmé-
na na zaklad¢ odlisnosti v nékterych morfologickych znacich. Pozdéji pak vy-
sledky molekularni fylogeneze podpofily toto ¢lenéni. Navzdory tomuto zatazeni
ale tvofi H. intybaceum mnoho hybridogennich druhti se zastupci rodu Hieracium
s. str. a mozna hybridizace byla také potvrzena kiizicim experimentem mezi H. in-
tybaceum a H. prenanthoides (Zahradni¢ek & Chrtek, nepublikovano).

Polyploidie

Polyploidizace je jeden z nejzasadnéjSich mechanismil v evoluci rostlin a je velmi
Casta i u dvou rodu subtribu Hieraciinae. V minulosti probihajici polyploidizace
(Soltis et al. 2009) byla zjisténa u témet vSech rostlinnych skupin. Dle ptvodu
duplikovaného genomu mizeme rozliSit dva typy polyploida: autopolyploidy a
alopolyploidy (Clausen et al. 1945, Ramsey & Schemske 1998). Autopolyploidi
vznikaji genomovou duplikaci v ramci jednoho jedince nebo kiizenim jedincid
stejného druhu za ucasti nejméné jedné neredukované gamety. Tento typ
polyploidizace se zda byt méné Casty. Rozliseni autopolyploidi od alopolyploidi
je v8ak zpravidla velmi komplikované (vice Soltis et al. 2007, Parisod et al. 2010).

v

Mnohem c¢astéjsi je pravdépodobné alopolyploidie. Alopolyploidi maji vice nez
dveé chromozomové sady, které jsou odlisné a pochézeji od jedincti riznych druhi.
Tento proces je vysledkem mezidruhové hybridizace a nasledné polyploidizace
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hybridnich rostlin (napt. Mallet 2007) nebo hybridizace za ucasti neredukovanych
gamet. U hybridnich rostlin byla zaznamenana vyssi produkce neredukovanych
gamet, a tak polyploidizace zcela jist¢ souvisi s hybridizaci (Ramsey & Schemske
1998). Polyploidizace hraje také vyznamnou roli pii stabilizaci hybridd. U
diploidnich hybrida se casto homologni chromozomy neparuji diky strukturalnim
odlisnostem a hybrid je sterilni (Grant 1981, Ramsey & Schemske 1998). U
alopolyploidniho genomu jsou rodiovské genomy duplicitni a tak se mohou
homologni chromozomy parovat. Polyploidie je tak pro mnoho hybridi jedina
unikova cesta ze sterility (Ramsey & Schemske 1998).

Dalsi nejcastéj$i mehanismus vzniku alopolyploidnich rostlin je G¢ast nejméné
jedné neredukované gamety pii hybridizaci (Ramsey & Schemske 1998, Thomp-
son & Lumaret 1992). V piipadé ucasti jedné neredukované gamety vznikaji
triploidni jedinci (triploidni most), ktefi se pak mohou nasledné ucastnit formovani
vyssich polyploidd zpétnym kiiZzenim s diploidnimi rostlinami nebo kfiZzenim mezi
triploidy. Tato cesta je vSak velmi komplikovana kvili ¢asté sterilité triploidnich
rostlin (napf. Levin 1975, Ramsey & Schemske 1998, Burton & Husband 2000,
Husband 2004, Kohler et al. 2010). Polyploidni rostliny pravdépodobné nevznikly
pouze jednou, ale opakované v riznych diploidnich populacich (v pfipadé au-
topolyploidii napt. Segraves et al. 1999, Dobes et al. 2004, Halverson at al. 2008).

Apomixe

Apomixe je asexualni zpiisob tvorby semen, ktery produkuje klondlni potomstvo s
matefskym genotypem. Dosud byla zdokumentovana u vice nez 125 rodd
krytosemennych rostlin (Carman 1997). Rozsifeni apomixe u krytosemennych
rostlin neni nahodné nebo rovnomérné, zietelné prevazuje u nékterych cCeledi
(Poaceae, Rosaceae, Asteraceae; Richards 2003); témeét vSechny apomiktické
rostliny jsou polyploidni.

Vyvoj apomikticky vzniklych semen muzeme rozdélit do tiéi krokl: vynechani
nebo modifikace meiotického déleni pfi vzniku megaspory, partenogeneticky vyvoj
embrya z neoplozené vaje¢né buiiky a na oplozeni zavisly nebo nezavisly vyvoj
endospermu (Koltunow 1993, Richards 2003, Bicknell & Koltunow 2004). Dle
vyvoje zarode¢ného vaku mlzeme apomixi délit na dva zakladni typy: i) u
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diplosporie vznika zarode¢ny vak z megaspory, ii) u aposporie vznika zarodecny
vak ze somatické bunky nucelu (napf. Bergman 1941, Gustafsson 1947, Skawinska
1963, Nogler 1984, Richards 1997, Koltunow at al. 2000).

Apomixe muze byt bud’ obligatni, nebo fakultativni. Obligatni apomixe je uvadéna
u nekterych skupin s diplosporickym mechanismem vzniku zarode¢ného vaku
(Richards 1997). Fakultativni apomixe, kombinace sexudlniho zptisobu
rozmnozovani a apomixe je podle v§eho Castéjsi a je vétSinou vazana na aposporii.
Mnoho apomiktickych rostlin ale tvofi vitalni pyl, umoziujici kiizeni zejména s
blize pfibuznymi diploidnimi typy (Mogie 1992). Apomixe je u krytosemennych
rostlin dédi¢na a vznikala nezavisle vicekrat (Carman 1997, Van Dijk & Vijverberg
2005). Regulaéni mechanismy apomixie jsou vSak velmi slozité a stdle v mnoha
ohledech nejasné.

Sexualni a apomiktické rostliny se castecné lisi svym rozsifenim a ekologickymi
naroky. V porovnani se sexualnimi druhy maji apomiktické druhy nebo cytotypy
téhoz druhu Sirsi roz§ifeni a vyskytuji se spisSe ve vysSich nadmotskych vyskach,
zemépisnych S§itkach nebo na rlznym zplsobem narusenych stanovistich
(Bierzychudek 1985, Van Dijk 2003, Hoérandl 2006, 2009, Cosendai et al. 2013). K
této problematice bylo formulovano nekolik hypotéz, ale Zadna z nich neni zcela
jednoznacna (Horandl 2006).

Taxonomické hodnoceni apomiktickych skupin je obecné¢ velmi obtizné. Dva
krajni pfistupy obhajuji bud rozliSovani vSech geneticky a morfologicky
definovanych jednotek na trovni druhd (mikrospecii, ,,splitting approach®) nebo
uznavani Sifeji pojatych druhd, v nékterych ohledech odpovidajich druhiim u
sexualné se rozmnozujicich rostlin (,,lumping approach®) (napi. Dickinson 1998,
Horandl 1998, Stace 1998).

U rodt Hieracium a Pilosella je apomixe §iroce rozsifena a ovliviiuje morfolo-
gickou variabilitu a evolu¢ni potencial jednotlivych skupin. Detailni poznani me-
chanismi apomixe a jejich dasledki je tak u rodu Hieracium zcela zasadni.

Velikost jaderného genomu

Velikost genomu je dulezity znak vyuzivany v mnoha typech studii. Pouzivani
souvisi s rozvojem metody pratokové cytometrie, kterd se pouziva jiz tfi desetileti
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(napt. Galbraith et al. 1983, Laurie & Bennett 1985, Dolezel et al. 1994, Bennett &
Leitch 1995, Bennett & Leitch 2005, Suda et al. 2007). Prvni zaznam velikosti
genomu je vSak jesté mnohem star$i (Swift 1950).

Velikost genomu u krytosemennych roslin kolisd ve vice nez 2300 nasobku mezi
nejmensim dosud zméfenym genomem druhu Gentiana tuberosa a G. aurea (1C =
0.061pg; 1C= 0.064 pg; Fleischmann et al. 2014, Greilhuber et al. 2006) a
nejvetsim znadmym genomem u Paris japonica (1C=152.23 pg, Pellicer et al.
2010). Vysoka variabilita ve velikosti genomu je vysvétlena nékolika mechanismy.
Diive se predpokladalo, ze genom muze pouze rust (,,one-way path to genome
obesity*) prostiednictvim polyploidizace a proliferace retrotransposonti (Flavell et
al. 1977, Barakat et al. 1997, Bennetzen & Kellogg 1997). Nov¢jsi studie vSak
ukazuji, ze jak rust, tak pokles velikosti genomu hraje dalezitou roli v evoluci
rostlin (Wendel et al. 2002, Hawkins et al. 2008). Mechanismy zodpovédné za
zmény velikosti genomu jsou predevsim duplikace genomu, aktivita retroelementd,
rekombina¢ni mechanismy, pomér inserci a deleci a udalosti jako poskozeni ¢i
ztrata celého chromozomu (napf. Kirik et al. 2000, Morgan 2001, Petrov 2002,
Wendel et al. 2002, Gregory 2004, Leitch & Bennett 2004, Bennetzen et al. 2005,
Hawkins et al. 2009, Agren & Wright 2011).

Interpretace variability velikosti genomu je velmi obtiznd bez znalosti evolué¢ni
historie studované skupiny, a tak mnoho praci studuje velikost genomu ve
fylogenetickém kontextu (Albach & Greilhuber 2004, Price et al. 2005, Weiss-
Schneeweiss et al. 2006, Chrtek at al. 2009, Mandak et al. 2016). U polyploidnich
cytotypll byl zaznamenan pokles velikosti genomu (downsizing) v porovnani s
diploidnimi cytotypy stejného druhu (Keelogg & Benetzen 2004, Leitch & Bennett
2004). U tetraploidniho cytotypu druhu Orobanche transcaucasica byl naopak
zaznamenan opacny jev (Weiss—Schneeweiss et al. 2006) a u rodu Nicotiana byl
zaznamenan jak pokles, tak rst genomu (Leitch et al. 2008).

Prestoze nasledky velké variability velikosti genomu nejsou dosud plné objasnény,
mnohokrat jiz bylo zjisténo, ze velikost genomu mize ovliviiovat néckteré
fenotypové znaky, které vyznamné ovliviwuji vyvoj rostlin, fenologii a jejich
ekologické naroky (Leitch & Bennett 2007, Greilhuber & Leitch 2013).

Casto velké mezidruhové rozdily ve velikosti genomu a zéroven mala variabilita v
ramci druhli umoznuji pouzivat velikost genomu jako pomocny znak pii vymezeni
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druhu (napf. Buitendijk et al. 1997, Thalmann et al. 2000, Zonneveld 2001, Sisko
et al. 2003, Bures et al. 2004, Baack et al. 2005, Zavesky et al. 2005, Suda et al.
2007, Chumova et al. 2015). Velikost genomu mize byt dale velmi uzite¢na pii
identifikaci hybridnich jedincti mezi druhy s odlisSnou velikosti gemomu a k
detekci aneuploidd. V rostlinné ekologii mtize velikost genomu naznacit potencial
daného druhu k invaznimu §ifeni. Rostliny s malou velikosti genomu obvykle 1épe
invaduji (vice Suda et al. 2015).

Velikost genomu se osvédcila jako velmi uzite¢ny druhové specificky marker pro
vymezeni druht u rodu Pilosella (Suda et al. 2007). Pfedlozend prace se proto za-
méfila na zhodnoceni vyznamu tohoto znaku u ostatnich skupin subtribu Hieracii-

nae.

Hlavni cile prace

I.  Vysvétlit variabilitu velikosti genomu u Hieracium podrodu Hieracium ve
fylogenetickém kontextu a ve vztahu k ekogeografickym faktorim a
polyploidii (Paper 1)

II. Rekonstruovat evoluéni historii malo znamého mediteranné-
makaronézského rodu Andryala sekvenovanim nékolika jadernych a
chloroplastovych tseki (Paper 2)

III. Objasnit cytotypovou variabilitu a genetickou strukturu ve vztahu ke
geografickému rozsiteni druhu Hieracium intybaceum (Paper 3)

IV. Vyhodnotit variabilitu ve velikosti genomu rodu Andryala ve fylogene-
tickém kontextu a s ohledem na geografické rozsifeni a zivotni formy
(Paper 4)

Material a metodika

Pro tucely tohoto vyzkumu byly sbirdny zivé rostliny, nazky nebo pouze Cerstvy
materidl (listy) spolu s herbarovym dokladem 42 druhti (82 populaci) rodu Hiera-
cium a 18 druhti nebo poddruhli rodu Andryala (67 populaci). Pokud to bylo
mozné, vzorky byly odebrany vzdy z tfi populaci kazdého druhu a péti rostlin z
kazdé populace. Nekolik vyjimek tvofily vzacné se vyskytujici druhy. Také bylo
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sebrano 43 populaci druhu Hieracium intybaceum napiic¢ celym aredlem vyskytu
(Alpy, Vogézy). Sebrané zivé rostliny byly péstovany v experimentalni zahradé
Botanického tistavu AV CR.

Metoda priutokové cytometrie byla pouzita k méfeni absolutni velikosti genomu
(Greilhuber et al. 2005) a zjisténi ploidni irovné (Suda et al. 2006) za pouZiti me-
todiky popsané Dolezelem (Dolezel et al. 2007). Chromozomy byly pocitany kla-
sickou metodou roztlakovych preparatti. Pouzity byly rostouci kofenové $picky. Pii
ptipravé preparatu jsme pouzili metodiku popsanou Dyerem (Dyer 1963). Ke
zjisténi reprodukénich mechanizm jsme pouzili sérii klasickych emaskula¢nich
pokust (Gadella 1987, Krahulcova & Krahulec 1999) ve tfech krocich: 1) test
spraSenim cizim pylem (sterilita). 2) uzavieni kvétenstvi v mikrotenovém sacku
(autogamie, apomixie). 3) Emaskulace s naslednym uzavienim v mikrotenovém
sacku (apomixie).

K extrakci DNA byl pouZit postup popsany Storchovou (Storchova et al. 2000).
Byly sekvenovany dva chloroplastové tseky, dva tseky jaderné ribosomalni DNA
(ITS, ETS) a jeden jaderny ,.single copy gen* sgs (Krak et al. 2012). Useky byly
amplifikovany jiz vyvinutymi (Shaw et al. 2007, Blattner 1999, Blattner et al.
2001, Noyes 2006) nebo modifikovanymi primery. Fylogeneticka analyza byla
provedena pomoci programtit PAUP* (Swoford 2002) a MrBayes (Ronquist &
Huelsenbeck 2003).

K molekularni AFLP analyze jedincti druhu Hieracium intybaceum byl pouzit
AFLP Core Reagent Kit I (Invitrogen) a AFLP Pre-Amp Primer Mix I
(Invitrogen). Pouzili jsme modifikovany postup popsany Rejzkovou et al. (2008).
Na bazi predbéznych testl jsme vybrali tfi primerové kombinace urcené k selekt-
ivni amplifikaci: EcoRI-AAC + Msel-CTA, EcoRI-ACG + Msel-CAC and EcoRI-
ACA + Msel-CTG. K nalezeni genetické struktury jsme pouzily tfi odlisné piis-
tupy: K-means clustering (Hartigan & Wong 1979), Bayesovské klastrovani
(Pritchard et al. 2000, Falush et al. 2007) a analyzu hlavnich koordinat.

Vysledky a diskuse

Velikost genomu byla zméfena (vétSinou se jednd o prvni zaznam) u 42 druhti rodu
Hieracium s. str. Primérné 2C hodnoty se lisily 2,37krat mezi jednotlivymi druhy

14



(od 7,03 pg u diploidnich rostlin po 16,67 pg u tetraploidnich rostlin), 1Cx hodnota
se lisila 1,22krat (mezi 3,51 a 4,34 pg). Vnitrodruhova variabilita byla obecné vel-
mi mald, pouze u sedmi druhd s polytopnim vznikem byla nalezena variabilita
veétsi nez 3,5 %. U polyploidnich cytotypl byl prokazan pokles velikosti genomu
(downsizing) oproti diploidnim cytotypiim. Fylogeneze se ukazala jako nejdilezi-
t&jsa faktor vysvétlujici variabilitu ve velikosti genomu.

Fylogeneticka analyza sekvenci jaderného ribosomalniho useku DNA (ETS) oddé-
lila dv€ hlavni linie korespondujici s geografickym rozsifenim jednotlivych druht,
oznacené jako ,,vychodni“ a ,,zdpadni“. Ob¢ skupiny jsou signifikatné odlisné ve-
likosti genomu. Pouze v ptipadé druhu Hieracium transylvanicum velikost genomu
nekoresponduje s fylogenezi oddélenymi skupinami. Jak ukazuje jeho soucasné
roz§iteni a velikost genomu tento druh mé vychodni pivod ale spadd do
»zapadni“fylogenetickou analyzou oddélené skupiny. Byla prokazana pozitivni ko-
relace velikosti genomu se zemépisnou délkou, zadné jiné korelace s ekogeo-
grafickymi faktory nebyly nalezeny.

Pro studium fylogenetickych vztahii v rodu Andryala byly pouzity tii jaderné use-
ky DNA (ETS, ITS a ,,single-copy* gen sgs) a dva chloroplastové useky (trnT-trnL
a trnV-ndhC). Zatimco analyza chloroplastové DNA potvrdila pfedchozi hypotézu
o velmi vzdalené introgresi z rodu Pilosella, jaderné iseky DNA podporuji mo-
nofyleticky pivod rodu Andryala.

Kvili nizké variabilité pouzitych usekit DNA Zzadna z fylogeneticckych analyz ne-
ptinesla podrobny fylogeneticky strom. Byly oddéleny pouze tfi dobfe podpotfené
zékladni linie, dvé z nich reflektuji reliktni druhy A. agardhii a A. laevitomentosa.
Do tieti dobfe podpofené skupiny, oznacéné jako ,,Major Radiation Group* spadaji
vSechny ostatni studované druhy. V ramci této skupiny vSak zlstaly fylogenetické
vztahy nevyfeSené. Extrémné nizkd geneticka variabilita je ale v rozporu s vysokou
morfologickou variabilitou a ukazuje na relativn¢ nedédvnou a rychlou speciaci v
ramci ,,Major Radiation Group“. Na druhé strané dva dobfe oddélené reliktni
druhy pfedstavuji pivodni a dlouze izolované line.

Velikost genomu byla zmétena u 18 druhti rodu Andryala. Z toho u 17 z nich se
jednalo o viibec prvni tidaj o velikosti genomu a u 6 druhti byl poprvé stanoven po-
Cet chtomozomu (2n=18). Potvrdili jsme, Ze na rozdil od rodu Hieracium rod

Andryala obsahuje pouze diploidni druhy.
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Nejvyssi 2C hodnoty (4,8-5,01 pg) byla naméreny u reliktnich druhtt 4. laevito-
mentosa a A. agardhii a u dvou populaci 4. ragusina. Jiné dvé populace druhu 4.
ragusina maji vyrazné mensi velikost genomu.

Velikost genomu druhil spadajicich do tfeti, fylogenezi podpotené skupiny ,,Major
Radiation Group* se pohybuje v rozmezi od 2,69 do 3,63 pg. Nalezli jsme také ko-
relaci mezi velikosti genomu a zivotni formou (vyssi u vytrvalych a nizsi u jedno-
letych/dvouletych druhi).

Ke studiu fylogeografie a cytotypové struktury druhu Hieracium inbtybaceum jsme
pouzili metody prutokové cytometrie a AFLP molekularni analyzy. Hieracium in-
tybaceum je vytrvald rostlina rostouci na silikdtovém podlozi v alpinském a
subalpinském pasmu Alp a na dvou odlehlych lokalitaich ve Vogézach a Sch-
warzwaldu. Byly nalezeny pouze dvé ploidni Grovné (diploidni a tetraploidni)
tohoto druhu, triploidni a cytotypové smiSené populace nebyly nalezeny. Nesoulad
mezi nami publikovanymi vysledky a dfive publikovanymi triploidnimi populace-
mi mize byt vysvétlen zaménou triploidnich rostlin s morfologicky podobnym
hybridogennim druhem H. pallidiflorum. Zatimco diploidni sexualni populace jsou
Siroce rozsifené napfi¢ celym arealem rozsiteni, tetraploidni apomiktické populace
jsou soustfedény do zapadnich Alp a Vogéz. Tato struktura neni v souladu s
obecnym modelem ,,geografické partenogeneze®, ktery predpoklada §irsi rozsireni
polyploidnich apomiktickych cytotypti a posun do vyssich nadmofskych vysek
oproti diploidnim sexualnim cytotypiim. Byla zjisténaa velmi nizka geneticka vari-
abilita. Bayesovska analyza odhalila ctyfi klastry/genetické skupiny, které Castecné
koresponduji s ploidni strukturou a geografickym rozsifenim. Domnivame se, ze
odlednéna uzemi byla pravdépodobné kolonizovana z matetskych diploidnich po-
pulaci zapadnich Alp. Tetraploidni apomiktické populace pochézeji pravdépodobné
ze zapadnich Alp anebo z refugia na jihozapadnim upati Alp. Velmi omezeny
vyskyt tetraploidnich populaci by mohl byt vysvétlen relativné nedavnym vznikem
polyploidnich cytotypti.

Zavéry
Navzdory malé genetické variabilité pouzitych jaderny tsekd DNA, fylogenetické

vztahy jsou nejvyznamnéjSim faktorem vysvétlujicim variabilitu velikosti genomu
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v Hieracium podrod. Hieracium. Druhy zapadoevropského ptivodu tvofici jednu
monofyletickou skupinu maji signifikantné¢ mensi velikost genomu nez druhy vy-
chodoevropského ptivodu patfici do druhé hlavni evolucni linie.

Podobné zavéry plati i pro rod Andryala. Malad variability jadernych i chlo-
roplastovych usekti DNA vysvétlila fylogenetické vztahy jen velmi malo. Fy-
logeneze oddélila pouze dvé bazalni skupiny tvofené reliktnimi druhy a tfeti
velkou skupinu, kterd zahrnuje vSechny ostatni analyzované druhy. Nizké gene-
tické odliSnosti mezi vétSinou druhd, v kontrastu s velkou morfologickd diversitou
a pfitomnost bazalnich polytomii u vSech pouzitych tiseki DNA ukazuji na rela-
tivné nedavnou a rychlou diverzifikaci vétSiny druhti a naopak davny ptivod a
dlouho trvajici izolaci reliktnich druht 4. laevitomentosa a A. agardhii. Reliktni
druhy maji vétsi velikost genomu nez druhy spadajici do tieti skupiny ,,Major Ra-
diation Group®. Jak u podrodu Hieracium, tak u rodu Andryala velikost genomu
koresponduje s vysledky molekularni fylogeneze. Malé rozliseni fylogenetickych
vztahl v§ak brani podrobnéj$imu vysvétleni variability velikosti genomu.

Geografické zastoupeni jednotlivych cytotypd druhu Hieracium intybaceum
(pfevazujici sexualni diploidi, apomikticti tetraploidi omezeni na pomérné malé
uzemi) neodpovida obecnému modelu geografické partenogeneze, ktery predpokla-
da $irsi rozsiteni polyploidnich apomiktickych cytotypl a posun do vyssich nad-
moiskych vysek oproti diploidnim sexualnim cytotypiim. To by mohlo byt vysvét-
leno relativné nedavnym vznikem polyploidi.
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Introduction

Taxonomy and evolutionary history of subtribe Hieraciinae

Evolution in closely related lineages of a monophyletic group is a timely topic with
numerous studies published within the last decades. However, a detailed
comparison of related lineages with strongly contrasting breeding systems with
various proportions of apomixis and polyploidy is still lacking. Subtribe
Hieraciinae (tribe Cichorieae) is a particularly well-suited model system due to the
evolution of two different mechanisms of apomixis (diplospory, apospory) in two
highly diverse and taxonomically intricate genera (Hieracium and Pilosella) and
the presence of an entirely sexual sister genus (Andryala). This combination of
features is unique, not only in the Asteraceae (Noyes 2007), but generally in plants.

Phylogenetic relationships, delimitation and taxonomy of the subtribe Hieraciinae
was in the focus of botanists for a long time. Based on morphological cladistic
analysis and chromosome numbers (Bremer 1994) it originally included Hieracium
s.l. (incl. Pilosella Hill and Chionoracium Dumort.), Andryala L., Hispidella
Barnad. ex Lam., Hololeion Kitam., Tolpis L. and Arnoseris L. Later on, Lack
(2006) placed Arnoseris into the Hypochaeridinae, and Gemeinholzer et al. (in
Kilian et al. 2009) came to a conclusion that it clusters with Cichorium. Further
changes in delimitation of the subtribe refer to Tolpis, which clusters with
Cichorium as part of the Cichoriinae, and to Hololeion, which falls into the
Heteracia-Soroseris subclade of the Crepidinae. The exclusion of Hololeion is also
supported by its basic chromosome number x = 8§, different from the rest of
Hieraciinae genera (x = 9) in the former circumscription. According to a recent
molecular phylogeny based on two chloroplast and one nuclear DNA markers
(Fehrer et al. 2007) the tribe Hieraciinae includes only Hieracium s.l. (incl.
Pilosella and Chionoracium), Andryala and Hispidella, which is also in agreement
with morphological characters (Krak & Mraz 2008). Three major lineages (Fehrer
et al. 2007) generally match the generic circumscriptions: (i) Pilosella with
Hispidella as a sister group, (ii) Hieracium/Chionoracium, and (iii) Andryala
which is a sister genus of the whole group. All genera have the same basic
chromosome number x = 9. Particular genera considerably differ in the frequency
of polyploidy, frequency, mechanisms and manifestation of apomixis and
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consequently by their past and recent evolutionary potential. While the chloroplast
DNA shows ancient intergeneric introgression from Hieracium into an ° Eastern
European lineage”” of Pilosella, and from this lineage into all Andryala species,
nuclear DNA show monophyletic origin of this genera (Fehrer et al. 2007, Ferreira
et al. 2015). Genetic exchanges among the lineages most likely occurred before the
shifts from sexuality to apomixis, because they affected diploid taxa (Fehrer et al.
2009).

Various evolutionary processes contributed to present diversity in the subtribe
Hieraciinae. In Hieracium and Pilosella, hybridization and polyploidization have
been a pervasive evolutionary forces. In contrast, Andryala is a model example of
allopatric and parapatric speciation and can serve as a suitable model group for
studies aimed at Mediterranean and Macaronesian biogeography.

The thesis is focused on two genera with contrasting evolutionary histories —
Hieracium s.str. with common polyploidy and gametophytic apomixis and
Andryala, a purely diploid genus.

Special attention was also payed to Hieracium intybaceum, which is a sister-group
to all four genera of the subtribe Hieraciinae based on ntDNA, but clearly belong
to Hieracium based on cpDNA (Fehrer et al. 2007).

Hieracium

Delimitation of the genus Hieracium has been a matter of debate (read more in
thesis). The genus Hieracium in the circumscription accepted here includes two
subgenera, subgen. Hieracium and subgen. Chionoracium. This concept is
supported by morphological data, mode of reproduction (most likely only diploid
sexuals in subgen. Chinoracium in contrast to prevailing apomictic polyploids in
subgen. Hieracium) and also geographical distribution (Chionoracium is a New
World group, in contrast to mostly Euroasian Hieracium). Molecular data favor this
separation. In Hieracium subgen. Hieracium, two major phylogenetic clades were
recognized, composed of species with either western or eastern European origin.
The ETS tree revealed that Chionoracium is derived from the ‘Eastern’ clade of
Hieracium subgen. Hieracium species, which also fits well to the relatively high
genome size of Chionoracium taxa. The ‘Eastern’ clade has significantly higher
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genome size than ‘Western’ clade. These two main lineages were separated in
phylogenetic analysis and mostly correspond with geographical distribution of
analysed species. Results of a combined analyses of two cpDNA regions suggest
that the subgenus Chionoracium is monophyletic and nests near the base of several
Hieracium subgen. Hieracium lineages, i.e. none of the present-day Hieracium
subgen. Hieracium taxa show particular affinities to the American lineage (Fehrer
et al. 2007).

Hieracium subgen. Hieracium comprises perennial plants which are distributed in
temperate regions of Europe, Asia, rarely Mediterranean Africa, North America
and have been also introduced into several other regions (e.g. New Zealand). The
subgenus has a broad ecological amplitude, and its species occupy different
habitats as forests, forest margins, various grasslands and rocks from the lowlands
to the alpine belt.

Hieracium subgen. Hieracium is a huge diploid-polyploid complex with prevailing
triploids and tetraploids (Merxmiiller 1975, Schuhwerk 1996, Schuhwerk &
Lippert 1998, Chrtek et al. 2007), and very rare pentaploids (Chrtek et al. 2004).
Compared to polyploids, diploid species are very rare (cca 20 species) and mostly
confined to refugial areas in southern Europe and the Eastern Carpathians, not
affected by the Pleistocene glaciation (e.g. Merxmiiller 1975, Chrtek 1996, Mraz
2003, Castro et al. 2007). Hieracium umbellatum L. seems to be the only one
widely distributed (Euroasian) diploid species.

Traditionally, the polyploid Hieracium species have been considered near-obligate
apomicts. The pathway taken to form chromosomally unreduced embryo sacs is
diplospory of the Antennaria type (Bergman 1941, Gustafsson 1947, Skawinska
1963, Nogler 1984), embryo and endosperm are formed independently without
fertilization. Recently, Hand et al. (2015) revealed meiosis and megaspore tetrad
formation in 1-7% of ovules in 16 Hieracium species, confirming residual
sexuality in this genus as suggested by Bergman (1941) and Skawinska (1963).
The diploid species or cytotypes are sexual with regular micro- and
megasporogenesis (Gustafsson 1947) and are self-incompatible (Rosenberg 1927,
Bergman 1941). However, the presence of heterospecific pollen on stigma can
induce the breakdown of self-incompatibility (mentor effect; Mraz 2003). As
expected, modes of reproduction also determine the capability for hybridization. It
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can recently proceed between diploid parents, both in field and experimental
conditions, but hybrids are nearly or completely seed sterile (Mraz et al. 2005,
Chrtek et al. 2006, Mraz & Paule 2006). Besides of them, pollen bearing
tetraploids can serve as pollen parents in crosses with diploid sexual maternal
plants (Mogie 1992). In contrast to the genus Pilosella, successful crosses with
polyploids as maternal plants have not been reported yet.

There are two basic taxonomic concepts applied for intrageneric classification of
Hieracium. Scandinavian, British and Russian botanists follow a narrow species
concept (nearly all morphologically recognizable forms are treated at species rank
(‘microspecies’)). A second concept, based on monographic studies by Négeli &
Peter (1885) and Zahn (1921-1923) and mostly used by Central European
botanists accepts a broad species definition (species are further divided into
subspecies, varieties, etc.). In the papers presented here, we follow the Central
European concept, because, in our opinion, it better reflects the situation across the
whole distribution range.

According to Central European concept, it is recognized ca 500 species of
Hieracium subgenus Hieracium (Zahn 1921-1923), divided into so-called ‘basic’
and ‘intermediate’ species. Basic species were believed to be non-hybridogenous,
either diploid, tentatively considered as the main units of the species evolution, or
polyploid. Intermediate taxa share morphological characters of two or more basic
species and are supposed to be of hybridogenous origin (hybrids stabilized by
polyploidization and apomixis). Despite a high number of hybridogenous species,
recent hybridization in Hieracium subgen. Hieracium is highly restricted, only a
very few recent hybrids are found in nature, and only two cases have been
published so far, namely Hieracium krasanii Wotl. (Mréz et al. 2005, 2011) and H.
grofae Wol. (Chrtek et al. 2006). Moreover, these hybrids are often sterile and
produce only small amount of viable pollen.

Andryala

According to a recent taxonomic concept, the genus Andryala (including Paua
Caball., Rothia Schreb., and Pietrosia Nyar. ex Sennikov) comprises ca. 17 pe-
rennial, less often annual or biennial species (Greuter 2006, Blanca 2011, Ferreira
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et al. 2015) distributed mainly in the Mediterranean Basin and Macaronesia with
centers of diversity in north-western Africa, the Iberian Peninsula and Macarone-
sia. Only diploid (2n =18) plants (Goldblatt & Johnson 1979-) with strictly sexual
reproduction were found so far.

Taxonomic complexity and geographical distribution differ remarkably between
most of the species. The genus includes both relict species confined to a few locali-
ties — A. laevitometosa with one locality (a few microlocalities) in the Romanian
Carpathians (Kukula et al. 2003) and A. agardhii with a few localities in mountains
of Andalusia and Morocco (Blanca et al. 1998) as well as widely distributed (often
at localities strongly influenced by human activities) species as A. integrifolia s.l.
with complex pattern of morphological variation.

Hieracium intybaceum

Hieracium intybaceum is a perennial herb scattered to locally common on siliceous
bedrock in the subalpine and alpine belts of the Alps, and spatially isolated in the
Vosges Mts and the Schwarzwald Mts. (the latter not confirmed recently). Three
ploidy levels have been reported so far, namely diploids (2n = 18), triploids (2n =
27) and tetraploids (2n = 36; Favarger 1997, Chrtek et al. 2007). The diploid
cytotype prevail across the distribution range, tetraploids are restricted to a small
area in the southwestern Alps and the Vosges Mts.

Hieracium intybaceum forms a sister-group to all four genera of the subtribe
Hieraciinae and is strongly divergent from other Hieracium species based on
nrDNA analysis (Fehrer et al. 2007, 2009). In contrast, according to cpDNA
(Fehrer et al. 2007), this species clearly belongs to Hieracium, a pattern that was
attributed to a chloroplast capture event (Fehrer et al. 2007). A distinct morphology
of H. intybaceum well matches phylogenetic data and was a principal reason for its
separation into the genus Schlagintweitia Griseb., proposed and accepted by
several authors in the past. Despite its strange position, there are many
hybridogenous intermediate species with assumed parentage of H. intybaceum
(Zahn 1921-1923). Moreover, hybridization between H. intybaceum and another
Hieracium species (H. prenanthoides) was also confirmed by experimental crosses
(Zahradnicek & Chrtek, unpubl. data).
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Polyploidy

Polyploidization (whole genome duplication) is one of the most crucial
mechanisms in the plant evolution, and very common also in several genera of the
subtribe Hieraciinae. Ancient polyploidization was detected for almost all plant
groups (Soltis et al. 2009). Two types of polyploidy can be distinguished based on
origin of the duplicated genome: autopolyploids and allopolyploids (Clausen et al.
1945, Ramsey & Schemske 1998). Autopolyploids arise by genome duplication
within individuals or by crossing of individuals (with participation of at least one
unreduced gamete) of the same species. This type of polyploidy seems to be less
frequent. However, the detection of autopolyploids and their recognition from
allopolyploids is often difficult (for more details see Soltis et al. 2007, Parisod et
al. 2010).

Probably more frequent is allopolyploidy. Allopolyploids have more than two
chromosome sets which are dissimilar and derived from different species. This
process is a result of interspecific hybridization of diploid taxa and subsequent
polyploidization of hybrids (e.g. Mallet 2007) as well as simple genome
duplication via unreduced gametes. Higher production of unreduced gametes in
hybrid plants was detected and thus polyploidy is clearly related with hybridization
(Ramsey & Schemske 1998). Polyploidy also plays a key role in establishment
and stabilization of hybrids. In diploid hybrids, homologous chromosomes do not
pair properly due to structural differences between chromosome sets and the
hybrids often suffer from sterility (Grant 1981, Ramsey & Schemske 1998). In the
allopolyploid genome, the parental chromosome sets are duplicated and pairing of
homologous chromosomes is possible and thus, for many hybrids, polyploidy
represents a way to escape from sterility (Ramsey & Schemske 1998).

The second most common mechanism of allopolyploids origin is probably through
simple genome duplication of unreduced gametes (Ramsey & Schemske 1998,
Thompson & Lumaret 1992, Kreiner et al. 2017). Polyploids may arise directly by
fusion of two unreduced gametes or by fusion of one unreduced and one reduced
gametes. The second path gives rise to triploids (triploid bridge) which
consequently participate in forming of higher polyploids by backcrossing with
diploids or crossing between triploids. The way is complicated by triploid block
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(triploids are often sterile; e.g. Levin 1975, Ramsey & Schemske 1998, Burton &
Husband 2000, Husband 2004, Kohler et al. 2010). Polyploid cytotypes do not
arise only once but probably frequently in various diploid populations (in case of
autopolyploidy e.g. Segraves et al. 1999, Dobes et al. 2004, Halverson at al. 2008).

Apomixis

Apomixis is an asexual mode of seed formation that produces clonal progeny with
a maternal genotype (Asker & Jerling 1992). It has been documented in more than
125 angiosperm genera (Carman 1997). Distribution of apomixis in the flowering
plants (angiosperm) is not random. It clearly prevails in some families (Poaceae,
Rosaceae, Asteraceae; Richards 2003) and almost all apomictic plants are
polyploids.

The apomictic development of seeds includes three elementary steps: avoidance or
strong modification of meiosis during megaspore formation, fertilisation-
independent embryo formation and autonomous or fertilization-dependent (fusion
of sperm cell with central cell of the embryo sac) generation of endosperm
(Koltunow 1993, Richards 2003, Bicknell & Koltunow 2004). Regarding the
embryo sac formation, two basic mechanisms of apomixis can be distinguished: (i)
In diplospory, embryo sac originates from the megaspore mother cell, like in sexual
reproduction, but meiosis is avoided in the first cell division and unreduced
megaspores are formed by mitosis. (ii) In apospory, the embryo sac is formed from
a somatic cell (e.g. Bergman 1941, Gustafsson 1947, Skawinska 1963, Nogler
1984, Richards 1997, Koltunow at al. 2000).

Obligatory apomixis was documented only in some diplosporous plant groups
(Richards 1997). Also production of fertile pollen was detected in some obligate
apomictic plants (Mogie 1992), pollen of these plants could be involved in crosses
with their sexual relatives. Combination of apomictic reproduction with sexual
reproduction (facultative apomixis) is more common and more or less corresponds
with apospory type of apomixis. From the taxonomic point of view, classification
of apomictic complexes is very difficult and often a matter of controversies,
especially the concepts of large agamospecies vs. narrow microspecies (e.g.,
Dickinson 1998, Horandl 1998, Stace 1998).
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Apomixis in angiosperms is heritable and has evolved independently multiple ti-
mes (Carman 1997, Van Dijk & Vijverberg 2005). However, the regulatory me-
chanisms are complex and still largely unknown. Sexual and asexual plant species
seem to at least partly differ in the distribution pattern and ecological demands.
Compared to sexuals, asexuals are wider distributed and rather tend to occur in
higher latitudes and altitudes or in otherwise harsh conditions (Bierzychudek 1985,
Van Dijk 2003, Horandl 2006, 2009, Cosendai et al. 2013). Several hypotheses
have been formulated, but none of them alone seems to be unequivocal (reviewed
in Horandl 2006).

Apomixis is widespread in Hieracium and Pilosella and strongly influences the
pattern of morphological variation and evolutionary potential of particular groups.
Detailed understanding of mechanisms and consequences of apomixis in

Hieraciinae is thus crucial.

Genome size

Genome size is a powerful biosystematic marker for many types of studies. As a
rule, it relates to flow cytometrywhich si used by botanists for more than three
decades (e.g. Galbraith et al. 1983, Laurie & Bennett 1985, Dolezel et al. 1994,
Bennett & Leitch 1995, Bennett & Leitch 2005, Suda et al. 2007) but first report of
plant genome size is much older (Swift 1950).

In flowering plants C-values vary more than 2300-fold among smallest known
values in Gentiana tuberosa and G. aurea (1C = 0.061pg; 1C= 0.064 pg;
Fleischmann et al. 2014, Greilhuber et al. 2006) and highest known value in Paris
Japonica (1C=152.23 pg; Pellicer et al. 2010). The high genome size variation is
explained by several mechanisms. Firstly, it was considered that the genome size
can only increase (‘one-way path to genome obesity’) due to polyploidization and
retrotransposon proliferation (Flavell et al. 1977, Barakat et al. 1997, Bennetzen &
Kellogg 1997). More recent studies conclude that genome size increases and also
decreases have played a key role in the evolution of many plant groups (Wendel et
al. 2002, Hawkins et al. 2008). The mechanisms responsible for genome size
changes include mainly genome duplication, transposable element activity,
recombination mechanisms, double stranded break repair, insertion-deletion rate
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and even losses of whole chromosomes (e.g. Kirik et al. 2000, Morgan 2001,
Petrov 2002, Wendel et al. 2002, Gregory 2004, Leitch & Bennett 2004,
Bennetzen et al. 2005, Hawkins et al. 2009, Agren & Wright 2011).

Interpretation of genome size variability is very difficult (sometimes impossible)
without a phylogenetic context (Albach & Greilhuber 2004, Price et al. 2005,
Weiss-Schneeweiss et al. 2006, Chrtek at al. 2009, Mandak et al. 2016). In
polyploid plants genome size reduction was proved (downsizing) in comparison
with diploid cytotypes of the same species (Keelogg & Benetzen 2004, Leitch &
Bennett 2004). However, a reverse path was detected in tetraploid cytotypes
Orobanche transcaucasica (Weiss-Schneeweiss et al. 2006), Chenopodium
(Mandak et al. 2016) and in the genus Nicotiana both processes have been
recognized (Leitch et al. 2008).

Although the full consequence of high variation of genome size is still not
completely known, it has been many times suggested that genome size can
constrain some phenotypic traits and that it significantly affects plant development,
phenology and ecology (Greilhuber & Leitch 2013, Leitch & Bennett 2007).

Often large differences between species together with a fairly constant amount of
nuclear DNA within species (or evolutionary entity) make the genome size a useful
supportive character for taxonomic decision-making, i.e. taxa delimitation (e.g.
Buitendijk et al. 1997, Thalmann et al. 2000, Zonneveld 2001, Sigko et al. 2003,
Bures et al. 2004, Baack et al. 2005, Zavesky et al. 2005, Suda et al. 2007, Chu-
mova et al. 2015). Last but not least, it can be a valuable tool for detection o hyb-
rids between homoploid species with different DNA contents, and (with some limi-
tations) for detection of aneuploids. In plant ecology, genome size can predict e.g.
invasibility of a given species, as species with lower genome are usually better in-
vaders (see more details Suda et al. 2014). Relations between genome size and
ecogegraphical factors are still matter of controversies.

Genome size was proved to be very useful species-specific marker for taxa
delimitation in closely related genus Pilosella (Suda et al. 2007). Therefore the
genome size variation and evolution of genome size in the rest of the subtribe
Hieraciinae was tested
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Aims of thesis

I.  To explain the genome size variability in Hieracium subgen. Hieracium in
phylogenetic context and in relations to ecogeographical factors and
polyploidy (Paper 1)

II. To reconstruct the evolutionary history of a little-known Mediterranean-
Macaronesian genus Andryala (Asteraceae) by multigene sequencing
(Paper 2)

III. To clarify the cytotype distribution and geographical pattern of genetic
variation of Hieracium intybaceum (Paper 3)

IV. To analyze the genome size variability in the genus Andryala within
phylogenetic context and with respect to selected life history and
geographical traits (Paper 4)

Material and methods

Living plants, seeds and fresh leaves of 42 Hieracium species (82 population) and
18 Andryala species and subspecies (67 populations) were collected and mostly
cultivated in the Experimental garden of the Institute of Botany in Prihonice. As a
rule, plants from at least three populations per species were collected with excepti-
on of a few rare species. Fourthy-three populations of Hieracium intybaceum
across the whole distribution area were collected.

Flow cytometry was applyed to asses of absolute genome sizes (C-values; Greilhu-
ber et al. 2005) and DNA ploidy levels (Suda et al. 2006) were determined
following methodology of Dolezel et al. 2007.

Chromosome numbers were counted by squash preparation method using root-tip
meristems, staining followed . Dyer (1963). Reproductive modes analysis followed
standard emasculation tests (Gadella 1987, Krahulcova & Krahulec 1999). Test
was applied in three steps: (i) Foreign pollen addition (sterility test). (ii) capitulum
covered by textile bag (autogamy and apomixis test). (iii) Emasculated capitulum
covered by textile bag (apomixis test). DNA extractions were performed according
to Storchova et al. (2000). Sequences of two intergenic spacers of the cpDNA, in-
ternal and external transcribed spacers (ITS and ETS) of the nuclear ribosomal
DNA (nrDNA) and one single copy gene sgs (Krak et al. 2012) were amplified and
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sequenced using already developed (Shaw et al. 2007) or modify primers. In case
of sequence heterogeneity the PCR products were subcloned and several clones per
accessions were sequenced. Phylogenetic analyses based on maximum parsimony,
maximum likelihood and Bayesian analyses were performed using PAUP*
(Swoford 2002) and MrBayes (Ronquist & Huelsenbeck 2003).

Hieeracium intybaceum individuals were analysed for AFLPs using the AFLP Core
Reagent Kit I (Invitrogen) and AFLP Pre-Amp Primer Mix I (Invitrogen). The
whole procedure (restriction, ligation, pre-amplification and selective amplifica-
tion) followed Rejzkova et al. (2008) with some modifications. Based on prelimin-
ary tests, three primer combinations were used for selective amplification: EcoRI-
AAC + Msel-CTA, EcoRI-ACG + Msel-CAC and EcoRI-ACA + Msel-CTG. The
genetic structure was evaluated using three different approaches: (i) K-means clus-
tering (Hartigan & Wong, 1979), (ii) Bayesian clustering (Pritchard et al. 2000,
Falush et al. 2007) and (iii) Principal coordinate analysis.

Results and discusion

Genome size was established (mostly for the first time) for 42 ‘basic’ Hieracium
species. The mean 2C values differed up to 2.37-fold among different species
(from 7.03 pg in diploid to 16.67 in tetraploid accessions), the 1Cx values varied
1.22-fold (between 3.51 and 4.34 pg). Intraspecific variation was generally low,
variation higher than 3.5% was detected in only seven species, which may have a
polytopic origin. Downsizing of genomes in polyploids was detected (mean 1Cx
values of the 2n, 3n and 4n accessions differed significantly). Phylogeny was the
most important factor explaining the pattern of genome size variation in Hieracium
sensu stricto. Two main groups corresponding with species distribution (named
‘western’ and ‘eastern’ clade) separated in phylogenetic analyses based on nuclear
ribosomal DNA marker (ETS) significantly differed in the genome size, species of
western European origin having significantly lower genome size in comparison
with those of eastern European origin. Hieracium transylvanicum, the only one
exception, fell into the phylogenetically defined western lineage, but has a genome
size and geographic range congruent with the ‘eastern’ group. Correlation with
ecogeographic variables were not significant, outweighed by the divergence of the
genus into two major phylogenetic lineages, except for a relations between genome
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size and geographical latitude for the whole data set (both major groups).

Phylogenetic relationships in the genus Andryala were studied using three nuclear
markers (ETS, ITS and single-copy gene sgs) and two chloroplast markers (t#7nT-
trnL and trnV-ndhC). While cpDNA analysis confirmed a previously inferred
chloroplast capture event with the sister genus Pilosella, nuclear markers supported
the monophyletic origin of Andryala. None of phylogenetic analyses gave well
resolution, due to low level of nucleotide divergence in the case of two nuclear and
two chloroplast markers and high degree of homoplasy and incomplete lineage
sorting in the sgs marker. Only two well-supported basal lineages corresponding
with relict mountains species A. agardhii and A. laevitomentosa were separated.
Third well-supported group named ‘Major Radiation Group’ comprised the rest of
Andryala species without resolution among them. The extremely low level of
genetic divergence among most of the species, high morphological diversity and
basal polytomy found in all markers, suggests their relatively recent and rapid
speciation and old origin and long-time mountain separation of relict species A.
laevitomentosa and A. agardhii.

Genome size was established for 18 Andryala species and subspecies, for 17 of
them for the first time. It ranges (2C values) from 2.69 to 5.01 pg. First
chromosome counts (2n = 18) were recorded for 6 species. It is likely that
Andryala comprises only diplod species with 2n = 18, in contrast to Hieracium s.
str. with a high frequency of polyploids. Highest C values (4.8-5.01 pg) were
detected in basal relict species A. laevitomentosa and A. agardhii and in two
populations of A. ragusina; another two polulations of 4. ragusina had distinctly
lower C values. Genome size in species of the ‘Major Radiation Group’ ranges
from 2.69 to 3.63 pg. We also found a correlation between genome size and life
form (higher in perennials compared to annuals and biennials), and insularity
(lower genome size in island accession compared to continental ones).

Cytogeography and phylogeography of Hieracium intybaceum, a perennial silici-
colous species distributed in the Alps and the Vosges Mts, was studied using flow
cytometry and amplified fragment length polymorphism (AFLP). Only two ploidy
levels, diploid and tetraploid, were found, mixed-ploidy populations were not de-
tected. The discrepancy between our results and previous reports of triploids can be
explained by misidentifications of the plants (they might have belong to morpholo-
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gically similar and triploid H. pallidiflorum). While diploid and sexual populations
are widely distributed across the nearly whole distribution range, apomictic
tetraploids seem to be rare and restricted to the western Alps and the Vosges Mts.
This pattern does not correspond with the general model of geographical
parthenogenesis which supposes that apomictic polyploids have larger distribution
ranges shifted to higher latitudes and elevations compared to related sexual
diploids. We detected an overall low level of genetic variation. Bayesian clustering
identified four clusters/genetic groups, which are partly congruent with the ploidal
pattern and cytogeographical distribution. We suppose that diploids colonized the
deglaciated areas from source populations most likely located mainly in the
southern part of the recent distribution range and probably also in the western Alps.
Gene flow and further differentiation likely took place. Apomictic tetraploids most
likely originated in the western Alps or in the refugium at the south-western foot of
the Alps. Their limited geographical range can be explained by their rather recent
origin.

Conclusions

Despite low genetic variation of nuclear markers and thus low results in phyloge-
netic analyses, phylogeny was the most important factor explaining the pattern of
genome size variation in Hieracium s. str. Species of Western European origin had
significantly lower genome size in comparison with those of Eastern European ori-
gin.

In Andryala, low genetic variation of chloroplast and nuclear DNA markers re-
sulted in a phylogenetic tree with low resolution. Only two basal phylogenetic
group formed by relict species and third large group with rest of Andryala species
were distinguished. The extremely low level of genetic divergence among most of
the species, high morphological diversity and basal polytomy found in all markers
suggest their relatively recent and rapid speciation and ancient origin and long last-
ing mountain separation of relict species A. laevitomentosa and A. agardhii. Relict
species have higher genome size than species from the ‘Major Radiation Group’.
Genome size values correspond well with results of phylogenetic analyses in both
genera Hieracium and Andryala, but low phylogenetic resolution prevent further
explanation.
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Cytotype distribution patterns of Hieracium intybaceum does not correspond with
the general model of geographical parthenogenesis which supposes that apomictic
polyploids have larger distribution ranges shifted to higher latitudes and elevations
compared to related sexual diploids. A wide geographic range of diploids and lim-
ited range of tetraploids can be explained by rather recent origin of polyploid
plants.
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