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1. INTRODUCCIO
1.1. EL. GENERE EUPHORBIA
1.1.1. Marc sistematic

El génere Euphorbia L. pertany a les Euphorbiaceae Juss., familia que compren
uns 245 geéneres (Radcliffe-Smith, 2001) i unes 6300 espécies (Govaerts et al., 2000). La
familia Euphorbiaceae és de distribucié cosmopolita, tot i que el seu centre de diversitat
es troba a les regions tropicals i subtropicals. Dins les Euphorbiaceae trobem arbres,
arbusts i plantes herbacies amb tiges de vegades suculentes i que poden presentar latex.
Les fulles normalment sén simples, poden ser alternes o oposades, perennes o caduques
i normalment presenten estipules. La inflorescencia és terminal o axil-lar, en general de
tipus cimds. Les flors sén solitaries, aclamidies o clamidies, hipogines, generalment
actinomorfes i unisexuals. Sovint les flors son molt reduides i s’agrupen en un ciati,

estructura que actua com a pseudant hermafrodita.

Les Euphorbiaceae comprenen cinc subfamilies (Webster, 1975): Phyllanthoideae
Asch., Oldfieldioideae C. Kohler & G. L. Webster, Acalyphoideae Asch., Crotonoideae Pax i
Euphorbioideae Boiss. Dins les Euphorbioideae trobem la tribu Euphorbieae Dumort. que
inclou 11 generes i 2100 espécies, de les quals 2000 pertanyen al genere Euphorbia
(Oudejans, 1990). Els 11 generes es classifiquen en 3 subtribus: Anthosteminae (Baill.) G.
L. Webster, Neoguillauminiinae Croizat i Euphorbiinae Hurusawa (Taula 1). La preséncia o
abséncia de periant defineix aquestes subtribus: les Anthosteminae en presenten a les
flors femenines i masculines; les Neoguillauminiinae només en tenen a les femenines i
les Euphorbiinae no en presenten en cap del dos tipus de flors. S‘'observa una tendéncia
cap a la reduccié i la compactacié d’estructures florals durant I'evolucié floral de les
Euphorbieae. Diferents autors coincideixen en definir la subtribu Anthosteminae com a
grup ancestral de la tribu, ja que presenten les flors més rudimentaries (Steinmann &
Porter, 2002). Sén endémiques de IAfrica i Madagascar i apareixen en posicié basal en
estudis moleculars (Park & Elisens, 2000; Steinmann & Porter, 2002; Bruyns et al., 2006).
La segiient clada més basal, la subtribu Neoguillaiminiinae, es troba a Australia i Nova
Caledonia, mentre que les Euphorbiinae sén subcosmopolites. La distribucié a I’"hemisferi

sud de les subtribus basals dins les Euphorbieae suggereix que l'origen de la tribu hauria



Estudis filogenetics i filogeografics de la tribu Cardueae i el génere Euphorbia

estat a I’Africa abans de la separacié de Gondwana, fa 165 milions d’anys (Ma; Sanmartin

& Ronquist, 2004).

Boissier (1862) Bentham (1878) Pax & Hoffmann Wheeler (1943) Webster (1994)
(1931)
Tribu Tribu Euphorbieae  Tribu Euphorbieae  Tribu Euphorbieae Tribu Euphorbieae
Anthostemeae
Anthostema Anthostema Anthostema Anthostema Subtribu
Anthosteminae
Tribu Euphorbieae Calycopeplus Calycopeplus Calycopeplus Anthostema
Euphorbia Euphorbia Diplocyathium Dichostemma Dischostemma
Pedilanthus Pedilanthus Dichostema Elaeophorbia Subtribu
Neoguillaiminiinae
Synadenium Synadenium Elaeophorbia Euphorbia Calycopeplus
Euphorbia Monadenium Neoguillauminia
Monadenium Neoguillauminia Subtribu
Euphorbiinae
Pedilanthus Pedilanthus Chamaesyce
Stenadenium Stenadenium Cubanthus
Synadenium Synadenium Endadenium
Euphorbia
Monadenium
Pedilanthus
Synadenium

Taula 1. Principals classificacions taxonomiques de la tribu Euphorbieae i taxons afins.

El genere Euphorbia és el segon génere més nombrés d’Angiospermes després
d’Astragalus L. (Fabaceae Lindl.). Fou descrit per Linné (1753) i té distribucié
subcosmopolita amb diversos centres de diversificacié: les zones arides d’Africa i
Madagascar, el nord i centre de Méxic i ’Asia occidental. Es absent en arees subartiques i
a les selves tropicals (Govaerts et al., 2000). Sén, de manera general, plantes monoiques
amb habits molt diversos incloent des de plantes herbacies i arbusts fins a arbres (Fig. 1);
de vegades sén espinoses i/o suculentes. Presenten latex a les tiges. Les fulles sén
simples, generalment alternes, encara que també n’hi ha amb fulles oposades o
verticil-lades. De forma general no presenten estipules. Es I'Gnic génere conegut de
plantes que inclou els tres sistemes fotosintétics que existeixen: CAM, Cs i Cy4. Les flors

masculines es redueixen a un estam i les femenines a un ovari tricoc.
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Fig. 1: Diversitat morfologica dins el génere Euphorbia. Subgénere Esula, A: Euphorbia characias (L. Barres),
B: E. aphylla (L. Barres); subgenere Rhizanthium, C: E. obesa Hook. f. (J. M. Barres), D: E. socotrana Balf. f.
(L. Banfield),; subgenere Chamaesyce, E: E. pulcherrima Willd. ex Klotzsch (asianplant.net), F: E. maculata L.

(E. Dronnet); subgenere Euphorbia, G: E. balsamifera (L. Barres), H: E. tirucalli L. (commons.wikimedia.org).
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Les flors masculines i femenines es reuneixen en una inflorescéncia anomenada
ciati. El ciati esta format per cinc flors masculines al voltant d’una Unica flor femenina i
un involucre o exociati. Els ciatis son proteroginics i actuen com a un pseudant
hermafrodita, ja que presenten de quatre a cinc glandules nectariferes situades al marge
de l'involucre que tenen la funcid d’oferir una recompensa ensucrada als insectes
pol-linitzadors. Aquesta visié tradicional del ciati pero, s’ha vist modificada recentment,
ja que un estudi sobre el seu desenvolupament ontogeénic revela que el gen LFY, associat
amb la identitat floral en moltes Angiospermes, s’expressa alhora en organs de les flors i
del ciati, difuminant aixi els limits entre flor i inflorescéncia (Prenner & Rudall, 2007;
Prenner et al., 2011). Els ciatis es reuneixen en sinflorescéncies en forma de pleocasi o
agregat d'inflorescéncies cimoses. Cada branca de la sinflorescéncia s'anomena radi
pleocasial. Els radis pleocasials donen lloc a cimes bipares. Les seves bractees
s'anomenen bractees dicasials i les seves branques, radis dicasials (Fig. 2). Lovari és
tricarpelar, quan es fecunda forma wuna capsula esquizocarpica de mericarps
monosperms. La majoria de llavors presenten un eleosoma anomenat caruncula que té

un paper fonamental en la seva dispersié mirmecocora.

30 -2
\

Bractees dicasials
Bractees pleocasials

1

Radi dicasial
Radi pleocasial

Fig. 2: Esquema simplificat de la sinflorescéncia caracteristica del génere Euphorbia.

Tot i I'existéncia de dos caracters diagnostics en la definicié del génere Euphorbia
-la preséncia de ciati i de latex a les fulles—, la seva delimitacié ha estat sempre
controvertida degut basicament a tres raons: (1) la seva amplia distribucié, (2) el gran

nombre d’espécies que inclou i (3) I'extrema variabilitat morfologica que presenta (Fig.

8
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1), que sovint ha dificultat I'establiment de classificacions naturals. Diversos géneres
reconeguts tradicionalment tals com Chamaesyce Gray, Cubanthus Millsp., Elaeophorbia
Stapf, Endadenium L. C. Leach, Monadenium Pax, Pedilanthus Neck., Poinsettia Graham i
Synadenium Boiss. (Taula 1) es consideren actualment dins la circumscripcio d’Euphorbia
ja que en recents estudis filogeneétics (Steinman & Porter, 2002; Wurdack et al., 2004,
Bruyns et al., 2006; Horn et al., 2012) apareixen compartint un ancestre comu. Tot i aixi,
en alguns casos es conserva la seva entitat taxondmica sota un rang diferent. En el cas
del llinatge Chamaesyce, es recupera el seu tractament com a subgenere (Euphorbia
subgénere Chamaesyce Raf.). El llinatge Cubanthus es reconeix actualment sota la
categoria de seccid (Euphorbia subgénere Euphorbia seccié Cubanthus (Boiss.) V. W.
Steinm. & P. E. Berry). El llinatge Monadenium, es manté també sota el rang de seccid
(Euphorbia subgenere Euphorbia secci6 Monadenium (Pax) Bruyns) incloent els antics
géneres Endadenium i Synadenium. Els demés taxons no es reconeixen sota criteris

moleculars i passen a formar part d’altres subgéneres.

1.1.2. Estudis previs

El tractament del genere Euphorbia ha estat divers al llarg de la historia (Taula 2) i
ha inclos de 27 (Boissier, 1862) a sis seccions (Bentham, 1878). Pax & Hoffman (1931)
proposaren un tractament semblant al de Bentham (1878) pero afegiren dues noves
seccions (Taula 2). Wheeler (1943) fou el primer en proposar la categoria de subgenere
com a rang infragéneric d’Euphorbia i en general accepta la classificacio de Bentham
(1878). Finalment, autors més moderns han acabat de modificar la taxonomia classica
d’Euphorbia, elevant categories menors al rang de subgenere: Carter (1985) reconegué
els subgeneres Tirucalli (Boiss.) S. Carter i Trichadenia (Pax) S. Carter, i Gilbert (1987) el
subgeénere Lacanthis (Raf.) M. G. Gilbert (Taula 2), taxons anteriorment considerats a

nivell de seccio.
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Boissier (1862) Bentham Pax & Hoffmann Wheeler (1943) Carter (1985) Gilbert (1987)
(1878) (1931)

Sect. Sect. Sect. Subg. Agaloma  Subg. Agaloma Subg. Agaloma

Alectoroctonum  Adenopetalum  Adenopetalum

Sect. Sect. Sect. Anisophyllum  Subg. Subg. Subg.

Anisophyllum Anisophyllum Chamaesyce Chamaesyce Chamaesyce

Sect. Sect. Sect. Eremophyton  Subg. Subg. Subg.

Arthrothamnus Eremophyton Eremophyton Eremophyton Eremophyton

Sect. Sect. Sect. Euphorbium Subg. Esula Subg. Esula Subg. Esula

Calycopeplus Euphorbium

Sect. Sect. Sect. Lyciopsis Subg. Subg. Euphorbia  Subg. Euphorbia

Caulanthium Poinsettia Euphorbia

Sect. Sect. Sect. Poinsettia Subg. Lyciopsis  Subg. Lyciopsis Subg. Lacanthis

Cheirolepidium Tithymalus

Sect. Sect. Subg. Subg. Poinsettia  Subg. Lyciopsis

Crossadenia Pseudoeuphorbium  Poinsettia

Sect. Sect. Rhizanthium Subg. Subg. Subg. Poinsettia

Cyttarospermum Rhizanthium Rhizanthium

Sect. Sect. Tithymalus Subg. Subg. Tirucalli Subg.

Diacanthium Tithymalus Rhizanthium

Sect. Dichilum

Sect.
Eremophyton
Sect.
Euphorbiastrum
Sect.
Euphorbium
Sect.
Goniostema
Sect. Lyciopsis
Sect.
Nummulariopsis
Sect. Petaloma
Sect. Poinsettia
Sect.
Portulacastrum
Sect.
Pseudacalypha
Sect.
Rhizanthium
Sect.
Stachydium
Sect. Tirucalli
Sect.
Tithymalopsis
Sect. Tithymalus
Sect.
Tricherostigma
Sect.
Zygophyllidium

Subg.
Tithymalus
Subg.
Trichadenia

Subg. Tirucalli

Subg.
Tithymalus
Subg.
Trichadenia

Taula 2. Principals classificacions taxondmiques infragenériques del génere Euphorbia.
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Els darrers anys, diversos estudis moleculars han establert noves classificacions
sota criteris filogeneétics que han simplificat el tractament taxondmic del génere en
establir-ne quatre subgéneres corresponents a quatre clades: Chamaesyce, Esula Pers.,
Euphorbia L. i Rhizanthium (Boiss.) Wheeler (Fig. 3). Les quatre clades no comparteixen
sinapomorfies morfologiques evidents perd es defineixen prou bé per caracteristiques
estructurals del genoma mitocondrial i cloroplastic (Wurdack & Zimmer, 2003). Estudis
recents demostren que el subg. Esula, I’Unic present a Europa, es troba a la base de tot el
génere (Fig. 3; Zimmermann et al.,, 2010; Horn et al., 2012). El subg. Rhizanthium és

germa de la clada formada pel subg. Chamesyce i el subg. Euphorbia (Fig. 3).

subg. Euphorbia

— subg.Chamaesyce

subg. Rhizanthium

subg. Esula

Fig. 3: Relacions filogenétiques entre els 4 subgeneres dins Euphorbia segons Horn et al. (2012).

El subg. Esula conté unes 500 especies i correspon ampliament a la seccid
Tithymalus Boiss. Inclou majoritariament herbes anuals i perennes i arbusts, sense
estipules, i és principalment mediterrani (Fig. 2: A, B). En ser el grup d’estudi sera tractat
amb més detall en el segilient apartat.

El subg. Rhizanthium inclou unes 200 espécies d’arbusts, geofits i plantes
suculentes distribuides majoritariament a I'Africa i Madagascar, de fulles esparses,
herbacies o suculentes, i estipules absents (Fig. 2: C, D). Els ciatis normalment sén
solitaris, amb glandules nectariferes digitades. Les llavors majoritariament no presenten
caruncula.

El subg. Chamaesyce compren unes 600 especies d’arbusts o herbes anuals no
suculentes de fulles oposades, distiques, sovint asimetriques a la base (Fig. 2: E, F). Les
inflorescéncies presenten pocs ciatis terminals, amb quatre nectaris enters o amb

apéndixs petaloides. Les llavors sén de tuberculades a berrugoses i poden tenir o no
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caruncula. La seva distribucio és cosmopolita i, tot i que la majoria d’espécies sén del
Nou Mén, els seus origens es troben a Africa, Madagascar i el sud-oest asiatic.

El subg. Euphorbia inclou al voltant de 700 especies molt diverses. Trobem
herbes, arbusts i arbres de tiges verdes i fotosintétiques, suculentes (Fig. 2: G, H). Les
fulles sén oposades, normalment molt reduides i les estipules s’han transformat en
espines. Les inflorescéncies sén cimoses axil-lars, amb bractees reduides. Les llavors
poden ser de llises a tuberculades, sense cartncula. Es de distribucié pantropical, tot i
que els llinatges basals es troben a I'Africa i Madagascar.

Croizat (1940) suggeri que els subgéneres d’Euphorbia ja devien estar diferenciats
al Cretaci mitja (fa 100 Ma). El registre fossil del geénere és escas pero hi ha evidéncies

d’una diversificacié ja notable a I'Eoce (de 55,8 a 33,9 Ma; Wurdack et al., 2005).

1.1.3. El subgénere Esula

El subg. Esula inclou aproximadament 400 especies distribuides en zones
temperades de I'hemisferi Nord, amb el centre de diversitat a la conca Mediterrania.
Inclou espécies herbacies, perennes o anuals, arbusts, petits arbres i plantes suculentes.
Les seves fulles en general presenten disposicio alterna i els ciatis es disposen en cima
dicasial o pleocasial, amb bractees a la base. En general, no presenten estipules. La
majoria d’espécies presenten ciati, caracter definitori del genere. Les glandules
nectariferes del ciati presenten morfologies diverses, des de truncades a tenir apendixs
en forma de mitja lluna o claviformes. Les llavors normalment sén carunculades.

Segons estudis filogeneétics recents, el subgenere Esula és monofiletic només si
s’hi inclouen les espécies del subgenere Tirucalli afins a E. mauritanica L. (Steinmann &

Porter, 2002; Bruyns et al., 2006; Frajman & Schonswetter, 2011).
1.1.4. El grup Pachycladae
1.1.4.1. Marc sistematic

Boissier (1862) defini dins la seccidé Tithymalus el grup Pachycladae (Taula 3),
sense rang taxonomic formal i que compren arbusts llenyosos de fulles alternes, enteres i

aviat caduques. Les glandules nectariferes poden ser des de truncades fins a presentar
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dos apéndixs en forma de mitja lluna, de marge enter. La capsula presenta un pericarp
endurit i les llavors sén llises.

El grup Pachycladae tal com el va definir Boissier (1862) comprenia dues entitats
(Taula 3): el grup Canariensis et Mediterraneae, que incloia vuit espécies endémiques de
la Macaronésia (E. atropurpurea Brouss. ex Willd., E. berthelotii Bolle ex Boiss. in DC., E.
bourgeana Gay ex Boiss., E. mellifera Aiton, E. piscatoria Aiton, E. regis-jubae Webb &
Berthel., E. stygiana H. C. Watson i E. tuckeyana Steud. ex Webb), una espécie
ampliament distribuida a les illes Canaries i a I’Africa central des de la costa oest fins al
lemen (E. balsamifera Aiton) i una sola especie de distribuci6 Mediterrania (E.
dendroides L.) i el grup Polynesicae et Sundaieae-species anomalae, que incloia espécies
de distribucié australasiatiques endémiques de les illes Fiji (E. fidjiana Boiss.), Nova
Zelanda (E. glauca G. Forst.), lilla Norfolk (E. norfolkiana Boiss.) i Malésia (E.
plumerioides Teijsm. ex Hassk.).

Recentment s’ha demostrat que les espécies incloses dins el grup Polynesicae et
Sundaieae no estan relacionades amb el grup Pachycladae i s’han inclos dins el
subgénere Euphorbia (Steinmann & Porter, 2002).

Les espécies incloses dins el grup Canariensis et Mediterraneae s’han investigat
en diversos estudis filogenetics on s’ha demostrat el seu origen polifiletic. Molero et al.
(2002), Steinmann & Porter (2002) i Bruyns et al. (2006) demostraren que el grup
Pachycladae no és natural, ja que trobaren que les especies tradicionalment
considerades dins el grup Pachycladae s’incloien en quatre clades d’origen independent:

1) Grup troncal de les Pachycladae, que inclou E. atropurpurea, E. bravoana
Svent., E. piscatoria, E. regis-jubae i E. tuckeyana;

2) Euphorbia dendroides, espécie que queda dins el subgenere Esula pero
fora del grup troncal Pachycladae i no es resol la seva posicio filogenetica;

3) La clada d’arbres endémics de la Macaroneésia E. mellifera i E. stygiana,
dels quals tampoc es poden resoldre les seves afinitats pero estan dins el
subgénere Esula;

4) Euphorbia balsamifera, que apareix estretament relacionada amb E.
meuleniana O. Schwartz, endémica del lemen, dins el subgénere

Rhizanthium sect. Somalica S. Carter.
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Tot i aixi, aquests treballs no arribaren a delimitar clarament la clada del grup
troncal Pachycladae, ja que no van incloure totes les especies del grup ni totes les
espécies relacionades amb el grup Pachycladae, i tampoc van poder definir-ne el seu
grup germa.

Per altra banda, estudis moleculars recents han demostrat que algunes espécies
africanes i arabigues del subgenere Tirucalli es troben emparentades amb espécies del
grup troncal de les Pachycladae (Steinmann & Porter, 2002; Bruyns et al., 2006). Carter
(1985) ja detecta per caracters morfologics que el grup Tirucalli incloia espéecies de dos
llinatges diferents (Taula 3). Per una banda inclou el grup troncal de les Tirucalli, espécies
amb bractees escarioses, inflorescéncies denses i estipules glandulars. Aquest grup
s’inclou dins el subgénere Euphorbia en estudis moleculars (Steinmann & Porter, 2002;
Bruyns et al., 2006; Horn et al., 2012) i constituiria les “veritable” Tirucalli. Per altra
banda, el grup Tirucalli també comprén un grup d’especies amb bractees folioses,
pleocasis de tres a vuit radis i absencia d’estipules glandulars, que Leach (1975) ja havia
denominat complex d’E. mauritanica i que incloia E. bottae Boiss., E. consobrina N. E. Br.,
E. gossypina Pax, E. lateriflora Schumach., E. mauritanica, E. merkeri N. E. Br., E. nubica
N. E. Br. i E. schimperi C. Presl. Més tard, Carter (1992) confirma que constituien un
segon llinatge dins el subgenere Tirucalli i afegi al grup E. bariensis S. Carter, E.
dhofarensis S. Carter, E. pachyclada S. Carter i E. papilionum S. Carter. Algunes espécies
d’aquest complex van apareixer estretament relacionades amb les especies de la clada
de les veritable Pachycladae en estudis moleculars recents (Steinmann & Porter, 2002;
Bruyns et al., 2006).

Alhora, altres espéecies macaronésiques considerades en tractaments classics fora
del grup Pachycladae han aparegut filogenéticament relacionades amb la clada de les
veritable Pachycladae (Molero et al., 2002). Aquestes espécies son E. aphylla Brouss. ex
Willd, inclosa originariament dins la seccid monotipica Aphyllis Webb & Berthel. (Webb
& Berthelot, 1842), i E. lamarckii Sweet. Totes dues espécies havien estat considerades
per Boissier (1862) dins la seccié Tirucalli (Taula 3).

Dins les especies macaronesiques considerades tradicionalment com a grup
Pachycladae, hom pot distingir dos complexes diferenciats morfologica i ecologicament
(Molero et al., 2002). El complex d’E. atropurpurea inclou E. atropurpurea, E. bourgeana

i E. bravoana, endémiques de les illes Canaries.
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Webb & Berthelot
(1842)

Boissier (1862)

Pax & Hoffmann
(1931)

Leach (1975)

Carter (1985,
1992)

Sect. Aphyllis Webb
& Berthel.
E. aphylla

Sect. Balsamis Webb

& Berthel.
E. balsamifera

Sect. Tithymalus
++ Esula Haw.
*Frustescens

E. atropurpurea

E. obtusifola

(= E. lamarckii)

E. piscatoria

E. regis-jubae
*Arborescentes

E. mellifera

Sect. Tirucalli Boiss.

E. aphylla

E. dregeana

E. larica
E. lateriflora
E. mauritanica

E. obtusifola
(= E. lamarckii)
E. schimperi

E. tirucalli

Sect. Tithymalus
Boiss.

[8] Pachycladae
Boiss.

* Canariensis et
Mediterraneae
E. atropurpurea

E. balsamifera
E. berthelotii
E. bourgeana
E. dendroides

E. mellifera
E. piscatoria

E. regis-jubae
E. stygiana

E. tuckeyana
* Polynesicae et

Sundaicae - Species

anomalae
E. glauca

E. fidjiana
E. norfolkiana
E. plumerioides

Sect. Tithymalus
Boiss.

Subsect.
Pachycladae
(Boiss.) Pax
E. atropurpurea

E. balsamifera
E. berthelotii

E. bourgeana
E. dendroides

E. fidjiana

E. glauca

E. mellifera

E. norfolkiana

E. piscatoria

E. plumerioides
E. regis-jubae
E. stygiana

E. tuckeyana

Subsect.
Galarrhoei (Boiss.)
Pax
E. usambarica

Sect. Euphorbium
Boiss.

Subsect. Tirucalli

(Boiss.) Pax
E. dregeana
E. gummifera
E. lateriflora

E. mauritanica
E. tirucalli

Sect. Tirucalli
Boiss.
E. berotica

E. bottae

E. consobrina
E. gossypina
E. lateriflora
E. mauritanica

E. merkeri

(= E. gossypina)

E. nubica

E. schimperi

Subg. Tirucalli
(Boiss.) S. Carter
E. bariensis

E. calamiformis

E. dhofarensis
E. gossypina

E. pachyclada
E. papilionum

Taula 3. Principals classificacions taxonomiques de les espécies relacionades amb el grup

Pachycladae.
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Presenten fulles perennes, inflorescéncies amb pleocasi doble i bractees dicasials grans
(10 - 20 mm), fusionades almenys a la seva base, i llavors marcadament ornamentades.
Euphorbia atropurpurea i E. bravoana sén espeécies de distribucidé vicariant a Tenerife i La
Gomera, respectivament i E. bourgeana es troba a ambdues illes a I'oest de I'arxipelag
canari. Ocupen ambients mesofils i meso-higrofils tipics de laurisilva.

D’altra banda, el complex d’E. lamarckii inclou E. anachoreta Svent., E.
berthelotii, E. lamarckii, E. pedroi Molero & Rovira, E. piscatoria, E. regis-jubae i E.
tuckeyana. Sén especies de fulla caduca, inflorescéncia pleocasial simple, bractees
petites i lliures a la base i llavors de llises a rugoses. Es troben distribuides a I'arxipelag
canari (E. berthelotii, E. lamarckii i E. regis-jubae), Cap Verd (E. tuckeyana), Madeira (E.
piscatoria), les illes Selvatges (E. anachoreta), Sesimbra a la costa de Portugal (E. pedroi)
i la costa est del Marroc (E. regis-jubae). Ocupen habitats xérics i mesofils d’altituds

baixes i mitges.

1.1.4.2.Biogeografia

Nombrosos grups de plantes presenten una distribucié disjunta entre el nord-
oest, I'est i el sud d’Africa, la peninsula Arabiga i la Macaronésia. Aquesta distribucié és
un dels patrons biogeografics més intrigants en la fitogeografia i el conjunt de grups de
plantes amb aquesta distribucié es denominen col-lectivament Rand Flora (Christ, 1892;
Le Houérou, 1995). El cas més conegut dins la Rand Flora és el del genere Dracaena
Vand., del qual trobem dues espécies a la Macaronesia (D. draco L. i D. tamaranae
Marrero Rodr.,, R. S. Almeida & Gonz.-Mart.), i diverses espécies morfologicament
relacionades a l'est d’Africa (D. cinnabari Balf. f., endémica de lilla de Socotra, D.
schizantha Baker, endémica de Somalia i D. serrulata Perr., d’Arabia, lemen i Oman), pero
molts altres grups de plantes segueixen aquesta distribucié disjunta africano-
macaronesica (Hypericum sect. Webbia (Spach) R. Keller i sect. Campylosporus (Spach) R.
Keller, Adenocarpus DC., Micromeria Benth., Canarina L., Campanula subgénere
Campanula L., Aeonium Webb & Berthel.,, el grup d’Euphorbia balsamifera,
Campylanthus Roth, Erica arborea L.; revisat a Bramwell, 1985 i Andrus et al., 2004).

Diversos autors han explicat I'origen de la Rand Flora mitjangant dues hipotesis

alternatives. Els estudis floristics i ecologics tradicionals (Quézel, 1978; Sunding, 1979;
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Bramwell, 1985; Médail & Quézel, 1999) i alguns estudis filogenétics més recents (Park
et al., 2001; Moore et al., 2002; Andrus et al., 2004; Thiv et al., 2010), proposen la
vicarianca com a origen de la disjuncid. El procés d’aridificacié que es va produir
gradualment en el sud de la Mediterrania i el nord d’Africa a partir del Mioce tarda i que
va originar el desert del Sahara (Axelrod, 1975) hauria provocat l'aillament de dos
centres de distribucid a est i oest de l'actual desert del Sahara, que a partir d’aquest
moment hauria actuat com a barrera ecologica, desfigurant el que havia estat una flora
continua en el nord d’Africa en periodes pre-pliocénics. Es evident que en el cas de les
illes que constitueixen la Macaronésia, un o diversos esdeveniments de dispersio des del
continent haurien estat l'origen de la colonitzacié en aquestes illes d’origen oceanic, pero
es parla de vicarianca perqué la flora anterior als canvis climatics del Pliocé hauria
ocupat una franja més o menys continua des de la Macaronésia fins la banya d’Africa.

Per contra, altres autors proposen la dispersi6 com a explicacié d'aquesta
distribucié disjunta. Thulin (1994), Francisco-Ortega et al. (1999), Carine (2005), Galley &
Linder (2006) i Sanmartin et al. (2008) proposaren que l'actual distribucié de la Rand
Flora hauria estat resultat d’esdeveniments de dispersié a llarga o mitja distancia més
recents en periodes posteriors a |'aridificacido del Sahara, i més tard radiacions in situ
haurien contribuit a la rapida diversificacid de les espécies als extrems del Sahara.
Diverses cadenes muntanyoses situades entre els gran centres de distribucio actual (la
serralada del Drakensberg al sud d’Africa i els massissos de Jebel Marra, Tassili, Tibesti i
Hoggar al nord d’Africa) haurien pogut actuar com a esglaons o parades intermeédies
durant la dispersié.

La flora sud-africana també s'ha relacionat amb la Rand Flora mitjangant la via
migratoria anomenada African track, proposada per Linder et al. (1992). Dues direccions
alternatives de migracié podrien explicar aquest patré de distribucié. Una proposta seria
la migracié direccié nord, amb l'origen de dispersié al sud d’Africa i des d’aqui la
colonitzacié de la zona Mediterrania via lI'est d’Africa i finalment la Macaronésia
(Bellstedt et al., 2008; Galbany-Casals et al., 2009). Segons aquesta hipotesi, la flora
temperada de I'est d’Africa tindria el seu origen en els llinatges endémics de la regié del
Cap sud-africana.

L'altra hipotesi proposa una migracié direccié sud, des de I'est d’Africa cap al sud

d’Africa i també cap a l'oest, a la Macaronésia (Levyns, 1964; Axelrod & Raven, 1978;
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McGuire & Kron, 2005). Aixi, alguns autors proposen que la flora sud-africana prové de la
flora present al Nord d’Africa i a la Mediterrania durant el Terciari, i que actualment
guedaria relicta en els marges continentals.

Si es confirmen les relacions filogenetiques obtingudes en estudis moleculars
recents, el grup Pachycladae presentaria una distribucid disjunta entre la Macaronesia i
la banya d’Africa, el sud de la peninsula Arabiga i el sud d’Africa, seguint el patré
fitogeografic de la denominada Rand Flora.

La Macaronésia és una regié biogeografica que compren cinc arxipélags atlantics
d’origen volcanic (Acores, Madeira, Cap Verd, illes Selvatges i illes Canaries) situats entre
els 39°45’ N, 31°17’ Wiels 14°49’ N, 13°20’ W i dues localitats continentals costaneres al
Marroc i Portugal. Lorigen de les illes macaronésiques s’ha datat amb meétodes
geoquimics i s’esté en un rang que va des dels 27 Ma (Selvagem Grande a illes Selvatges;
Geldmacher et al., 2001) als 1,77 Ma (El Hierro a illes Canaries; Carracedo et al., 2002).

El clima de la Macaronesia és de tipus subtropical pero té una gran influéncia del
vents alisis, que en xocar amb les altes muntanyes d’origen volcanic descarreguen la seva
humitat i condicionen la distribucié de les comunitats vegetals.

La flora macaronésica es caracteritza per tenir un component paleoendéemic,
originari de mar de Tetis, format pels arbres i falgueres tipics de laurisilva, que haurien
sobreviscut al refredament climatic del Plioce-Pleistoce; un segon component
neoendémic que provindria de colonitzacions sobretot des d’Africa i la conca
Mediterrania i que hauria diversificat in situ, i un tercer component d’espécies propies
del Mediterrani (Fernandez-Palacios et al., 2011).

Pel que fa a lorigen de grups de plantes macaronesiques endémiques,
nombrosos autors han demostrat mitjancant eines moleculars que la diversificacid
d’espécies a les illes macaronésiques s’ha produit en alguns casos després d’un Unic
esdeveniment de colonitzacid (Francisco-Ortega et al., 1997, 1999, 2001; Helfgott et al.,
2000; Allan et al., 2004), mentre que d’altres han detectat processos de colonitzacid
multiples per un mateix grup de plantes (Cuénoud et al., 2000; Hess et al., 2000; Park et
al.,, 2001; Percy et Cronk, 2002). Tot i la diversitat de resultats, sembla que uns pocs
processos de colonitzacid haurien originat la majoria de grups endemics (Fernandez-

Palacios et al., 2011).
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Els principals factors han intervingut en la composicid de la singular flora
macaronesica son:

e La diversitat de distancies dels diferents arxipelags al continent (dels 96
km de Fuerteventura, a Canaries, als 1900 km de Flores, a les Azores) i
entre elles marca una certa singularitat floristica a cada arxipelag i cada
illa. Tot i aixi, les distancies s’haurien pogut escurcar en diversos periodes
per la presencia d’illots ara submergits que haurien permes la dispersid
esglaonada de les espécies (Fernandez-Palacios et al., 2011).

e El paper de les illes macaronesiques com a refugi durant les glaciacions
del pleistocé que posteriorment va permetre la recolonitzacié d’Africa i la
Peninsula Ibérica, actuant com a font de biodiversitat (Vargas, 2007).

e Ladiversitat ecologica trobada entre els arxipéelags i les diferents illes de la
Macaronesia explicaria la diversificaci6 de multiples llinatges
macaronesics.

e L'adquisicié de I’habit arbori com a caracter derivat en moltes espeécies
insulars relacionades amb espécies herbacies al continent, fenomen
observat en diferents llinatges de diversos arxipelags d’origen volcanic
(Carlquist, 1974).

e Les freqients esllavissades producte de l'activitat volcanica de les illes,
especialment les illes Canaries, haurien provocat extincions massives o
haurien originat espeécies vicariants a banda i banda de la pertorbacioé (De

Nascimento et al., 2009).

1.2. LA TRIBU CARDUEAE
1.2.1. Marc sistematic

La tribu Cardueae Cass. pertany a les Compositae Giseke o Asteraceae Berscht. &
J. Presl., la familia més gran en nombre d’especies que es coneix dins les Angiospermes,
amb 24000 especies repartides en 1600 - 1700 generes (Funk et al., 2009). Ates al gran
nombre d’espécies que inclou, la familia comprén una gran diversitat de formes vitals.
Tot i que la gran majoria de Compositae sén herbes anuals o perennes, també inclou

arbusts, lianes, arbres i plantes suculentes. Les Compositae ocupen tot tipus d’habitats,
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des de selves i deserts fins a prats alpins, perdo sén més comunes en regions montanes,
arides o semiarides de latituds subtropicals o temperades. El tret morfologic més
caracteristic de les Compositae és la inflorescéncia en capitol. Aquesta estructura esta
formada per un receptacle protegit per un involucre de bractees on s’hi poden inserir
dos tipus diferents de flors: els flosculs i les ligules (Fig. 4), tot i que també poden tenir-
ne només un dels dos tipus. Altres trets comuns definitoris de la familia sén les anteres,
gue es troben fusionades en forma d’anell al voltant de l'estil, i la preséncia de fruits
tipus aqueni o cipsela, sovint acompanyats d’un papus o vila (Fig. 5) que afavoreix la
dispersié principalment anemocora. Aquests trets morfologics, junt amb caracters
moleculars, han definit la familia de les Compositae com a monofilética (Funk et al.,
2009). Un gran nombre d’espécies de la familia té un gran interés econdmic o

importancia ecologica i d’altres han esdevingut especies invasores.

——,

,\ bractea
% ? % & = \
C receptacle

Fig. 4: Ligula (A), floscul (B) i esquema de la disposicio de les flors en un capitol tipic d’'una Compositae amb

els dos tipus de flors (C), extret de Greenish (1920).

Cassini (1819) realitza la primera classificacié de les Compositae i establi 20
tribus. La classificaci6 de Bentham (1873) sintetitza les anteriors i establi 13 tribus.
Carlquist (1976) i Wagenitz (1976) proposaren una reorganitzacié en dues subfamilies
(Asteroideae (Cass.) Lindl. i Cichorioidae (Juss.) Chevall.) i 16 tribus. Pero la gran revolucié
en la sistematica i taxonomia de les Compositae no arriba fins a I'Us d’eines moleculars.
Jansen & Palmer (1987) definiren una tercera subfamilia (Barnadesioideae (D. Don)

Bremer & Jansen), basal a la resta, gracies a la preséncia d’'una inversid en el DNA
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cloroplastic present a la resta de Compositae perd absent en aquest grup i en altres
plantes vasculars. Els estudis moleculars han anat modificant la classificacio existent fins
a les més recents publicacions de “metatrees” de les Compositae (Funk et al., 2005,
2009; Panero & Funk, 2008), una combinaciéo d’arbres filogenétics parcials que ha
mostrat que les tres subfamilies tradicionals sén polifiletiques, establint 43 tribus
repartides en 12 subfamilies monofilétiques.

La tribu Cardueae és un dels grups més nombrosos de les Compositae, ja que
inclou unes 2400 espécies repartides en 73 géneres (Susanna & Garcia-Jacas, 2009). Les
Cardueae s’inclouen dins la subfamilia Carduoideae Cass. ex Sweet junt amb les tribus
Dicomeae Panero & V. A. Funk, Oldenburgieae S. Ortiz i Tarchonantheae Kostel. Aquestes
tres tribus havien estat classificades de manera tradicional dins les Mutisieae Cass. pero
en van ser separades per criteris morfologics i moleculars (Panero & Funk, 2002). La tribu
Dicomeae comprén 7 géneres que inclouen la majoria d’espécies d’Africa i Madagascar
de les antigues Mutiseae. La tribu Oldenburgieae esta formada per un Unic genere:
Oldenburgia Less., endemic de la regidé sud-africana del Cap, mentre que la tribu
Tarchonantheae comprén dos géneres: Tarchonanthus L. i Brachylaena R. Br., d’Africa
tropical i la peninsula Arabiga.

Les relacions filogenetiques de les quatre tribus incloses dins les Carduoideae no
s’han resolt en estudis moleculars recents, tot i que hi ha indicis que les tribus

Oldenburgieae i Tarchonantheae constitueixen clades germanes (Ortiz, 2009).

Fig. 5: Diversitat d’aquenis i papus caracteristics de les Compositae (extret de Funk et al., 2005).

Les Cardueae sén plantes herbacies anuals, biennals o perennes, arbusts o més

rarament arbres (Fig. 6). S6n sovint espinescents, amb conductes resinifers a les arrels i
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latex a les parts aéries, en alguns casos. Les fulles presenten disposicid alterna, les basals
sovint agrupades en una roseta. Els capitols sén solitaris o bé es disposen en
inflorescéncies corimbiformes i rarament presenten una agregacié en capitol de capitols.
Les bractees involucrals sén multiseriades i sovint presenten apéendixs o espines. Els
receptacles normalment contenen palees o péls. Els capitols només presenten flosculs i
aquests normalment sén tubulars i actinomorfs; rarament trobem ligules perifériques als
capitols (en els generes Atractylis L. i Carlina L.). Les anteres tenen la base caudada.
Lestil presenta un engruiximent pilds caracteristic sota la bifurcacié. Els aquenis sén molt
variables, en general pilosos a les subtribus Carlininae (Cass.) Dumort., Cardopatiinae
Less. i Echinopsinae (Cass.) Dumort, i glabres a les subtribus Carduinae Cass. i
Centaureinae (Cass.) Dumort. Presenten papus d’esquames o setes, disposades en dues
files en les Centaureinae. El pol-len és tricolporat, oblat, esféric o prolat, espinds,

verrucds, escabrid o gairebé llis.

1.2.2. Estudis previs

La classificacid subtribal de les Cardueae ha estat controvertida i revisada per
diferents autors (Taula 4; Cassini, 1819; Bentham, 1873; Hoffman, 1894; Wagenitz, 1976;
Dittrich, 1977). Cassini (1819) reconegué tres tribus independents: Echinopseae Cass.,
Carlineae Cass. i Cardueae. Aquesta ultima alhora comprenia les subtribus Carduinae i
Centaureinae. Posteriorment, Bentham (1873) i Hoffman (1894) inclogueren les dues
primeres dins les Cardueae com a subtribus Echinopsidinae i Carlininae. Aquests dos
grups han estat considerats com a tribus independents de les Cardueae o com a
subtribus dins d’aquestes, segons els autors (Wagenitz, 1976; Dittrich, 1977; Bremer,
1994; Petit, 1997).

Els estudis moleculars més recents estableixen les Cardueae com a grup
monofiletic (Susanna et al., 1995, 2006; Garcia-Jacas et al., 2002) i reconeixen cinc
subtribus dins les Cardueae: Cardopatiinae, Carduinae, Carlininae, Centaureinae i
Echinopsinae. Les subtribus Carduinae-Centaureinae tenen un origen comu i es
defineixen com a grup troncal i més derivat dins les Cardueae. Segons aquests resultats,

les Carduinae constitueixen un grup parafiletic. Tot i aixi, es considera que una nova
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circumscripcié del grup Carduinae-Centaureinae prioritzant la monofilia féra
impracticable pel gran nombre d’especies que pertanyen a aquestes dues subtribus ja

gue representen el 90% de totes les Cardueae (Susanna et al., 2006).

Cassini (1819) Bentham (1873) i Wagenitz (1976) Susanna et al. (2006)
Hoffman (1894)

Tribu Carlineae Tribu Cardueae Tribu Cardueae Tribu Cardueae

Tribu Cardueae Subtribu Carduinae Subtribu Carlininae Subtribu Cardopatiinae
Subtribu Carduinae Subtribu Carlininae Subtribu Carduinae Subtribu Carduinae
Subtribu Centaureinae Subtribu Centaureinae Tribu Echinopsideae Subtribu Carlininae

Tribu Echinopinae Subtribu Echinopsidinae Subtribu Centaureinae

Subtribu Echinopinae

Taula 4. Principals classificacions subtribals de les Cardueae.

Les relacions filogenetiques entre les subtribus basals (Cardopatiinae, Carlininae i
Echinopsinae) no s’han pogut resoldre mitjancant metodes filogenetics pel poc suport
gue presenten les clades basals.

En el treball més exhaustiu de la tribu Cardueae fins al moment (Susanna et al.,
2006) es definiren grups informals utils per tractar grups monofilétics. Aquesta
classificacio sera utilitzada en aquest treball per la facilitat que déna a I’hora de tractar
clades naturals que inclouen géneres tan extensos com Centaurea L. (250 espécies),
Cirsium Mill. (250 especies), Cousinia Cass. (600 espécies), Jurinea Cass. (200 espeécies) o
Saussurea DC. (300 especies). Dins les Cardueae, la subtribu Centaureinae és una de les
més estudiades i un dels aspectes més controvertits ha estat la circumscripcié del genere
Centaurea, que ha passat d’incloure de 700 a 400 espécies (Garcia-Jacas et al., 2001). Els
meétodes moleculars finalment han donat llum a aquest i d’altres aspectes (Garcia-Jacas
et al., 2001) tot i que les relacions filogenetiques entre els géneres basals dins aquesta

subtribu no s’han pogut resoldre.

1.2.3. Biogeografia

El reconeixement de la subfamilia Barnadesioideae, endémica del sud d’Ameérica

del Sud, com a grup germa a la resta de Compositae (Jansen & Palmer, 1987, 1988; Kim &
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Fig. 6: Diversitat dins la tribu Cardueae. A: Cardopatium corymbosum Pers., subtribu Cardopatiinae (A.
Susanna); B: Carlina acanthifolia All., subtribu Carlininae (L. Barres); C: Echinops orientalis Trautv., subtribu
Echinopinae (L. Barres); D: Arctium minus Bernh., subtribu Carduinae (L. Barres) i E: Centaurea deusta Tem.

i Rhaponticum coniferum (L.) Greuter, subtribu Centaureinae (L. Barres).

Jansen, 1995; Kim et al., 2002), va permetre situar l'origen de les Compositae a Ameérica
del Sud. Aquesta hipotesi es confirma pel fet que el grup germa de les Compositae, la
familia Calyceraceae R. Br. ex Rich., també es troba a Ameérica del Sud (Funk et al., 2009).

Lorigen africa de la majoria de tribus basals de les Compositae suggereix que des
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d’Ameérica del Sud es va produir una radiacié al continent africa, perdo com que les
relacions filogenétiques entre aquestes clades no ha estat resolta, I'origen de la radiacié
africana no es pot confirmar (Funk et al., 2009). Posteriorment, les Compositae van
colonitzar la resta de continents. La seva distribucié és cosmopolita a excepcidé de
I’Antartic, tot i que la seva diversitat es concentra a les arees tropicals i subtropicals
d’América el Nord, els Andes, Sud-Africa, Asia central, el sud-oest de la Xina i la regié
Mediterrania. Es considera que les Compositae es van originar fa uns 50 Ma i que la
majoria de tribus actuals ja s’haurien originat cap al final de I'Oligoce (25-22 Ma). L'éxit
evolutiu de les Compositae esta relacionat amb alguns trets caracteristics de la familia: la
presencia de metabolits secundaris, la plasticitat d’habit, la disposicidé en capitol de les
flors i la poliploidia.

La subfamilia Carduoideae presenta una distribucié disjunta entre I’Africa i la
conca Mediterrania. Les tribus ancestrals a les Cardueae (Dicomeae, Tarchonantheae i
Oldenburgieae) sén originaries de I'Africa pero les Cardueae sén de distribucié asiatica i
circummediterrania. Les hipotesis biogeografiques, perd, no es poden contrastar amb
una datacié ja que l'origen de les Cardueae no s’ha datat mai mitjancant métodes
moleculars. Les Cardueae concentren la major diversitat d’espécies als extrems orientals
i occidentals de la conca Mediterrania, I'oest de la regié Irano-Turaniana i el nord d’Africa.
Tot i aixi, les Cardueae han colonitzat tots els continents. Els géneres Carduus L., Cirsium,
Centaurea i sobretot Echinops L. arriben a I'Africa tropical. Cirsium, Plectocephalus D. Don
i Saussurea soén natius principalment dAmeérica del Nord i Plectocephalus i
Centaurodendron Johow principalment d’América del Sud. El genere Rhaponticum Vaill.
es troba a Australia. Alguns generes dins les Cardueae presenten distribucions disjuntes
molt particulars: entre Australia i Eurasia (Rhaponticum), entre Africa-Eurasia i América
del Nord (Cirsium) i entre I'est d’Africa i el continent america (Plectocephalus).

Aquesta ultima disjuncio, dins la subtribu de les Centaureinae, és forca especial i
ha despertat el nostre interés. El geénere Plectocephalus comprén una espécie a Etiopia
(P. varians (A. Rich.) C. Jeffrey in Cufod., dues a Ameérica del Nord (P. americanus D. Don i
P. rothrockii (Greenm.) D. J. N. Hind) i una més a Ameérica del Sud (P. chilensis G. Don ex
Loudon). Altres espécies de Centaurea d’America del Sud son morfologicament properes
a Plectocephalus i cal investigar la seva relacid filogenética amb aquest génere (C.

cachinalensis Phil., C. floccosa Hook. & Arn. i C. tweediei Hook. & Arn.). Alhora,
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Plectocephalus esta considerat morfologicament i biogeograficament proper al genere
Centaurodendron (Carlquist, 1958; Nordenstam & El-Ghazaly, 1977; Hellwig, 2004), I’Gnic
génere de les Centaureinae endémic d’Ameérica, que compren tres espécies endemiques

de les illes Juan Fernandez.

1.3. LA SISTEMATICA MOLECULAR

La sistematica és la ciéncia que estudia l'origen i la diversitat dels éssers vius al
llarg del temps. Lobjectiu de la sistematica és comprendre la historia de la vida a la Terra
i també classificar la diversitat d’organismes en grups que reflecteixin I'evolucié de les
espécies. La sistematica utilitza diverses eines per reconstruir les relacions evolutives
entre les espécies com poden ser els caracters morfologics, bioquimics, palinologics,
citologics, biogeografics, etc. En les darreres décades, I'Us d’eines moleculars ha provocat
una revolucié dins el camp de la sistematica, que ha vist com molts dels grups establerts
mitjancant métodes tradicionals es veien modificats.

La filogenia molecular reconstrueix lI'evolucié dels éssers vius mitjancant dades
moleculars, com sén les proteines, 'RNA o el DNA. Aquesta disciplina ha experimentat
un progrés molt important gracies al desenvolupament de la tecnologia, que ha permes
obtenir sequéncies del genoma de manera molt més rapida i eficient i gracies al
desenvolupament d’eines informatiques d’inferéncia filogenetica, que faciliten I'analisi i
la interpretacidé d’aquestes dades moleculars.

Tot i aixi, les dades moleculars no sén les Uniques que ens permeten establir
arbres evolutius; cal combinar-les amb I'estudi de dades morfologiques per reconstruir
I'evolucié de les especies. L'Us exclusiu de caracters moleculars pot portar a
reconstruccions no naturals, ja que aquests poden ser objectes de fendmens
d’homoplasia (convergencies evolutives i paral-lelismes) o poden establir grups no
naturals si enlloc de gens ortolegs (aquells que provenen d’un procés d’especiacio)
s’utilitzen gens paralegs (aquells que provenen d’un procés de duplicacié genica).

De totes maneres, el fenomen d’homoplasia també pot enterbolir les
classificacions establertes exclusivament mitjancant caracters morfologics, i els caracters
moleculars ofereixen una serie d’avantatges que les eines tradicionals no tenen: (1)

I'enorme quantitat dels quals disposem, (2) la facilitat d’interpretaciéd de les dades
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moleculars, (3) es poden utilitzar per comparar qualsevol tipus d’organisme degut a la
practica universalitat del codi genétic i (4) normalment evolucionen de manera molt més

regular que els caracters morfologics (Graur & Li, 1999; Nei & Kumar, 2000).

1.3.1. Metodes de reconstruccio filogenetica

Els marcadors moleculars que s’utilitzen per establir relacions evolutives entre
plantes sdn basicament seqliencies de DNA que poden provenir de diferents genomes: el
DNA nuclear, el DNA cloroplastic o el DNA mitocondrial. Els dos primers sén els més
utilitzats per reconstruir arbres filogenetics de grups de plantes ja que el mitocondrial
presenta moltes reestructuracions (Palmer, 1992). El DNA nuclear és d’heréncia
biparental, és a dir, inclou informacié tant del pare com de la mare i per aixo els
marcadors nuclears sén els més populars a I'hora de resoldre filogenies a nivell
interespecific. La regié del genoma ribosomic nuclear no codificant de I'ITS (Internal
Transcribed Spacer) és la més utilitzada per inferir les relacions evolutives entre la
majoria de géneres d’Angiospermes (Baldwin et al., 1995) i també en les Cardueae
(Susanna et al., 2006) i les Euphorbiaceae (Molero et al., 2002; Steinmann & Porter,
2002; Bruyns et al., 2006; Zimmermann et al., 2010; Horn et al., 2012). Aquesta regid
ribosoOmica presenta una serie d’avantatges davant d’altres marcadors: (1) s'amplifica
facilment pel metode de la PCR gracies a |'elevat nombre de copies en quée es troba al
genoma, (2) els encebadors que s’utilitzen per la seva amplificacid sén universals en
plantes i fongs, (3) té molt poca variabilitat a nivell individual a causa de fenomens
d’evolucié concertada, que homogeneitzen les diferents copies existents al genoma
(Alvarez & Wendel, 2003) i (4) té la suficient variabilitat per inferir relacions evolutives a
nivell genéric, especific o fins i tot a nivell de familia (Baldwin, 1992).

El DNA cloroplastic és d’heréncia uniparental i normalment és heretat per via
materna. S’han utilitzat diverses regions cloroplastiques codificants per inferir relacions a
nivells taxonomics suprageneérics ja que aquestes tenen una pressio selectiva major que
les regions no codificants i sén per tant més conservades. En el cas de les Euphorbiaceae
s’han utilitzat les regions ndhF, rbcL i trnL-trnF (Steinmann & Porter, 2002; Wurdack et
al., 2005; Bruyns et al., 2006; Park & Jansen, 2007; Zimmermann et al., 2010; Horn et al.,

2012) i en el cas de les Compositae els marcadors cloroplastics més utilitzats sén matKk,
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ndhF i rbcL (Kim & Jansen, 1995; Panero & Funk, 2002, 2008; Susanna et al., 2006;
Wagstaff et al., 2006).

Els métodes d’analisi de seqliencies de DNA per inferir relacions filogenétiques més
usats actualment séon la Maxima Parsimonia (MP) i la inferéencia Bayesiana (IB;
Huelsenbeck & Ronquist, 2001). La MP es basa en el concepte de parsimonia: les
hipotesis més simples sén preferibles a les hipotesis que impliquin un gran nombre
d’assumpcions. Les millors reconstruccions filogenetiques sén doncs les que impliquen
un nombre menor de processos evolutius per explicar una topologia concreta d’un arbre
filogenetic. Aquest metode selecciona I'arbre que presenti el menor nombre de canvis de
caracters per explicar les dades observades. La MP només utilitza els caracters
informatius de les seqliencies de DNA, que soén els canvis compartits per almenys dos
individus. Amb tots els arbres més parsimoniosos obtinguts es construeix un arbre
consens. Per calcular el suport estadistic de les branques de l'arbre consens s’utilitza
sobretot la técnica de remostreig bootstrap (BS; Felsenstein, 1985), que ens ddéna
informacié sobre la fiabilitat de cada clada resultant. El remostreig es realitza per
multiples répliques i es mira en quin percentatge de repliques apareix cada clada
obtinguda. La MP pot produir arbres de topologia esbiaixada a causa del fenomen de
I'atraccié de branques llargues, segons el qual les branques llargues tendeixen a
apareixer unides en els arbres tot i no estar relacionades filogenéticament.

La IB és un metode probabilistic, és a dir que es basa en una funcié que calcula la
probabilitat d’obtenir una hipotesi evolutiva concreta que expliqui les dades observades.
Aguest metode permet la incorporacid de models probabilistics que estimen els
processos d’evolucid molecular mitjangant diferents models evolutius, que descriuen
principalment les taxes de mutacié entre nucleodtids i la freqlieéncia de cada nucleotid. El
suport estadistic de les clades obtingudes es calcula a partir de la probabilitat posterior
(PP) d’un arbre filogenetic, és a dir, la probabilitat que una hipotesi evolutiva sigui la
correcta donada una determinada matriu de dades i seguint un model evolutiu
determinat. La IB cerca el grup d’arbres que presentin una PP més elevada mitjancant la
formula matematica de Bayes, que combina l'algoritme de versemblanca amb la PP.
Lestima de la PP es calcula mitjancant el métode Markov Chain Monte Carlo (MCMC),
que realitza quatre cerques independents que exploren la distribucié de la probabilitat

posterior. La PP pot ser sobreestimada respecte als valors de BS (Suzuki et al., 2002).
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1.3.2. Métodes de datacio molecular

La hipotesi del rellotge molecular es basa en el fet que les diferencies genetiques
entre dues espécies augmenten al llarg del temps a partir de la seva separacié com a
llinatges independents. Aixi, el rellotge molecular permet establir una escala temporal
pels processos evolutius del passat i es converteix en una eina imprescindible per establir
la cronologia de processos d’especiacio, dispersid i migracid. A més, possibilita el calcul
de taxes d’especiacié i extincid sobre un arbre de reconstruccio filogeneética. Els primers
metodes de datacié molecular es basaven en la teoria del rellotge molecular per calcular
I'edat de divergencia entre taxons mesurant les distancies genétiques entre aquests, que
es convertien en temps mitjancant I'Us d’'una taxa de mutacié (nombre de canvis
esperats en les bases nucleotidiques per unitat de temps).

La hipotesi del rellotge molecular va permetre datar els processos d’especiacié
sota I'assumpcié que la taxa de mutacid de les seqiiéncies de DNA era constant al llarg
del temps i que especies properes tenien la mateixa taxa de mutacié. Aixi, un sol punt de
calibracié sobre un arbre filogenetic (un fossil o algun esdeveniment geologic com la
separacio de continents o I'aparicié d’una illa oceanica o serralada) i una taxa de mutacié
per a la regié del DNA utilitzada eren suficients per realitzar una datacié molecular i
obtenir una data absoluta de I'aparicidé d’una espécie.

En els darrers anys, pero, s’ha desenvolupat la teoria del rellotge molecular
relaxat, que afirma que la taxa de mutacié no és constant i pot canviar al llarg del temps,
entre taxons germans, entre diferents regions del DNA o fins i tot dins el mateix taxon.

Els métodes de datacié molecular basats en la teoria del rellotge molecular
relaxat assumeixen que la taxa de mutacid varia al llarg del temps perd que alhora
s’hereta i per tant és semblant entre taxons evolutivament propers (Gillespie, 1986).
Actualment existeixen diversos métodes de datacid molecular que incorporen aquesta
assumpcié anomenada d’autocorrelacié, que permet |I’heterogeneitat entre les taxes de

mutacié. Alguns dels metodes de datacido més usats sén:

e PATHdS (Britton et al., 2007): és un model no paramétric que minimitza la

diferencia de les taxes de mutacio entre grups germans.
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e Penalized Likelihood (PL) implementat a r8s (Sanderson, 2002): és un
model de dataci6 basat en el metode estadistic de la maxima
versemblanca. Utilitza una aproximacié semiparameétrica, ja que inclou
models de substitucid nucleotidica explicits per als canvis en les taxes de
mutacid pero alhora penalitza els canvis bruscs entre branques properes.

e BEAST (Drummond et al., 2006): és un model bayesia que assumeix que
no existeix cap correlacid entre les taxes de mutacid i les calcula de
manera independent, a la vegada que infereix la tipologia de l'arbre

filogenetic.

1.3.3. Metodes de reconstruccio biogeografica

La biogeografia estudia la distribucid de les espécies al llarg del temps i els
processos que han intervingut en I'actual distribucié dels organismes. Les aplicacions de
la biogeografia son diverses, des d’identificar patrons generals de la distribucié dels
organismes, identificar arees relictes de distribucié d’'un determinat llinatge fins a predir
escenaris futurs de distribucio.

Els primers métodes de reconstruccid biogeografica es basaven en la biogeografia
cladista, una disciplina que té l'objectiu de detectar patrons generals de distribucid,
sense explicar quins processos biogeografics els poden haver causat. Aquests métodes es
basen principalment en la vicarianca per explicar distribucions disjuntes i no tenen en
compte la dispersié o l'extincié en les seves reconstruccions. En els darrers anys han
sorgit altres metodes d’inferéncia biogeografica que incorporen aquests altres processos
biogeografics per explicar la historia de la distribucié d’'un grup d’especies emparentades
a partir de les arees ancestrals de distribucid d’aquell llinatge concret.

Un dels métodes més ampliament utilitzats per a la reconstruccié biogeografica
ha estat |'analisi de dispersié - vicarianca (Ronquist, 1997) implementat en el programa
DIVA (Ronquist, 1996), un métode basat en maxima parsimonia que estableix quin
esdeveniment biogeografic (dispersid, vicarianca o extincié) és més probable a cada
node de l'arbre. EI metode DIVA requereix disposar d’un arbre filogenetic totalment
resolt i aix0 suposa una gran limitacié per la gran proporcié de filogenies amb alguna

politomia en la seva tipologia. D’altra banda, DIVA presenta un problema en la
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reconstruccid d’arees ancestrals dels nodes basals dels arbres filogenétics i és que
tendeix a inferir multiples arees ancestrals igualment probables quan hi ha clades amb
especies ampliament distribuides. Les limitacions de DIVA han millorat amb programa
Bayes - DIVA (Nylander et al., 2008) ja que aquest permet incorporar la incertesa de les
relacions filogenétiques a la reconstruccid biogeografica. Bayes - DIVA utilitza una
aproximacié bayesiana a I'analisi de dispersié - vicariancga inferint les arees ancestrals de
cada node d’especiacid utilitzant DIVA sobre una distribucid probabilistica d’arbres,
resultant de I'analisi MCMC filogenética i que representen la distribucid posterior de la
filogénia, i aixi s’evita el problema de les politomies. D’aquesta manera, s’obté per a cada
node de l'arbre filogenetic la probabilitat marginal de totes les possibles arees ancestrals,
integrant per una banda la incertesa de les relacions evolutives i per l'altra, la incertesa
de la reconstruccid biogeografica.

Altres metodes de reconstruccio biogeografica es basen en el métode de Ila
maxima versemblanca, com és el cas de Lagrange (Ree et al., 2005; Ree & Smith, 2008),
gue permet reconstruir les arees ancestrals de distribucié de les espécies alhora que
calcula les seves taxes de dispersid i extincid. Aquest metode permet incorporar
informacié sobre la disponibilitat de connexié entre les arees de distribucié assignades a
les especies o sobre el temps de divergencia entre espécies assignant probabilitats
prévies de preséncia en arees ancestrals a I'analisi. L'avantatge d’aquest metode és que
permet afavorir la dispersio - vicarianga d’especies germanes distribuides per exemple en
arees contiglies i penalitzar la dispersié entre arees sense contacte durant el temps
geologic d’evolucié del llinatge o incorporar altres restriccions que tinguin en compte la

historia geologica de les espécies.

1.3.4. Metodes de reconstruccio filogeografica

La filogeografia estudia la diversitat genética de les poblacions o d’espécies molt
properes amb l'objectiu de reconstruir la seva historia evolutiva i explicar la distribucid
actual dels diversos llinatges genétics (Avise et al., 1987). LUestructura genética de les
poblacions ve determinada per factors genetics (deriva geneética i flux génic) o bé per
esdeveniments biogeografics (migracid, dispersié, fragmentacié de I’habitat, processos

de colls d’'ampolla, extincié de llinatges...). Lenfocament filogeografic permet incorporar
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els processos biogeografics a la genetica de poblacions classica que es basa Unicament
en processos d’intercanvi genetic i aixi establir les causes dels processos de radiacié i la
distribucié actual dels organismes.

El desenvolupament d’aquesta disciplina ha anat lligat a I'aparici6 de noves
tecniques de seqlienciacid i al desenvolupament de la teoria de coalescéncia, que explica
la incorporacié de nous al-lels a les poblacions per la teoria de la neutralitat. Es a dir que
en una poblacié de mida constant hi ha alguns al-lels que apareixen per mutacié i altres
gue desapareixen per deriva geneética pero tots deriven d’'un mateix al-lel ancestral. Aixi,
la teoria de la coalescéncia estableix un marc conceptual que permet estudiar els
processos evolutius a nivell poblacional mitjancant una genealogia de gens.

Per tal d’inferir la diversitat i I'estructura genética de les poblacions en els estudis
filogeografics és necessari utilitzar marcadors que presentin variabilitat molecular a
nivell infraespecific. Altres requisits dels marcadors moleculars utilitzats en el camp de la
filogeografia és que no recombinin, per aixo la majoria d’estudis filogeografics utilitzen
marcadors d’heréncia citoplasmatica no mendeliana, com el DNA mitocondrial. Els
primers estudis van ser en animals i aquesta regié del genoma tenia les caracteristiques
necessaries per establir I'estructura genética a nivell poblacional: presenta una elevada
variacié intraespecifica, és d’heréncia uniparental i no presenta recombinacié genetica.
En plantes, pero, el DNA mitocondrial no és Util per obtenir I'estructura genética de les
poblacions perquée evoluciona més lentament que les sequéncies nucleotidiques que
s'utilitzen per establir filogénies (Avise, 2000). En canvi, el DNA cloroplastic presenta
variacié i és utilitzat de manera freqlient per establir xarxes d’haplotips d’aplicacié en
filogeografia. Tot i aixi té una taxa de substitucid nucleotidica baixa i sovint no permet
establir I'estructura genética en grups de plantes amb una evolucié rapida i recent
(Meudt & Clarke, 2007), com passa en grups d’illes oceaniques. Actualment, un dels
marcadors més ampliament utilitzats per coneixer l'estructura genética de plantes a
nivell infraespecific son els AFLP (Amplified Fragment Length Polymorphisms). Els AFLP
son fragments de DNA tallats a I'atzar per un parell d’enzims de restriccid i amplificats
després amb encebadors especifics que proporcionen un perfil de fragments o petjada
genética diferent per a cada individu. El nombre de fragments generats és variable degut
a la variabilitat genetica dels individus, marcada per la disponibilitat al genoma de llocs

de restriccid i de llocs d’unié dels encebadors especifics. Cada fragment visualitzat en el
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perfil de cada individu correspon a un locus. Els al-lels de cada locus corresponen a
I'absencia o presencia de cada fragment i aixd fa que els AFLP siguin marcadors
dominants, és a dir que podem coneéixer I'abséncia o presencia d’un al-lel perd no podem
distingir entre individus homozigots o heterozigots. S'assumeix que els fragments de la
mateixa mida tenen la mateixa posicid al genoma i que per tant sén homolegs i aixi
podem obtenir informacid sobre I'estructura i diversitat genética de les poblacions. Tot i
aixi, conceptualment els AFLP no sén els més adients per estudiar la filogeografia d’'un
grup, ja que en no poder llegir les seqliencies de DNA de cada fragment, no podem estar
segurs de I’homologia entre individus. A més, tot i que els AFLP incorporen DNA de tots
els organuls de la cel-lula, el que predomina és el nuclear ja que és el més abundant i per
tant no seguirien la teoria de la coalescéncia. De totes formes, sén cada cop més
nombrosos els estudis filogeografics de grups de plantes que utilitzen els AFLPs
combinats amb marcadors del genoma cloroplastic (Dixon et al., 2009, Calvifio-Cancela
et al., 2012; Galbany-Casals et al., 2012; Jiménez-Mejias et al., 2012), ja que sovint les
sequencies cloroplastiques no proporcionen prou informacié (Mendelson & Shaw, 2005)
i els AFLP aporten una gran variabilitat a nivell infraespecific per 'enorme quantitat de
loci que generen. A més, des del punt de vista de la metodologia, els AFLP sén forga
rendibles, ja que no es necessita informacidé préevia sobre la seqliencia de DNA del grup
per dissenyar els encebadors, es poden obtenir una gran quantitat de marcadors en un
periode curt de temps i la quantitat de DNA requerida és minima.

A més d'utilitzar-se en filogeografia, els AFLP també tenen aplicacié en estudis de
taxonomia, de genetica de poblacions i de biologia de la conservacid d’espécies

amenacades, entre d’altres.

1.4. JUSTIFICACIO DEL PRESENT TREBALL

La present tesi doctoral té la sistematica molecular, la biogeografia i la
filogeografia moleculars com a eixos vertebradors. Pel que fa a la sistematica,
tradicionalment s’han utilitzat caracters molt diversos per establir classificacions dels
éssers vius que reflectissin les relacions evolutives entre les espécies. Perdo en les
darreres décades, I'Us de caracters moleculars, la generacié de nous metodes

d’inferencia filogeneética, i el perfeccionament de la bioinformatica han provocat una
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revolucié dins d’aquesta disciplina, ja que molts dels grups establerts mitjancant
meétodes tradicionals s’han vist modificats substancialment un cop s’han vist revelades
les seves afinitats evolutives mitjancant aquesta nova aproximacié. Tant seqliéncies del
DNA, nuclear i cloroplastic,c com marcadors de tipus hipervariables com els AFLP,
s’utilitzen actualment en aquesta disciplina, i han estat els marcadors triats per
desenvolupar els objectius d’aquesta tesi.

Lestudi de la biogeografia ha experimentat també grans canvis en els darrers
anys, basant-se de manera essencial en els mateixos tipus de marcadors moleculars. En
aquest camp, el desenvolupament del concepte de rellotge molecular relaxat i la creacié
de nous metodes d’analisi que I'incorporen ha marcat una fita important en la historia
d’aguesta disciplina, aixi com el desenvolupament de meétodes propiament de
reconstruccié biogeografica cada vegada més complexos, com les analisis de Dispersié-
Vicarianga perfeccionades amb una aproximacié Bayesiana.

A nivell infraspecific, el recent naixement de la filogeografia ha permés incorporar
els processos biogeografics —I'estudi de la historia evolutiva i la distribucid geografica
dels llinatges genétics— a la geneética de poblacions classica, ampliant horitzons a I’hora
d’interpretar l'origen i diversificacié de grups d’especies propers i determinar els
processos que han intervingut en la seva distribucié actual. Addicionalment, els
marcadors hipervariables AFLP, molt utilitzats en plantes en aquest camp, ofereixen
informacié genotipica molt util que, combinada amb dades morfologiques, permeten
una nova reinterpretacié de la taxonomia.

Per a aquesta tesi doctoral s’han seleccionat dos grups principals de plantes, que
pertanyen a dues families diferents: una part del genere Euphorbia, que pertany a la
familia de les Euphorbiaceae, i la tribu Cardueae, que pertany a la familia de les
Compositae. Aquests dos grups s’han triat perque inclouen un gran nombre d’espécies i
perqué presenten interessants qliestions a resoldre tant en el camp de la sistematica
com en els de la biogeografia i filogeografia, i que ens permetran comprovar
I'aplicabilitat dels métodes més actuals i contrastar-ne els resultats amb les propostes
més tradicionals.

En el cas del génere Euphorbia s’ha escollit el subgénere Esula, i en concret un
grup inclos en aquest subgenere, el grup Pachycladae. Diversos treballs taxonomics

previs basats en caracters morfologics i diversos estudis moleculars més recents
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manifestaven que la circumscripcié i les afinitats filogenétiques d’aquest grup i altres
grups d’especies relacionades, entre ells la seccié Tirucalli, no eren clares. Tot i aixi, el
mostreig representat era insuficient. Aixi, el primer article de la tesi té com a objectiu
principal recircumscriure aquests grups incloent a I'estudi la majoria de representants i
establir-ne una nova classificacié taxonomica que reflecteixi les relacions filogenetiques
de les espécies implicades. Aquest treball s’ha realitzat mitjancant analisis filogenétiques
de Maxima Parsimonia i d’Inferencia Bayesiana de seqliencies de DNA nuclear i
cloroplastic. EI segon objectiu d’aquest primer article és, a partir de les relacions
filogenetiques obtingudes, confirmar si el grup estudiat segueix el paradigmatic patrd
fitogeografic de la denominada Rand Flora, que inclou grups molt diversos de plantes
que presenten una distribucié disjunta entre la Macaronésia, la banya d’Africa, el sud de
la peninsula Arabiga i el sud d’Africa, i explicar les possibles causes d’aquesta distribucio.
El grup Pachycladae inclou nombroses especies distribuides en quatre dels cinc
arxipelags macaroneésics i en les dues localitats continentals d’aquesta regié. S’ha
estudiat l'origen d’aquest grup, i els processos de dispersié i patrons d’especiacié
implicats. S6n nombrosos els estudis biogeografics que s’han centrat en grups de
distribucié principalment macaronesica per les particularitats de la flora d’aquests
arxipélags. Tot i aixi, la majoria d’estudis se centren en un o pocs arxipélags. Es per aixo
gue s’ha escollit aquest grup d’espéecies macaronesiques per estudiar-ne la filogeografia
amb I"ds de marcadors AFLP. A més, el fet que existeixin propostes taxonomiques previes
basades en morfologia permet contrastar-les amb els resultats obtinguts amb els AFLP.
En el cas de la tribu Cardueae ja existien diverses filogénies moleculars
publicades, pero aquestes, tot i que aportaven informacié cabdal sobre la sistematica i
I'evolucié d’aquest gran grup de les Compostes, tenien encara algunes mancances pel
gue fa al mostreig i a la resolucié dels grups basals. El tercer article de la tesi té com a un
dels objectius construir una nova filogénia molecular basada en més marcadors
moleculars, en aquest cas diverses regions del DNA cloroplastic i nuclear, i un mostreig
més exhaustiu que els treballs anteriors, per tal de respondre algunes de les qliestions
sistematiques encara no resoltes. Perdo l'objectiu principal d’aquest treball és la
reconstruccio biogeografica daquesta tribu, que presenta una distribucio
subcosmopolita i diversos exemples d’interessants disjuncions entre arees llunyanes.

Aguest treball inclou diverses novetats metodologiques, aplicades sobre la filogénia
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molecular obtinguda, que el fan particularment valuds: I'iUs de fossils recentment
descoberts i del concepte de rellotge molecular relaxat en la datacié molecular de la
tribu, i I'ds de metodes bayesians en la reconstruccié biogeografica.

Dins de les Cardueae s’ha escollit també un grup d’espécies particular per al
darrer treball inclos a la tesi, perque presenta problemes taxondomics i també una
distribucié geografica excepcional. El grup inclou el génere Plectocephalus, amb espécies
a I'est d’Africa i America del Nord i del Sud, algunes espécies relacionades del génere
Centaurea d’America del Sud, i el génere Centaurodendron, amb tres espécies
endemiques de les illes Juan Fernandez. Els objectius sén utilitzar una nova filogenia
molecular generada per a aquest treball basada en seqliencies de diverses regions del
DNA nuclear i cloroplastic per proporcionar una nova classificacié taxonomica per a
aquest grup i conjuntament amb els resultats obtinguts en el tercer treball sobre una
datacid molecular, desenvolupar una proposta sobre el seu origen, diversificacid i els

processos que han determinat la seva distribucié geografica actual.
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2. OBJECTIUS

Génere Euphorbia

1. Comprovar la monofilia i circumscripcid de les principals seccions mediterranies
del subgénere Esula, utilitzant seqiieéncies de la regidé nuclear ribosomica de
I'ITS d’'un ampli mostreig d’especies del genere Euphorbia que contempli la seva
distribucio global.

2. Estimar un context filogenetic general pel grup Pachycladae i les seves espécies
emparentades.

3. Redefinir la circumscripcio del grup Pachycladae i la seccid Tirucalli.

4. Generar una hipotesi biogeografica que expliqui I'actual distribucié disjunta de
la clada formada per espécies del grup Pachycladae i el grup afi a E. mauritanica
de la seccio Tirucalli, que en conjunt passem a anomenar seccié Aphyllis.

5. Comprovar si els complexos morfologics descrits tradicionalment per les
especies macaroneésiques de la seccié Aphyllis, el complex d’E. atropurpurea i el
complex d’E. lamarckii, corresponen a grups naturals.

6. Reconstruir I'evolucié dels caracters morfologics en el llinatge macaronesic
d’Euphorbia seccio Aphyllis.

7. Estudiar la distribucio de la variabilitat genetica inter i intrapoblacional per
coneixer l'estructura genética de les espéecies macaronésiques de la seccié
Aphvyllis.

8. Investigar l'origen de les espécies macaronesiques de la seccid Aphyllis i els

fenomens de colonitzacid i diversificacié d’aquest grup.

39



Estudis filogenetics i filogeografics de la tribu Cardueae i el génere Euphorbia

Tribu Cardueae

1. Obtenir una filogénia molecular de la tribu Cardueae, amb especial interés en

resoldre les relacions filogenétiques entre les subtribus basals.

2. Estimar els temps de divergéncia dels principals esdeveniments de diversificacid

de la tribu Cardueae.

3. Reconstruir les arees ancestrals de distribucio i inferir els principals fendmens

biogeografics que expliquen I'actual distribucioé de la tribu Cardueae.

4. Comprovar la monofilia i definir una nova circumscripcié del génere

Plectocephalus, determinant la posicid filogenetica de I'especie africana P.

varians i les espécies sud-americanes P. chilensis, Centaurea cachinalensis, C.

floccosa i C. tweediei.

5. Esbrinar les relacions filogenetiques i la historia biogeografica dels géneres

Centaurodendron i Plectocephalus i les seves afinitats amb els géneres basals de

la subtribu Centaureinae.

6. Investigar les relacions filogenetiques entre els membres basals de la subtribu

Centaureinae, no resoltes anteriorment.
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3. INFORME DE LES DIRECTORES DE LA TESI DOCTORAL
REFERENT AL FACTOR D’IMPACTE I A LA CONTRIBUCIO DE LA
DOCTORANDA A CADASCUN DELS ARTICLES ELABORATS

Roser Vilatersana Lluch, investigadora de I'Institut Botanic de Barcelona, i Merce
Galbany Casals, professora lectora de la Universitat Autonoma de Barcelona, directores
de la Tesi Doctoral elaborada per Laia Barres Gonzalez, amb el titol Estudis filogenétics i

filogeografics de la tribu Cardueae i el genere Euphorbia

INFORMEN

Que el treball de recerca dut a terme per Laia Barres Gonzalez com a part de la
seva formacié predoctoral i inclos a la seva Tesi Doctoral ha donat lloc a 3 publicacions i
1 manuscrit. A continuacid es detalla la llista d'articles aixi com els indexs d'impacte de
les corresponents revistes (segons el JCR de la ISI web of Knowledge), la categoritzacié

d'aquestes en el seu ambit, i la participacié de la doctoranda en cada article.

1. Barres, L., Vilatersana, R., Molero, J., Susanna, A. and Galbany-Casals, M. 2011.
Molecular phylogeny of Euphorbia sect. Aphyllis (Euphorbiaceae) inferred from
nrDNA and cpDNA markers with biogeographic insights. Taxon 60: 705-720.

L'index d'impacte de Taxon del 2011 és 2,364, i es troba en la posicié 46 d'un total de
188 revistes del seu ambit, situada al primer quartil (Q1) de la categoria Plant Sciences.
La responsabilitat i participacié de la doctoranda en aquest treball han estat la
recol-leccié al camp de part dels taxons inclosos, la realitzacié de totes les tasques de
laboratori, les analisis filogenétiques, la co-discussid dels resultats i la redaccié de

I'article.
2. Barres, L., Vilatersana, R., Hipp, A., Molero, J. and Galbany-Casals, M.

Phylogeography and character evolution of Euphorbia sect. Aphyllis

(Euphorbiaceae) subsect. Macaronesicae.
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Es preveu enviar aquest article a Taxon. L'index d'impacte en I'actualitat és 2,703, i es
troba en la posicid 46 d'un total de 190 revistes del seu ambit, situada al primer quartil
(Q1) de la categoria Plant Sciences. La responsabilitat i participacié de la doctoranda en
aquest treball han estat la recol-leccid al camp de bona part dels taxons inclosos, la
realitzacid de totes les tasques de laboratori i totes les analisis de dades, la co-discussid
dels resultats i la redacciéd de l'article. La part experimental d'aquest treball s'ha
realitzat durant una estada de tres mesos de la doctoranda al laboratori Plant
Systematics and Herbarium Department del Morton Arboretum a Lisle i The Field

Museum a Chicago sota la supervisid i en col-laboracié amb el Dr. Hipp.

3. Barres, L., Sanmartin, I., Anderson, C.-L., Susanna, A., Buerki, S., Galbany-Casals,
M. and Vilatersana, R. Acceptat. Reconstructing the evolution and
biogeographic history of tribe Cardueae (Compositae). American Journal of

Botany.

L'index d'impacte d'American Journal of Botany en |'actualitat és 2,664, i es troba en la
posicid 47 d'un total de 190 revistes del seu ambit, situada al primer quartil (Q1) de la
categoria Plant Sciences. La responsabilitat i participacid de la doctoranda en aquest
treball ha estat la realitzacié de totes les tasques de laboratori i de bona part de les
analisis de dades, la co-discussid dels resultats i la redaccid de l'article. L'analisi de les
dades en aquest treball s'ha realitzat durant una estada de tres mesos de la doctoranda
al Real Jardin Botdnico de Madrid sota la supervisié i en col-laboraci6 amb la Dra. I.

Sanmartin.

4. Susanna, A., Galbany-Casals, M., Romaschenko, K., Barres, L., Martin, J. and
Garcia-Jacas, N. 2011. Lessons from Plectocephalus (Compositae, Cardueae-
Centaureinae): ITS disorientation in annuals and Beringian dispersal as revealed

by molecular analyses. Annals of Botany 108: 263-277.

L'index d'impacte d'Annals of Botany del 2011 és 3,388, i es troba en la posicié 21 d'un
total de 188 revistes del seu ambit, situada al primer quartil (Q1) de la categoria Plant

Sciences. La responsabilitat i participacié de la doctoranda en aquest treball ha estat la
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realitzacié de part de les tasques de laboratori, part de les analisis de dades, i la co-

discussid dels resultats i participacié en la co-redaccio final de I'article.

A més, CERTIFIQUEN:

que Laia Barres Gonzalez ha participat activament en el desenvolupament del treball

de recerca associat a cadascun dels articles, aixi com en la seva elaboracid. En concret,

ha participat en les seglients tasques:

Plantejament inicial dels objectius dels treballs.

Recol-leccions de bona part dels materials estudiats en els treballs
corresponents.

Tasques de laboratori: seqienciaci6 de diverses regions del DNA i
desenvolupament i posada a punt dels marcadors AFLP.

Analisis de dades.

Discussié dels resultats, redaccié dels articles i seguiment del procés de revisio

dels mateixos.

Atentament,

Roser Vilatersana Lluch Merce Galbany Casals

Barcelona, de de
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4. RESUM I DISCUSSIO DELS RESULTATS OBTINGUTS
4.1. DEL GENERE EUPHORBIA
4.1.1. Filogenia molecular

Les reconstruccions filogenetiques del genere Euphorbia realitzades mitjancant
el marcador ribosdmic nuclear ITS mostren quatre grans clades corresponents als
quatre subgeneres (subgénere Chamaesyce, subgenere Esula, subgénere Euphorbia i
subgénere Rhizanthium) ja establerts en anteriors publicacions (Steinmann & Porter,
2002; Bruyns et al., 2006; Park & Jansen, 2007; Zimmermann et al., 2010). El subgenere
Rhizanthium és monofiletic amb un suport moderat (PP = 0,97). El subgénere
Chamaesyce també és monofilétic (BS = 76%, PP = 1) i apareix com a clada germana del
subgénere Euphorbia. Aquest ultim subgénere no mostra suport estadistic en els
nostres resultats. Tampoc recuperem suport estadistic per la monofilia ni la posicio
filogenetica del subgenere Esula. Aixi doncs, les relacions filogenetiques entre els
quatre subgeneres no es resolen en les nostres analisis, tot i que estudis més recents
(Horn et al., 2012) han definit el subgénere Esula com a grup germa de la resta i el
subgénere Rhizanthium com a successiu grup germa de la clada formada pels
subgeneres Euphorbia i Chamaesyce. Pel que fa a la monofilia del subgénere Esula,
també ha estat préviament demostrada amb analisis del genoma cloroplastic (BS =
86%; Steinmann & Porter, 2002) o el genoma nuclear (PP = 1: Bruyns et al., 2006; PP =
1: Zimmermann et al., 2010).

La clada que centra el nostre interés dins el génere Euphorbia correspon al
subgénere Esula. Aquest presenta vuit grans clades amb elevat suport estadistic.
Aquestes vuit clades no corresponen a la classificacid seccional tradicional establerta
mitjancant la morfologia de les espécies (Radcliffe-Smith & Tutin, 1968) excepte per la
seccid Myrsinites (Boiss.) Lojac. (BS = 100%, PP = 1). Aquesta seccidé inclou herbes
perennes caracteritzades per presentar les glandules nectariferes acabades en
apéndixs capitats. Comprén endemismes de muntanya mediterrania d’area reduida.

La posicio filogenetica d’E. lathyris L., membre de la seccid monotipica Lathyris
(Dum.) Sojak, no es resol en les nostres analisis, tot i que estudis moleculars posteriors
(Horn et al., 2012) revelen que aquesta espécie és germana a la resta d’espécies del

subgenere Esula.
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Totes les especies de la seccié Helioscopia (Dum.) Sojak incloses en el nostre
treball apareixen en una clada sense suport estadistic, dins la qual recuperem una
subclada (BS = 82%, PP = 1) que inclou totes les espécies de la seccid Helioscopia
menys E. lagascae Spreng. Euphorbia isatidifolia Lam., una espécie amb caracters i
ecologia poc comu entre la resta d’espécies de la seccié Helioscopia, es resol com a
espécie germana de la resta d’especies de la seccié. Es tracta d’una espécie tipica
d’ambients estépics, amb el latex groc o ataronjat i un rizoma tuberds. Aquests
caracters I"apropen a membres de la seccié Holophyllum (Prok.) Prok., d’Asia central,
fet que es confirma per criteris moleculars (Riina et al., in press). En la clada de la
seccié Helioscopia també apareixen les especies macaronésiques E. mellifera i E.
stygiana, arbres tipics de laurisilva que s’havien relacionat tradicionalment amb el grup
Pachycladae i del qual queden exclosos. Tot i la poca resolucid dins la seccié
Helioscopia, podem deduir que les dues subseccions descrites per Radcliffe-Smith
(1982), Galarrhaei (Boiss. in A. DC.) Pax in Engler & Prantl i Heliscopia, definides
segons la forma vital (perennes o anuals, respectivament), no segueixen criteris
monofilétics perque trobem especies anuals i perennes barrejades en les mateixes
clades i veiem que aquest caracter pot apareixer diverses vegades en el mateix
llinatge. Les especies de la seccid Chylogala (Fourr.) Sojak E. serrata L. i E. retusa
Forssk. apareixen també relacionades en una mateixa clada amb suport estadistic (BS =
95%, PP = 1), pero la posicié filogenetica d’E. calyptrata Coss. & Durieu, de la mateixa
seccio, no es resol. La seccié Paralias (Dum.) Sojak apareix clarament com a polifilética,
ja que les seves especies incloses en aquest treball es troben repartides en tres clades
no relacionades entre si i sense presentar cap caracter morfologic distintiu. El mateix
passa amb les espécies de la secccidé Cymatospermum (Prokh.) Prokh., que es troben
repartides en diferents clades amb membres de les seccions Paralias i Esula Dumort.
Euphorbia amygdaloides L. i E. characias L., tradicionalment classificades dins la seccié
Esula, apareixen en una clada ben recolzada (BS =100%, PP = 1) no relacionada amb
I'altra clada que inclou les altres especies de la seccid Esula analitzades. El grup troncal
d’especies macaronésiques del grup Pachycladae i algunes espécies classificades
tradicionalment dins la seccié Tirucalli del subgénere Euphorbia configuren la darrera
clada recolzada de les nostres analisis. Aquest grup monofiléetic (BS = 76%, PP = 1)

compren E. aphylla, 10 especies macaronésiques del grup Pachycladae i 11 especies de
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la seccid Tirucalli relacionades morfologicament amb el complex E. mauritanica definit
per Leach (1975) i Carter (1992): Euphorbia stolonifera Marloth ex A. C. White, R. A.
Dyer & B. Sloane i E. mauritanica, de Sud-Africa; E. orthoclada Baker, endémica de
Madagascar i E. berotica N. E. Br., E. calamiformis P. R. O. Bally & S. Carter, E.
gossypina, E. lateriflora, E. nubica, E. papilionum, E. schimperi i E. usambarica Pax, de
I'est i centre d’Africa. Les espécies distribuides al centre i est d’Africa i el sud de la
peninsula Arabiga constitueixen un grup monofilétic (PP = 1), germa a les espécies
macaronésiques d’aquesta clada. Aixi doncs, I'establiment d’aquest llinatge en el
nostre treball ens porta a definir aquesta clada amb el nom de seccié Aphyllis i aixi
recircumscriure i recuperar el taxon definit per Webber & Berthelot (1842; Taula 3). La
recircumscripcié d’aquesta seccid s’ha seguit en posteriors treballs del génere
Euphorbia (Horn et al., 2012; Riina et al., in press), on alhora s’han definit dues
subseccions dins la seccid Aphyllis: la subseccié Macaronesicae Molero & Barres i la
subseccié Africanae Molero & Barres.

Les altres espécies de la seccid Tirucalli, incloses en les nostres analisis per
comprovar la seva relacié amb el grup Pachycladae, apareixen repartides en dos altres
subgéneres d’'Euphorbia. En primer lloc, E. larica Boiss. i E. masirahensis Ghaz., de I'lran
i la peninsula Arabiga, respectivament, apareixen formant una clada dins el subgéenere
Rhizanthium. Aquestes especies s’inclouen alhora en un grup monofilétic relacionades
amb E. meuleniana, del lemen i E. balsamifera, distribuida a les illes Canaries, I'oest
d’Africa i el lemen. Euphorbia balsamifera havia estat tradicionalment inclosa al grup
Canariensis et Mediterraneae del grup Pachycladae de Boissier (1862). En segon lloc,
les espécies E. bariensis, endémica de Somalia; E. dhofarensis, d’'Oman i E. uzmuk S.
Carter & J. R. I. Wood, del lemen i Oman apareixen incloses al subgenere Euphorbia,
junt amb la resta d’espécies que representen el grup central de la seccid Tirucalli (E.
arbuscula Balf. f., E. gregaria Marloth, E. stenoclada Baill., E. tirucalli L. i E.
xylophylloides Brongn. ex Lem.).

El grup germa a la seccid Aphyllis és una clada formada per especies de
diferents seccions (PP = 0,96). Per una banda inclou E. dendroides, especie de
distribucié amplia a la Mediterrania que havia estat inclosa tradicionalment al grup
Pachycladae (Boissier, 1862) pero que difereix de la resta d’espécies per la seva

distribucid, perqué les tiges joves no son fotosintétiques i presenten un ritidoma marré
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i per les seves llavors, que son comprimides lateralment. També inclou E. terracina L.,
de la seccié Esula, E. biumbellata Poir. i E. megalatlantica Ball, especies perennes de la
seccid Paralias, i E. medicaginea Boiss. i E. exigua L., espéecies anuals de la seccid
Cymatospermum. Aquesta clada és molt diversa morfologicament pero ens suggereix
que l'origen de la seccio Aphyllis és al Mediterrani. En les analisis de la regié nuclear
ITS no s’han pogut resoldre les relacions filogenetiques entre les especies de la seccid
Aphyllis i per aquest motiu s’han seqglienciat vuit noves regions, una de nuclear (ETS) i
set de cloroplastiques (trnL-trnF, psbA-trnH, ycf3-trnS, trnG, atpB-rbcl, trnK-matK i
trnT-trnL) per les espécies incloses dins la seccid Aphyllis. Les incongruencies
detectades entre els arbres filogenétics inferits per les regions nuclears i les regions
cloroplastiques probablement sén degudes a fenomens d’hibridacid, ja descrits
anteriorment en espécies del grup (Molero & Rovira, 2005a). Aquestes incongruencies
no ens han permés combinar les seqliencies dels genomes nuclears i cloroplastics i
realitzar una analisi conjunta. Tot i aixi, hi ha coincidéncies de topologia entre els dos
arbres: la posicié d’E. tuckeyana com a especie basal a la resta, tot i que aquesta
posici6 només esta recolzada estadisticament en la filogénia basada en regions
cloroplastiques (BS = 80%, PP = 1). La clada que agrupa totes les espécies
macaronésiques (excepte E. tuckeyana), només recolzada estadisticament en |'abre
inferit de les regions cloroplastiques sera estudiada en profunditat en un altre estudi.
Pel que fa a la biogeografia, els nostres estudis assenyalen que la colonitzacio
de les illes macaronésiques per les espécies endémiques del génere Euphorbia es va
produir en almenys cinc esdeveniments independents: dos per part de membres de la
seccio Aphyllis (E. tuckeyana per una banda i la resta d’espécies per una altra), una per
part de membres de la seccid Helioscopia (E. mellifera i E. stygiana), i dos més per part
de membres del subgénere Euphorbia (E. canariensis L. i E. handiensis Burchard). La
nova seccié Aphyllis presenta una distribucié disjunta entre la Macaroneésia, el sud i el
centre d’Africa, Madagascar i la banya d’Africa, i per tant es confirma la seva
pertinenca a la Rand Flora. Finalment, es demostra que I'especiacié a la Macaroneésia
de les espécies de la seccid Aphyllis s’ha produit per dos processos diferents. Per una
banda, la radiacié adaptativa explica la diversificacié del grup en diferents tipus

d’habitats i per I'altra, I'especiacié al-lopatrica també ha jugat un paper important en la
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diversificacié del grup ja que la majoria d’especies ocupen només un arxipelag, un grup

d’illes o son endemiques d’una Unicailla.

4.1.2. Filogeografia

L'estudi filogeografic del complex macaronesic de la seccid Aphyllis que es
correspon a la recentment descrita subseccié Macaronesicae Molero & Barres (Riina et
al., in press) ens déna informacié taxonomica, biogeografica i de la variabilitat i
estructura genética del grup.

Totes les analisis realitzades amb els AFLP confirmen quatre grups genétics dins
la seccid Aphyllis: el complex d’E. lamarckii, el complex d’E. atropurpurea, I'espécie E.
aphylla i 'especie E. tuckeyana.

Pel que fa a la biogeografia, es confirma que la colonitzacié de les illes
macaronésiques per la subsecci6 Macaronesicae va ser produida en dos
esdeveniments independents: E. tuckeyana, per una banda, va colonitzar Cap Verd i
per l'altra, la resta d’especies macaronésiques del grup van arribar a la Macaronesia
després d’un Unic segon procés de colonitzacié. Tot i que les llavors d’Euphorbia no
presenten cap element adaptat per la dispersid endozodcora o epizoocora, la
disseminacié dels seus propaguls entre les illes macaronésiques podria ser realitzat per
les especies de colom i tortora Columba livia canariensis Gmelin i Streptopelia turtur
turtur L. (Nogales, 1985; Berg, 1990), fet que explicaria els diversos fenomens de
dispersio en el grup entre illes i entre illes i continent.

La resta d’espécies macaronesiques de la subseccid Macaronesicae haurien
ocupat els arxipélags de Canaries, Madeira i les illes Selvatges en un segona
colonitzacié que va permetre I’enorme radiacid d’espécies a aquestes illes. Les analisis
filogeografiques indiquen que la direccié d’aquest procés de colonitzacié s’hauria
pogut produir des de les illes Canaries cap al Nord, tal com indica la posicié basal d’E.
aphylla.

D’altra banda, es demostra que diverses poblacions han tornat a colonitzar el
continent per un “efecte boomerang” (Caujapé-Castells, 2011), com s’explica més

endavant. Aixi, els nostres resultats recolzen la idea de que la Macaronésia podria
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haver actuat com a refugi de biodiversitat durant I’dltim maxim glacial i posteriorment
hauria aportat diversitat cap a les poblacions continentals.

Euphorbia tuckeyana, que havia estat inclosa en el complex d’E. lamarckii pels
caracters morfologics (Molero et al., 2002), geneticament no forma part d’aquest
complex i es resol en una posicié independent a la resta d’especies de la subseccid
Macaronesicae. Segurament I'aillament geografic ha fet que la distancia genética amb
la resta d’especies macaronésiques de la seccid augmentés i es mantingués com un
llinatge independent. Euphorbia tuckeyana no presenta cap estructura genética a les
illes de Cap Verd. Aix0 podria ser degut a la uniformitat ecologica d’aquest arxipélag,
que hauria evitat processos de radiacié adaptativa. Considerant resultats anteriors
(Barres et al., 2011), la historia biogeografica de Cap Verd i la diferenciacié genética
d’aquesta espécie, creiem que E. tuckeyana hauria de quedar exclosa del complex d’E.
lamarckii.

Podem extreure diverses conclusions pel que fa a la taxonomia del grup. Pel
que fa a E. aphylla, els resultats obtinguts revelen que no pertany a cap dels dos
complexes, en concordancia amb la classificacio morfologica (Molero et al., 2002). Les
seves caracteristiques morfologiques, ben diferents a la resta d’espeécies (Fig. 2B) -no
presenta fulles, el pleocasi és simple i dens, les bractees subciatials sén petites (menys
de 2 mm), lliures i caduques després de la fructificacid i les llavors son llises o
ruguloses—, la seva ecologia —-és xerofita i halofita i viu en penya-segats exposats als
vents marins- i el fet que anteriorment no s’hagués reconegut dins de cap dels dos
complexes definits, concorden amb la seva posicidon basal, com a espécie germana a la
resta.

D’altra banda, es demostra que els complexos d’E. atropurpurea i d’E.
lamarckii, definits anteriorment sota criteris morfologics i ecologics (Molero et al.,
2002), es troben diferenciats geneticament. El complex d’E. atropurpurea es
caracteritza per presentar fulles semi-persistents, pleocasi doble, bractees subciatials
grans (de 10 a 20 mm), perennes i soldades a la base i llavors reticulatoalveolades. Les
especies d’aquest complex sén mesofiles o mesohidrofiles i es troben dins la laurisilva
o en la seva transicid cap al fayal-brezal. Inclou E. atropurpurea, E. bourgeana i E.

bravoana.
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El complex d’E. lamarckii es caracteritza per presentar especies de fulla caduca
després de la fructificacid, pleocasi simple i lax, bractees subciatials petites (de menys
de 10 mm), caduques i lliures a la base i llavors llises o rugoses. Les espécies d’aquest
complex sén xerofiles i mesofiles. Inclou E. anachoreta, E. berthelotii, E. lamarckii var.
lamarckii, E. lamarckii var. broussonetti, E. pedroi, E. piscatoria i E. regis-jubae.

L'ancestre de les espécies macaronesiques de la subseccid Macaronesicae
hauria estat molt proper als membres del complex d’E. lamarckii i hauria presentat un
pleocasi simple, glandules nectariferes truncades, bractees subciatials caduques i
lliures, llavors de llises a ruguloses i caruncula obnavicluar-truncada. Aixi, aguests
resultats ens fan pensar que I'ancestre de la subseccié Macaronesicae hauria tingut els
mateixos requeriments ecologics que els membres del complex d’E. lamarckii. Els
canvis morfologics del complex d’espécies d’E. atropurpurea haurien afavorit la seva
adaptacié a ambients més humits.

Dins el complex d’E. atropurpurea, sén destacables els resultats de I'espécie E.
bourgeana, distribuida a Tenerife i La Gomera, amb I'estructura genética més ben
marcada, en tres grups. El primer grup inclou les poblacions orientals de Tenerife
(Anaga), el segon les poblacions occidentals de Tenerife (Teno) i el tercer les
poblacions de La Gomera. Les poblacions de La Gomera de E. bourgeana han estat
descrites com a E. lambii per Sventenius (1960) pero la validesa d’aquest taxon ha
estat controvertida i discutida per diferents autors (Bramwell & Bramwell, 2001;
Molero et al., 2002; Molero & Rovira, 2005b). Les nostres analisis detecten una
diferenciacidé genética elevada entre les dues poblacions (¢st = 0,83) pero creiem que
no hi ha suficients caracters morfologics per a diferenciar-les.

Les poblacions a Tenerife d’E. bourgeana mostren una estructura genetica molt
particular, en dos grups diferenciats entre Anaga i Teno. Tot i aixi, una de les
poblacions de Teno mostra una elevada barreja genética amb les poblacions d’Anaga.
Aquesta distribucid disjunta entre Anaga i Teno es troba en altres organismes, tan
plantes com animals (Juan et al., 2000). Diversos factors han afavorit I'aillament de les
poblacions als extrems orientals i occidentals de l'illa: (1) aquestes regions han estat
dues illes independents fins fa només 3,5 Ma, quan es va formar l'actual illa de
Tenerife; (2) les esllavissades soén freqlents a la zona nord de lilla de Tenerife

(Carracedo et al., 1998) i aillen els dos extrems de l'illa; (3) aquestes dues zones son les
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Uniques on trobem |’habitat de laurisilva i les espécies que prefereixen aquest habitat
es poden haver restringit aqui per requeriments ecologics; (4) les activitats humanes
poden haver causat una disminucié de les poblacions a la zona central de l'illa fins a la
reduccio de les poblacions a dos refugis als extrems de Tenerife. Com a resultat de la
nostra investigacio, detectem la singularitat genética d’una de les poblacions a la zona
de Teno. Recomanem un estudi en profunditat d’aquesta poblacié per tal de que passi
a ser objecte de programes de conservacio in situ i ex situ i aixi conservar el maxim de
diversitat genética d’E. bourgeana, especie inclosa en la Llista Vermella de flora
vascular espanyola sota la categoria de vulnerable (VU; Bafiares, 2010).

Dins el complex d’E. lamarckii, les analisis detecten quatre clades diferenciades.
La primera ens revela que E. pedroi, endémica del Cap Espichel (Portugal) forma part
del llinatge d’E. regis-jubae, de les illes orientals de la Macaronésia i la costa de Marroc
i comparteix gran part del seu patrimoni genétic. De fet, es mostra més distancia
genética entre les poblacions de Gran Canaria i la resta de poblacions, que entre les
poblacions d’E. pedroi i les poblacions d’E. regis-jubae de Marroc, Fuerteventura i
Lanzarote. Tot i aixi, la presencia de caracters morfologics diferenciats (E. pedroi
presenta la caruncula molt més allargada), el fort aillament geografic i el fet que E.
pedroi no presenta gens de barreja genéetica amb les altres poblacions ens porten a
seguir reconeixent E. pedroi com a especie. Euphorbia pedroi podria tenir el seu origen
en un efecte boomerang (o colonitzacid posterior cap al continent) recent i haver
sofert un procés de coll d’ampolla que va minvar la mida i la diversitat genética de les
seves poblacions a Portugal, ja que observem branques curtes al filograma reconstruit
per NJ i uns nivells de diferenciacié genética entre poblacions elevats (¢st = 0.69) si els
comparem amb altres espécies. Les poblacions marroquines d’E. regis-jubae
probablement també hi haurien arribat per un fenomen de colonitzacié posterior cap
al continent.

La segona clada inclou les poblacions d’E. piscatoria, que formen dos grups
diferenciats, un a Madeira i I'altre a Porto Santo. Caldra veure en futurs estudis la
posicidé que prenen les poblacions de les illes de les Desertes, també a I'arxipelag de
Madeira i que no han estat incloses en aquest treball.

La tercera clada inclou totes les poblacions d’E. berthelotii, de la qual no es

detecta cap estructura genética diferenciada. Tot i aixi, algunes de les analisis detecten

56



Resultats i discussié

una barreja genética entre un individu d’aquesta espeéecie i E. lamarckii. Aquestes
especies comparteixen habitat i distribucié a l'illa de La Gomera (Fig. 4). Tot i que
durant el treball de camp es va evitar recol-lectar en zones de contacte entre les dues
especies i els individus amb una morfologia intermedia, la hibridacié és un fenomen
gue s’ha observat al camp i que s’ha detectat entre diverses espécies macaronésiques
de la subsecci6 Macaronesicae (Molero & Rovira, 2005). Aquest fenomen podria
explicar I'intercanvi genetic observat a les analisis.

| per ultim, la quarta clada engloba les poblacions d’E. anachoreta i E. lamarckii.
La primera es troba només a un dels illots que formen part de les illes Selvatges,
arxipélag a 280 km al sud de Madeira i 160 km al nord de Canaries. Es una poblacié
molt reduida (menys de 50 individus) i en perill critic d’extincié (CR) segons la UICN
(Martin et al., 2008). Segons indica I'arbre de NJ, E. anachoreta s’hauria originat a
partir d’un esdeveniment de dispersié des de I'arxipélag canari i posterior aillament
geografic.

Al contrari, E. lamarckii és I'espécie que ha experimentat una radiacié més gran
a les illes Canaries. Trobem dues varietats repartides en les quatre illes més occidentals
de l'arxipelag (E. lamarckii var. lamarckii al sud de Tenerife i E. lamarckii var.
broussonetti al Nord de Tenerife, La Gomera, El Hierro i la Palma). Les dues varietats
apareixen en clades independents en les analisis filogeografiques i es confirma aixi un
cert grau d’aillament genetic. Alhora, també es detecta una incipient separacié
genética entre les poblacions de La Palma i El Hierro, no detectables a nivell
morfologic.

Pel que fa a patrons generals d’especiacid i estructura genética a les illes
Canaries, es podria pensar que les illes orientals d’aquest arxipelag (Lanzarote,
Fuerteventura i Gran Canaria) haurien de presentar una alta freqiiéncia d’endemismes
degut a la seva edat (15,5, 20,6, 14,5 Ma respectivament), les més antigues del grup i
per la seva distancia menor al continent. Tot i aixi, la freqiéncia d’endemismes és
major a les illes centrals (Gran Canaria, Tenerife i La Gomera). Aquesta distribucié de la
diversitat genetica segueix el model de Sanmartin & al. (2008), que proposa aquest
grup d’illes com a centre de diversificacid i de dispersié entre illes a les Canaries.

El grau d’estructura geneética és molt petit a les espécies distribuides en illes

orientals (E. regis-jubae), probablement perque aquestes illes son més planes i
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ecologicament més homogenies i aixd hauria afavorit més intercanvi genetic entre les
poblacions i una homogeneitzacio de les poblacions (Caujapé-Castells, 2011).

Per contra, en les illes més occidentals, a més d’haver-hi més nombre
d’espécies endémiques, aquestes solen presentar una major estructura genética
(Reyes-Betancort et al., 2008; Caujapé-Castells, 2011). En el nostre estudi és només el
cas d’E. bourgeana. S’hipotetitza que aixd és degut a que aquest ultim grup d’illes
presenta una diversitat d’habitats i una heterogeneitat topografica més gran (Caujapé-
Castells, 2011). Processos com el coll d’ampolla i I'efecte fundador, provocats per
I'aillament ecologic i geografic, haurien afavorit la diferenciacié genética entre les

poblacions en aquestes illes més abruptes.

4.2. DE LA TRIBU CARDUEAE
4.2.1. Filogenia molecular

Els estudis filogenetics de la tribu Cardueae s’han fet a dos nivells que es
corresponen a dos articles diferents. Per una banda s’ha analitzat la tribu de manera
general, per tal d’establir les relacions filogenetiques entre els grans grups i per tal de
poder realitzar la dataci® molecular i la reconstruccid biogeografica de la tribu i
detectar grans patrons biogeografics. Per altra banda, s’ha realitzat un estudi
filogenetic del genere Plectocephalus, per tal d’esbrinar la seva posicié filogenetica
dins la subtribu Centaureinae i alhora resoldre les relacions entre els grups basals
d’aquesta subtribu. A més es volia explorar I'origen de la distribucié disjunta tan
particular d’aquest génere (trobem una espécie a I'est d’Africa, dues a Nord Ameérica i
quatre a Sud America) i establir la seva relacié6 amb el génere Centaurodendron, que
engloba tres espécies endemiques de I'arxipelag de Juan Fernandez, a 670 km de la
costa de Xile.

Pel que fa a la tribu Cardueae, la reconstruccié filogenetica realitzada
combinant una regié nuclear (ITS) i quatre regions cloroplastiques (matK, ndhF, rbclL i
trnL-trnF) revela que la subtribu de les Cardopatiinae és el grup basal a totes les
Cardueae i que les Carlininae i les Echinopsinae sén, successivament, les subtribus
germanes al clade Carduinae-Centaureinae. Aixi, la combinacié d’aquestes regions

permet resoldre per primer cop les relacions filogenétiques entre les subtribus basals.
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Altres resultats nous extrets de les analisis filogenétiques d’aquest estudi mostren que
Dipterocome Fisch. & C. A. Mey., un genere distribuit al Proxim Orient (Siria, Jordania,
Armenia, Azerbaidjan, Iran i Afganistan) es troba a la base de la clada Xeranthemum L.,
grup basal de les Carduinae. També dins les Carduinae, es mostra que les especies
africanes de Carduus es troben niuades dins Cirsium i per tant la circumscripcid
d’aquests dos géneres requereix més estudis.

Pel que fa a les novetats sistematiques del segon treball, les analisis realitzades
amb la combinacié de seqliéncies de regions del DNA nuclear (ITS i ETS) i cloroplastic
(trnL-trnF, rpl32-trnl"*® i ndhF) mostren que els géneres Centaurodendron,
Plectocephalus i algunes especies del genere Centaurea tenen un origen comu i formen
un grup monofiletic. A més, el genere Plectocephalus tal com estava circumscrit fins ara
seria parafiletic. Com a resultat de la nova circumscripcié de la clada Plectocephalus es
proposen les seglients noves combinacions de les tres espécies de Centaurea incloses
en aquest treball: Centaurea cachinalensis es combina com a Plectocephalus
cachinalensis (Phil.) N. Garcia & Susanna; Plectocephalus floccosus (Hook. & Arn.) N.
Garcia & Susanna per a Centaurea floccosa i Plectocephalus tweediei (Hook. & Arn.) N.
Garcia & Susanna per a Centaurea tweediei.

D’altra banda, les diferéncies morfologiques entre Plectocephalus, del
continent america i Centaurodendron, endémic de les illes Juan Fernandez, recolzen el
manteniment dels dos generes. Centaurodendron és un arbret perenne mentre que
Plectocephalus és una herba i el pol-len de Centaurodendron i Plectocephalus és de
tipus Serratula en ambdds casos pero a Plectocephalus les espines sdn conicoagudes i
a Centaurodendron sén conicotruncades. L'aillament geografic també ddna suport a la
separacio dels dos géneres. La proposta de mantenir els dos géneres com a taxons
independents afavoreix també les politiques de conservacié de les espécies d’aquest
génere endémic, dues d’elles (C. dracaenoides Johow i C. palmiforme Skottsb.) incloses
a la Llista Vermella d’espécies amenacades de la [IUCN (World Conservation Monitoring
Centre, 1998) sota el rang en perill critic d’extincié (CR).

Dins la clada Plectocephalus es defineixen dues subclades: la primera inclou
totes les espécies anuals del grup (P. americanus, P. rothrockii, P. tweediei i P. varians) i
la segona inclou les especies perennes: tres arbusts sud-americans (P. cachinalensis, P.

chilensis i P. floccosus) i els arbrets pertanyents a Centaurodendron. La definicié de
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dues clades dins el complex Centaurodendron-Plectocephalus indicarien que hi ha
hagut dos processos independents de colonitzacid des d’Ameérica del Nord cap a
America del Sud, el primer hauria originat P. tweediei i el segon la resta d’espécies sud-
americanes. Tot i aixi, les diferents taxes de mutacié entre anuals i perennes podrien
haver agrupat les espécies de manera artificial, no reflectint els veritables grups
naturals. El més parsimonids és pensar que aquestes especies van arribar a colonitzar
Ameérica del Sud des d’América del Nord per un sol esdeveniment de dispersid. L'ITS és
la regid estudiada més vulnerable dins el grup Plectocephalus, ja que és la que
presenta una diferéncia més gran de taxa de mutacié entre espécies anuals i perennes,
a patir un fenomen d’atraccié de branques llargues i per aixd s’ha extret de les analisis
combinades. Almenys per les especies estudiades, I'ITS s’hauria de combinar amb
altres regions per minimitzar aquest efecte sempre que sigui possible.

La clada germana a Plectocephalus no es resol per les analisis filogenetiques
pero les afinitats morfoldgiques fan pensar que l'origen del génere esta probablement
als géneres basals de les Centaureinae, distribuits a la Mediterrania oriental i la zona
Iranoturaniana, com sén Phalacrachena lljin, Psephellus Cass., Rhaponticoides Vaill. i
Zoegea L.

D’altra banda, l'estudi del genere Plectocephalus ens revela relacions
filogenetiques fins ara no resoltes a la base de les Centaureinae, subtribu principalment
Mediterrania. En aquest estudi, es demostra que la clada basal dins les Centaureinae és
el grup Volutaria, complex que inclou set generes (Amberboa (Pers.) Less., Goniocaulon
Cass., Mantisalca Cass., Plagiobasis Schrenk, Russowia C. Winkl., Tricholepis DC. i
Volutaria Cass.) de distribucid principalment mediterrania en el seu sentit més ampli
(incloent també la zona Iranoturaniana) perd que també arriba a I'india (Goniocaulon) i
a I'est d’Asia (Tricholepis). Els estudis filogenétics anteriors mostraven que els géneres
basals de les Centaureinae eren els anuals Schischkinia lljin, Zoegea i Stizolophus Cass.
(Garcia-Jacas et al., 2001). Probablement el comportament artificial d’aquestes
espeécies anuals hauria estat provocat per un fenomen d’atraccié de branques llargues,
gue agrupa espécies amb una elevada taxa de mutacid. Aixi, les relacions
filogenetiques a la base de la clada de les Centaureinae en els estudis anteriors no

reflectiria verdaders grups monofilétics.
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4.2.2. Datacié molecular i reconstrucci6 biogeografica

La combinacié de dades obtingudes amb les tecniques de datacié molecular i
reconstruccié biogeografica d’arees ancestrals mostren que l'origen de les Cardueae és
a la zona d’Anatolia, el Caucas i Iran durant I'Eocé mitja (40,26 Ma). Probablement,
I'ancestre comu de totes les Cardueae va migrar des de I'est d’Africa, on es troben (junt
amb el sud dAfrica) actualment les seves tribus germanes (Oldenburgieae,
Tarchonantheae i Dicomeae). La migracié dels ancestres de les Cardueae possiblement
va seguir la via del nord d’Africa i després I'oest d’Asia, ja que tots els grups de
Cardueae actualment distribuits al Mediterrani occidental tenen el seu origen a la zona
del Caucas i Anatolia. Les analisis de datacié molecular ens revelen que la tribu
Cardueae és un grup molt més antic del que es pensava, ja que en estudis anteriors el
seu origen es va datar a I'Oligocé (29,24 Ma). La diferencia d’edats probablement és
deguda a I'Us de nous fossils com a punts de calibracié. Barreda et al. (2010) van
descriure el que fins ara és el fossil més antic de les Compositae i van situar I'origen
d’aquesta familia en el limit entre el Paleoce i I'Eocée (55,8 Ma).

La diversificacio de la tribu Cardueae a la regié Mediterrania s’ha produit en
totes quatre subtribus. A les subtribus Carduinae i Carlininae va comencar a |'Oligoce -
Mioce, associada amb els cicles d’unid i fragmentacié de la microplaca d’Anatolia amb
la conca Mediterrania (Meulenkamp & Sissingh, 2003). La dispersié i aillament
d’espécies durant aquest periode va permetre la radiacié de les Cardueae per
fenomens d’especiacié al-lopatrica, que explicarien la gran diversificacié d’aquest grup
a la zona Mediterrania. Dins la subtribu Centaureinae, s'observa una gran diversificacié
durant el Mioceé tarda, quan l'aridificacié produida durant la crisi del Messinia (Duggen
et al., 2003) va connectar Ibéria amb Africa del Nord permetent la migracié d’espécies
entre arees préeviament aillades per barreres oceaniques. Alhora, l'aixecament de la
serralada de I'Himalaia durant diversos periodes del Miocé-Plioce (Wang et al., 2009)
va tenir un gran paper en l'evolucié de la subtribu Carduinae, ja que els nostres
resultats mostren que el grup va patir una gran radiacié en aquesta zona, coincidint
amb diversos periodes d’activitat orogéenica.

Pel que fa a la colonitzacié d’Africa, els representants africans de les Cardueae

sén espeécies d’alta muntanya dels generes Carduus i Echinops. Aquestes espécies van
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colonitzar I’Africa durant el Pleistoce, amb periodes freds que van permetre 'expansié
geografica d’aquests grups que posteriorment, quan el clima es va tornar a aridificar i
escalfar, es van quedar aillats en aquestes zones d’alta muntanya.

Alhora, s’ha produit una gran radiacié de les Cardueae a ’Asia central, sobretot
dins les Carduinae. Més concretament, algunes especies de Cirsium van migrar cap a
I'Asia central i el Japé des de I'est d’Asia durant el limit entre I’'Eocé superior i I'Oligocé
inferior, seguint la ruta nord a través del mar Caspi. Durant el Mioce mitja,
Xanthopappus C. Winkl. arriba a colonitzar la serralada dels Himalaies i durant el Mioce
inferior hi va haver una gran diversificaci6 en els géneres Arctium L. i Cousinia,
coincidint amb un dels grans periodes d’aixecament de serralades al voltant de la placa
iraniana degut a la formacid de l'altipla de Qinghai i el Tibet, després de la col-lisié
entre les plaques indoaustraliana i eurasiatica.

Trobem dues altres radiacions for¢ca remarcables també cap a I'est, en aquest
cas dins les Centaureinae. Goniocaulon va migrar des de l'oest i centre d’Asia cap al sud-
est asiatic i I'india durant el Miocé inferior, abans que l'aixecament dels Himalaies
tanquessin aquesta via i Rhaponticum australe (Gaudich.) Soskov va migrar des de l'est
Mediterrani i l'oest asiatic fins a Australia durant el Miocé mitja, després de
I'aridificacié de la zona deguda a l'aixecament de serralades a Malaisia, el nord-est
d’Australia i la serralada Central de Nova Guinea, provocat per la col-lisié de les plaques
asiatica i australiana durant el Mioce.

La colonitzacidé cap al Nou Mdn s’ha produit diverses vegades durant I'evolucié
de les Cardueae. El génere Plectocephalus es va originar en la zona del Caucas i
Anatolia i va migrar per una banda cap a I’Africa oriental i per I'altra cap a América del
Nord, seguint la ruta siberiana i travessant el pont terrestre de Bering durant el Mioce
tarda-Pliocé (12-2,5 Ma). Aquesta hipotesi es veu recolzada per I'existéncia d’altres
géneres de Centaureinae adaptats als ambients xérics del centre i est d’Asia, com
Phalacrachena, que suggereix la possibilitat que ['hipotétic ancestre comu de
Plectocephalus hagués arribat a colonitzar aquests ambients abans d’arribar a I'estret
de Bering, extingint-se posteriorment en aquella zona.

A part de l'espectacular radiacido de Plectocephalus cap al continent america,
algunes especies de Cirsium va migrar cap a America del Nord en un sol esdeveniment

de colonitzacié probablement des de I’Asia central a través del pont terrestre de Bering,
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tot i que les nostres analisis no permeten confirmar aquesta ruta biogeografica degut al

baix nivell de resolucid obtingut en aquesta clada.
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5. CONCLUSIONS FINALS

The genus Euphorbia

e The traditional sectional classification of Euphorbia subgenus Esula based
on morphological characters does not have any correspondence with the
clades resolved by phylogenetic reconstructions, except for section

Myrsinites.

e The group Pachycladae sensu Boiss. is polyphyletic in its traditional
circumscription as its members have at least four independent origins.
First, E. mellifera and E. stygiana, two lauroid macaronesic trees are
closely related to the Mediterranean section Helioscopia; second, the
Mediterranean shrub E. dendroides is placed within the sister clade of
section Aphyllis; third, E. balsamifera, a widely distributed shrub in West
Africa, Yemen and the Canary Islands, falls in subgenus Rhizanthium

section Somalica; and finally, a Pachycladae core clade is defined.

e Section Tirucalli is polyphyletic in its traditional circumscription because
its members have three independent origins. First, the E. mauritanica
complex is related to the Macaronesian species of the Pachycladae core
clade; second, E. larica and E. masirahensis are merged in a clade within
subgenus Rhizanthium, and are phylogenetically related to E. balsamifera;

and finally the Tirucalli core clade is placed within subgenus Euphorbia.

e Section Aphyllis is redefined after our phylogenetic analyses to include 11
Africo-Arabian species traditionally classified in section Tirucalli, E. aphylla

and 10 Macaronesian species from the Pachycladae core clade.

e Low resolution within section Aphyllis and incongruences between
nuclear and chloroplast phylogenies may be due to hybridization

processes.
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e Section Aphyllis is part of the Rand Flora and its disjoint distribution is
probably due to vicariance, resulting from fragmentation of a wider
distribution area in North Africa caused by the aridification of the climate

during the late Miocene-Pliocene.

e The Macaronesian endemic species of the genus Euphorbia colonized the
oceanic islands form the mainland in at least five independent events:
three involved species from subgenus Esula (two from section Aphyllis
and one from section Helioscopia) and two involved species from

subgenus Euphorbia (E. canariensis and E. handiensis, independently).

e Species from subsection Macaronesicae colonized the Macaronesia in at
least two independent dispersal events: E. tuckeyana reached Cape Verde
independently from the rest of species, that colonised all the other

Macaronesian archipelagos, except for the Azores.

e The direction of dispersal within species in subsection Macaronesicae
probably followed a South to North direction from the Canary Islands, as

the basal position of E. aphylla suggests.

e The diversification of subsection Macaronesicae species followed two
different speciation models: adaptive ecological radiation, as we detect
that species from E. atropurpurea and E. lamarckii complexes have
radiated in different ecological habitats, and allopatric speciation, which is

detected especially within the E. lamarckii complex.

e Both E. atropurpurea and E. lamarckii taxonomic complexes are
confirmed genetically from the AFLP analyses, with the exception of E.
tuckeyana, that is excluded from the E. lamarckii complex. Euphorbia
aphylla is not included in any of these complexes, as previously suggested

by morphological analyses.
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No genetic structure is detected in E. tuckeyana because of the habitat

homogeneity of Cape Verde islands.

Euphorbia pedroi, an endemic species from Cape Espichel in Portugal,
makes part of the genetic pool of E. regis-jubae, from the West Canary
Islands and Morocco. Probably E. pedroi and E. regis-jubae reached the

mainland by a back colonisation event.

The populations of E. bourgeana from Tenerife and E. bourgeana from La
Gomera (named E. lambii by some authors) are genetically differentiated
but we do not observe enough morphological characters to recognise

both species.

The species diversity of subsection Macaronesicae in the Canary Islands is
concentrated in the central islands (Gran Canaria, Tenerife and La
Gomera). The level of genetic structure within the Canarian species is
lower in eastern species due to high levels of gene flow among their
populations, favored by the flat topology and the ecological homogeneity

of the eastern islands.
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The tribe Cardueae

e Subtribe Cardopatiinae is revealed in the phylogenetic analyses as basal
to the rest of subtribes of tribe Cardueae, followed by Carlininae,

Echinopsinae and the Carduinae — Centaureinae complex.

e Phylogenetic analyses show that Dipterocome is basal to the rest of

species of the Xeranthemum group within subtribe Carduinae.

e The African species of Carduus are merged within the Cirsium clade,

showing the polyphyly of this genus as currently circumscribed.

e The basal group of subtribe Centaureinae is the Volutaria group, and
previous results on the phylogenetic relationships in the Centaureinae
basal grade were probably due to a long branch attraction phenomena
provoked by differences in mutation rates in species with different life
cycles. Thus, DNA regions from different genomes should always be

combined in phylogenetic reconstructions.

e Plectocephalus is paraphyletic as revealed by the phylogenetic
reconstruction, and is recircumscribed to include P. americanus, P.
cachinalensis, P. chilensis, P. floccosus P. rothrockii, P. tweediei and P.

varians.

e (Centaurodendron, an endemic genus from the Juan Fernandez Islands, is
placed within the Plectocephalus clade but is maintained as an
independent genus due to its geographical isolation and the

morphological differences with Plectocephalus.

e The tribe Cardueae originated around the Mid Eocene in West Asia.
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Most diversification events within Cardueae are related to the continuous
cycles of area connection and division between the Anatolian microplate

and the Western Mediterranean Basin during the Oligocene-Miocene.

The uplift of the Himalayan range from the Miocene onwards played a

major role in the diversification of subtribed Carduinae.

From the Mediterranean region and central Asia, tribe Cardueae has
dispersed and colonized the rest of the continents (the New World, Africa,
Australia and India) most likely during the colder Pliocene-Pleistocene

period.

The geographic disjunction of Plectocephalus in East Africa and the New
World is explained as a consequence of dispersal from Caucasus and
Anatolia along the Siberian route and then across the Bering Land Bridge

during the Miocene—Pliocene.
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6. SUMMARY IN ENGLISH

The genus Euphorbia

The genus Euphorbia comprises around 2000 species and is the second largest
genus after Astragalus. It has a subcosmopolitan distribution and it has several
diversification centers in Africa, Madagascar, Mexico and western Asia. It presents a large
diversity of habits, including herbs, shrubs, trees and also succulent species. They all
produce latex. Leaves are simple and alternate. Generally, they do not have stipules.
Euphorbia is the only known genus having the three photosynthetic systems: CAM, C3
and C4. Flowers are reduced and aggregated in a particular type of inflorescence or
cluster of flowers, the cyathium. The cyathium acts as a hermaphrodite pseudanthium,
attracting pollinators with a sweet reward offered in four to five nectariferous involucral
glands. Cyathia are gathered in synflorescences called pleiochasium. The fruits of
Euphorbia are capsules that typically open explosively when ripe. Seeds of some species
have a fleshy appendage called caruncle, an elaiosome attracting dispersal ants. The
classification of the genus Euphorbia has always been controversial due to its large size
and distribution. Currently, the subgeneric classification follows the results of several
molecular studies of the genus, that propose a subdivision in four subgenera: subg.
Esula, mainly distributed in Europe, is the sister clade to the rest; subg. Rhizanthium,
mainly African, is sister to the clade composed by subg. Chamaesyce, mainly from the
New World, and subg. Euphorbia, from Africa and Madagascar.

Subgenus Esula comprises around 400 species and has been lately shown as
monophyletic only if it includes some species of sect. Tirucalli related to the E.
mauritanica complex.

The Pachycladae group was defined by Boissier to include Australasian species (in
the group Polynesicae et Sundaieae) and woody spurges from the Macaronesia, Africa
and the Mediterranean area (the group Canarienses et Mediterraneae including E.
atropurpurea, E. balsamifera, E. berthelotii, E. bourgeana, E. dendroides, E. mellifera, E.
piscatoria, E. regis-jubae, E. stygiana and E. tuckeyana). Recently, the group Polynesicae
et Sundaieae has been classified in subg. Euphorbia based on the results of molecular
phylogenies. The Canarienses et Mediterraneae group has been shown as polyphyletic in

molecular phylogenies, that revealed four independent origins or clades: first, the
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Pachycladae core clade, which includes E. atropurpurea, E. bravoana, E. piscatoria, E.
regis-jubae and E. tuckeyana; second, E. balsamifera, related to other species from subg.
Lyciopsis sect. Somalica; third, E. stygiana and E. mellifera, two lauroid trees from the
Canary Islands, Madeira and Azores that are not closely related to the Pachycladae core
clade; and finally, E. dendroides, also excluded from the Pachycladae core clade.
However these works did not provide a complete delimitation of the Pachycladae core
clade because they did not include all the related species, and they also failed in
resolving the Pachycladae core clade sister group.

The East/South African and Arabian elements of sect. Tirucalli comprised in the E.
mauritanica complex have been phylogenetically related to the Pachycladae core clade
in some molecular phylogenies. Additionally, some Macaronesian species previously
classified in other sections have also been related to the Pachycladae group in molecular
works. These species are E. aphylla, which had been previously included in the
monotypic sect. Aphyllis, and E. lamarckii, previously classified in sect. Tirucalli.

Two main complexes defined by morphological characters and ecological
preferences have been detected within the Pachycladae group. The E. atropurpurea
complex includes three endemic species from the Canary Islands (E. atropurpurea, E.
bourgeana and E. bravoana); and the E. lamarckii complex includes species from the
Canarian archipelago (E. berthelotii, E. lamarckii and E. regis-jubae), Cape Verde (E.
tuckeyana), Madeira (E. piscatoria), Selvagens Islands (E. anachoreta), Portugal (E.
pedroi) and Morocco (E. regis-jubae).

If the relationships between the Macaronesian Pachycladae core clade and sect.
Tirucalli are confirmed, this clade would be another example of the phytogeographic
pattern known as the Rand Flora, that includes many plant groups showing a disjoint
distribution between East and West Africa, South Africa and the Arabian Peninsula. This
disjoint distribution pattern has been explained alternatively by a vicariance event,
resulting from fragmentation of a wider distribution area in North Africa caused by the
aridification of the climate during the late Miocene-Pliocene, or by a more recent, post-
aridification longdistance dispersal event between the Horn of Africa and the

Macaronesian region, followed by fast diversification events in each of these regions.
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The tribe Cardueae

The tribe Cardueae represents one of the largest tribes of the family Compositae,
with over 2400 species distributed amongst 73 genera. Cardueae are classified in the
subfamily Carduoideae, along with Dicomeae, Oldenburgieae and Tarchonantheae,
mainly from Africa. Phylogenetic relationships within Carduoideae have not been yet
resolved. Cardueae include perennial, biennial, or monocarpic herbs and shrubs and, less
often, annual herbs or small trees. The style is characterized by having the stigmatic
areas confined to the inner surfaces of the style arms and an articulation below the
branches of the upper region, which is usually provided with a collar of hairs. Historically,
subtribal classification has been controversial but in the most complete study to date,
five monophyletic lineages within Cardueae were identified: subtribes Cardopatiinae,
Carduinae, Carlininae, Centaureinae, and Echinopsinae, with Carduinae being
paraphyletic. However, this study failed to solve basal relationships between these
lineages.

Subtribe Centaureinae is one of the most complex and diversified group in tribe
Cardueae and it has been recently recircumscribed by molecular methods. However,
phylogenetic relationships within the Centaureinae basal grade have not been yet
resolved.

Tribe Cardueae is mainly distributed in the Mediterranean region, with centers of
endemism in the eastern and western Mediterranean basin, the western Irano-Turanian
region, and North Africa. The eastern limits of many genera are found in central Asia, in
the mountains of Tian Shan, Pamir, and the Himalayas. A few genera occur in even more
distant areas like Japan (Atractylodes, Cirsium, Synurus), North America (Cirsium,
Plectocephalus and Saussurea), South America (Centaurodendron), and Australia
(Rhaponticum).

There are also some striking intercontinental disjunctions in tribe Cardueae. One
example is Plectocephalus (Centaureinae), a genus distributed in East Africa, North

America, and South America.
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Molecular systematics

The systematics studies the origin and diversification of species along life history,
trying to reveal the evolutionary relationships of species. Systematics has used different
types of characters to reconstruct the history of taxa, but in the last decades the most
useful ones have been the molecular characters from the nuclear, chloroplast or
mitochondrial genomes. In plants, the most commonly used markers are the two first
ones because mitochondrial genome has a lot of restructurations. The development of
molecular phylogeny is related to advances in the technology associated to DNA
sequencing and the bioinformatics tools needed for the analysis of data. The most
commonly used methods to analyze DNA sequences are Maximum Parsimony and
Bayesian Inference.

Molecular dating was born with the hypothesis of the molecular clock, based on
the assumption that evolutionary changes increase over time from the moment of
separation of two lineages. The relaxed molecular clock hypothesis provides a new
framework, which assumes that the mutation rate is not constant within species or over
time. The most commonly used methods of molecular dating are PATHdS8, Penalized
Likelihood (PL) and BEAST.

Currently, one of the most used biogeographic reconstruction method is Bayes —
DIVA, based in the dispersal-vicariance analyses, a bayesian method that minimizes
dispersal and extinction events and accounts for uncertainty in phylogenetic
relationships.

Phylogeography studies the genetic diversity of populations or closely related
species and the geographic distribution of their lineages with the aim of explaining the
evolutionary history of genetic lineages. The most commonly used genetic markers in
this field are chloroplastic DNA sequences and AFLP markers, which can also be used to

obtain taxonomic conclusions.

The main objectives of this thesis are:
In genus Euphorbia

e To test the monophyly of traditional sections of subg. Esula, using DNA

sequences of the nuclear ribosomal ITS region.
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To provide a general phylogenetic framework for the Pachycladae group and
its relatives, including the E. mauritanica complex from sect. Tirucalli.

To provide a robust biogeographic hypothesis for the Pachycladae group and
its relatives based on the phylogenetic relationships obtained.

To verify taxonomic entities within subsect. Macaronesicae based on
morphological and genetic data.

To improve our understanding of colonization events, and on genetic and
morphological diversification mechanisms of this group of species in the

Macaronesia.

In tribe Cardueae

To provide a resolved molecular phylogeny of tribe Cardueae at the generic
level, with a special focus on phylogenetic relationships among subtribes and
major lineages.

To estimate divergence times for the main diversification events within
Cardueae.

To infer the ancestral areas and main migration events within the tribe to
explain how it attained such a widespread and disjoint distribution.

To test the monophyly of Plectocephalus and to determine the systematic
position of the African P. varians, and the South American P. chilensis,
Centaurea cachinalensis, C. floccosa and C. tweediei.

To verify the phylogenetic relationships of Centaurodendron and

Plectocephalus and their affinities with the basal genera of the Centaureinae.

Results and Discussion

The genus Euphorbia

Molecular Phylogeny

The phylogenetic reconstructions for the genus Euphorbia resolve eight main

clades within subg. Esula, which do not correspond to traditional sectional classification,
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except for sect. Mysrinites. All members of sect. Helioscopia, except E. lagascae,
constitute a supported clade, which also includes the Macaronesian lauroid trees E.
mellifera and E. stygiana, previously included in the Pachycladae group. Euphorbia
serrata and E. retusa, from sect. Chylogala, are resolved in a main clade but the
phylogenetic position of E. calyptrata is unresolved. The Pachycladae core clade is
resolved in a main clade including 10 Macaronesian species from the Pachycladae core
clade, E. aphyllis, and 11 species of sect. Tirucalli related to the E. mauritanica complex
distributed mainly in the Eritreo-Arabian region but also in West and South Africa and
Madagascar (E. stolonifera, E. mauritanica, E. orthoclada, E. berotica, E. calamiformis, E.
gossypina, E. lateriflora, E. nubica, E. papilionum, E. schimperi and E. usambarica). This
clade is renamed as sect. Aphyllis in our work. More recently, other studies have
validated this natural section and have defined two subsections within sect. Aphyllis:
subsect. Macaronesicae and subsect. Africanae.

Section Tirucalli is revealed as polyphyletic in our study. The “true” Tirucalli are
placed in subg. Euphorbia, constituting a clade composed by E. tirucalli and related
species, like E. bariensis and E. dhofarensis. A second clade is comprised by the E.
mauritanica complex and related species now members of sect. Aphyllis. Finally, E. larica
and E. masirahensis are placed within subg. Rhizanthium, closely related to E.
balsamifera, species traditionally included in the Pachycladae group because of its
distribution in West Africa, Yemen and the Canary Islands.

The sister clade of sect. Aphyllis is constituted by species from several sections
like E. dendroides, previously classified in the Pachycladae group; E. biumbellata, from
sect. Paralias and E. medicaginea, from sect. Cymatospermum.

Low resolution within sect. Aphyllis and incongruences between nuclear and
chloroplast phylogenies may be due to hybridization. The incongruences detected did
not allow us to combine genomes from different origins but some results where
consistent in both reconstructions, like the basal position of E. tuckeyana, which seems
to have had an independent origin from the rest of species in sect. Aphyllis.

Two modes of speciation have occurred within species from sect. Aphyllis:
adaptive ecological radiation and allopatric speciation. Radiation into different ecological
habitats seems to have played a main role, given that species from the E. lamarckii

complex mainly occupy xerophytic habitats in low and mid-altitude areas while members

80



Summary in English

of the E. atropurpurea complex mainly occur in mesophytic and sub-hygrophytic areas
associated with evergreen laurisilva. Allopatric speciation among different archipelagos
also seems to have occurred within members of the E. lamarckii complex, each endemic
to one archipelago or Macaronesian enclave but with the same ecological preferences.
Section Aphyllis would have originated in the Mediterranean area; its disjunct
distribution is probably due to vicariance, resulting from fragmentation of a wider
distribution area in North Africa caused by the aridification of the climate during the late

Miocene-Pliocene.

Phylogeography

All the analyses performed with the AFLP markers on the species from sect.
Aphyllis subsect Macaronesicae confirm that E. tuckeyana has an independent origin
from the rest of species of the group, thus it should be excluded from the E. lamarckii
complex, where it had been classified by morphological characters. Within the main
group in sect. Aphyllis, excluding E. tuckeyana, we obtained a clear genetic structure in
two groups; with correspond to the two complexes E. atropurpurea and E. lamarckii.
Euphorbia aphylla is basal to the two complexes, suggesting a northwards direction of
dispersal of the group in the Macaronesia from the Canary lIslands. Rock pigeons
(Columba livia canariensis) and the migratory turtle doves (Streptopelia turtur turtur)
have been recorded as Euphorbia seeds feeders and may be acting as long-distance
Euphorbia seeds’ dispersal agents’ by accidental endozoochory.

Back-dispersal of Macaronesian organisms to the mainland has been reported for
several plant groups. This phenomenon could have been acting especially during the
Quaternary glaciations, when the Macaronesian islands could have acted as a
biodiversity refuge acting as a source of biodiversity to the mainland rather than an end
of dispersal routes from the continent. A back colonisation to the continent can explain
the presence of E. regis-jubae in the Atlantic coast of Morocco, as this locality has the
same ecological conditions than Fuerteventura and Lanzarote since the Pliocene. Also, a
recent back colonisation to the continent from one of the islands where E. regis-jubae is
found would explain the presence of E. pedroi in Portugal, as we detect very short

branches in the NJ tree.
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Regarding the E. lamarckii complex, four clusters are detected: one cluster
including all the specimens of E. regis-jubae and E. pedroi; a second cluster with all the
specimens of E. piscatoria; a third cluster including all the specimens of E. berthelotii;
and finally the cluster composed by E. anachoreta and E. lamarckii. The inclusion of the
E. pedroi populations within the E. regis-jubae cluster appears in all the AFLP analyses
performed. These results reveal that E. pedroi makes part of the genetic pool of E. regis-
jubae. However, E. pedroi is morphologically differentiated from E. regis-jubae, this
differentiation could be further promoted by its geographical isolation. Moreover, it
shows no genetic admixture with the rest of populations of this group. Thus, we support
to maintain E. pedroi as a separate species. Euphorbia anachoreta, endemic to the
Selvagens Islands and included in the Red List of threatened species as “critically
endangered”, seems to have its origin in the Canary Islands as it is genetically related to
E. lamarckii.

The presence of hybridization events between several species of sect. Aphyllis has
been hypothesised in the literature on the basis of the existence of morphologically
intermediate individuals between several pairs of species, but hybrids have been avoided
in our sampling. However, some specimens with mixed ancestry have been detected in
the genetic clustering analyses: E. lamarckii seems to present high admixture with E.
berthelotti and E. bravoana. The same results are not obtained in the Neighbour-Net
analysis, and the reliability of clustering analyses in detecting hybridization and
introgression is doubtful in this cases, so we recommend to perform further analyses

including intermediate individuals to detect the levels of hybridization in this group.

The tribe Cardueae

Molecular Phylogeny

The phylogenetic reconstruction combining a nuclear region (ITS) and four
chloroplastic regions (matK, ndhF, rbcL and trnL-trnF) provides a good resolution of basal
relationships within Cardueae. Cardopatiinae is reconstructed as sister-group to the
other subtribes, with subtribe Carlininae diverging next, followed by Echinopsinae,

although the phylogenetic position of the latter is not well supported. The last clade is

82



Summary in English

composed of the complex Carduinae-Centaureinae. Within subtribe Carduinae,
Dipterocome is shown as sister-group to the remaining genera of the Xeranthemum
group. Our analyses confirm the close relationships of Carduus species from tropical East
Africa and the genus Cirsium, affinities also detected on the basis of morphological
similarities. Within the Centaureinae subtribe, phylogenetic analyses show that
Plectocephalus includes the African species P. varians, together with all the native North
and South American species, some of them previously classified in Centaurea.
Centaurodendron, an endemic tree from the Juan Fernandez Islands, is placed within the
Plectocephalus clade. However, we support to maintain Centaurodendron as an
independent genus because of its morphological differences.

The Volutaria group is now defined as the basalmost group in the Centaureinae.
This result diverges from previous phylogenies of subtribe Centaureinae, probably due to
a long branch attraction phenomenon provoked by differences in mutation rates
between species with different life cycles. ITS is the most sensible region to these
differences among all the DNA regions used in this study. Thus, DNA regions from

different genomes should be always combined in phylogenetic reconstructions.

Molecular dating and biogeographical reconstruction

The combination of molecular dating and biogeographical reconstruction reveals
that Cardueae were originated in West Asia around the Middle Eocene. The ancestors of
Cardueae dispersed from Africa to West Asia, probably across northeastern Africa. The
dateof Cardueae origin is much older than the one previously suggested in other
molecular studies for the same tribe, probably due to new fossil evidence used in the
present analyses. Indeed, our dating corresponds to the oldest age among tribes of
Compositae.

Diversification of tribe Cardueae in the Mediterranean region is detected in the
five subtribes. In substribes Carduinae and Carlininae these events are dated to the
Oligocene-Miocene period, when additions of microplates located between the
Paratethys and Tethys formed a continuous landmass across the Mediterranean, which
connected the West Mediterranean Basin with the West Asia-Eastern Mediterranean

region. In subtribe Centaureinae we detect a large diversification in the late Miocene,
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when the aridification produced by the Messinian Salinity Crisis would have allowed
trans-Mediterranean dispersal and diversification.

Our analyses suggest that several Cardueae species (from Carduus and Echinops)
migrated secondarily to the mountains of tropical Africa. This may indicate that these
species colonized Africa during cool periods and found refuge in the mountain regions of
tropical Africa when the climate started to become arid again.

Middle Asia has been a major area of diversification for the Cardueae, especially
for subtribe Carduinae, for which the uplift of the Qinghai-Tibetan plateau (QTP) played a
major role. Diversification of species is detected in our analyses in the five subtribes
coinciding with four major periods of uplift of the QTP: 22-20, 15-13, 8-7 and 3.6-1.8
Ma.

The colonization of the New World has taken place several times in the Cardueae.
Plectocephalus reached the New World after a dispersal event from East Africa to
Caucasus and Anatolia along the Siberian route and then across the Bering Land Bridge
during the Miocene—Pliocene.

Besides the striking dispersal of Plectocephalus to the American continent, a
second migration event to North America during the Pliocene is shown in the clade
formed by two eastern North American Cirsium species from Middle Asia, probably via

the second BLB before its closure.
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8.1. Publicaciéo 1: Molecular phylogeny of Euphorbia subgen. Esula sect.
Aphyllis (Euphorbiaceae) inferred from nrDNA and cpDNA markers with
biogeographic insights

Taxon 60: 705-720 (2011)

Filogénia molecular d’Euphorbia subgen. Esula sect. Aphyllis (Euphorbiaceae) inferida
amb marcadors nuclears i cloroplastics, amb claus sobre la seva biogeografia.

Laia Barres, Roser Vilatersana, Julia Molero, Alfonso Susanna & Merce Galbany-Casals

Resum

El subgenere Esula del genere Euphorbia inclou, com s’ha demostrat recentment, una
clada de distribucié disjunta entre la Macaronésia, I'Africa del sud i la regié
Eritreoarabiga, que conté majoritariament membres del grup Pachycladae i de la seccié
Tirucalli. Per tal de delimitar aquest grup de distribucié disjunta, hem analitzat les
sequencies de I'espaiador intern transcrit ribosomic nuclear ITS d’un mostreig ampli del
subgenere Esula. Posteriorment i per tal de resoldre les relacions filogenetiques dins el
grup i reconstruir la seva historia biogeografica, hem realitzat analisis filogenétiques de
la clada del nostre interés amb les seqliencies nuclears ITS i ETS i les seqliéncies
cloroplastiques trnL-trnF, psbA-trnH, ycf3-trnS, trnG, atpB-rbcl, trnK-matK i trnT-trnL. Els
nostres resultats demostren que el grup Pachycladae i la seccid Tirucalli tal com es
reconeixen de manera tradicional sén grups polifiletics. En aquest treball hem
recircumscrit la seccid Aphyllis, incloent-hi la clada troncal del grup Pachycladae i alguns
membres de la seccid Tirucalli. La baixa resolucid i les incongruéencies detectades entre
les filogenies establertes a partir del genoma cloroplastic i nuclear dins la seccid Aphyllis
poden ser degudes a fendmens d’hibridacid. La seccié Aphyllis s’hauria originat a la regié
Mediterrania i la seva distribucié disjunta probablement és deguda a un procés de
vicarianga produit per la fragmentacié de la flora anteriorment distribuida al llarg del

nord d’Africa a causa de Iaridificacié climatica del Mioce-Plioce.
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Molecular phylogeny of Euphorbia subg. Esula sect. Aphyllis
(Euphorbiaceae) inferred from nrDNA and cpDNA markers
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Abstract Fuphorbia subg. Esula (Euphorbiaceae) has recently been shown, using molecular analyses, to contain a clade with a
digjunct distribution in Macaronesia, South Africa and the Eritreo-Arabian region, and being primarily made up of members
of sect. Tithymalus subsect. Pachycladae and sect. Tirucalli. To delimitate this digjoint group, we carried out phylogenetic
analyses of the internal transcribed spacer (nrI'TS) using a broad sampling, with emphasis on subg. Esulg. Subsequently,
we carried out phylogenetic analyses focused on this clade using nuclear (ITS, ETS) and chloroplast (trnl-truF, psbA-trnH,
yef3-trnS, trnG, atpB-rbcLl, trnK-matK, trnif-trnl) markers, with the aim of resolving the phylogenetic relationships within
the group and reconstructing its biogeographic history. Our results showed that sect. Tithymalus subsect. Pachyvcladae and
sect. Tirucalli are polyphyletic. Section Aphyilis is recircumscribed to comprise the Pachycladae core clade and part of sect.
Tirucalli. Low resolution within sect. Aphyllis and incongruences between nuclear and chloroplast phylogenies may be due to
hybridization. Section Aphyilis should have criginated in the Mediterranean area; its disjunct distribution is probably due to
vicariance, resulting from fragmentation of a wider distribution area in North Africa caused by the aridification of the climate

Barres & al. » Molecular phylogeny of Eupkorbia sect. Aphyllis

during the late Miocene-Pliocene.

Keywords Eritreo-Arabian region; Fuphorbia; Macaronesian region; Pachycladae; Rand Flora; South Africa; Tirucalli

B INTRODUCTION

Euphorbial.. (Euphorbiaceae, Euphorbioideae) is consid-
ered the second largest genus in the angiosperms, including
ca. 2000 species (Oudejans, 1990). Tt comprises a large diver-
sity of life forms, including annual and perennial herbs, trees,
spiny succulents and non-spiny pencil-like succulents, mainly
distributed in temperate and tropical habitats. Euphorbia can
be easily recognised by the presence of latex in the stems and
the organisation of the reduced flowers in a structure named
the cyathium, which acts as a pseudanthium. Recent molecular
studies have shown that the traditional infrageneric classifica-
tion does not agree with the natural circumscription of mono-
phyletic lineages and have detected four clades within Euphor-
bia s.]. (A-D; Steinmann & Porter, 2002), which correspond
to four newly circumscribed subgenera: subg. Rhizanthium
(Boiss.) Wheeler, subg. Chamaesyce Raf., subg. Euphorbia
and subg. Esula Pers. (Bruyns & al., 2006).

Subgenus Esula comprises approximately 400 herbaceous
and shrubby species primarily distributed in temperate regions
of the Northern Hemisphere. Most of the species have cyathia
with nectariferous involucral glands, as well as a caruncle on
their seeds. Subgenus Esula (formerly referred to as clade B,
Steinmann & Porter, 2002, Bruyns & al., 2006) is the sister
clade to the rest of Fuphorbia (Horn & al., 2009, Zimmermann
& al., 2010).

This new delineation of subg. Fsula largely corresponds to
section Tithymalus Boiss. (Steinmann & Porter, 2002). Boissier

(1862) created within sect. Tithymalus the unranked category
FPachycladae Boiss. and divided it into two groups (Table 1).
The first group, Canarienses et Mediterraneae, comprises
woody spurges; eight species endemic to the Macaronesian
region; one species mainly distributed in the Canary Islands but
also found in West Africa and Yemen (E. balsamifera Aiton)
and one Mediterranean species (E. dendroidesL.). The second
group, Polynesicae et Sundaieae, comprises Australasian spe-
cies from the Fiji Tslands, New Zealand, Norfolk Island and
Malesia.

The group Canarienses et Mediterraneae has undergone
notable changes throughout history with regard to its rank and
circumscription (Table 1). Pax & Hoffmann (1931) considered
the species in this group as subsect. Pachycladae (Boiss.) Pax
within sect. Tithymalus. In several regional floristic treatments,
the group is described within several taxonomic ranks (Vindt,
1953; Radcliffe-Smith & Tutin, 1968; Radcliffe-Smith, 1982;
Benedi & al., 1997).

Molecular phylogenies have determined that sect. Tithy-
malus subsect. Pachycladae 1s polyphyletic, as the species tra-
ditionally included in this group belong to several independent
clades (Molero & al., 2002; Steinmann & Porter, 2002; Bruyns
& al.,, 2006): (1) the Pachycladae core clade, which includes
some species from sect. Tithymalus subsect. Pachycladae —Eu-
phorbia atropurpurea Brouss. ex Willd., . bravoana Svent.,
E. piscatoria Aiton, E. regis-jubae 1. Gay and F. tuckeyana
Steud. ex Webb;, (2) Euphorbia balsamifera, related with other
species from subg. Lyciopsis (Boiss.) Wheeler sect. Somalica
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S. Carter; (3) Euphorbia stygiana H.C. Watson and E. mellifera
Aiton, two lauroid trees from the Canary Islands, Madeira and
Azores that are not closely related to the Pachycladae core
clade; and finally (4) Euphorbia dendroides, also excluded
from the Pachycladae core clade. These four clades of species
previously calssified in sect. Tithymalus subsect. Pachycladae
are scattered throughout subg. Esula and subg. Rhizanthitm.
Section Tirucalli Boiss., which was later defined at the
subgeneric level by Carter (1985), was first described to in-
clude a group of “pencil-like” species, defined as subsucculent
shrubs with cylindrical photosynthetic stems and reduced de-
ciduous leaves. The East/South African and Arabian elements
of sect. Tirucalli comprise two morphologically well-differ-
entiated groups. First, the Euphorbia mauritanica L. com-
plex, described by Leach (1975) and later confirmed by Carter
(1992), includes species with foliar bracts, absence of glandular
stipules and pleiochasia with 3-8 rays. The members of this
complex appeared related to the aforementioned Pachycladae
core clade in molecular phylogenies (Steinmann & Porter,
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2002; Bruyns & al., 2000). Second, E. tirucalli L. and related
species would constitute the “true” Tirucalli. This group, char-
acterised by the presence of scarious bracts, glandular stipules
and congested synflorescences, is placed in subg. Euphorbia
(Steinmann & Porter, 2002; Bruyns & al., 2006). Boissier
(1862) also included two Macaronesian species within sect.
Tirucalli: Euphorbia aphylla Brouss. ex Willd., which was
originally classified in the monotypic section Aphyliis Webb
& Berthel. (Webb & Berthelot, 1842); and E. lamarckii Sweet.
However, both species also belong to the Pachycladae core
clade (Molero & al., 2002).

Despite these findings, many species traditionally classi-
fied in sect. Tithvimalus subsect. Pachycladae and sect. Tiru-
calli have never been included in any comprehensive molecu-
lar phylogenetic analysis and their closest relatives remain
unknown.

The disjunct geographic distribution of sect. Tithymalus
subsect. Pachycladae and allies in Macaronesia and eastern/
southern Africa, southern Arabia and Socotra represents an

Table 1. Historical sectional classifications of the most relevant species included in this study.

Webb & Berthelot (1842) Boissier (1862) Pax & Hoffinann (1931)
Sect. Aphyllis Webb & Berthel. Sect. Tirucalli Boiss. Sect. Tithymalus Boiss.
E. aphylla E. aphylla Subsect. Pachycladae (Boiss.) Pax
Sect. Balsamis Webb & Berthel. E. dregeana E. atropurpurea
E. balsamifera E. larica E. balsamifera
Sect. Tithymalus Tourn.? E. lateriflora E. berthelotii

+% Esula Haw.? E. mauritanica E. bourgeana

* Frutescentes E. obtusifolia (= E. lamarckii) E. dendroides

E. atropurpurea E. schimperi E. fidjiana
E. obtusifolia (= E. lamarckii) E. tirucalli E. glavca
E. piscatoria Sect. Tithymalus Boiss. E. mellifera

E. regis-jubae

* Arborescentes
E. mellifera atropur purea
balsamifera
berthelotii
bourgeana
dendroides
mellifera
piscatoria
regis-jubae
Stygiana

E.
E.
E.
E.
E.
E.
E.
£
E.
E. tuckeyana

* Polynesicae et Sundaicae — Species anomale

E. glauca
E. fidiiana
E. norfolliana

E. plumerioides

[§] Pachycladae Boiss.

* Canariensis et Mediterraneae

E. norfolkiana

E. piscatoria

E. plumerioides

E. regis-jubae

E. stygiana

E. tuckeyana
Subsect. Galarrhoei (Boiss.) Pax

E. usambarica

Sect. Euphorbinm Boiss.
Subsect. Tirucalli (Boiss.) Pax

E. dregeana

E. gummifera

E. lateriflora

E. maurilanica

E. tirucalli

* This name was not validly used in this work.
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example of a phytogeographic pattern found in other plant
groups (reviewed by Andrus & al., 2004), collectively known
as the Rand Flora (Christ, 1892; Le Houérou, 1995). This dis-
junct distributional pattern has been explained by two alter-
native hypotheses. Based on ecological and floristic studies
(Quézel, 1978; Sunding, 1979; Bramwell, 1985, Médail &
Quézel, 1999) as well as recent phylogenetic studies (Park
& al., 2001; Moore & al., 2002; Andrus & al., 2004; Thiv &
al., 2010), vicariance has been proposed as the most reliable
explanation. Aridification of the Mediterranean basin during
the Upper Miocene and Pliocene (Axelrod, 1975) would have
resulted in two refugial distribution centres, one in the eastern
and one in the western part of northern Africa, for the flora that
previously occupied a continuous strip in this area. In contrast,
Thulin (1994), Francisco-Ortega & al. (1999), Carine (2005),
Galley & Linder (2006) and Sanmartin & al. (2008) postu-
lated that the disjunct distribution could be due to more recent,
post-aridification long-distance dispersal events between the
Horn of Africa and the Macaronesian region, followed by fast
diversification events in each of these regions. The southern
African Flora has also been considered part of the Rand Flora,
following the “African track™ proposed by Linder & al. (1992).
This route connects southern Africa with East Africa and, via
the Sahara, with Macaronesia and the Mediterranean region.
Two directions of this migration route have been proposed for
different plant groups: northwards from southern Africa to
the Horn of Africa and then the Macaronesian and Mediterra-
nean areas (Bellstedt & al., 2008, Galbany-Casals & al., 2009)
or southwards from the Mediterranean area and the Horn of
Africa to southern Africa (Levyns, 1964; Axelrod & Raven,
1978, McGuire & Kron, 2005).

Throughout this paper, the Macaronesian biogeographic
region is meant to include five archipelagos in the Atlantic
Ocean (A zores, Madeira, Cape Verde, Selvagens Tslands, and
Canary Islands), one continental enclave in Morocco (Sunding,
1979; Barbero & al., 1992; Garcia-Verdugo & al., 2010} and
Cape Espichel in Portugal (Pedro, 1942; Carine & al., 2004).
The origin of the Macaronesian archipelagos is volcanic and
their age ranges from 20.6 Ma for Lanzarote [sland to 1.77 Ma
for El Hierro Island (Geldmacher & al., 2001, Carracedo &
al., 1998; Holm & al., 2006). Several groups of plants seem to
have diversified in the Macaronesian archipelagos following a
single colonization event (Francisco-Ortega & al., 1997, 1999,
2001; Helfgott & al,, 2000; Allan & al., 2004) while others
have reached these archipelagos multiple times (Cuenoud &
al., 2000, Hess & al., 2000, Park & al., 2001; Percy & Cronk,
2002; Kilian & al., 2010).

The aims of our study were twofold: first, to provide a
general phylogenetic framework for sect. Tithymalus subsect.
Pachycladae and its relatives based on a broad sampling of
Euphorbia species and using sequences of the nrITS region,
widely employed for inferring Euphorbia phylogenies (Molero
& al., 2002; Steinmann & Porter, 2002; Bruyns & al., 2006,
Zimmermann & al., 2010); second, to provide a robust hy-
pothesis of relationships in the disjunct clade of subg. Esula
using a subset of taxa, with focused sampling in sect. Tithy-
malus subsect. Pachycladae and sect. Tirucalli, and explore

Barres & al. » Molecular phylogeny of Eupkorbia sect. Aphyllis

its biogeographic history. To achieve our second aim, we ex-
panded upon our ITS dataset by adding sequences from the
nrDNA ETS region and seven non-coding chloroplast markers.
In addition, we investigated the sectional classification within
subg. Esula, with particular focus on the western Mediter-
ranean species.

B MATERIALS AND METHODS

Plant material. — A general sampling of the genus Eu-
phorbia included the four subgenera previously identified in
Euphorbig (Steinmann & Porter, 2002, Bruyns & al., 2006)
and a representation of African, American and Asian species.
In addition, a wide sampling of Mediterranean species of subg.
Esula was done. A total of 154 taxa were included, of which
95 were newly sequenced and 59 downloaded from GenBank.
As to the main group of study, all members of Euphorbia sect.
Thithymalus subsect. Pachycladae were included (11 species)
as well as 21 species from sect. Tirucalli, including members of
the . mauritanica complex and some morphologically similar
ones of unknown phylogenetic position. Accession numbers
and sources of material are given in the Appendix. Nomencla-
ture follows Govaerts (2010).

DNA extraction, amplification and sequencing. — To-
tal genomic DNA, from fresh or silica gel-dried leaf tissues,
taken from field collections or herbarium specimens (in the
herbaria BCN, K, W), was extracted using the DNeasy Plant
Mini extraction kit (Qiagen, Hilden, Germany) modified by
adding 5 pl of proteinase K at 20 mg/ml (Pereira, pers. comm.)
in order to avoid the interference of secondary compounds that
occur in Euphorbia.

Plant material from the Kew herbarium (K was extracted
following the CTAB method from Saghai-Maroof & al. (1984)
as modified by Doyle & Dickson (1987) and Palmer & al. (1989).
The DNA from old herbarium specimens was highly degraded
and the extractions were concentrated with the commercial kit
DNA Clean Concentrator-3 {Zymo Research Group, Orange,
California, U.S.A.), following the manufacturer’s instructions.

Two ntDNA regions—the internal transcribed spacer
(ITS1, 5.88, ITS2) and the external transcribed spacer (ETS)—
and seven ¢pDNA regions (the trul-trnl” non-coding region,
including the #rnl. intron and the #ral-trnF intergenic spacer,
the pshd-trnH intergenic spacer; the non-coding ycf3-trnS
region; the non-coding #rn(5 region; the region between the
aipB and rbcl. genes and the first codons of the rbel. gene; the
trnK-matK spacer; and the trnT-tral. non-coding region) were
amplified using the universal primers indicated in Table 2.

Polymerase chain reactions (PCR) were performed in
25 pl volumes composed of 10% 10x AmpliTaq buffer, 10%
25 mM MgCl,, 10% 2 mM dNTPs mix, 4% primers at 5 pM,
1 U AmpliTaq DNA polymerase (Applied Biosystems, Foster
City, Califormia, 1L.S.A)) and 2 pl of template DNA of an un-
known concentration. This was filled up to 25 ul with distilled
sterilised water. We added 0.5 ul DMSO (dimethyl sulfoxide;
Sigma-Aldrich, Schnelldorf, Germany) in ntDNA regions and
2.5 ul BSA (bovine serum albumin; New England Biclabs,
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Ipswich, Massachusetts, U.S.A.) at 400 ng/ul in cpDNA regions
to enhance the PCR reaction.

The PCR conditions varied for each DNA region and con-
sisted of a preheat for 1 min 35 s to 5 min at 94°C-96°C, fol-
lowed by 30 to 35 cycles of the following steps: 305 to 1 min
at 94°C, 30 s to 1 min 30 s at 52°C—538°C and 30 s to 3 min
at 72°C. A final extension phase of 10 to 15 min at 72°C was
conducted. Annealing temperatures for each primer pair are
given in Table 2.

PCR products were purified with either QTAquick Purifi-
cation Kit (Qiagen, Valencia, California, U.S.A.) or DNA Clean
& Concentrator-5.

Direct sequencing of the amplified DNA segments was
performed with a Big Dye Terminator v.3.1 kit {Applied Bio-
systems) following the protocol recommended by the manu-
facturer. Nucleotide sequencing was carried out at the Serveis
Cientifico-Técnics of the University of Barcelona on an ABI
PRISM 3700 DNA analyser (Applied Biosystems).

Alignments and phylogeneticanalyses. — Sequences were
edited visually with BioEdit v.7.0.9.0 (Hall, 1999) and aligned

Table 2. Primers description and amplification conditions used in this study.

TAXON 60 (3) = June 2011: 705-720

by hand or with the T-Coffee software (Notredame & al., 2000)
and refined by hand. In all datasets, several areas of ambiguous
alignment and/or autapomorphic indels were excluded. Align-
ments are available upon request from the corresponding author.

Dataset 1 included ITS sequences of 152 Euphorbia taxa
and two related genera coded as outgroups (Dichostemma
glaucescens Pierre and Triadica sebifera (L.) Small), selected
following Steinmann & Porter (2002). Dataset 2 included se-
quences of nine markers (the two ntDNA regions and the seven
cpDNA regions mentioned above) of 26 species, 22 of them re-
coveredas clade 1 (Fig. 1) inthe analysis of the first dataset, and
four additional species coded as outgroups based on the analysis
of dataset 1: E. biumbellata Poir., E. dendroides, E. megalat-
lantica Ball and E. terracina L. DNA of Euphorbia lateriflora
Schumach. and E. calamiformis PR.O. Bally & 5. Carter was
highly degraded and it could not be amplified for the traK-matk
marker. We coded the sequences of these species as missing data
for this region in the combined matrix of dataset 2.

We carried out a partition homogeneity test (incongru-
ence length difference, ILD; Farris & al., 1995a, b) to test the

Direc-

Region Primer tion Sequences 5' — 3’ Reference T (°C)

ITs ITS1? F TCCGTAGGTGAACCTGCGG White & al., 1990 57
IT82%P R GCTGCGTTCTTCATCGATGC
ITS3? I GCATCGATGAAGAACGCAGC
IT 8420 R TCCTCCGCTTATTGATATGC
1460F2 F TGTACACACCGCCCGT Nickrent & al., 1994
307R*P R TTGGGCTGCATTCCCA

ETS ........................ 1851 GSa .................... R ........... G AGACAAGCATAT GACTACTGGCAGGATCAACC AG ...... B al dwm & Markos, 199 8 ..... 54 .......
ETSR38%° F GGYGGTGCATGAGTGGTGATWY Yang & al., pers. comim.

1rnL mtron and ........ tmL Ca ....................... F ........... C GAAATCGGTAGACG CTACG ...........................................................

IRBATSPaoE oy a8 R GGGGATAGAGGGACTTGAAC
trnL-e? F GGTTCAAGTCCCTCTATCCC
trnL -0 R ATTTGAACTGGTGCAACGAG

psbA_rmH ............... p sbAFa ...................... F ........... G TTATGCAT GAACGT AATGCTC ........................................ Sang& 31,1997 .................. 53 .......
trnHR*? R CGCGCATGGTGGATTCACAAATC

1rnT_tmL ................. Aza s F ........... C AAATGCGATGCTCTAA CCT ............................................ Crorm . & al 2002 ................ 52 ......
trnB*® R TCTACCGATTTCGCCATATC

ycﬁ_tm s i s g T T e S g ,2006 ................ .
SP44097RP R ATTCGAACCCTCGGTAAACA

rmG ........................ 5' t mG_ ZGa s F ........... G CGGG TATA GTTT A GTGGTA AAA .................................... Shaw & al, 20 0 5 ................. 54 .......
3 trnGUUCP R GTAGCGGGAATCGAACCCGCATC

rrnK_ m azK .............. th _39 14Fab ............ F ........... T GGGTTGCTAACT CAATGG .............................................. J ohnso n&somsw 95 ........ 52 ......
matK-1168R%P b ATTGAATGAATTGATCGTA

” rpB_rb * gy S T R oy gy ’ i g
580 R TACAGTTGTCCATGTACCAG

F, Forward, R, Reverse; T (°C), annealing temperature.
*Primer used for amplifications.
" Primer used for sequencing.
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heterogeneity of phylogenetic signals between the nuclear and
chloroplast markers on dataset 2. TL.D significance values were
calculated in TNT v.1.1 (Goloboff & al., 2008) with the INCTST
script (kindly provided by the authors of the program) using
1000 replicates.

Two matrices were used for the analyses of dataset 2:
the first matrix was composed of the two ntDNA markers
combined, and the second matrix was composed of the seven
cpDNA markers combined.

For the three total matrices generated from both data-
sets, maximum parsimony (MP) and Bayesian inference (BI)
analyses were conducted. Phylogenetic trees were constructed
with PAUP* v.4.0bl10 (Swofford, 2002) employing MP with
heuristic searches consisting of 1000 replicates of random
taxon addition with MULPARS in effect and tree bisection
reconnection (TBR) branch swapping, and saving all the most
parsimonious trees, except for dataset 1 where we used 1000
iterations with the constraint of saving no more than 1000 trees
with a length = 3085 due to memory restrictions. Parsimony-
uninformative positions were excluded. In the case of dataset
2, MP analyses used indels as additional characters. Indel
codification was done with IndelCoder v.1.0 (Muller, 2006)
using the Modified Complex Indel Coding (MCIC) algorithm.
After computing the strict consensus tree, bootstrap analyses
(BS; Felsenstein, 1985) were performed using 1000 replicates
of heuristic search with the default options except for dataset
1, where we used 1000 1terations with random taxa addition
and no swapping. Nodes with BS > 75 were considered as
significantly supported.

Bavesian inference estimation was calculated with Mr-
Bayes v.3.1.2 (Huelsenbeck & Ronquist, 2001; Ronquist &
Huelsenbeck, 2003). In order to select the best-fit model of
substitution for each region, the Akaike information criterion
(Akaike, 1973) was used as implemented in the MrModeltest
v.2.3 program (Nylander, 2004). Best-fit models of substitution
chosen by each region are detailed in Table 3. For the Bayesian
analyses of dataset 2, we set up a partitioned analysis to apply
the parameters of the most appropriate model to each region.
We ran two independent analyses with 12 million generations
sampling every 1000 generations, in the case of dataset 1, and
two independent analyses with 3 million generations sampling
every 1000 generations for dataset 2 until they reached station-
ary frequencies (final split frequency between the two runs,
P < 0.01). The first 25% of the total trees generated (3000 for
dataset 1 and 750 trees for dataset 2) were eliminated before
summarising the posterior distribution and computing a 50%
majority-rule consensus tree. Nodes with posterior probability
(PP) =0.95 were considered statistically supported.

B RESULTS

The main characteristics and statistics of both datasets
are summarised in Table 3. Parsimony and Bayesian analyses
were congruent in topology and generally showed the same
supported clades. For this reason, only the 50% majority-rule
consensus tree from Bayesian analyses of dataset 1 (Fig. 1)
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and one of the most parsimonious phylograms from the MP
analyses of dataset 2 (Fig. 2) are shown.

Phylogenetic analyses of dataset 1(Fig. 1. — The four
main clades correspond to the four lineages (subg. Rhizan-
thium, subg. Chamaesyce, subg. Euphorbia, subg. Esuld) previ-
ously identified by other authors (Steinmann & Porter, 2002,
Bruyns & al., 2006, Zimmermann & al., 2010). Subgenus Fsula
1s recovered as a clade but without statistical support. Eight
main supported clades are recovered within subg. Esula (clades
1-8). Clade 1 (BS = 76%, PP = 1) includes the Pachycladae core
clade and 11 species from sect. Tirucalli. Euphorbia dendroides
and other West Mediterranean species constitute the sister clade
to clade 1 (PP = (0.98). Most of the remaining clades (2 to 8)
include amix of species from different taxonomic sections and
will be further commented on in the discussion.

Subgenus Euphorbia is not statistically supported in our
analyses. Euphorbia tirucalli and its closest relatives are in-
cluded in subg. Euphorbia, constituting the “true” Tirucalli
clade (clade 9; BS =98%, PP = 1). Euphorbia bariensis S. Carter,
E. dhofarensis 3. Carter and E. uzmuk S. Carter & I R.1. Wood
appear as part of the “true” Tirucalli clade. The succulent spe-
cies endemic to Macaronesia (F. canariensis L., E. handiensis
Burchard) and from West Morocco (E. resinifera O. Berg) are
included in subg. Euphorbia, constituting a robust clade with
E. drupifera Thonn. and E. meenae S. Carter, from Tropical
Africa and India, respectively (clade 10; BS = 100%, PP = 1).

Subg. Chamaesyce (BS = 76%, PP = 1) 1s sister to subg.
Fuphorbia. Subg. Rhizanthium (PP = 0.97) includes some spe-
cies traditionally classified in sect. Tirucalli (E. larica Boiss.,
E. masirahensis Ghaz) that appear closely related to E. bal-
samifera (clade 11, PP = 0.98).

Phylogeneticanalyses of dataset2 (Fig.2). — The results
of the TLD test (P = 0.001) and several hard incongruities de-
tected in the topologies, obtained with the independent analy-
ses, did not support the possibility of combining the ntfDNA
markers with the cpDNA markers.

nrDNA analyses (Fig.2A). — A main clade constituted by
the eastern/southern African, Arabian and Madagascan species
traditionally classified in sect. Tirucalli is strongly supported
(BS = 93%, PP = 1). Within this clade, E. stolonifera Marloth
ex A.C. White, R.A. Dyer & B. Sloane, endemic to the Cape
Floristic Region, is shown in a clade also including E. berotica
N.E. Br., E. calamiformis, E. gossypina Pax, F. nubica N.E. Br.,
E. papilionum S. Carter and E. schimperi C. Presl, species
from East and central Africa and Arabia (BS = 86%, PP =1).
Within this clade, E. nubica and E. schimperi appear closely
related to each other (BS = 95%, PP = 1) and are included ina
clade supported only by Bayesian analyses (PP = 1) together
with E. calamiformis and E. gossypina.

Regarding the Macaronesian species, two main supported
clades are detected: the first one includes E. anachoreta Svent.,
E. berthelotii Bolle ex Boiss., E. pedroi Molero & Rovira and
E. piscatoria (PP = 0.95) and the second one is composed of
E. lamarckiiand E. regis-jubae (BS = 82%, PP = 1). The posi-
tion of the other species is unresolved.

cpDNA analyses (Fig. 2B). — The analyses of cpDNA re-
cover E. tuckeyana as sister to the rest of the species (BS =
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Table 3. Main characteristics of each DNA region used in the phylogenetic analyses.

- T = & 100%, PP = 1), which are grouped in two
« & ¥ =z o main clades. One of them is constituted
E 'E 2 = 32 & B & oo — by the species traditionally classified in
=ele & © & [ Y S -+ Bo® o se) : . _ _
N R B N = BN VoS o o e sect. Tirucalli (BS = 85%, PP = 1), and
g o the other is constituted by the Macaro-
g S = = nesian species (BS = 93%). Two main
M, g o 2 o248 - - q g clades are resolved in the African and
& = N e SO S B H = e e = o Arabian group: one is constituted by
3 - B E. calamiformis, E. lateriflora, E. nu-
S o i § (f bica and E. usambarica Pax (BS = 97%,
Al e 2 g T I QI = 2k 9 = = PP = 1) and a second one is constituted
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? e - E rest of the species. Euphorbia calami-
% e B 8 T = 3 o & & = & e Jformis and E. lateriflora constitute a
== = strongly supported clade within this
T +« = o o group (BS = 94%). Within the second
;E S5 EE s o oo o clade, two main clades are also resolved:
— — ] o - .
Sle & F o« < O ] o oe o ® o« £ e one constituted by E. berotica, E. gos-
sl o= + — v - [ I = =) =+ ) . . . .
sypina, E. papilionum and E. schimperi
o ) s =0 ) (PP = 1) and the other one is composed
by = o [
4 5 ¥ E_m\/ g o b a4 @ o £ of species from South Africa and Mada-
E % 2 § 3 5 o T e ;ool L o % %aicar (Ed .Emau?im;zrica, gp oz(‘)ﬂ;ré;l%da
aker and E. stolonifera, PP =0.96). Eu-
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= — = — .
E :[ E e S 5 o w 5 + stitute a strongly supported clade (BS
i g 25 B L 8B 5222 o =B = 100%, PP = 1) within the first clade
= = and F. mauritanica and E. stolonifera
hé 2 & = v constitute a clade only supported by
o o :\r - - §_ = 9 2 < & Bayesian analyses (PP = 1) within the
E(8 o & ® = 1L &8 2 2 s S o o O second clade.
- 8 % Among the Macaronesian speci_es,
< 8 S = two main clades are recovered. The first
E = & B = T o o oo @ clade (PP = 0.97) shows E. piscatoria
5lwe &= © M = | o > g . . 2
#sla & & H e s o o ~ as sister species to a clade including
= = E. anachoreta, E. aphylla, E. bourgeana
% § ; (f I. Gay ex Boiss., E. bravoana, E. pedroi
2y oot T T e . BB R o g and E. regis-jubae (BS = 75%, PP = 1).
M e e S = A Noe o o o0 © Within this clade, two additional clades
EX~ are recovered. One consists of E. ana-
g g ; (f choreta, E. pedroi and E. reg_zs-]ubae
“2le 2 g o = ® o, B2 8 pe % (PP = 1) and the other clade includes
I o e o = == i E. bourgeana and E. bravoana (BS =
o - © 91%, PP = 1). The second main clade
= = 9 F % within the Macaronesian species is
8 wle < 22 2 g n - 8 T = s = constituted of E. atropurpurea and
a Bl 8 & & & 4 2 = s = o “ & E. lamarckii (BS = 9%, PP = 1).
Some notable differences are found
between nrDNA and cpDNA analyses.
55 Among the Macaronesian species, the
— R o iy g
& E |7 position of E. berthelotii, E. lamarckii
-+ . .
= E E § 8 3z < & gﬂ § = and E. regis-jubae is incongruent be-
g2 é “é = g = E g 'g & =2 % tween the ntDNA and the cpDNA angI-
5% 2 £ TS S £ 8 B E ) E G g 5 E yses, and among the African-Arabian
5 E s = é 2 E,O ‘g g E & 2 3 % é F % species, the position of £. calamiformis,
E & %ﬂ £ 2 E s £ é 2 é g g £ 8 % 2 g E. nubica and E. schimperi is also in-
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Fig. 2. Phylogram of one of the most parsimonious trees from the maximum parsimony analyses of combined nuclear (A) and chloroplast se-
quences (B} for dataset 2. Discontinuous branches do not appear in the topology of the strict consensus tree. Bayesian posterior probabilities
(=0.95) and bootstrap values (>75%) are indicated above branches. The traditional groups previously considered within sect. Aphyilis as cur-
rently circumscribed, are indicated as: circle, sect. Tirucalli; square, subsect. Pachycladae, Euphorbia lamarckii complex;, thombus, subsect.
Pachycladae, Euphorbia atropurpurea complex; star, sect. Aphyllis sensu Webb & Berthelot (1842).

B DISCUSSION

Phylogenetic relationships in Euphorbia and taxonomic
implications. — Our analyses based on ITS sequences provide
no statistical support for subg. Esula (Fig. 1). Monophyly of
subg. Fsula has been demonstrated in the past based on analy-
ses of chloroplast regions receiving moderate bootstrap support
(BS = 86% in Steinmann & Porter, 2002) or based on analyses
of nuclear regions with strong support of Bayesian PP (PP = 1
in Bruyns & al., 2006, PP = 1 in Zimmermann & al., 2010).
The lack of statistical support for subg. Esula in our analysis
could be explained by the high substitution rate known for ITS
and by the sampling differences, since 13, 38 and 39 taxa from
subg. Esula were sampled in the last three works mentioned,
respectively, compared to the 97 taxa included in our analyses.

Although the existence of the Pachycladae core clade
(Fig. 1, clade 1) within subg. Esula was already known from
previous phylogenies (Steinmann & Porter, 2002; Bruyns & al.,
2006), we demonstrate for the first time that several additional
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species from sect. Tirucalli, previously classified in the E. mau-
ritanica complex based on morphologic studies (E. berotica,
E. gossypina, E. lateriflora [Leach, 1975, and E. papiliontim
[Carter, 1992]) belong to this clade. In the present study, the af-
finities with the . mauritanica complex are newly confirmed
by molecular analyses and the phylogenetic relationships for
E. calamiformis, E. nubica and E. orthoclada are established
for the first time.

The first available name for members of clade 1 (Fig. 1)
at the sectional level is sect. Aphyilis (Table 1). Based on our
results, we propose sect. Aphyilis to include E. aphylla and the
members of the traditional sect. Tithymalus subsect. Pachy-
cladae and sect. Tirucalli included in clade 1. Species of this
newly circumscribed sect. Aphyllis share some morphological
characters (Fig. 3A-1): they are dendroid shrubs with green
succulent young stems (except for E. usambarica, which has
non-succulent stems); leaves can be absent (in E. aphyila) or
persistent until fructification, but in most cases they are soon
deciduous and leave prominent and callose scars in the stem;
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stipules are absent: synflorescences are pseudo-umbellate with
equal or sub-equal radii length and leafy sub-cyathial bracts;
4-5 rounded. truncate, emarginate or two-horned cyathium
glands are always present; capsules are smooth (rarely granu-
late) and wider than high; and seeds are carunculate.

Euphorbia dendroides, traditionally classified in sect.
Tithymalus subsect. Pachycladae (Table 1), is placed in the
sister clade to sect. Aphyilis. This taxon differs from the spe-
cies of sect. Aphyllis in having non-photosynthetic subsuccu-
lent young stems covered by a brown rhytidome and laterally
compressed seeds.

Barres & al. « Molecular phylogeny of Euphorbia sect. Aphyllis

The incongruities between nuclear and chloroplast markers
that precluded a combined analysis (see results) could be due to
incomplete lineage sorting or hybridisation events, though the
last explanation is more probable in this case as hybridisation
processes have been reported between several Macaronesian
species of this group (Molero & Rovira, 2005). No evidence
of hybridisation has been reported for the African species of
sect. Aphyllis, but it could be feasible since incongruities are
also found on this part of the tree.

Our phylogenies based on ntDNA and ¢cpDNA sequences
(Fig. 2) show some correspondence with morphological

Fig. 3. Morphology and habit
of some members of Euphor-
bia sect. Aphyllis, as currently
circumscribed. A-B, habit and
capsules of £. gossypina, from
Kenya: C, synflorescence of

E. usambarica from Kenya;
D-E, habit and synflorescence
of E. stolonifera, from the
Cape Province, South Africa;
F, synflorescence of E. schim-
peri from Yemen; G, habit of
E. berthelotii from La Gomera,
Canary Islands, Spain; H, habit
of E. lamarckii from El Hierro,
Canary Islands, Spain; |, syn-
florescence of E. piscatoria.
from Madeira, Portugal; J, syn-
florescence of £. aphylla from
Tenerife, Canary Islands,
Spain; K, synflorescene of

E. bourgeana from Tenerife,
Canary Islands, Spain; L, cap-
sule of £. atropurpurea from
Tenerife, Canary Islands, Spain.
Photographs by J. Morawetz
(A-C), A. Moller (D-E), A.
Susanna (F), J. Molero (G) and
L. Barres (H-L).
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characters. Two main groups can be distinguished within
sect. Aphyllis. First, the African-Arabian group, constituting
a strongly supported clade in both trees and characterized by
xerophilous plants with patent or erecto-patent lateral ramifi-
cation of the stems, small and deciduous loosely distributed
leaves, small deciduous bracts and pseudoverticillate synflo-
rescences congested on the apex of the stems with undivided
radii (Fig. 3A-F). Secondly, the Macaronesian group, only sup-
ported in the cpDNA analyses, characterized by xerophilous
and mesophylous plants with a pseudoumbellate ramification
of the stems, wide deciduous leaves (when present) arranged
spirally on young branches and leaving conspicuous leaf scars,
persistent bracts, and lax pleiochasial synflorescences divided
1-2 times (Fig. 3G-L). Euphorbia tuckevana, which 1s sug-
gested to be sister to the rest of the species of sect. Aphyllis
only by the cpDNA analyses (BS = 100%, PP = 1, Fig. 2B),
resembles the species of the African-Arabian clade in its type
of ramification but it has pleiochasial synflorescences like the
other Macaronesian species. Euphorbia aphylla (Fig. 37) also
shares some characters with the African species, like the pres-
ence of small deciduous bracts and CAM photosynthesis (Mies
& al., 1996). However, the chromosome number (2n = 20) and
karyotype characteristics tie this species to the rest of Maca-
ronesian species (Molero & al., 2002). Euphorbia usambarica
has wide lanceolate leaves and two horned nectariferous glands
(Fig. 3C), like most of the Macaronesian species. Wide leaves
are also present in £. lateriflora and E. orthoclada, while the
rest of the African-Arabian species have narrow leaves. How-
ever, variations of this character are probably more influenced
by ecological factors than by phylogenetic signal. The long
branch lengths recovered for E. gossypina and E. berotica in
the cpDNA analyses (Fig. 2B) indicate that those two species
have accumulated a high number of mutations, and would prob-
ably have diverged more anciently than the other lineages.

Macaronesian species have been classified in two com-
plexes according to morphological characteristics (Molero &
al., 2002): the E. lamarckii complex and the F. atropurpurea
complex (Figs. 2 and 4). Species belonging to the E. lamarckii
complex are E. anachoreta, E. berthelotii, E. lamarckii,
E. pedroi, E. piscatoria, E. regis-jubae and E. tuckeyana. They
all have deciduous leaves, simple pleochasial synflorescences
with small and free sub-cyathial bracts (Fig. 3H-T) and smooth
to rugulose seeds. In contrast, the E. atropurpurea complex
includes E. atropurpurea, E. bourgeana and E. bravoana, all
possessing persistent leaves, double pleochasial synflores-
cences with large and fused sub-cyathial bracts, at least at the
base (Fig. 3K-L), and strongly omamented seeds. The two com-
plexes are not supported as monophyletic groups. However, in
the ntDNA tree there is no incongruence of this morphological
classification and the phylogenetic relationships obtained, since
the two statistically supported clades are exclusively composed
of members of the E. lamarckii complex (Fig. 2A). Onthe con-
trary, inthe cpDNA-based phylogeny (Fig. 2B) we found strong
support for E. atropurpurea and E. lamarckii, each belonging
to a different complex, to be sister species (BS = 96%, PP = 1).
A mix of species from both complexes is recovered in another
well-supported clade (BS = 75%, PP = 1).
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With regard to other groups in subg. Esula, our results
show that most of the traditional sections do not correspond to
monophyletic groups (Fig. 1). Euphorbia amygdaloides1.. and
E. characias L. are members of clade 2 (BS = 100%, PP =
1}, but they are not placed in the main clade of sect. Fsula
Dumort. {clade 3; BS = 86%, PP = 1), where they are tradition-
ally classified. Clade 3 also includes E. kraussiana Bernh. ex
Krauss and E. genistoides P.J. Bergius, to our knowledge not
previously classified in any section and E. sulcata Lens ex
Loisel., from sect. Cymatospermum (Prokh.) Prokh. Euphorbia
Jalcata L. and E. peplus L., also from sect. Cymatospermum,
appear instead in two different clades, clade 4 (BS = 84%, PP
=1)and clade 7 (BS = 99%, PP = 1), respectively; both clade 4
and clade 7 are composed of members of sect. Paralias Dumort.
Clade 5 encompasses two species from sect. Chylogala (Fourr.)
Prokh. (BS = 95%, PP = 1), but the phylogenetic position of
E. calyptrata Coss. & Kralik is unresolved. All members of
sect. Helioscopia Dumort., except E. lagascae Spreng., con-
stitute clade 6 (BS = 82%, PP = 1), which also includes the
Macaronesian lauroid trees E. mellifera and E. stygiana, previ-
ously included in sect. Tithymalus subsect. Pachycladae. Dis-
tinctive characters define this Macaronesian clade within sect.
Helioscopia, such as the tree habit condition, laurcid leaves,
paniculate cymose synflorescence, tuberculate capsule, smooth
seeds and an exclusive chromosome and base chromosome
number (2r = 44, x = 11, Molero & al., 2002). Monophyletic
groups in clade 6 cannot be delimited based on the presence
of smooth or tuberculate ovaries (or capsules), as Steinmann
& Porter (2002) suggested. Euphorbia isatidifolia Lam. is the
sister species to the rest of the species of clade 6. This species
possesses some exclusive characteristics in the group, like the
presence of tubers, yellow latex and non-horned nectariferous
glands. Its related species probably lie among species from
sect. Holophyllum (Prok.) Prok., from central Asia. The posi-
tion of E. lagascae remains unresolved, though a relationship
with sect. Helioscopia in the tree topology is detected. With
the available data, sect. Myrsinites (Boiss.) Lojac. (clade 8, BS
= 100%, PP = 1) is the only monophyletic section and is popu-
lated by orophyte narrow endemics from the Mediterranean
basin, characterised by the presence of nectariferous glands
with dilatated horns. The phylogenetic position of E. lathyris
L., the only member of sect. Lathyris Dumort., is not resolved
in our results, though it is recovered as sister species to the rest
of subg. Esula in ancther study including many genes from all
three genomic compartments (Horn & al., 2009).

Molecular evidence demonstrates that sect. Tirucalli is
polyphyletic. Carter (1992) already suggested the division of
this section into two different groups on the basis on morpho-
logical characteristics, but our study reveals that this group
has at least three different origins (Fig. 1). The first group
(clade 9, BS = 98%, PP = 1) was named the “Tirucaili alli-
ance” by Bruyns & al. (2006) and is placed insubg. Euphorbia.
Euphorbia tirucalli and related species populate this clade;
these species are related to other species from Madagascar
and southwestern Africa. Euphorbia bariensis and E. dhofa-
rensis, from Somalia and Oman, are shown to be members of
this alliance for the first time. The second group, as described
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above, is comprised of the £. mauritanica complex and related
species (clade 1. BS = 76%. PP = 1). now members of sect.
Aphyllis. Finally, . larica and E. masirahensis, from Iran and
the Arabian Peninsula, are placed within subg. Rhizanthium
and constitute clade 11 (PP = 0.98) along with £. balsamifera,
a widely distributed species in West Africa, Yemen and the
Canary Islands, and E. meuleniana O. Schwartz from Yemen.

Biogeographical implications. — The origin of Maca-
ronesian endemic plant lineages has been studied by many
authors. The oceanic origin of the islands implies long-distance
dispersal as the more reliable hypothesis to explain the source
of colonisation. Sister groups of several endemic Macaronesian
taxa proposed by molecular and morphological approaches
populate a range of areas like Eurosiberia (Vargas & al.. 1999),
East Africa (reviewed by Andrus & al.. 2004) or South Africa
(Sunding, 1979), but the origin of the Macaronesian flora is
mostly the West Mediterranean basin (see examples in Kim
& al., 2008),

Macaronesia

Iberian enclave
(Cabo Espichel)

‘;o Azores Islands
-

Madeira [20] "

Moroccanfenclave
Selvagens Islands .

Canary Islands
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Our phylogenetic reconstruction suggests that the Maca-
ronesian species of sect. Aphyliis have their closest relatives on
the Horn of Africa, southern Africa and the southern Arabian
Peninsula, and thus are part of the Rand Flora (Fig. 4). Recent
molecular dating of genus Fuphorbia estimates the split be-
tween the African-Arabian and Macaronesian species (o be
5 Ma old (Horn & al.. in prep.). This agrees with a vicariance
scenario as the aridification process, which occurred in the late
Miocene-Pliocene (Axelrod, 1975) in northern Africa. acted
as an important ecological barrier. The arid belt would have
fragmented the continuous subtropical flora in this area and
left two relict distribution centres in refugia areas. explaining
the present disjunct distribution of sect. Aphyilis. This process
should always be associated to a long-distance dispersal event
to the oceanic islands. Since most of the Afro-Arabian species
of sect. Aphyllis are distributed in the Horn of Africa (Fig.
4), a migration from this area to southern Africa could have
taken place following the African track (Linder & al., 1992). A

Macaronesian/Eritreo-Arabian Disjunction

%, ¥ Cape Verde
® Jslands
o b°

o E. berotica E. anachoreta
(2) E. calamiformis ﬁ E. aphylla

(3) E. gossypina 4P E. atropurpurea
(4) E. laterifiora E. berthelotii
e E. mauritanica @ E. bourgeana
() E. nubica {7 E. bravoana
(7) E. orthoclada E. lamarckii

(&) E. papilionum E. pedroi
(2) E. schimperi E. piscatoria
@ E. stolonifera E. regis-jubae
0 E. usambarica E. tuckeyana

Fig. 4. Geographical distribution of the species belonging to sect. Aphyllis as currently circumscribed. The traditional groups previously consid-
ered within sect. Aphyilis are indicated as: circle. sect. Tirucalli: square, subsect. Pachycladae, Fuphorbia lamarckii complex: thombus, subsect.
Pachycladae, Euphorbia atropurpurea complex: star, sect. Aphyllis sensu Webb & Berthelot (1842).
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long-distance dispersal event from southern Africa to Mada-
gascar would have originated the endemic E. orthoclada. In
this case, vicariance seems improbable since the isolation of
Madagascar from other Godwana landmasses is estimated to
be 120 Ma (Rabinowitz & al., 1983).

From our results (Fig. 2) it is unclear whether members
of sect. Aphyilis dispersed to Macaronesia from continental
masses once or more than once. Although the isolated posi-
tion of E. tuckeyana in both nuclear and chloroplastic analy-
ses could suggest at least an independent colonisation of Cape
Verde Archipelago, the rest of the species could have diversi-
fied after a unique dispersion event from the continent, since
they are shown as monophyletic in cpDNA based analyses (Fig.
ZB). Moreover, hybridisation, which seems to be recurrent in
this group (Molero & Rovira, 2005), is common in plant groups
presenting a single colonisation event (Carine & al., 2004).
The phylogenetic position of the endemic E. pedroi from Cape
Espichel (Figs. 2 and 4) could be explained through two hy-
potheses: (1) a back-colonisation from Macaronesia, probably
from the closest archipelago, Madeira; or (2) the permanence
of this species as a relict from the subtropical flora existing in
the Mediterranean basin during the Miocene. The same two
hypotheses could explain the presence of E. regis-jubae in
the west coast of Marocco (Figs. 2 and 4). However, the short
branches observed in the phylogram in both species (Fig. 2),
and the short distance between the two distribution areas in the
case of F. regis-jubae (Fig. 4), could make back-colonisation
the most probable hypothesis for both cases.

An independent colonisation of Macaronesia by other
members of subg. Esula is evident from our results (Fig. 1,
clade 6). A Mediterranean herbaceous ancestor from sect.
Helioscopia would have given origin to the lauroid trees
E. stygiana, endemic to the Azores Islands, and £. mellifera,
distributed in the Canary Islands and Madeira. The present
distribution of these species could be explained either by in-
dependent dispersal events from the Mediterranean area to
the different archipelagos, as has been reported for other plant
groups (Carine & al., 2004), or a step-stone colonisation via
Madeira. The acquisition of a woody habit in the ancestor
of E. mellifera and E. stygiana provides another example of
derived insular woodiness, a phenomenon also detected in
subg. Chamaesyce in Hawaii (Koutnik, 1999). The acquisition
of woodiness in 1slands was first reported by Carlquist (1974)
and has been widely documented in different plant groups
from several volcanic archipelagos (e.g., Jorgensen & Olesen,
2001; Helfgott & al., 2000, Garcia-Maroto & al., 2009, among
others).

The presence of the succulents F. canariensis and E. han-
diensis from subg. Euphorbia, both endemic to the Canary
Tslands, in clade 10 (Fig. 1) and their grouping with species
from Morocco, tropical Africa and India suggests at least two
additional independent colenisations of the Macaronesian re-
gion by Euphorbia.

In summary, the Macaronesian endemic Euphorbia have
originated from at least five independent colonisation events:
three in subg. Esula (two independent events in sect. Aphyllis
and one additional event in sect. Helioscopia—F. mellifera and
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E. stygiand) and two in subg. Euphorbia (E. canariensis and
E. handiensis, independently).

Finally, two modes of speciation have been postulated to
occur in endemic lineages of oceanic islands (Whittaker &
Fernindez-Palacios, 2007, Carine & Schaefer, 2010} adap-
tive ecological radiation and allopatric speciation. Within sect.
Aphyilis, the pattern found is very complex and both types seem
to have occurred. The fact that members of the E. lamarckii
complex mainly occupy xerophytic habitats in low- and mid-
altitude areas while members of the E. atropurpurea complex
mainly occur in mesophytic and sub-hygrophytic areas as-
sociated with evergreen laurisilva suggests a role for radiation
into different ecological habitats. However, allopatric specia-
tion among different archipelagos also seems to have occurred
within members of the F. lamarckii complex, each endemic to
one archipelago or Macaronesian enclave (Fig. 4) but with the
same ecological preferences. Furthermore, dispersal among
islands must have occurred repeatedly within the group be-
cause most species are present in more than one island. Also,
the low divergence among sequences of different species sug-
gests recent radiation of the group, hybridisation events, or
both. Population genetic studies using more variable molecular
markers (i.e., fingerprinting markers) on a complete sampling
of the different species across their whole distributions are
needed for a better understanding of the origin and evolution
of this group in Macaronesia.
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Appendix. Taxa, voucher information and GenBank accession numbers employed in molecular analyses. GenBank accession numbers marked with super-
index were already published ('Molero & al., 2002; 2Steinmann & Porter, 2002; “Bruyns & al,, 2006). GenBank accession numbers for new sequences are
in the following order: ITS, ETS, trnl-trrF, psbA-tenH, yef3-tinS, tinG, atpB-rbeL, trnK-matK, trrT-trnL. When only one accession number is indicated, it
corresponds to ITS.
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HQ900613. E. hirsnta L., Spain, Cadiz, Tarifa, Molere 21/2007 & Rovira (BCN), HQ900614. E. iberica Boiss,, Armenia, Tavush province, N area of Berd,
Vitek 03—-0912 (W 2008-06796), HQ900615. E. illirical.am., Spain, Girona, Olot, near Ravell, Barres 3¢ (BC), HQ900616. E. isatidifolia Lam., Spain, Lleida,
La Sentiu de Sid, Serra de les Guineus, Barres 30 & al. (BC), HQ900617. E. kranssiana Bernh. ex Krauss, South Africa, AF5375482. E. lagascae Spreng.,
Spain, Murcia, Puerto Lumbreras, Molero 18/2008 & ai. (BCN 53042), HQ900618. E. lamarckii Sweet, Spain, Canary Islands, Tenerife, Barranco del Infierno,
Molero 6/2007 (BCN), HQ900619, HQ900404, HQI00506, HQ900430, HQ900558, HQ900456, HQ900378, HQ900481, HQ900532. E. larica Boiss., Oman,
Al-Dakhiliyah, Jebel Akhdar, Morawetz 350 (MICH), HQ900620. E. laferifiore Schumach., Ghana, Hall 46017 (K), HQ900621, HQ900405, HQ200507,
HQ900431, HQ900559, HQ900457, HQ900379, —, HQ900533. E. lathyris 1., Spain, Girona, Olot, Barres 36 (BC), HQ900622. E. longituberculfosa Hochst.
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Appendix. Continued.

ex Boiss., East tropical Africa (cultivated), AF5375772 E. margalidiana Kuhbier & Lewej., Spain, AF334252'; AF334267'. E. masirahensis Ghaz., Oman,
Sharqiya, Masirah Island, NE part of island, Morawetz 348 (MICH), HQ900623. E. matritensis Boiss., Spain, Toledo, Santa Cruz del Retamar, Molero 11/2008
& al (BCN 53037), HQ900624. E. manritanical., South Africa, Western Cape, N12 from De Rust to Qudtshoorn, Becker & af. 857 (MICH277), HQQ00625,
HQ900406, HQ900508, HQ900432, HQ900560, HQ900458, HQ900380, HQ900482, HQ900534. E. medicaginea Boiss.,, Spain, Cadiz, Algeciras, Molero
22/2007 & Rovira (BCN), HQ900626. E. meenae S. Carter, India, AF5374832 E, megalatiantica Ball, Morocco, Midelt, Jebel Ayachi, Melere 072007 (BCN),
HQ900627, HQ900407, HQ900509, HQ900433, HQ900561, HQ9004359, HQ900381, HQ%00483, HQ900535. E. mellifera Aiton, Spain, Canary Islands, La
Gomera, Parque nacional de Garajonay, Molero 12/2007 (BCN), HQ900628. E. meloformis Ait., Republic of South Africa (cultivated), AF537565%. E. men-
leniana O. Schwartz, Yemen (cultivated), AF5375722 E. milii Des Moul,, Madagascar (cultivated), AF5374612 E. minnta Loscos & J. Pardo, Spain, Lleida,
Llardecans, Barres 33 & al. (BC), HQ900629. E. misella S. Watson, Mexico, AF5373842 E. monteirei Hook ., Botswana, AF537563%. E. myrsinites L., Italy,
Basilicata, Potenza, Pollino National Park, Filatersana 1132 & al. (BC), HQ900630. E. namuskiuftensis L..C. Leach, Namibia (cultivated), AF5375622. E.
nereidum Jahand. & Maire, Morocco, Beni-Mellal, Mont serrat s.n. (BC), HQ900631. E. nevadensis Boiss. & Reut., Spain, Granada, Sierra Nevada, Molero
s (BCN 34062), JF279604. E. nevadensis subsp. beloséi Molero & Rovira, Spain, Barcelona, Montserrat Mountain, Hilpold s.n. & Pramsohler (BC),
HQ900632. E. nicaeensis All.,, Spain, Barcelona, near Monistrol de Montserrat, Barres 3 & al. (BC), HQ900633. E. nubice N.E. Br., Ethiopia, Friis & al.
8288 (K), HQ900634, HQ900408, HQ900510, HQ900434, HQ900562, HQ900460, HQ900382, HQ900484, HQ900536. E. eaxacanaB 1.. Rob. & Greenm.,
Mexico, AF537373% E. obesa Hook f., Republic of South Africa (cultivated), AF537566°. E. omariana M.G. Gilbert, Ethiopia, AF5375602 E. erthoclada
Baker, Madagascar, Rifna I739 (MICH), HQ900635, HQ900409, HQ900511, HQ900435, HQ900563, HQ900461, HQ00383, HQS00485, HQ900537. E. ox)-
phyllaBoiss., Spain, Toledo, El Real de San Martin, Molero 12/2008 & al. (BCN 53036), HQ900636. E. palustrisL ., Spain, Girona, L'Escala, Cinclaus, Barres
34 & al. (BC), HQ900637. E. paniculata Desf. subsp. paniculeta, Spain, Huelva, between Los Marines and Fuenteheridos, Molere 162008 & al. (BCN 53039),
HQO00639. E. panicriate subsp. monchiguensis (Franco & P. Silva) Vicens, Molero & C. Blanché, Portugal, Algarve, Nave Redonda, Molero 142008 & al.
(BCN), HQ900638. E. papilionum S. Carter, Somalia, Thulin & al. 9415 (K), HQ900640, HQ900410, HQ900512, HQ 900436, HQ900564, HQ900462, HQ900384,
HQ900486, HQ900538. E. paraiias L., Spain, Tarragona, Torredembarra Beach, Molero 6/2008 (BCN), HQ900641. E. pedroi Molero & Rovira, Portugal,
Sesimbra, Rifna 1385 (MICH), HQ900642, HQ900411, HQ900513, HQ900437, HQ%00565, HQ900463, HQ900385, HQ900487, HQ900339. E. peplus L., Spain,
Barcelona, Parc de Montjuic, Barres 16 (BC), HQ900643. E. pervilleana Baill., Madagascar (cultivated), AF537518. E. phosphorea Mart., Brazil (cultivated),
AF5375122. E. piscatorfa Aiton, Portugal, Madeira (cultivated) (BC), HQ900644, HQ900412, HQ%00514, HQ900438, HQ900566, HQ900464, HQY00386,
HQ900488, HQ900540. E. pithynsal. subsp. pithyusa, Spain, Balearic Islands, Minorca, Fornells, Benedf & Montes s.n. (BC 869609), HQ900645. E. plal-
yeephale Pax, Tanzania, AF5375612. E. platyphylles L., Spain, Tarragona, Cornudella de Montsant, La Venta d’en Pubill, Molero s.n. (BCN), HQ900646. E.
polygalifeiia Boiss. & Reut., Spain, Cantabria, Puerto del Escudo, Melere & Rovira s.n. (BCN 53621), HQ900647. E. pterococea Brot., Spain, Cadiz, Tarifa,
Molero 20/2007 & Rovira (BCN), HQ900648. E. pulcherrima Willd. ex Klotzsch, Mexico, AF5374322. E. pyrenaica Jord., Spain, Cantabria, Fuente D¢, Pefia
Vieja, Molero & Rovira s.n. (BCN 53619), HQ900649. E. regis-jubae J. Gay, Morocco, Sous-Massa-Dria, Tiznit, Sidi Daoud, Batriu & al. s.n. (BCN),
HQ200650, HQ900413, HQ200515, HQ 900439, HQ 900567, HQ900465, HQS00387, HQ90048%, HQS00541. E. resinifere O. Berg, Morocco, Beni-Mellal, road
to Azilal, Melero s.n. (BC), HQ900651. E. retusa Forssk., Morocco, Guelmin-Es-Smsa, Guelmin, between Targwa m-Mayt and Mansoura, Ahmed, Barria &
al s.n (BCN), HQ900652. E. rubellaPax, East Tropical Africa (cultivated), AF5374872. E. rzedowskii McVaugh, Mexico, AF5373992. E. schimperi C. Presl,
Ethiopia, Ritna 1675 (MICH), HQ900653, HQ900414, HQ900516, HQ900440, HQ900568, HQ900466, HQ900388, HQ900490, HQ900542. E. segetalis L.,
Spain, Barcelona, Montserrat Mountain, Barres 5 & al. (BC), HQ900654. E. serratal.., Spain, Barcelona, Montserrat Mountain, Barres 9 & al. (BC), HQ900655.
E. sp. 1, Russia, AF537545% E. sp. 2, Armenia, SE of Yerevan Province, Fitek 05-1171 (W 2008-06492), HQ900578. E. spathulata Lam., U.S. A, AF5375522,
E. spinosa L., Italy, Basilicata, Potenza, road from Maratea to Trecchina, Vilatersana 1121 & al. (BC), HQ900656. E. squwnigera Loisel., Spain, Valencia,
La Safor, Molero & Rovira s.n. (BCN 53020), HQ900657. E. stenocleda Baill., Madagascar, AMO040791°. E. stolonifera Marloth ex A.C. White, R.A. Dyer &
B. Sloane, voucher 1: South Africa, AM040792% voucher 2: South Africa, Karoo National Park, Becker 1109 (MICH), —, HQ900415, HQ500517, HQ900441,
HQ900569, HQ900467, HQ900389, HQ900491, HQ900543. E. stricta L., Austria, AF5375592 E. stygiana H.C. Watson, Portugal, Azores Islands, AF334247%
AF334262% E. succedanea 1. .C. Wheeler, Mexico, AF537403% E. sufcata Lens ex Loisel., Spain, Lleida, La Sentiu de Sid, Serra Gran, Barres 32 & al. (BC),
HQO00659. E. suitan-hassei A. Strid et al., Greece, Crete, Gorges d’Aradena, Rifna 1568 (MICH), HQ900660. E. ferracina L., Spain, Sevilla, Molero 23/2007
& Rovira (BCN), HQ900661, HQ900416, HQ900518, HQ900442, HQ900570, HQ900468, HQ9003%0, HQ900492, HQ900544. E. tetraptera Baker, Madaga-
scar, AF5375262. E. tirucalli L., Africa and Madagascar (cultivated), AFS374792 E. tithymaloidesL ., Guatemala, AFS374942 E. transtagana Boiss., Portugal,
Lisbon, Fernfo Ferro, Molero 13/2008 & al. (BCN 53035), HQ900662. E. trichadenia Pax, Zimbabwe and Angola (cultivated), AF5375642 E. trichetoma
Kunth, Belize, AFS537534% E. tuberosa 1., Republic of South Africa (cultivated), AFS375702 E. tubiglans Marloth ex R.A. Dyer, Republic of South Africa
(cultivated), AFS375672 E. tuckeyana Steud. ex Webb, Portugal, Cape Verde, Santiago Island (cultivated) (BC), HQ900663, HQ200417, HQ900519, HQ900443,
HQ900571, HQ90046%, HQ900391, HQ900493, HQ9003545. E. turczaninewii Kar. & Kir., China, AF5375432 E. aliginese Welw. ex Boiss,, Spain, Galicia, A
Corufla, Zas, Molero & Rovira sn. (BCN 53605), HQ900664. E. nsambarica Pax subsp. usembarica, Tanzania, Gerean & Lovett 3021 (K), HQ900665,
HQ900418, HQ900520, HQ90 0444, HQ900572, HQ%00470, HQ200392, HQ900494, HQ900546. E. uzmuk S. Carter & JR.I. Wood, Yemen, Nashima, Alda-
soro 14569 & Susanna (BCN), HQ900666. E. veneris M.S. Khan, Cyprus, near Prodromos road to Platres, Galbany 2039 & al. (BC), HQ900667. E. xylophyl-
loides Brongn. ex Lem., Madagascar (cultivated), AF5374672. Triadica sebifera (L.) Small, China (cultivated), AF5375862.
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8.2. Publicacio 2: Phylogeography and character evolution of Euphorbia sect.

Aphyllis subsect. Macaronesicae (Euphorbiaceae)

S’enviara a Taxon.

Filogeografia i evolucié de caracters d’Euphorbia sect. Aphyllis subsect. Macaronesicae
(Euphorbiaceae).

Laia Barres, Roser Vilatersana, Andrew Hipp, Julia Molero & Merce Galbany-Casals

Resum

Les espécies macaronesiques de la seccié Aphyllis subseccid Macaronesicae del
génere Euphorbia es troben distribuides en quatre dels cinc arxipelags de la regid
biogeografica de la Macaronésia. Els objectius daquest estudi sén investigar la
sistematica, I'evolucid i la filogeografia d’aquest grup mitjancant la técnica molecular dels
AFLP i la reconstruccid de caracters ancestrals. Les nostres analisis revelen que Euphorbia
tuckeyana va tenir un origen independent a la resta d’especies de la subseccié
Macaronesicae, les quals comparteixen un mateix ancestre. A part d’aquests dos
processos independents de colonitzacid6 de la Macaronésia, es revelen multiples
esdeveniments de dispersid entre illes i almenys dues recolonitzacions cap al continent.
Les especies del grup es troben ben delimitades geneticament i es van originar de la
combinacio de fendomens d’especiacié al-lopatrica i ecologica, amb posteriors processos
de dispersid entre illes, que explicarien l'actual distribucié d’algunes espécies,
disseminades en diverses illes. La clada principal, que deixa fora E. tuckeyana, mostra E.
aphylla a la base del grup i la resta d’especies distribuides en dos grans grups geneétics
gue corresponen als complexes reconeguts de manera tradicional per caracters
morfolodgics d’E. lamarckii i E. atropurpurea. La reconstruccié de caracters ancestrals
suggereix que lI'ancestre de tot el grup hauria estat una espécies adaptada a ambients
xerofils o mesofils i que posteriorment hauria adquirit els caracters morfologics més ben
adaptats a les condicions hidrofiles. Les analisis ens mostren que E. pedroi, endemica del
Cap Espichel a Portugal, comparteix el mateix patrimoni genetic que E. regis-jubae, de
les illes Canaries orientals i la costa de Marroc, cosa que ens revela que la diferenciacié

morfologica no sempre coincideix amb la diferenciacié genetica. En les analisis
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d’estructura geneética del grup s’obtenen evidéncies de fenomens d’hibridacié entre

diverses especies.
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Phylogeography and character evolution of Euphorbia sect. Aphyllis subsect.
Macaronesicae (Euphorbiaceae)

Laia Barres’, Roser Vilatersana®, Andrew Hipp?, Julid Molero® & Mercé Galbany-Casals®

! Institut Botanic de Barcelona (IBB - CSIC - ICUB), Pg. del Migdia s.n., E-08038 Barcelona, Spain.

> The Morton Arboretum, 4100 lllinois Route 53, 60532 Lisle, U.S.A.

® Laboratori de Botanica, Facultat de Farmacia, Universitat de Barcelona, Avgda. Joan XXIlI s.n., E-
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* Unitat de Botanica, Dept. Biologia Animal, Biologia Vegetal i Ecologia, Facultat de Biociéncies,

Universitat Autonoma de Barcelona, E-08193 Bellaterra, Spain.

Abstract

The Macaronesian species of Euphorbia sect. Aphyllis subsect. Macaronesicae
are distributed in four of the five archipelagos of the Macaronesia. The aims of this study
are to investigate the systematics, evolution and phylogeography of this group with AFLP
markers and ancestral character state reconstruction. Our analyses show that members
of subsect. Macaronesicae had a common origin except for Euphorbia tuckeyana, which
had an independent origin from the rest. Apart from these two independent
colonisation events of the Macaronesia, our results suggest that there have been
repeated inter-island dispersion and at least two back-colonisation events to the
mainland. Species are genetically well delimited and have originated from a combination
of allopatric and ecological speciation, followed by more recent inter-islands dispersal
events, that explain the present scattered distribution of some species in several islands.
Within the main group excluding E. tuckeyana, E. aphylla is at the base, and the rest of
species are distributed in two clearly differentiated genetic groups, which correspond to
the two formerly recognised E. atropurpurea and E. lamarckii complexes based on
morphological characters. Ancestral character state reconstruction suggests that the
ancestor of the group would have been adapted to xerophilous or mesophilous
conditions, and would have later acquired the morphological characters linked to
adaptation to hygrophilous conditions. The taxonomical status of E. lambii and E. pedroi

is evaluated.
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INTRODUCTION

The Macaronesian biogeographic region comprises five volcanic archipelagos
situated between 14.52N and 39.52N in latitude in the Atlantic Ocean: Azores, Canary
Islands, Cape Verde, Madeira and Selvagens Islands; and two continental enclaves, one in
the Atlantic coast of Morocco and the other in Cape Espichel in Portugal (Sunding, 1979).
The Macaronesian archipelagos, like all the oceanic islands, are considered a
biogeographical and evolutionary model system to study speciation, migration and
extinction processes (Whittaker & Ferndndez-Palacios, 2007) due to their endemic
species richness and diversity. The Macaronesian flora shelter a large quantity of
endemic plants ranging from the 7% estimated for the Azores to the 45% for the Canary
Islands (Caujapé-Castells & al., 2010).

Euphorbia sect. Aphyllis Webb & Berthel. has been defined as a monophyletic
taxon in recent molecular studies (Barres & al., 2011; Riina & al., in press). Two
subsections have been defined within sect. Aphyllis (Riina & al., in press) according to the
two clades resolved (Barres & al., 2011; Riina & al., in press): subsect. Macaronesicae
Molero & Barres comprises the Macaronesian species and subsect. Africanae Molero &
Barres comprises the east/south African and South Arabian species. Euphorbia
tuckeyana Steud., endemic to Cape Verde, was suggested as sister species to the rest in
Barres & al. (2011). In previous studies, phylogenetic relationships within the two main
clades were poorly resolved and incongruences between chloroplast and nuclear
markers were detected, which were mainly explained by hybridization processes and a
recent and rapid radiation (Barres & al., 2011).

In the present study, we focus our interest on subsect. Macaronesicae, with
species distributed in four of the five oceanic archipelagos in the Atlantic Ocean that
constitute the Macaronesia: Canary Islands, Cape Verde, Madeira and Selvagens Islands,
and in the two continental enclaves (Fig. 1).

Regarding the taxonomy, Molero & al. (2002) defined two complexes within subsect.

Macaronesicae under morphological and ecological criteria: the E. atropurpurea
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complex, which included E. atropurpurea Brouss. ex Willd., E. bourgeana ). Gay ex Boiss.
and E. bravoana Svent.; and the E. lamarckii complex, which included E. anachoreta
Svent., E. berthelotii Bolle ex Boiss., E. lamarckii Sweet. var. lamarckii, Euphorbia
lamarckii var. broussonetii (Willd. ex Link) Molero & Rovira, E. pedroi Molero & Rovira, E.
piscatoria Aiton, E. regis-jubae ). Gay and E. tuckeyana. Euphorbia aphylla Brouss. ex
Willd. was not included in any of these two complexes but is known to be included
within subsect. Macaronesicae clade (Barres & al.,, 2011; Riina & al., in press). A
summary of main diagnostic morphological characters of both complexes is provided in
Table 1. Molecular markers used in Molero & al. (2002) and in Barres & al. (2011) were
not able to confirm or reject the monophyly of each of these two complexes, probably
because phylogenetic uncertainty and low resolution of DNA sequences are common in
groups of species that have rapidly diversified in oceanic islands.

In a biogeographical context, species from subsect. Macaronesicae were
suggested to have reached Macaronesia at least twice (Barres & al., 2011), one giving
rise to E. tuckeyana in Cape Verde, and the other one giving rise to the rest of the
species in the other archipelagos. Further discussion on the diversification of the group,
the colonisation of the different archipelagos and islands, and the origin of the
continental populations could not be confirmed because phylogenetic reconstructions
showed little resolution and because only one individual per species was included.
However, it was hypothesized that two main speciation processes had been involved in
the diversification of the group: allopatric speciation (speciation among islands) and
ecological speciation (adaptive radiation).

Though phylogeny-based studies of Macaronesian endemic plant groups
discussing processes of colonisation, speciation and dispersal are abundant in the
literature (Kim & al., 1996; Helfgott & al., 2000; Francisco-Ortega & al., 2002; Carine &
al., 2004; Trusty & al., 2005; Garcia-Maroto & al., 2009), phylogeographical studies of
specific endemic plant groups that have largely radiated in the entire Macaronesia are
scarcely found (but see Francisco-Ortega & al., 1996; Diaz-Pérez & al., 2008).

In the current study, we use the amplified fragment length polymorphism (AFLP)
DNA fingerprinting method (Vos & al.,, 1995), which often provides more detailed
information on patterns of genetic variation and its geographical distribution than DNA

sequence data (Meudt & Clarke, 2007), at the populational level, together with analyses
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of morphological character evolution, with the following aims: (1) to discern taxonomic
entities within subsect. Macaronesicae based on morphological and genetic data and (2)
to improve our understanding of colonisation and genetic and morphological

diversification mechanisms of this group of species in the Macaronesia.

MATERIAL AND METHODS

Sampling.— The study includes 206 individual samples from 35 populations of the
11 species of subsect. Macaronesicae (Fig. 1, Table 2). The sampling was designed to
represent the global distribution of all the species (Table 2). Field localities of previously
reported hybrid specimens (Molero & Rovira, 2005a) and specimens with intermediate
morphological characters newly detected in the field were not sampled. Fresh leaves
from up to 6 individuals from each field locality were collected and dried in silica gel. A
voucher specimen from each locality is deposited in BC or BCN herbariums. See Table 2
for details on the localities and number of samples used in different datasets for each

species.

DNA extraction and AFLP fingerprinting.— Total genomic DNA was extracted
from 10 mg of silica gel dried leaves using the commercial kit NucleoSpin Plant
(Macherey-Nagel GmbH & Co. KG, Diiren, Germany) following the manufacturer’s
protocol. Total DNA was digested using the restriction enzymes pair EcoRl / Msel.
Nineteen selective primer pairs were surveyed on three individuals from three different
species of which four were selected based on polymorphism and reproducibility of the
alleles scored: (1) EcoRI-AAG / Msel-CTA, (2) EcoRI-AGC / Msel-CCA, (3) EcoRI-AGC /
Msel-CTT, and (4) EcoRI-ACA / Msel-CCA. We followed AFLP protocol from Vos & al.
(1995) as modified by Berres (2001). Selective amplifications were performed using the
primer EcoRl marked with the fluorescent dye 6-FAM. Fragment analyses were done
with an ABI PRISM 3730 capillary sequencer genetic analyser (Applied Biosystems, Foster
City, CA, USA) in the Pritzker Laboratory of the Field Museum of Chicago using 6-
carboxyl-x-rhodamine (ROX) labeled internal lane standard (GeneFlo 625; CHIMERX,
Madison, WI, USA). Alignment, binning, and scoring of fragments between 60 and 500
bp were performed with GeneMarker v1.85 (Softgenetics, State College, PA, USA).
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Reproducibility was checked for each primer pair with 13 randomly chosen individuals
from different species and an error rate was calculated (Bonin & al., 2004). AFLP loci that
were ambiguous, non-reproducible or scored as present for fewer individuals than the
error rate were excluded from the dataset. The final scoring was exported as an

absence/presence binary matrix.

AFLP analyses.— The binary data matrix was used to calculate a pairwise genetic
distance matrix by using Nei & Li (1979) restriction site distances. Neighbour Joining (NJ)
analysis of the genetic distance matrix was computed with TREECON v1.3b (Van de Peer
& De Wachter, 1994). Support for the branches was estimated with 2000 bootstrap (BS)
replicates using the same program. The tree was rooted with E. tuckeyana, based on
previous analyses (Barres & al., 2011). Two UPGMA clustering analysis were performed
with 2000 BS replicates using outgroup and midpoint rooting with the same software.
Principal Coordinate Analysis (PCO) was conducted with NTSYSpc v2.0 (Rohlf, 1997) in a
sample set excluding the outgroup, E. tuckeyana. We used SplitsTree4 v4.11.3 (Huson &
Bryant, 2006) to construct split networks of the total dataset with a neighbour-net (NN)
algorithm using the absence/presence matrix.

Several genetic structure analyses were performed using the Bayesian clustering
method of Pritchard & al. (2000) in Structure v2.3.3. We first analyzed the total sampling
excluding E. tuckeyana. Analyses were conducted under an admixture model and allele
frequencies correlated among populations. The total sampling excluding E. tuckeyana
was analysed setting the number of groups (K) from 1 to 15. We performed additional
partial clustering analyses of some clades observed in the NJ tree. For the analyses of E.
aphylla, E. bourgeana, and E. piscatoria we used a dataset that excludes primer pair
EcoRI-ACA / Msel-CCA in order to increase the number of specimens (see Table 2).The
parameter for distribution of allele frequencies (A) and the degree of admixture (a) were
inferred from the data. An initial burn-in of 100000 generations followed by 1000000
further MCMC generations was set. The optimal number of K was considered following
the Evanno & al. (2005) approach or alternatively by considering the maximal Ln P(D)
value in the cases where the results of Evanno & al. (2005) approach had no biological

sense.
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To assess the distribution of genetic variation, analyses of molecular variance
(AMOVA) were carried out based on Euclidean distances between samples using
Arlequin v3.1 (Excoffier & al., 2005) with 1000 random permutations. Different nested

analyses were performed depending on the species.

Analyses of character evolution.— Ancestral character state reconstructions were
performed with Mesquite v2.74 (Maddison & Maddison, 2010) to provide information
on the evolution of the morphological characters over the molecular phylogeny
obtained. Species were represented by one terminal taxon except for E. regis-jubae, with
two individuals, due to the presence of an exclusive character state in the Moroccan
populations. Euphorbia tuckeyana was excluded from the analyses because the lack of
members of subsect. Africanae could slant the results (see Barres & al., 2011). Maximum
Likelihood (ML) was used to trace the evolution of six selected characters on a NJ tree
inferred from Nei and Li distances calculated with PAUP v.4.0b10 (Swofford, 2002) from
the AFLP data. The discrete characters used for the ancestral state reconstruction were
selected trying to represent different attributes related to ecological preferences,
pollination or seed dispersal. Information on the characters states studied was obtained
from our own observations and from the literature (Boissier, 1862; Press & Short, 1994;
Figueiredo, 1996; Molero & Rovira, 1996; 1998; Benedi & al., 1997; Brochmann & al.,
1997; Bramwell & Bramwell, 2001; Molero & al., 2002; Acevedo & al., 2003; Mesa & al.,
2007; Mesa, 2009). The characters states used to perform the ancestral state
reconstruction were defined as following: pleochasial organization (as the branching
pattern of the typical sympodium synflorescence in Euphorbia: simple, 0; double, 1);
nectaries morphology (truncate, 0; subtruncate, 1; dentate, 2; horned, 3); sub-cyathial
bracts persistency (deciduous before fructification, 0; deciduous just after fructification,
1; persistent, 2); sub-cyathial bracts union (free, 0; connate, 1); seeds surface (smooth-
rugulose, 0; rugose, 1; excavate, 2; scrobiculariate, 3); caruncle morphology (obnavicular-

truncate, 0; obnavicular-elongate, 1; mitriforme, 2).
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RESULTS

AFLP analyses.— A total of 346 bands were scored for 189 individuals, from which
332 (95.95%) were polymorphic. Reproducibility of the AFLP was assessed by an error
rate of 1.16% (following the approach of Bonin & al., 2004). Three fixed private alleles
were found, one in E. anachoreta and two in E. bravoana. For the NJ analyses, E.
tuckeyana, which was defined as outgroup based on previous studies (Barres & al.,
2011), was also recovered as basal to the rest when performing mid-point rooting
analyses (not shown). The NJ tree showed species as monophyletic with BS support
between 71% and 100% (Fig. 2), except for E. regis-jubae. The tree showed three main
clusters (Fig. 2): the first one included all the populations of E. aphylla supported by
100% of BS, the second one included all the species from the E. atropurpurea complex
(E. atropurpurea, E. bravoana and E. bourgeana) with 94% of BS, and the third one
included all the species from the E. lamarckii complex (E. anachoreta, E. berthelotii, E.
lamarckii var. lamarckii, E. lamarckii var. broussonetti, E. pedroi, E. piscatoria and E. regis-
jubae), except for E. tuckeyana, with 95% of BS support. All samples of E. pedroi merged
within the E. regis-jubae clade with 100% of BS. The same results were recovered with
the UPGMA tree (not shown).

The PCO analyses (Fig. 3) produced congruent results with the NJ tree and
revealed that 21.50% of the variability is explained by the first axis, 17.67% by the
second axis and 11.65% by the third axis; representing the 50.84% of the total variability.
Specimens were grouped by species except for E. pedroi which fell within the E. regis-
jubae cluster. The three species from the E. atropurpurea complex (E. atropurpurea, E.
bourgeana and E. bravoana) were tightly clustered together. Euphorbia anachoreta, E.
berthelotii and E. lamarckii specimens also fell near one another.

Congruent results with those from the NJ tree and the PCO analysis were also
obtained from the NN diagram produced with SplitsTree4 (Fig. 4).

In the genetic structure analyses of the whole dataset excluding E. tuckeyana, the
optimal number of populations assumed as assigned for the optimal value of K was 10
(Table 3). With this K, each group comprise all samples of a species, except for E. regis-
jubae and E. pedroi (Fig. 5A), as in the NJ tree (Fig. 2). Some level of admixture was

observed. Euphorbia berthelotii showed some degree of common ancestry with E.

131



Estudis filogenetics i filogeografics de la tribu Cardueae i el génere Euphorbia

lamarckii and one individual assigned to E. lamarckii showed some shared ancestry with
E. bravoana (Fig. 5A). The partial structure analyses of some of the clusters detected in
the NJ tree showed the following results: the optimal number of groups was three for E.
bourgeana (Fig. 5B), which presented geographical structure, one group included all the
specimens from La Gomera, the second one included the specimens from East Tenerife,
with some level of admixture with the third group, which included the specimens from
West Tenerife. Four groups were assigned as optimal for the cluster constituted by E.
anachoreta and E. lamarckii (Fig. 5C), showing three different geographical groups within
E. lamarckii, one group is found in South Tenerife, corresponding to E. lamarckii var.
lamarckii, one corresponded to the populations of E. lamarckii var. broussonetii from La
Palma and El Hierro, and the last one included the populations of E. lamarckii var.
broussonetii from North Tenerife and La Gomera. Structure analyses detected two
genetic groups within E. piscatoria (Fig. 5D), which corresponded to two different islands
in Madeiran archipelago, except for one individual from Porto Santo that was assigned to
the Madeiran island population. The analyses of the cluster E. regis-jubae + E. pedroi
(Fig. 5E) separated the Gran Canarian populations of E. regis-jubae from the rest of
populations of E. regis-jubae and E. pedroi. Finally, one group (no population structure)
was detected for both E. aphylla and E. tuckeyana (not shown). Average values of Ln P(D)
and standard deviation for each K tried are given in Table 3.

The results of all the AMOVA analyses performed are shown in Table 4. ¢st values

obtained ranged from 0.32 to 0.84.

Analyses of character evolution.— A summary of ancestral character evolution
optimized from ML analyses is shown in Fig. 6. The ancestral state for pleochasial
organization was inferred to be simple, with acquisition of a double organization in the E.
atropurpurea complex (Fig. 7A). For the nectaries morphology, the ancestral state was
reconstructed to be truncate. Dentate nectaries were inferred to have appeared twice
independently, in E. piscatoria and with some ambiguity in the ancestor of the E. pedroi
+ E. regis-jubae cluster, which was inferred to have dentate, horned or truncate nectaries
with the same probability (Fig. 6B). Subtruncate nectaries are an autopomorphy of E.
bourgeana and horned nectaries are an autopomorphy of the Canarian populations of E.

regis-jubae. The sub-cyathial bracts persistency ancestral state was reconstructed with
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the highest probability to be deciduous before fructification (Fig. 6C). The ancestor of the
E. atropurpurea complex would have acquired persistent sub-cyathial bracts and some
members of the E. lamarckii complex would have shift to deciduous bracts just after
fructification. Free sub-cyathial bracts were inferred as the ancestral state for the sub-
cyathial bracts union with a shift to connate bracts for the E. atropurpurea complex (Fig.
6D). The seed surface was reconstructed to be smooth-rugulose in the ancestor of the
Macaronesian sect. Aphyllis. Rugose seeds is an autopomorphy of E. piscatoria and
excavate seeds were inferred to appear in the ancestor of the E. atropurpurea complex
(Fig. 6E). Euphorbia bravoana was reconstructed to have later acquired scrobiculariate
seeds as an autopomorphy. The obnavicular-truncate caruncle was inferred to be the
ancestral condition for the caruncle morphology (Fig. 6F). Two latter shifts were
reconstructed: one to obnavicular-elongate state in E. pedroi and the other to mitriforme

state in E. atropurpurea.

DISCUSSION

Origin, diversification and dispersion of sect. Aphyllis subsect. Macaronesicae.-
Excluding E. tuckeyana, the rest of species of subsect. Macaronesicae have a common
ancestor as indicated by the NJ tree (Fig. 2). Hence, they form a monophyletic group, and
have diversified after a single colonisation event of the Macaronesian region, as already
suggested in previous studies of this group (Barres & al., 2011). Analyses of AFLP
fragments showed a general correspondence of species with clearly distinguishable and
isolated genetic groups (with one exception that will be explained later) (Fig. 2). Even in
the case of species that are distributed in several islands, all the populations of the same
species clustered together in all the AFLP analyses (Figs. 2 — 4). These results indicate
that, although the radiation of the group is hypothesised to have been relatively recent,
there has been time and isolation enough to generate genetic differentiation between
species and maintain them as genetically isolated and morphologically distinguishable
entities. The existence of one-island endemisms points out a role for allopatric
speciation in the group, although the coexistence of several species with different
ecological preferences in some of the islands suggests that speciation due to ecological

differentiation may have also played a role in the diversification of the group. However,
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the current wide distribution of some of them in different islands may be due to more
recent dispersal events.

No evidence for a stepping-stone colonisation westwards from the African
mainland or southwards from the Mediterranean area is detected in our analyses.
Populations from different islands do not show a geographical correlation indicating a
direction in the dispersal from the mainland, as shown in other Macaronesian endemic
plant groups such as Argyranthemum, for which a dispersal route North to South in
Madeira-Desertas-Selvagens was proposed (Francisco-Ortega & al., 1996). On the
contrary, in our case of study, the direction of dispersal seems to have been northwards
from the Canary Islands, as the basal position of E. aphylla is suggesting.

Seed dispersal in Euphorbia is promoted by autochory at a close distance when
the fruit explodes triggered by desiccation and secondarily by myrmecochory, sometimes
favored by the presence of an elaiosome (caruncle) that attracts ants. However, also rock
pigeons (Columba livia canariensis Bannerman) and the migratory turtle doves
(Streptopelia turtur turtur L.) have been recorded as Euphorbia seeds feeders (Nogales,
1985; Berg, 1990). Specifically, a study of seed dispersal in E. balsamifera Ait. suggested
that pigeons can act as long-distance Euphorbia seeds’ dispersal agents’ by accidental
endozoochory (Berg, 1990) but viability and germination of Euphorbia seeds after
granivorous birds ingestion have not been studied. Secondary seed dispersal by
predatory birds may also be another cause for island colonisation from the continent and
inter-island dispersal, as has been shown for other plant groups in the Macaronesia
(Nogales & al., 2007). This would explain the lack of directional genetic structure of
populations given that birds do not follow a unique geographical direction but randomly
disperse the seeds, and would also explain the presence of several species in several

islands.

The basal position and genetic structure of E. tuckeyana.- The results of all the
analyses performed with the AFLP markers showed a big genetic distance between E.
tuckeyana and the remainder species within subsect. Maraconesicae, which is
compatible with the previous finding of E. tuckeyana being sister to the rest of the
group, including subsect. Africanae of sect. Aphyllis (Barres & al., 2011). Therefore, E.

tuckeyana would have colonized the Macaronesian region independently from the other

134



Compendi de publicacions: Publicaci6 2

species, as previously suggested in Barres & al. (2011). Allan & al. (2004) also found a
basal position regarding the rest of Macaronesian species for two Cape Verdean
endemics in Lotus. Three main floristic elements have been defined in Cape Verde by its
phytogeography (Brochmann & al., 1997): northern, southern and eastern elements (see
Fig. 1). Our E. tuckeyana sampling was limited to the northern and southern elements,
the most geographically distant, but our results do not show any accordance with these
floristic elements (Figs. 2, 4, 5), as no phylogeographic structure was revealed. Cape
Verde archipelago ages ranges from < 2 to 16 million years (Ma; Garcia-Maroto & al.,
2009) but shows low habitat diversification in comparison with other Macaronesian
islands. For example, forests are absent in the present Cape Verde (Brochmann & al.,
1997) in part due to its aridity and low mountains. The low ecological diversity of Cape
Verde would have hindered processes of ecological adaptive radiation and could explain
the lack of further speciation in the group an the lack of genetic structure within E.
tuckeyana. Although Euphorbia tuckeyana is genetically differentiated from the rest of
species from the E. lamarckii complex (Fig. 2), morphological characters approach this
species to this complex (Table 1). However, considering previous results (Barres & al.,
2011), the biogeographic history of Cape Verde and the genetic differentiation of E.

tuckeyana, we decide to exclude this taxon from the E. lamarckii complex.

Euphorbia aphylla and two main complexes within subsect. Macaronesicae.-
Euphorbia aphylla, a fleshy aphyllous shrub found in halophytous habitats in the central
Canary islands (Gran Canaria, La Gomera and Tenerife), was resolved as sister to the rest
of the Macaronesian species with 100% BS support in the NJ analyses (Fig. 2). Genetic
results were in agreement with morphological observations, given that this species had
not been included in any of the two main taxonomical complexes recognised for the
group by Molero & al. (2002).

Excluding E. aphylla and E. tuckeyana, all the analyses performed supported the
two mentioned taxonomic complexes (Figs. 2 — 4), which were shown as sister to one
another with strong BS support (BS = 95%; Fig. 2). Both complexes, apart from being
characterised morphologically and genetically, are also ecologically defined. The
mesophilous and meso-hygrophilous habitats affected by trade winds where laurel

forests grow in Tenerife and La Gomera are occupied by the species of the E.
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atropupurea complex. By contrast, the xerophilous and mesophilous habitats not
affected by trade winds occupied by pine forest and arid lowland scrub in Madeira, the
Canary Island and the two continental enclaves, are colonized by species from the E.
lamarckii complex (Table 1).

The ancestor of subsect. Maraconesicae was reconstructed to be morphologically
closer to E. aphylla and the E. lamarckii complex (Fig. 6) and is probably related to arid
habitats now predominant in the islands closest to the mainland. The ancestor of the E.
atropurpurea complex was reconstructed to have excavate seed surface and an
obnavicular-truncate caruncle. Acquisition of a double pleochasial organization and
connate and persistent sub-cyathial bracts (Table 1, Fig. 6) are probably due to a

secondary adaptation to meso-hygrophilous habitats in the E. atropurpurea complex.

The Euphorbia atropurpurea complex.- In the E. atropurpurea complex, E.
atropurpurea and E. bravoana were closely related with high support (BS = 100%, Fig. 1)
and they share a high level of recent common ancestry (Fig. 4). The Teno populations of
E. atropurpurea f. lutea (ATR8), a particular form described because it has yellow
synflorescences, showed no genetic differentiation from other populations of E.
atropurpurea (Fig. 2). This result reveals the high plasticity of this character, which
should not be used as a diagnostic character.

Three clusters were shown in E. bourgeana (Fig. 2). The first group encompassed
three populations from Tenerife (BS = 74%), the second included one population from
west Tenerife (BS = 95%) and the third included all the populations from La Gomera (BS =
89%). Euphorbia bourgeana populations of La Gomera were first described by Sventenius
(1960) as E. lambii, but the status of this taxon has been discussed by some authors.
Bramwell & Bramwell (2001) accepted E. lambii because of some distinctive
morphological characters, like dentate cyathial glands and sub-cyathial bracts joined only
at the base, whereas in E. bourgeana they found horned cyathial nectaries and sub-
cyathial bracts joined at least 2/3 of its total length. More recently, some authors
(Molero & al., 2002; Molero & Rovira, 2005b) considered E. lambii as a synonym of E.
bourgeana because of the inconsistency of the diagnostic characters within populations.
In our genetic structure analyses, we found a strong genetic differentiation between the

populations of the two islands (Figs. 2, 5), and the ¢st values (0.83) also showed the
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highest level of genetic differentiation when AMOVA analyses were made by island
groups (Table 4), in accordance with their geographic isolation. However, in spite of the
genetic differences, we consider that there are not enough morphological differences to
recognize E. lambii as a species.

The E. bourgeana populations from Tenerife showed a striking genetic structure
(Fig. 5B) with two different clusters. The first group is composed by the eastern
populations from the Anaga massif (BOU14) and the Ladera of Gliimar (BOU12), and the
second one is formed by the western populations from Teno (BOU13 and BOU54), with
high level of admixture, especially in BOU13. The Teno populations of E. bourgeana have
been recently discovered (Acevedo & al., 2003), as this species was thought to grow only
in eastern Tenerife, from where it was originally described.

The vicariance detected between populations of E. bourgeana may be explained
by the geographical history of Tenerife, as its current shape has only existed within the
last 3.5 Ma (Fernandez-Palacios & al., 2011) and is the result of the union of three
independent former islands: Teno (7.4 Ma), Anaga (5.8 Ma) and Roque del Conde (11.6
Ma) (Juan & al., 2000). Disjoint distribution patterns between Anaga and Teno are found
in some plants (Navaea phoenicea in Escobar Garcia & al., 2009; Teline pallida in Aguilar,
2000) and animals groups (see Juan & al., 2000) as result of vicariance events. Different
hypotheses can explain this case of vicariance: (1) multiple catastrophic landslides
occurred in the N part of the island (Carracedo & al., 1998) would have isolated Teno
populations in the West and Anaga populations in the East; (2) the present distribution
of disjoint species would be a result of ecological requirements, as Anaga and Teno are
the only areas in Tenerife where mesophilous and laurel forests are found; (3)
anthropogenic activities would have reduced a former more widely distribution to the
present patchy distribution in the eastern and western parts of the island.

From our results we suggest that the Teno populations of E. bourgeana, species
included in the Red List of threatened species as “vulnerable” (Bafiares & al., 2010),
should be considered as an independent gene pool when designing conservation
strategies in order to conserve the total genetic diversity of this species. However,
additional molecular studies including all the known populations in Teno need to be

performed in order to understand the genetic structure of this species.
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The Euphorbia lamarckii complex.- Regarding the E. lamarckii complex, four
clusters were found (Fig. 2): E. regis-jubae constituting a cluster with E. pedroi (BS =
100%), E. piscatoria (BS = 100%), E. berthelotii (BS = 100%) and the cluster composed by
E. anachoreta and E. lamarckii (BS = 100%).

Two main groups within the clade E. regis-jubae-E. pedroi were obtained by the
SplitsTree4 (Fig. 4) and the Structure analyses (Fig. 5E). The Gran Canaria populations of
E. regis-jubae formed a different cluster from the group including the eastern E. regis-
jubae populations (Fuerteventura, Lanzarote and the two continental enclaves: Morocco
and E. pedroi in Portugal). Some mixed ancestry was detected between the Gran Canaria
and the rest of E. regis-jubae populations, specially between those populations
geographically closest (Fig. 5E). The Fuerteventura populations of E. regis-jubae are the
populations showing more genetic admixture with the singular Gran Canaria
populations.

The inclusion of the E. pedroi cluster within E. regis-jubae appeared in all the
AFLP analyses performed (Figs. 2 — 5). These results reveal that E. pedroi makes part of
the genetic pool of E. regis-jubae. However, E. pedroi is morphologically differentiated
from the E. regis-jubae populations, showing a characteristic extremely elongate
caruncle on the seed (Fig. 6E). Euphorbia pedroi shows no genetic admixture with the
rest of populations of this group (Fig. 5E) and we detect an incipient genetic
differentiation in the NJ tree (Fig. 2), that could be further promoted by its geographical
isolation. Furthermore, morphological divergence between isolated populations can
occur earlier than genetic differentiation (Francisco-Ortega & al., 1996). For these
reasons, we support to maintain E. pedroi as a separate species.

Individual samples of E. pedroi showed very short branches in the NJ tree (Fig. 2)
showing a low genetic diversity within this species. Additionally, the AMOVA analysis
showed that 69.21% of the genetic variability of E. pedroi is among populations. When
compared to the average Gsr values for endemic outcrossing species (¢st = 0.18; Hamrick
& Godt, 1997), we obtain a high genetic differentiation (¢st = 0.69) among the two
populations of E. pedroi. These results could be explained by a bottleneck effect
produced by a decrease of the population size in the new area colonised after a back
colonisation to the continent from one of the islands where E. regis-jubae is found, as
also suggested in Barres & al. (2011).
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Back-dispersal of Macaronesian organisms to the mainland has been reported for
several plant groups (Mes & Hart, 1996; Park & al., 2001; Carine & al., 2004) and animals
(lllera & al., 2011). During the Quaternary glaciations, the Macaronesian islands could
have acted as a biodiversity refuge, providing a source of genetic differentiation that
would have later contributed to the mainland biodiversity and submarine seamonts
between Iberia and the Macaronesia were emerged and could have acted as stepping-
stones (Caujapé-Castells, 2011) contributing to this dispersion. Then, the Macaronesia
could have been acting as a source of biodiversity rather than an end of dispersal routes
from the continent.

A back colonisation to the continent can also explain the presence of E. regis-
jubae in the Atlantic coast of Morocco. Ecological conditions in Fuerteventura and
Lanzarote have been similar to those in the west coast of Morocco since the Pliocene
(Caujapé-Castells, 2011), favouring the establishment of E. regis-jubae in the mainland.
However the resolution of our results in the NJ tree (Fig. 2) does not provide enough
resolution to confirm or reject this hypothesis.

Euphorbia piscatoria constitutes a clearly distinct gene pool from other species in
the E. lamarckii complex (Figs. 2 — 5). Its isolated distribution in the Madeiran
archipelago, 400 km from the Canary Islands where other species from this complex are
found, has probably promoted a strong genetic differentiation. The populations from E.
piscatoria included in this study are geographically structured between Madeira and
Porto Santo, except for one individual of Roche de Nosa Senhora in Porto Santo, which is
grouped with the specimens from Madeira (PIS34; Fig. 5D). This can be due to: (1) a
human error during the DNA extraction, (2) a hazardous reintroduction of this individual
from Madeira to Porto Santo or (3) a recent natural reintroduction by birds. Porto Santo
is geologically differentiated from the Madeira Island because of its age (Porto Santo, 40
km from Madeira, has been dated in 14.3 Ma while Madeira is dated in 4.6 Ma;
Geldmacher & Hoernle, 2000) and consequently its geological development stage (Porto
Santo is in a basal plain stage while Madeira is in a erosion and dismantling stage;
Fernandez-Palacios & al., 2011). In the past, the retention of trade winds associated with
the presence of higher mountains in earlier development stages of Porto Santo may have
favoured the development of more mesophytic habitats (Ferndndez-Palacios & al., 2011)

and the establishment of an E. piscatoria ancestor. The genetic differentiation found
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between the two islands is confirmed by the morphology, as the E. piscatoria
populations of Porto Santo can be distinguished morphologically from the Madeiran
populations in the pleochasial rays only one time bifurcated and strongly marked stem
scars forming a knot on the base of the ramification (Carvalho, comm. pers.). Porto Santo
populations must be a conservation priority in order to keep all the genetic diversity
within E. piscatoria. Porto Santo populations are specially threatened due to the
strongest menaces of the flora in this island (Arechavaleta & Martin, 2008):
fragmentation of natural habitats and introduced grass-feeding animals, mainly the goat
and the rabbit that feed or stamp on Euphorbia seedlings. Further studies regarding this
species should include populations from the Desertas Islands, at 25 km of distance, to
know their genetic affinities and possible origin.

The populations of E. berthelotii, endemic to La Gomera, are clustered in one
clade with high support (BS = 100%, Fig. 2). Although collection of putative hybrids was
avoided, genetic admixture was obtained between E. lamarckii and E. berthelotii (BER
11) in La Gomera in the Structure analysis (Fig. 5A).

Euphorbia anachoreta and E. lamarckii appeared joined in the same clade with
high BS support (BS = 100%, Fig. 2), indicating their common ancestry. Euphorbia
anachoreta is endemic to a sole islet in the Selvagens Islands, and the results of the NJ
tree suggest that this species could have been originated from geographic isolation after
a dispersion from the Canarian archipelago. It is included in the Red List of threatened
species as “critically endangered” (Martin & al., 2008). Though we only included three
individuals in the analyses, this represents about the 12% of the unique population of
this species. Euphorbia lamarckii has undergone a wide dispersion into four different
islands of the western Canarian Archipelago. Geographical structure of E. lamarckii is
detected at the molecular level. Euphorbia lamarckii var. lamarckii is characterised by its
very narrow leaves and sub-cyathial bracts, and grows in southern Tenerife, from
southern Anaga to southern Teno, being frequent in arid coasts with intense winds and
insolation (“malpais”). Euphorbia lamarckii var. broussonetti presents wider leaves and
rounded or subtruncate sub-cyathial bracts (Molero & Rovira, 2004), and is distributed in
more humid habitats from northern Tenerife, La Gomera, La Palma and El Hierro. The
taxonomical categories are grouped, as shown in the genetic structure analysis (Fig. 5C).

Furthermore, a genetic differentiation between the E. lamarckii var. broussonetti
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populations from the island of La Palma and the ones from the island of El Hierro, not
observed in the morphology, was also detected in the genetic structure analyses (Fig.

5C).

General patterns of diversification and genetic variation in the Canary Islands.-
If we focus in the Canarian endemics from sect. Aphyllis subsect. Macaronesicae, we can
observe that 7 of the 9 species (77.78%) are found in the central group of islands (Gran
Canaria, Tenerife and La Gomera), three of them being endemics from one single island
(Tenerife). This diversity distribution pattern agrees with Sanmartin's & al. (2008) model,
who proposed a subdivision of the archipelago in three island groups, and showed that
the central islands are the main source of inter-island dispersal and diversification in the
archipelago.

Though its closeness to the mainland and the older age of the eastern group of
islands (Fuerteventura, Lanzarote and Gran Canaria), the total number of Macaronesian
endemic species in these islands is lower than in the western islands (Reyes-Betancort &
al., 2008). In accordance with this pattern, in our study there is only one species in the
eastern islands (E. regis-jubae), and also the level of inter-population genetic structure
(Figs. 4-5) is low in eastern species. The group E. regis-jubae-E. pedroi does not have a
marked genetic structure despite the wide distribution, and genetic variation is
noticeably higher within populations than among populations, which means that there is
gene flow among populations, or that their origin is relatively recent (Figs. 1, 2, 6, Table
4). An explanation for the low genetic structure is that the flat topology and the
ecological homogeneity of the eastern islands would have favored high levels of gene
flow hiding any genetic differentiation related to possibly different colonizing genotypes
before isolated in mainland (Caujapé-Castells, 2011). On the contrary, species from the
western islands are reported to usually show a bigger genetic structure among their
populations due to the topological, climatic and habitat heterogeneity of these islands
(Caujapé-Castells, 2011). However, in our case of study this pattern is only observed in E.
bourgeana, which showed levels of genetic variation among populations much higher

than within populations (Table 4).
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Hybridization.- The presence of hybridization events between several species of
sect. Aphyllis subsect. Macaronesicae has been hypothesised in the literature on the
basis of the existence of morphologically intermediate individuals between several pairs
of species (Molero & Rovira, 2005a), and has been later pointed out as a phenomenon
affecting the resolution of molecular phylogenies of the group (Barres & al., 2011).
Although the aims of the study did not include the detection of hybrids and these were
deliberately avoided in our sampling, some specimens with mixed ancestry have been
detected in the genetic clustering analyses (Fig 5). Euphorbia lamarckii seems to present
high admixture with E. berthelotti (explained above) and E. bravoana (Fig. 5A). This could
be suggesting the existence of introgression, given that these specimens of mixed
ancestry were not detected morphologically as hybrids when they were collected, and
introgressed specimens have been reported to be sometimes undetectable from the
morphology (Galbany-Casals & al., 2012). However, we did not obtain evidence of
genetic intermediacy in the NN analyses performed with Splitstree. Given that the
reliability of clustering analyses in assessing levels of hybridisation or introgression has
been questioned (Bohling & al., 2013) when there is no evidence from other analyses
especifically designed to detect reticulation such as Splitstree (Huson & Bryant, 2006),
further analyses need to be performed to confirm these cases. Additionally, further
studies of the E. bravoana and E. lamarckii populations in Altos de Uteza, including
morphologically intermediate specimens, would be particularly desirable to detect their
level of hybridization and to help establish criteria for conserving E. bravoana, included

in the Red List of threatened species as “vulnerable” (Moreno, 2008).

CONCLUSIONS

In the current study, total-genomic AFLP fingerprinting technique is demonstrated
to be useful in providing taxonomical conclusions and well supported phylogeographic
hypotheses of Macaronesian groups that have experienced a rapid radiation.

The evolutionary history of Euphorbia sect. Aphyllis subsect. Macaronesicae has
been complex and involves at least two colonisation processes to the Macaronesia,
repeated inter-island dispersals and back-colonisation events to the mainland. Inter-

island dispersal has been more common than movements between mainland and the
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island, though boomerang phenomena have been detected twice in the E. regis-jubae-E.
pedroi complex. Probably, harder climatic conditions in the Quaternary provoked plant
extinctions in the mainland and favored establishment and speciation of these species in
the Macaronesia, that could have later returned to the continent when climate
improved. Species are genetically well delimited and have originated from a combination
of allopatric and ecological speciation. The present wide distribution of some species in
several islands may suggest that dispersion events between islands have not been rare,
probably carried out by accidental endozoochory by granivorous birds.

The two morphological complexes traditionally recognised in subsect.
Macaronesicae are strongly supported by molecular markers, except for E. tuckeyana,
which is clearly excluded from the E. lamarckii complex because it had an independent
origin from the rest of Macaronesian species. Euphorbia pedroi is part of the genetic
pool of E. regis-jubae, and constitutes an example of how morphological differentiation
can occur more rapidly than genetic differentiation in a case of allopatric speciation.

Our results partially reflect the general patterns previously reported for the
Canary Islands with regards to speciation and genetic structure of the species, given that
subsect. Macaronesicae shows the highest levels of speciation in the central Canarian
islands, whereas the eastern islands have only one species, which furthermore presents
low genetic structure. However, only one of the endemic species from the western
islands presents high levels of genetic structure.

Morphological characters divergence between isolated populations is not always

correlated with genetic differentiation in species of rapid radiation.
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Table 1. Morphological and ecological diagnostic characters of the taxonomic complexes of Euphorbia sect.

Aphyllis in the Macaronesia (Molero & al., 2002).
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Table 2. Taxa sampled, general distribution, population codes, localities and number of individuals used for

the AFLP study. Number of individuals in parenthesis are those present in the subset used for some

structure analyses including only three primer pairs.
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Table 3. Genetic structure results values provided by Structure v2.3.3. Average values for Ln P(D) %

standard deviation are given for each K considered. Numbers in bold indicate the values for Ln P(D) mean
chosen as the best K for each case. Species names are labelled as following: ANA, E. anachoreta; APH, E.

aphylla; BER, E. berthelotii; BOU, E. bourgeana; LAM, E. lamarckii; PED, E. pedroi; PIS, E. piscatoria; REG, E.

regis-jubae; TUC, E. tuckeyana.
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Table 4. Analyses of molecular variance (AMOVA) with Euclidean pairwise distances of AFLP markers, using

346 (4 primer pairs) or 249* (3 primer pairs). In all cases P-values of ¢sr are < 0.0001. d.f. = degrees of

freedom.
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Fig. 1. Sampling localities of 53 populations of the 11 Euphorbia species included in the AFLP analyses.

Details on the localities and number of specimens sampled are given in Table 2.
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0.1 substitutions/site
e

E. lamarckii complex

N
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i
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a4

LAM
La Gomera

o O
s}

JLAM
| Tenerife

LAM
El Hierro
La Palma

(var. broussonetii)

LAM Tenerife
(var. lamarckii)

ANA
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PIS
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ATR

7 BRA

BOU La Gomera

E. atropurpurea complex

¥

E. atropurpurea (ATR)
E. bourgeana (BOU)
E. bravoana (BRA)

E. aphylia (APH)

E. tuckeyana (TUC)

xxHO>

BOU Tenerife

APH

<> E. anachoreta (ANA)

/\ E berthelotii (BER)
I:I E. lamarckii
var. lamarckii (LAM)
E. lamarckii
var. broussonetii (LAM)

@ E pedroi (PED)
S E piscatoria (P15)
QO E regis-jubae (REG)

Fig. 2. Neighbour Joining tree of 189 individuals from 53 populations inferred from Nei-Li distances matrix.

Numbers above branches indicate BS support estimated using 2000 replicates. BS values < 50% are not

shown. Species names are labelled as following: ANA, E. anachoreta; APH, E. aphylla; BER, E. berthelotii;
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axis 3 (11.65%)

E. atropurpurea complex

A E atropurpurea
. E. bourgeana
. E. bravoana

E. lamarckii complex
<> E. anachoreta
A E. berthelotii

D E. lamarckii

® E. pedroi

* E. piscatoria

O E. regis-jubae
* E. aphylla

BOU, E. bourgeana; LAM, E. lamarckii; PED, E. pedroi; PIS, E. piscatoria; REG, E. regis-jubae; TUC, E.

tuckeyana.

’ LAM 24/27/28

A\ \ BER(]OO%) ‘ > LAM 19/20/26/25
$. \ ) AN 23
S \ A= A 2122
Y

cf]\

REG 36/37/40/41/42/43

BRA+ATR L\ \
M o N\ Y

REG 38/39
I

!

i\ ATR (100%)

APH (100%) ( ./

Fig. 3. Plot of the Principal Coordinate Analysis of 346 AFLP markers based on Dice’s similarity coefficient.
Fig. 4. Neighbour-net diagram of the whole AFLP dataset constructed with Splitstree v4.11.3 from Nei-Li
distances. BS values above 80% from a Neighbour Joining analysis of the same dataset are shown on main

clades. Species names are labelled as following: ANA, E. anachoreta; APH, E. aphylla; BER, E. berthelotii;
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1.004-APH ATR __ BER PED PIS REG36,37 REG40-43

0.80 1
0.60 1
0.40

0.204

0.00 4
ANA REG38,39

BOUET BOUWT BOUET BOU G BOUWT

1.00
0.80
0.60
0.40

0.20

0.00

8 12121212 13 13 14 1414 15 15 15 15 1516 16 16 16 17 17 17 17 17 54 54 54 54 54

ANA LAM G LAM SouthT LAMNorthT LAMH LAM G LAM P

1.00

0.80 A
0.60
040 1
0.20 7

0.00
C 11 1191219191920 20212121 212122222222 22232323232324 2424 242425 2525252626 262627 27 27 27 27 28 28282828

PISM PIS PS

1.00
0.80
0.60
0.40
0.20
0.00
D

31 31 31 32 32 32 32 32 33 33 33 33 33 34 34 34 34 35 35 35 35

PED REG Mo REG GC REG L REGF

1.00
0.80
0.60
0.40

0.20

0.00

29 29 29 30 30 30 30 30 36 36 36 37 37 37 37 38 38 38 38 39 39 39 39 39 40 40 40 40 40 41 471 42 42 42 42 42 43

BOU, E. bourgeana; LAM, E. lamarckii; PED, E. pedroi; PIS, E. piscatoria; REG, E. regis-jubae; TUC, E.

tuckeyana.

Fig. 5. Bar plots from the genetic structure analyses obtained with Structure v2.3.3. (A) K = 10 for the

whole dataset excluding E. tuckeyana. (B) K = 3 for 28 E. bourgeana individuals. (C) K = 5 for 61 individuals

of the NJ tree supported clade of E. anachoreta and E. lamarckii. (D) K = 2 for 30 E. piscatoria individuals.
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B: Mectaries morphology C: Sub-cyathial bracts persistency

E. anachoreta

E anachoreta

T Truncate [ 1Deciduous before fructification
% %ubttrL%hcate [ Deciduous just after fructification
entate ciamarcky B Persistent E. lamarcki

Il Horned

E. bertheloti] E. berthelotil
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F: Caruncle morphology
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(E). K =2 for 37 individuals of the NJ tree supported clade including E. regis-jubae and E. pedroi. Numbers

indicate populations as indicated in Fig. 1. Geographic origin is labelled as in Fig. 1.

Fig. 6. Ancestral character state reconstruction based on maximum likelihood reconstructed with Mesquite

2.74. A: pleochasial organization, B: nectaries morphology, C: sub-cyathial bracts persistency, D: sub-

cyathial bracts union, E: seed surface and F: caruncle morphology.
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8.3. Publicacio 3: Reconstructing the evolution and biogeographic history of

tribe Cardueae (Compositae)

Acceptat a American Journal of Botany.

Reconstruint I'evolucio i la historia biogeografica de la tribu Cardueae (Compositae).
Laia Barres, Isabel Sanmartin, Cajsa-Lisa Anderson, Alfonso Susanna, Sven Buerki, Mercé

Galbany-Casals and Roser Vilatersana

Resum

La tribu de les Cardueae, coneguda informalment com a cards, conté
aproximadament 2400 especies i és una de la tribus més grans en nombre d’espécies de
la familia Compositae. L'area biogeografica que concentra la major diversitat de la tribu
és la regié Mediterrania, d’on les Cardueae representen un dels components principals
de la seva flora. La descoberta recent de nous fossils de les Compositae i I'obtencid en
aquest estudi d’una filogenia quasi totalment resolta de la tribu Cardueae han permes
reconstruir el marc espaialtemporal de I'evolucié d’aquest grup mitjancant métodes de
datacié molecular i de reconstruccid biogeografica. Els métodes emprats per a la
inferencia filogenetica s’han basat en les analisis de Maxima Parsimonia i Inferencia
Bayesiana de les sequeéencies nucleotidiques de regions nuclears i cloroplastiques del
genoma. Les estimacions dels temps de divergéncia entre especies s’han realitzat amb el
metode de la versemblanca penalitzada i les reconstruccions d’arees ancestrals
mitjancant analisis bayesianes de dispersio-vicarianca. La filogénia obtinguda mostra que
la subtribu Cardopatiinae és la clada germana a la resta d’espécies de les Cardueae i les
subtribus Carlininae i Echinopsinae apareixen com a successives clades germanes del
grup Carduinae/Centaureinae. La reconstruccié biogeografica i la datacié molecular ens
mostren que la tribu Cardueae es va originar a 'Eocé mitja a I'oest dAsia, regié que
representa l'origen de la majoria de les subtribus de les Cardueae. La diversificacié dins
de cada subtribu va comencar durant la transicié entre I'Oligoce i el Mioce. La majoria de
processos de diversificacié dins les Cardueae es relacionen principalment amb dos
processos geologics: els cicles de fragmentacié i unié entre la microplaca d’Anatolia i la

conca Mediterrania oriental durant I'Oligocé-Mioce i amb l'aixecament de la serralada
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dels Himalaies, que es va iniciar al Miocé. A partir d’aquestes dues regions de
diversificacid, a I’Asia central i la Mediterrania, les Cardueae van colonitzar la resta de
continents (Africa, Australia, América del Nord i del Sud) probablement en periodes més

freds durant la transicio entre el Pliocé i el Pleistoce.
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Abstract

Premise of the study: Tribe Cardueae (“thistles”) forms one of the largest tribes in the
family Compositae (2400 species), with representatives in almost every continent. The
greatest species richness of Cardueae occurs in the Mediterranean Region where it
forms an important element of its flora. New fossil evidence and a nearly resolved
phylogeny of Cardueae are used here to reconstruct the spatio-temporal evolution of
this group.

Methods: We performed Maximum Parsimony and Bayesian phylogenetic inference
based on nrDNA and cpDNA markers. Divergence times and ancestral area
reconstructions for main lineages were estimated using penalized likelihood and
dispersal-vicariance analyses, respectively, and integrated over the posterior distribution
of the phylogeny from Bayesian MCMC analysis to accommodate uncertainty in
phylogenetic relationships.

Key results: The phylogeny shows that subtribe Cardopatiinae is sister to the remaining
subtribes and subtribes Carlininae and Echinopsinae appear as consecutive sister-clades
to the Carduinae/Centaureinae. Tribe Cardueae is inferred to have originated around the
Mid Eocene in West Asia, which is also the ancestral area of most subtribes within
Cardueae. Diversification within each subtribe began during the Oligocene-Miocene
period.

Conclusions: Most diversification events within Cardueae are related to the continuous
cycles of area connection and division between the Anatolian microplate and the
Western Mediterranean Basin during the Oligocene-Miocene, and with the uplift of the
Himalayan range from the Miocene onwards. From these two regions, thistles dispersed
and colonized the rest of the continents (e.g., the New World, Africa, and Australia),

most likely during the colder Pliocene-Pleistocene period.

Key words: Bayes-DIVA; Bering Land Bridge; biogeography; Cardueae;

Carduoideae; Himalayan uplift; Mediterranean Basin; molecular dating.
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INTRODUCTION

Thistles (tribe Cardueae) represent one of the largest tribes of the family
Compositae, with over 2400 species distributed amongst 73 genera (Susanna and Garcia-
Jacas, 2009). Cardueae are a common and essential element of the Mediterranean
landscape (Quézel, 1978; Takhtajan, 1986), but they can also be found in other
continents and ecosystems, such as steppes and semi-arid environments. Of the four
tribes comprising the subfamily Carduoideae, tribe Cardueae is the largest and the only
one that has a worldwide distribution, with representatives in every continent except
Antarctica (Susanna and Garcia-Jacas, 2009). The remaining tribes, Dicomeae Panero &
V. A. Funk, Oldenburgieae, and Tarchonantheae, have a much lower diversity and are
distributed exclusively in Africa (Ortiz et al., 2009). Until recently, Dicomeae,
Oldenburgieae, and Tarchonantheae were included in tribe Mutisieae Cass. sensu
Cabrera (1977) before being transferred to Carduoideae, based on new molecular and
morphological evidence (Panero and Funk, 2008; Ortiz et al., 2009).

Cardueae include perennial, biennial, or monocarpic herbs and shrubs and, less
often, annual herbs or small trees. The style is characterized in having the stigmatic areas
confined to the inner surfaces of the style arms and an articulation below the branches
of the upper region, which is usually provided with a collar of hairs. Historically, subtribal
classification has been controversial, with subtribes Echinopsinae and Carlininae
considered as either subtribes or as independent tribes (Cassini, 1819; Bentham, 1873;
Hoffmann, 1894; Wagenitz, 1976). Several molecular studies have recognized Cardueae
as monophyletic (Susanna et al., 1995; Garcia-Jacas et al., 2002; Susanna et al., 2006). In
the most complete study to date, Susanna et al. (2006) identified five monophyletic
lineages or subtribes within Cardueae: Cardopatiinae, Carduinae, Carlininae,
Centaureinae and Echinopsinae, with Carduinae being paraphyletic. However, this study
failed to solve basal relationships between these lineages.

The main area of distribution of Cardueae is the Mediterranean Region, with
centers of endemism in the eastern and western Mediterranean, the western Irano-
Turanian region, and North Africa (Susanna and Garcia-Jacas, 2007). The eastern limits of
many genera are located in central Asia, in the mountains of Tian Shan, Pamir, and the
Himalayas. A few genera occur in regions that are distant from these two areas

(Mediterranean and Himalayas), for example, in Japan (Atractylodes DC., Cirsium Mill,,
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Synurus lljin), North America (Cirsium, Plectocephalus D. Don, and Saussurea DC.), South
America (Centaurodendron Johow), and Australia (Rhaponticum Vaill.). Some genera are
subcosmopolitan (Arctium L., Cirsium), whereas others include noxious weeds
(Carthamus L., Centaurea L., Crupina (Pers.) DC., Notobasis Cass., Rhaponticum; Susanna
and Garcia-Jacas, 2007). There are also some striking intercontinental disjunctions. One
example is Plectocephalus (Centaureinae), a genus distributed in East Africa, North
America, and South America. A recent study (Susanna et al., 2011) suggests an origin of
this lineage in West Asia with subsequent migrations to North America through the
Bering Land Bridge. However, the scope of this study was restricted to subtribe
Centaureinae and its biogeographic conclusions were based exclusively on geological
evidence. Here, we provide improved sampling and test these hypotheses within a
formal biogeographic analysis based on fossil-calibrated molecular dating and ancestral
area reconstructions. Other interesting disjunctions in Cardueae are shown by
Rhaponticum Vaill., distributed in North Africa, Eurasia, Asia, and eastern Australia; and
Cirsium, distributed in Eurasia, northern and eastern Africa, and North America.

Despite the importance of thistles for understanding the evolution of the
Mediterranean vegetation and landscape (Quézel, 1978), there has been no attempt to
infer the biogeographical history of this tribe. One reason for this is the absence of fossil
record to estimate absolute divergence times. Another reason lies in the difficulty to
solve basal relationships among the different subtribes of Cardueae, since a sound
phylogenetic hypothesis is a basic pre-requisite for inferring biogeographic history. The
recent discovery of new fossil evidence assigned to basal subfamilies (such as
Barnadesioideae) within Compositae (Barreda et al., 2010a, b), together with advances
in integrating phylogenetic uncertainty into biogeographic reconstructions (Nylander et
al., 2008), has provided us with new and powerful tools to infer the spatio-temporal
evolution of thistles.

The particular aims of our study are: (1) to provide a resolved generic phylogeny
of tribe Cardueae, with special focus on phylogenetic relationships among subtribes and
major lineages; (2) to estimate divergence times for the main diversification events
within Cardueae; (3) to infer the ancestral areas and main migration events within the

tribe allowing us to explain how it attained such a widespread and disjunct distribution;

170



Compendi de publicacions: Publicacié 3

and (4) to provide new insights into the evolution of the Mediterranean flora, of which

tribe Cardueae is an important element (Quézel, 1978).

MATERIAL AND METHODS

Plant Material—To facilitate the resolution of relationships at the subtribal level, taxon sampling
included members of all subtribes and informal groups described by Susanna et al. (2006) for tribe
Cardueae (Table 1). Species were also selected to maximize geographic representation, i.e., to include all
the areas of distribution of the tribe. The final dataset was based on Susanna et al. (2006), to which we
have added ten additional species from seven different genera: Ancathia DC., Centaurodendron,
Dipterocome Fisch. & C. A. Mey., Goniocaulon Cass., Ochrocephala Dittrich, Plectocephalus, and
Xanthopappus C.Winkl. (Table 1). In all, 132 species were included, with 62 of the 73 recognized genera in
tribe Cardueae (Susanna and Garcia-Jacas, 2009) represented. Eight species representing additional tribes
and subfamilies within Compositae, as well as related families were used as different alternative outgroups
for the phylogenetic, dating, and biogeographical analyses (see below) based on Funk et al. (2009).

A total of 300 new sequences were generated for this study and 359 sequences were downloaded
from GenBank. Species names, voucher information and GenBank accession numbers for all sequences are

provided in Appendix S1 (see Supplemental Data in the online version of this article).

DNA extraction, amplification and sequencing—DNA was extracted using the CTAB procedure
(Doyle and Dickson, 1987) as modified by Soltis et al. (1991) and Cullings (1992) using fresh plant tissue
from collections growing in the Botanical Institute of Barcelona, as well as silica gel-dried leaves or
herbarium specimens.

The ITS, trnL-trnF region including the trnL intron, the 3’ trnL (UAA) exon, and the intergenic
spacer between trnL (UAA) and trnF (GAA), and the first 1000 base pairs at the 5’ end of matK gene were
amplified and sequenced following Susanna et al. (2006). The cpDNA ndhF gene was amplified only in its 3’
region because of the low variation level of the 5’ end of the gene (Kim and Jansen, 1995). We used a set
of two primer pairs to obtain overlapping sequence fragments of the 3’ region of the ndhF gene. For the 5’
fragment, we used 3’F as forward primer (Eldenas et al., 1999) and 1783R (1) as reverse primer, and for the
3’ fragment, we used 1626F (2) as forward primer and +607 (Kim and Jansen, 1995) as reverse primer. Both
internal primers were specially designed for this study: (1) 1783R: 5’-ATT CAT ACC AAT CTA TTG AAT TGT- 3’
and (2) 1626F: 5’-TGA ATC GGA TAA TAC TAT GTT ATT- 3’. The profile used for amplification consisted of: 3
min at 94 2C, 1 min at 46 2C, 1 min 20 s at 71 2C, followed by 34 cycles of 1 min at 94 2C, 1 min at 50 ¢C
and 1 min 20 s at 71 2C, together with an extension phase of 7 min at 71 2C. The cpDNA rbcL gene was
amplified in two overlapping fragments using the primer pairs 1F/724R (Olmstead et al., 1992) and
636F/1460R (Fay et al., 1998). The profile used for PCR amplification was as described by Roquet et al.
(2009). All reactions were performed in 25 uL volumes with 10% 10x AmpliTaq buffer, 10% 25 mM MgCl,,
10% of 2 mM dNTPs mix, 4% of each primer at 5 uM, 0.5 uL DMSO (dimethyl sulfoxide; Sigma-Aldrich, St.
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Louis, MO, USA), 1 U AmpliTag DNA polymerase (Applied Biosystems, Foster City, CA, USA) and 2 pL of
template DNA of an unknown concentration. In the amplifications of chloroplast regions, 2.5 ul of 400
ng/uL BSA (bovine serum albumin; New England Biolabs, Ipswich, MA, USA) were added to the reaction.
This was made up to 25 uL with distilled, sterile water. PCR products were purified with ExoSAP-IT (USB
Corp., Cleveland, Ohio, USA) and sequencing of the amplified DNA segments was performed using BigDye
Terminator Cycle Sequencing v.3.1 (Applied Biosystems), following the manufacturer’s protocol at the

University of Florida ICBR Core Facility on an ABI 3730xI capillary sequencer (Applied Biosystems).

Phylogenetic analyses—Sequences were edited using BioEdit 7.0.9.0 (Hall, 1999), aligned using
the software T-Coffee (Notredame et al., 2000) and adjusted manually. T-Coffee is especially appropriate
for difficult alignments because it uses a position-specific scoring scheme instead of a substitution matrix,
and has the ability to consider information from all sequences during each alignment step, not just those
being aligned at a particular stage.

We used two different datasets to perform the analyses. Dataset 1 included sequences of nrDNA
(ITS) and cpDNA (trnL-trnF, matK, ndhF, rbcL) regions for 127 taxa and was used to solve phylogenetic
relationships within tribe Cardueae. Representatives of two other tribes from Carduoideae, Brachylaena
discolor and Oldenburgia intermedia (tribe Oldenburgieae), and Tarchonanthus camphoratus (tribe
Tarchonantheae), were used as outgroups for this dataset. A second, larger dataset of 132 taxa (dataset 2)
based only on the cpDNA regions (trnL-trnF, matK, ndhF, rbcl) was used to perform the dating and
biogeographical analyses. The ITS marker was excluded from this dataset because of difficulties to align the
most external outgroups (see below) and to avoid artifacts from simultaneously analyzing chloroplast and
nuclear genomes, which have very different divergence rates (Wolfe et al., 1987). The cpDNA dataset
allowed us to include representatives of two subfamilies of Compositae that occur in the fossil record and
might facilitate the provision of external calibration points for the dating analysis: Barnadesioideae, which
is the sister subfamily of the remaining Compositae (Funk et al., 2009), represented here by Dasyphyllum
leptacanthum and Chuquiraga spinosa; and Gochnatioideae, which is closely related to Carduoideae (Funk
et al., 2009), represented by Gochnatia hiriartiana. Finally, a member of family Goodeniaceae (Scaevola
aemula), and Boopis anthemoides, belonging to family Calyceraceae, were included as external outgroups
because these two families have been shown to be closely related to Compositae (Lundberg, 2009),
following the relationship: ((Calyceraceae, Compositae), Goodeniaceae).

We first performed a partition homogeneity test (incongruence length difference, ILD; Farris et al.,
19953, b) to test the heterogeneity of phylogenetic signals between the chloroplast and the nuclear
markers on dataset 1. ILD significance values were calculated in TNT v.1.1 (Goloboff et al., 2008) with the
INCTST script (kindly provided by the authors of the program) using 1000 replicates. The ILD test indicated
significant incongruence between the ITS and cpDNA datasets (p = 0.001). However, numerous studies
have discussed the limitations in interpreting this test (e.g., Hipp et al., 2004; Quicke et al., 2007). We,
therefore, performed additional separate phylogenetic analyses (same settings as below) for the ITS and

the cpDNA markers and made direct comparisons between their consensus trees. In the resulting trees
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(Appendices S2 and S4), all clades receiving significant node support in the bootstrap (70%) and Bayesian
(95%) analyses were congruent between nuclear and chloroplast markers, except for two groupings. Firstly,
the Arctium-Cousinia complex, which is resolved as sister to the Centaureinae together with the Jurinea-
Saussurea clade in the ITS (Appendix S4). This result is caused by a 7 bp-long deletion in the ITS shared by
the Centaureinae and the Arctium-Cousinia and Jurinea-Saussurea clades (Haffner and Hellwig, 1999). The
second one is the position of some annual Centaureinae genera (Goniocaulon, Stizolophus Cass. and
Zoegea L.). As argued by Susanna et al. (2011), these annual genera are probably misplaced in the ITS
phylogenetic tree due to a long-branch attraction artifact caused by the higher divergence rate. We,
therefore, decided to combine all markers into a single concatenated dataset for further phylogenetic
analysis of dataset 1: the position of the annual taxa in the combined tree agreed with that in the coDNA
dataset.

We coded indels (gaps) as additional characters for the analyses of dataset 1using the Modified
Complex Indel Coding (MCIC) algorithm (Miuller, 2006) implemented in IndelCoder 1.0 (Miiller, 2006).
Indels were excluded from dataset 2 because of difficulties in estimating the rate of variation of the
molecular clock in the gap partition.

Phylogenetic analyses of datasets 1 and 2 were performed using Maximum Parsimony (MP) and
Bayesian inference (Bl) methods, implemented in PAUP* v.4.0b10 (Swofford, 2002) and MrBayes 3.2cvs
(Ronquist and Huelsenbeck, 2003; sourceforge.mrbayes.com), respectively. MP analyses used heuristic
search with 1000 replicates of random taxon addition with MULPARS in effect and tree bisection
reconnection (TBR) branch swapping and saving all the most parsimonious trees. Parsimony uninformative
positions were excluded. After computing the strict consensus tree, bootstrap analyses (BS; Felsenstein,
1985) were performed following Lidén at al. (1997) using 1000 replicates of heuristic search, 10 random
taxon additions with 10 replicates per replicate, MULTREES option not in effect and no branch swapping.
Nodes with BS > 75% were considered as significantly supported.

The Akaike Information Criterion (Akaike, 1973), as implemented in the software MrModeltest 2.3
(Nylander, 2004), was used to select the best-fit model of substitution for each region for the Bl analyses.
The General Time Reversible model with variable sites was assumed to follow a gamma distribution, and
an invariant portion (GTR + | + G) was selected for all regions except for matK (GTR + G). However, several
studies have shown that the invariable gamma parameter can overestimate the rate of molecular
evolution and consequently, affect the estimation of divergence times (Wahlberg, 2006). We, thus,
decided to use GTR + G as model of evolution for all DNA regions. For the gap partition, we used the
restriction model (F81) in accordance with the MrBayes manual (Table 2). Two independent analyses of
three Metropolis-coupled Markov chains were run for 5 million generations in MrBayes, starting from
different random trees and with the heating temperature parameter set to 0.1, saving one in every 1000
trees. A 50% majority rule consensus tree was computed from the posterior distribution after discarding
the first 25% of trees as burn-in. Nodes with a Bayesian posterior probability (BPP) of between 0.5 and
0.74 were considered as weakly supported, 0.75 > BPP > 0.89 as moderately supported, and 0.9 2 BPP > 1

as well supported.
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Dating analyses— We used the non-parametric dating method implemented in the software
PATHdS (Britton et al., 2007) to estimate the percentage of nodes in the 50% majority rule consensus tree
from the Bayesian analysis of dataset 2 that conformed to the expectations of a molecular clock. Because
87.80% of nodes did not follow a molecular clock, we used a relaxed-clock, semiparametric approach,
penalized likelihood (PL; Sanderson, 2002), implemented in the program r8s v1.70 (Sanderson, 2003), to
estimate divergence times within Cardueae. PL allows divergence rates to vary along the tree but penalizes
rate variation between ancestor and descendant by a smoothing parameter. To select an optimal level of
smoothing, we performed the fossil cross-validation process (Near and Sanderson, 2004). Phylogenetic
uncertainty in divergence times was incorporated using a similar approach to Buerki et al. (2011): we
performed PL analysis on 1000 trees randomly selected from the Bayesian Markov Chain Monte Carlo
(MCMC) stationary distribution, after discarding those trees that did not conform with the topological
constraints imposed by the fossil calibrations, i.e., trees that did not support the monophyly of clades to
which a fossil calibration point was attached (see below). Results from the 1000 dating analyses were
summarized using TreeAnnotator v.1.4.7 (Drummond and Rambaut, 2007) and subsequently used to
estimate mean values and 95% confidence intervals for each node in the halfcompat consensus tree
(Buerki et al., 2011).

Age constraints and the fossil record—Until recently, Asterales had a scant fossil record, and
macrofossils were known mainly from the Neogene (Barreda et al., 2010b). New fossil discoveries in the
last two years, however, have provided better estimates of the age of divergence of some basal lineages
within Compositae, such as Barnadesioideae, as well as of closely related families such as Calyceraceae,
Goodeniaceae, and Menyanthaceae. In particular, the pollen fossil record has been greatly enriched (see
Barreda et al., 2010a, for a review).

Six fossil calibration points were used for estimating ages of divergence between lineages:

a) The earliest accepted pollen fossil record of Compositae is Tubulifloridites sp. from the

Paleocene-Eocene boundary of South Africa (Zavada and De Villiers, 2000; Zavada and
Lowrey, 2010; Barreda et al., 2010a). We have used this age as a fixed age of 55.8 Ma for the
stem Compositae in the dating analyses.

b) The second calibration point used was the Raiguenrayun cura Barreda, Katinas, Passalia &

Palazzesi capitulescence from the Patagonian described as belonging to the crown
Compositae (Barreda et al., 2012) and dated by radiometric methods at 47.5 Ma. We have
used this fossil as a minimum age constraint for the split between Barnadesioideae and the
rest of Compositae.

c) Asa minimum age constraint for the crown group of the subfamily Barnadesioideae, we used

the fossil pollen Quilembaypollis sp., from the Patagonian Oligocene-Miocene, dated at 23
Ma (Palazzesi et al., 2009).
d) Split of lineages Arctium minus and A. lappa was set to a minimum age of 8 Ma, based on

mid-late Miocene achenes described by Mai (2001) and assigned to Arctium (Lopez-
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Vinyallonga et al., 2009).

e) Stem lineage of Carduus-Cirsium was set to a minimum age of 14 Ma based on mid Miocene
achenes identified as Cirsium (Mai, 1995).

f)  The minimum stem age for Centaurea was set to 5 Ma, based on several records of pollen
and achenes for this genus dating from the early Pliocene onwards (e.g. Mai, 1995; Popescu,

2002).

Ancestral area reconstruction—Biogeographic areas were defined on the basis of patterns of
endemicity among current taxa (Table 2; Susanna and Garcia-Jacas, 2007; Greuter, 2006-2009) and to
maximize congruence with large-scale biogeographic patterns and paleogeographic history (Takhtajan,
1986). Generic distributions were scored according to the distribution of the species representing each
genus in the dataset. These in turn were selected so as to cover the entire distribution range of the genus
and to minimize bias in taxon sampling. Additionally, we checked phylogenetic studies on several genera
of Cardueae (Hidalgo et al., 2006; Garnatje et al., 2007; Garcia-Jacas et al., 2008; Lopez-Vinyallonga et al.,
2009; Sanchez-liménez et al., 2010; Vilatersana et al., 2000; 2010) to ensure that the scored distribution
ranges represent the most likely ancestral distribution of the genus (sensu Ronquist, 1996); for example,
we discarded rare distributions that were presumably the result of human introductions (Nylander et al.,
2008). Fourteen areas were defined (Fig. 1): A, Western Mediterranean Basin; B, Eastern Mediterranean
Basin (the Balkans Peninsula); C, Western Asia, including the Anatolian Peninsula, the Caucasus, the Levant
region, Iran and Iraqg; D, Central and North Europe; E, Middle Asia, including the Mountains of Tian Shan
and Pamir; F, Japan; G, Macaronesia; H, North America; I, Southern South America; J, Central and South
Africa; K, Himalayan range; L, North Africa; M, coastal areas along the Indian Ocean from the Horn of
Africa to India; and N, Australia.

A parsimony method that minimizes dispersal and extinction events, dispersal-vicariance analysis
(DIVA, Ronquist, 1997), was used to reconstruct ancestral areas and biogeographic events for the main
lineages within Cardueae based on dataset 2. We assumed that the dispersal ability of the ancestors was
probably not higher than that of extant species (Sanmartin, 2003) and limited the maximum number of
areas in ancestral distributions in DIVA to four, which is the maximum distributional range of most species
within Cardueae. To account for uncertainty in phylogenetic relationships, i.e., the existence of soft
polytomies and/or weak nodal support in the Bayesian majority-rule consensus tree, we followed the
Bayes-DIVA approach of Nylander et al. (2008). We used Perl scripts (Nylander et al., 2008) to average
DIVA parsimony-based reconstructions over a post burn-in sample of trees from the MCMC Bayesian
analysis of dataset 2 (in all 7502 trees). We then summarized these frequencies as marginal probabilities
for alternative ancestral areas for each node in a reference tree, in this case, the halfcompat consensus

tree of dataset 2.
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RESULTS

Table 2 shows sequence variation and several numeric parameters from the
phylogenetic analysis of the combined (ITS + cpDNA) dataset 1 and the chloroplast
(coDNA) dataset 2. Both datasets recovered similar topologies under the two methods of
phylogenetic inference (MP and BI). Figure 2 and Appendix S2 (see Supplemental Data in
the online version of this article) show the Bl consensus tree with bootstrap support (BS)
and posterior probability (BPP) values for each node for datasets 1 and 2, respectively.
Since the combined dataset provided further resolution in the basal nodes and generally
yielded better support values, we discuss here phylogenetic relationships based on
dataset 1 (Fig. 2).

Our phylogenetic analysis supported the monophyly of tribe Cardueae (BS =
100%, BPP = 1; Fig. 2), and of subtribes Cardopatiinae (BS = 99%, BPP = 1; Fig. 2),
Carlininae (BPP = 1; Fig. 2), Echinopsinae (BS = 100%, BPP = 1; Fig. 2) and Centaureinae
(BS = 100%, BPP = 1; Fig. 2), the latter embedded within Carduinae. Subtribe
Cardopatiinae was shown as sister-group to the rest of subtribes, while subtribes
Carlininae and Echinopsinae appeared as consecutive sister-clades to the
Carduinae/Centaureinae clade (Fig. 2). The phylogenetic position of subtribe
Echinopsinae was only moderately supported (BPP = 0.84; Fig. 2). Subtribe Carduinae
was recovered as paraphyletic in the analysis, with Centaureinae nested within it (Fig. 2).
Phylogenetic relationships within the main informal groups defined by Susanna et al.
(2006) and Susanna and Garcia-Jacas (2009) were only partially resolved. Within subtribe
Carduinae, the formerly unassigned genus Dipterocome was placed with the
Xeranthemum group as sister to the rest of the taxa (BS = 79%, BPP = 1; Fig. 2). The two
African Carduus L. species in our analyses (C. keniensis and C. nyassanus) were here
shown to be closely related to Cirsium, rendering Cirsium as paraphyletic (Fig. 2). The
Arctium-Cousinia group was recovered as polyphyletic, with Cousinia Cass. nested within
the Jurinea-Saussurea group (BPP = 1; Fig. 2). Within subtribe Centaureinae, a basal
clade including Goniocaulon, Schischkinia lljin and Volutaria Cass. (e.g. the Volutaria
group; excluding Mantisalca salmantica) was shown as sister to the rest of the taxa (Fig.
2). Our analysis also confirmed the monophyly of “core” Centaureinae, with
Rhaponticoides hajastana as sister to the rest of the clade, including Centaurea s.str. and

the Carthamus-Carduncellus group (Fig. 2).
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Phylogenetic analysis of dataset 2 (Appendix S2) produced a tree topology with
the same supported clades as dataset 1. The only exception was the clade grouping the
Arctium-Cousinia group, the Carduus-Cirsium group and the Cynara group, which was
recovered as sister group to Centaureinae, with a high BPP support value (BPP = 1;
Appendix S2).

Figure 3 provides mean divergence times for all nodes within Cardueae and
Appendix S3 (see Supplemental Data in the online version of this article) shows mean
age values and credibility intervals. Figure 4 displays ancestral ranges of tribe Cardueae.
According to our spatial-temporal reconstruction, tribe Cardueae originated around the
Middle Eocene (Fig. 3) in West Asia (node 1, Fig. 4). The origin of Cardopatiinae was
dated in the Early Oligocene (Fig. 3), with considerable uncertainty in its biogeographic
origin, although West Asia (area C) and Middle Asia (E) were included within the
ancestral ranges with the highest marginal probability (node 2, Fig. 4). An ambiguous
origin for subtribe Carlininae in the Late Eocene was inferred (Fig. 3), but again West
Asia-Middle Asia (areas C and E), formed part of the most likely ancestral range (node 3,
Fig. 4). Subtribes Echinopsinae, Carduinae and Centaureinae were reconstructed to have
originated in West Asia (nodes 4—6; Fig. 4) during the Early Miocene, the Late Eocene, or

the Late Oligocene, respectively (Fig. 3).

DISCUSSION

Phylogenetic Relationships—In comparison with previous studies of the tribe
(Susanna et al., 2006; Garcia-Jacas et al., 2002), our phylogeny, including two new cpDNA
markers, provided better resolution of basal relationships within Cardueae.
Cardopatiinae was reconstructed as sister-group to the other subtribes, with subtribe
Carlininae diverging next, followed by Echinopsinae, although the phylogenetic position
of the latter was not well supported (Fig. 2, Appendix S2). Petit (1997) interprets
similarities between the inflorescences of subtribes Cardopatiinae and Echinopsinae as
indicating a close phylogenetic relationship, but our phylogeny indicated that these are
probably the result of convergence, with Echinopsinae closer to the Carduinae-
Centaureinae clade.

Our study showed Carlininae as the next diverging subtribe within Cardueae (Fig.

2, Appendix S2). This subtribe is characterized by some morphological traits, such as the
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presence of true ligules in Atractylis, that are considered to be plesiomorphic within
Cardueae (Susanna and Garcia-Jacas, 2009). Within subtribe Carduinae, Dipterocome
was shown as sister-group to the remaining genera of the Xeranthemum group (Fig. 2,
Appendix S2), with which it shares (together with Siebera J. Gay) a bilabiate corolla
(Anderberg et al., 2007). Our phylogenetic analysis did not agree with previous studies
(Lépez-Vinyallonga et al., 2009) on the phylogenetic relationships within the Arctium-
Cousinia group, which could be due to different general sampling and outgroup selection
of these two works, with different aims. Although previous studies (Vilatersana et al.,
2010) found statistical support for the monophyly of the Cynara complex (including
Cynara L., Lamyropsis (Kharadze) Dittrich, and Ptilostemon Cass.), this was not supported
by our analyses (Fig. 2, Appendix S2). The position of the annual Mediterranean species
Galactites tomentosa could not be resolved (Fig. 2, Appendix S2), and this can be
explained by a long-branch attraction artifact produced by the rapid accumulation of
evolutionary changes resulting from the annual life cycle of this species (Felsenstein,
1978). Taxonomic delimitation of the two largest genera Carduus (90 species) and
Cirsium (250 species) has long been controversial (Haffner and Hellwig, 1999). Our
analyses confirmed the close relationship among Carduus species from tropical East
Africa and Cirsium (Fig. 2, Appendix S2). Haffner and Hellwig (1999) suggest the same
affinities on the basis of morphological similarities.

Within subtribe Centaureinae, the Volutaria group (Fig. 2, Appendix S2) was
placed as sister group to the rest of Centaureinae, in agreement with Susanna et al.
(2011). The annual genus Schischkinia was nested within this clade. Previous
phylogenetic studies (Garcia-Jacas et al., 2001; Susanna et al., 2006) group Schischkinia
within a clade of annual genera, including Stizolophus and Zoegea but this position is
likely to be an artifact derived from the inclusion of annuals within a group of mainly
perennial genera. Lopez-Vifiallonga et al. (2009) already discussed other examples of
artificial placement of annual species nested within mainly perennial lineages within
Cardueae. As in Susanna et al. (2011) the American Plectocephalus was monophyletic
only if it included Centaurodendron, the pachycaul tree endemic to Juan Fernandez
Islands. Further discussion on this clustering is reported in Susanna et al. (2011).
Rhaponticoides Vaill. has been related to several basally-diverging groups in

Centaureinae based on the presence of morphological traits, such as a caudate hilum,
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the Centaurea centaurium-pollen type, and a chromosome number of x = 15 (Garcia-
Jacas et al., 1996). However, our analyses showed that this species is more closely

related to other “core” Centaureinae genera (Fig. 2).

Historical biogeography of Cardueae — Divergence among the three subtribes of
Carduoideae included in this study (Cardueae, Oldenburgieae and Tarchonantheae) was
dated to approximately the Early Eocene. Despite this early divergence, only Cardueae
presents a high species diversity and a range of distribution out of Africa. The
aridification process that began in Africa from the Oligocene onwards (Ortiz et al., 2009)
could explain the low radiation in the other tribes, which remained restricted to this
area.

Within Cardueae, our dating biogeographic analysis suggested a complex
biogeographical history, with an origin in West Asia and early diversification in the
Mediterranean and Middle Asian regions, followed by repeated intercontinental
dispersal events (Figs. 4, 5). Despite considerable morphological variation, and the
presumed role of this organ in seed dispersal in Compositae, the pappus of Cardueae
does not seem to function as an effective long dispersal mechanism, because the pappus
is often too small, or if large, it is deciduous (Susanna and Garcia-Jacas, 2007). Hence,
the present widespread distribution of Cardueae is more likely due to short or medium-
distance migration events and rarely to long distance dispersal (except in the cases of
colonization of oceanic islands like Rhaponticum australe in Japan and Cheirolophus
Cass. in Macaronesia. Given the large confidence intervals for some divergence time
estimates (Fig. 3, Appendix S3), the following discussion will only focus on major
biogeographic patterns and/or events. Nevertheless, the spatio-temporal framework
given here (Figure 4) will provide a valuable basis for further studies focusing on specific

clades of Cardueae.

Origin in West Asia and Mediterranean diversification (Figure 4)— The origin of
the tribe Cardueae was inferred to be in West Asia around the Middle Eocene (node 1,
Fig. 4). This date is much older than those suggested in other molecular studies, in which
the stem-age of the tribe is estimated as ca. 29-24 Ma (Kim et al., 2005). Indeed, our

dating corresponds to the oldest age among tribes of Compositae: 23 Ma in
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Anthemideae (Oberprieler, 2005), 28 Ma in Cichorieae (Zhang et al., 2011), 34.5 Ma in
Gnaphalieae (Bergh and Linder, 2009), while Kim et al. (2005) date the radiation of
Compositae tribes as Oligocene in age. This difference in age might be attributed to the
existence of a better calibration point provided by the recent discovery of an Eocene
fossil of Compositae in South America (Barreda et al., 2010b; 2012). Though a
Palaeogene fossil record exists (Barreda et al., 2010b), it is sparse and thus not suitable
for calibrating a phylogenetic tree, so the Eocene fossil of Barreda et al. (2010b) is the

oldest fossil of Compositae available at the moment.

Our reconstruction indicates that ancestors of Cardueae dispersed from Africa to
West Asia, probably via stepping-stones along the Tethyan coast. The most probable
dispersal route is across northeastern Africa (Fig. 4A), since all western Mediterranean
Cardueae lineages were inferred to have a west Asian origin. Nevertheless, a dispersal
event through the lberian plate cannot be ruled out, since the position of the African
plate with regard to Iberia has remained stable for the last 65 million years
(Meulenkamp and Sissingh, 2003; Fig. 4A). Phylogenetic studies in other angiosperm
groups have also indicated a West Asian origin for clades that, like Cardueae, are
species-rich in the Mediterranean Basin, e.g., Campanula L. (Roquet et al., 2009), Arum
L. (Espindola et al., 2010); Loliinae (Inda et al., 2008). Quézel (1985) also stresses the
importance of West Asian (Irano-Turanian) elements in the Mediterranean flora, which
presumably invaded the Mediterranean Basin in several waves from the Eocene
onwards.

The first divergence event, splitting Cardopatiinae from the rest of subtribes, was
dated as Early Oligocene (node 7, Fig. 3). The facts that the two genera included in this
subtribe, Cardopatium Juss. and Cousiniopsis Nevski, are monotypic, and that they have
disjunct distributions, suggests that Cardopatiinae could be a palaeoendemic group
(sensu Stebbins and Major, 1965), a relict of a former widespread distribution.
Cardopatium corymbosum is a perennial, ruderal species that does not extend
westwards beyond Tunisia (North Africa), and is limited in Europe to Sicily and Greece.
Cousiniopsis atractylodes is an annual herb adapted to the deserts of Middle Asia. A
perennial habit is probably the ancestral state of Cardopatiinae, as has been suggested

for the entire tribe Cardueae (Ortiz et al., 2009). The aridification of Middle Asia during
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the Oligocene-Miocene transition (Tang et al., 2011) triggered the formation of dry
steppe and semi-desert landscapes with abundant herbaceous xerophytes, and this
could have favored the adaptation of Cousiniopsis to this new habit.

The geographic origin of subtribe Carlininae (node 3, Fig. 4) was uncertain,
whereas initial diversification in the remaining subtribes (Echinopsinae, Carduinae, and
Centaureinae) was inferred to have occurred in West Asia (nodes 4-6, respectively, Fig.
4), followed by repeated dispersal events across the Mediterranean region. Many of
these events were dated to the Oligocene-Miocene period, when additions of
microplates located between the Paratethys and Tethys formed a continuous landmass
across the Mediterranean, which connected the West Mediterranean Basin with the
West Asia-Eastern Mediterranean region (Meulenkamp and Sissingh, 2003). This
landmass might have enabled the dispersal/migration of Cardueae along the
Mediterranean basin (Fig. 4B). Thompson (1999) point out the importance of Late
Miocene tectonic movements in explaining Mediterranean plant disjunctions.
Oosterbroek and Arntzen (1992) suggest a similar connection pattern to explain the East-
West Mediterranean disjunctions of several animal groups. In our analysis, repeated
expansions to the East Mediterranean Basin and Central Europe in the Oligocene-
Miocene were inferred for subtribes Carduinae (nodes 8-10, Fig. 4) and Carlininae
(nodes 11-12, Fig. 4).

The Messinian Salinity Crisis (MSC, 5.96-5.33 Ma; Duggen et al., 2003) is another
period for which trans-Mediterranean dispersal of several plant groups has been
suggested (Thompson, 1999). During this time, climate aridification and the closing of
the Gibraltar Strait caused a general drop of sea level in the Mediterranean Basin,
allowing species to reach areas previously isolated by sea barriers (Fig. 4C). Land
connections between lberia and North Africa during the Late Miocene (Fig. 4C) would
have allowed migration across North Africa and the Eastern Mediterranean for lineages
belonging to the “core” Centaureinae (nodes 13-15, Fig. 4). Diversification of
Onopordum L. (Carduinae) in the Mediterranean Region (node 16, Fig. 4) was dated as
Pliocene (Fig. 3), when rapid climate oscillations would have favored migration of these

species, some of them weeds, through disrupted habitats.
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Dispersal to Africa and Macaronesia — Our analysis suggested that several
Cardueae species have migrated secondarily to the mountains of tropical Africa. The
Cardueae species that reached Africa are only found in mountain areas of this continent;
this may indicate that these species colonized Africa during cooler periods and found
refuge in the mountain regions of tropical Africa when the climate started to become
arid again. Within Carduinae, Carduus nyassanus and C. keniensis (node 17, Fig. 5A)
reached Africa in the Pleistocene (Fig. 3). Similarly, in Echinopsinae (Echinops
angustilobus and E. hoehnelii) a dispersal event from West Asia to Central/South Africa
or the Horn of Africa (node 18, Fig. 5A) was inferred to have occurred during the
Quaternary glaciations.

Paleogeographic reconstruction of the Macaronesia region shows that this
archipelago has been available for colonization and for stepping-stone dispersals
between continents during a broad time scale (Fernandez-Palacios et al., 2011).
Cardueae have reached Macaronesia at least twice independently at very different time
intervals, as inferred by our analyses. The first relates to Cheirolophus (node 19, Fig. 4)
and occurred sometime during the Late Miocene (node 87, Fig. 3). Poor representation
of this genus in our analysis and weakly resolved relationships with other groups (Fig. 2)
made it difficult to reconstruct the origin and direction of this dispersal event, but
previous studies have suggested a North African origin for this genus (Susanna et al.,
1999). Apart from Macaronesia, the highest species richness for the genus is found in the
Western Mediterranean region and North Africa, with one species, C. crassifolius
occurring in the Central Mediterranean (Malta).

A second dispersal event to Macaronesia was inferred for subtribe Carlininae
(node 20, Fig. 4) during the Pleistocene (Fig. 3), in the split between Carlina falcata
(endemic to the island of La Palma) and C. lanata (widely distributed in the
Mediterranean basin). Lower sea levels associated with the Quaternary glaciations may
have facilitated stepping-stone dispersal events to the Canary Islands (Garcia-Talavera,

1997), probably from North Africa, where other Carlina species are currently distributed.

Expansion to the east: the Himalayan uplift (Figure 5)— Along with the
Mediterranean region, Middle Asia seems to have been a major area of diversification

for the Cardueae (Susanna & Garcia-Jacas, 2009), especially for subtribe Carduinae, for
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which the uplift of the Qinghai-Tibetan plateau (QTP) played a major role. The uplift of
the QTP occurred at several periods, commencing with the Early Eocene collision of India
with Eurasia (52 to 45 Ma; Rowley, 1996). Four major periods of uplift have been
proposed: 22-20, 15-13, 8-7 and 3.6—1.8 Ma (Wang et al., 2009 and references therein).
Intense orogenic activity would have led to the isolation of populations in valleys and the
formation of new habitats on the slopes and peaks of the mountains, which, in turn,
contributed to the diversification of plant groups in this region via allopatric speciation.
The aridification process triggered by the retreat of the Paratethys Sea (Tang et al.,
2011), and the shadow effect created by the uplift of the high Asian plateaus and
mountains (Tibet, Pamir, Tian Shan), would have favored diversification in cold- and dry-
adapted taxa, such as Cardueae.

Dispersal events from West Asia to Middle Asia were inferred in all five subtribes.
In Carlininae, a range expansion to Middle Asia and Japan was reconstructed for the Late
Eocene-Early Oligocene (node 3, Fig. 5B). This migration event is more likely to have
followed a northern route (through the North Caspian Sea) before the uplift of the Pamir
Mountains, with later extinction of these xeric adapted taxa in cold latitude areas.
Another option is a southern route using the Iranian connection because no basally
diverging Carlininae species occur in south-west Asia (e.g., the Kopet-Dag mountains),
where more xeric habitats occur.

The Arctium and the Cousinia-Jurinea-Saussurea clades recovered in our
phylogenetic analysis were reconstructed to have originated in Middle Asia in the Late
Oligocene (nodes 21-23, Fig. 4), with divergence of Arctium around the Early Miocene
(Fig. 3). This is considerably older than previous estimates, which placed the origin of this
genus around the Late Miocene (9.68 Ma; Lopez-Vinyallonga et al., 2009), and can be
explained by differences in dating methods: the study by Lépez-Vinyallonga et al. (2009)
applied a strict molecular clock approach calibrated with ITS substitution rates, whereas
here we used a fossil-calibration molecular dating approach. Arctium (previously known
as Arctioid Cousinia species; Lopez-Vinyallonga et al., 2011) includes narrow endemics in
the Tian Shan Mountains of Middle Asia, which present character states in pollen
morphology and chromosome number that are considered plesiomorphic within the
Cousinia group (Lopez-Vinyallonga et al., 2009). The several periods of uplift of QTP

during the Middle-Late Miocene might have triggered the diversification of the Arctium
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group (Fig. 5B), which contains species adapted to cold and dry habitats. The Late
Miocene age of Cousinia estimated here (Fig. 3) agrees well with the estimations of
Lépez-Vinyallonga et al. (2009), who dates the origin of Cousinia to 8.72 Ma. The date
inferred for initial diversification of this genus — one of the largest in Compositae with ca.
500 species — within the Irano-Turanian phytogeographical region is in agreement with
the geological events, as the uplifting of mountain belts in the borders of the Iranian
plateau during the rapid QTP uplift took place in the Late Miocene (ca. 8 ma; Zhang and
Fritsch, 2010), following the collision of the Indian and Eurasian plates (Dercourt et al.,
1986).

Within Carduinae, the split of the Himalayan endemic Xanthopappus (node 24,
Fig. 5B) was dated to the Middle Miocene (Fig. 3) and is probably associated with the
Miocene QTP uplift some 15-13 Ma (Harrison et al., 1992; Spicer et al., 2003; Fig. 5B).
Wang et al. (2007) postulate a similar hypothesis, but their molecular dating analysis
estimates a younger age for Xanthopappus (5.7-4.7 Ma), probably because they used ITS
substitution rate to date their tree instead of fossil calibration. Migration from West Asia
to the Himalayas in the Echinopsinae clade (node 25, Fig. 5B) was date to the Quaternary
(Fig. 3). The most recent period of uplift of the Qinghai-Tibetan Plateau that occurred
sometime between 3.6-1.8 Ma (Zhang and Fritsch, 2010) may have favored
diversification in this clade (Fig. 5B).

Only two genera of Centaureinae, Goniocaulon and Tricholepis DC., are present in
south and Southeast Asia (India and Burma). Both belong to the Volutaria group, sister-
group to the remaining Centaureinae. Goniocaulon was reconstructed to have migrated
in the Early Miocene (Fig. 3) from West Asia (node 26, Fig. 5A), before the closing of this
route by the uplifting of the Himalayas. A remarkable migration event from the East
Mediterranean/West Asia to Australia dated to the Mid Miocene (Fig. 3) may explain the
distribution of the only Centaureinae species native to Australia, Rhaponticum australe
(node 27, Fig. 5A). The presence in China, Mongolia, Korea, and Japan of R. uniflorum,
sister species to R. australe (Hidalgo et al., 2006), suggests that this long-distance
dispersal was mediated via Middle and East Asia (Fig. 5A). Migration from South East
Asia to Australia was possible after the collision of the Asian and Australian plates in the
Miocene, which led to the uplift of high mountain chains along Malaysia, northeastern

Australia and the Highlands of New Guinea, and the onset of a drying trend that enabled
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the colonization of temperate taxa along the newly created montane habitats

(Sanmartin, 2002).

Colonization of the New World: long distance dispersal or land-based migration?
(Figure 5)—Floristic exchanges between North America and Asia were possible until
about 3.5 Ma, when the Bering Land Bridge (BLB) ceased to be available as a land
connection, but were re-established during the Pleistocene during glaciations periods
(Wen, 1999; Sanmartin et al., 2001). Two dispersal events to the New World were
inferred in our analyses. The first one is inferred for the Plectocephalus group (node 28,
Fig. 5A), whose main distribution is North and South America, but it is also found in
Ethiopia. The closest relatives of Plectocephalus were not resolved in our phylogenetic
reconstruction, but Susanna et al. (2011) suggest that the ancestors of this group could
have occurred in West and Middle Asia, since its representatives share morphological
characters with Psephellus Cass. (distributed in Turkey, the Caucasus and the Irano-
Turanian region) and Phalacrachena lljin (distributed in Ukraine and Russia). This
distribution pattern would indicate migration of Plectocephalus ancestors from West Asia
to the New World via the BLB, with posterior extinction occurring in East Asia. Migration
of xeromorphic Plectocephalus may have been favored by the formation of xeric habitats
in Middle and East Asia following the Late Oligocene-Miocene aridification event
(Susanna et al., 2011). The temporal framework of this hypothesis agrees well with our
dating analyses, which estimates that Plectocephalus originated in the Middle Miocene
(Fig. 3), before the opening of the Bering Strait and coincident with the existence of a
land connection between Siberia and northwestern North America (the “second
Beringian Land Bridge”, Sanmartin et al., 2001). Our reconstruction also suggests the
occurrence of a dispersal event from South America to the Horn of Africa-India during
the internode leading to the split of P. varians (node 29, Fig. 5A), which seems unlikely
knowing the origin of this group. A more probable explanation is that the ancestor of P.
varians migrated from West Asia to East Africa. Differences in life cycle and evolution
rates between species could be responsible for the difficulties encountered in elucidating
actual phylogenetic and biogeographic relationships within the Plectocephalus group

(Susanna et al., 2011).
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A second migration event to North America during the Pliocene (Fig. 3) is shown
in the clade formed by two eastern North American Cirsium species (C. scariosum and C.
tracyi) included in the Carduus-Cirsium group (node 30, Fig. 5A). New World Cirsium
lineage has been shown as a monophyletic group by Kelch & Baldwin (2003) indicating a
single colonization event of the North American continent by this lineage. Unfortunately,
the sister clade to the New World Cirsium clade is not resolved in our analyses, and thus,
we are not able to infer the direction of this dispersal, although the origin of the New
World clade is probably explained by a migration via the second BLB before its closure
(Sanmartin et al., 2001), probably from Middle Asia, where other Cirsium species are

found.
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TABLES

TABLE 1. Area coding for distribution areas as used in the Bayes-DIVA reconstruction of
the biogeographic history of tribe Cardueae and allies is represented by letters (A,
Western Mediterranean Basin; B, Eastern Mediterranean Basin (the Balkans Peninsula);
C, Western Asia, including the Anatolian Peninsula, the Caucasus, the Levant region, Iran
and Iraq; D, Central and North Europe; E, Middle Asia, including the Mountains of Tian
Shan and Pamir; F, Japan; G, Macaronesia; H, North America; |, Southern South America;
J, Central and South Africa; K, Himalayan range; L, North Africa; M, coastal areas along
the Indian Ocean from the Horn of Africa to India; and N, Australia). Informal groups

used as in Susanna and Garcia-Jacas (2009).

Taxon name . Subgenus or Tribe or Subtribe  Distribution
informal group
Outgroups
Boopis anthemoides Juss. Cglyceraceae R.Br. ex I
Rich.,
IScaevola aemula R. Br. Goodeniaceae R. N
Brown
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Compositae

Brachylaena discolor DC.
Oldenburgia intermedia Bond.

Oldenburgieae S. Ortiz J, M

Oldenburgieae

J

Chuquiraga spinosa D. Don

Dasyphyllum leptacanthum (Gardner) Cabrera

Barnadesioideae
Barnadesioideae

Gochnatia hiriartiana Medrano, Villasefior &

Gochnatioideae

Medina
Tarchonanthus camphoratus L. Tarchonantheae 5L, M
Kostel.
Cardueae Cass. (Cauduoideae Cass. ex Sweet, Compositae)
Cardopatium corymbosum (L.) Pers. Cardopatiinae Less. B, C, L
Cousiniopsis atractyloides (C. Winkl.) Nevski Cardopatiinae E
tractylis cancellata L. Carlininae Dumort. A B,C L
tractylis carduus (Forssk.) Christ. Carlininae C L
Atractylodes japonica Koidz. ex Kitam. Carlininae E
Carlina acanthifolia All. Carlininae A B, D
Carlina falcata Svent. Carlininae G
Carlina gummifera (L.) Less. Carlininae A B, L
Carlina lanata L. Carlininae A BC,L
Carlina vulgaris L. Carlininae A B,C D
Tugarinovia mongolica lljin Carlininae E
. . Echinopsinae (Cass.)
Echinops acantholepis Jaub. & Spach Dumort. C
Echinops angustilobus S. Moore Echinopsinae L, M
Echinops hoehnelii Schweinf. Echinopsinae L, M
Echinops niveus Wall. Echinopsinae K
Echinops persicus Stev. & Fisch. Echinopsinae C
Echinops tschimganicus B. Fedtsch. Echinopsinae E
Echinops viscosus DC. Echinopsinae B,C L
Arctium eriophorum (Regel & Schmalh.) Kuntze Arctium-Cousinia Carduinae (Cass.) E
group Dumort
rctium grandifolium (Kult.) S Lopez, Arctium-Cousinia Carduinae E
Romaschenko, Susanna & N. Garcia group
Arctium lappa L. Arctium-Cousinia Carduinae A B,CD,E
group
. Arctium-Cousinia .
\Arctium lappaceum (Schrenk) Kuntze Carduinae E
group
. . Arctium-Cousinia .
Arctium minus Bernh. Carduinae A B, C D
group
. . Arctium-Cousinia .
Arctium triflorum (Schrenk) Kuntze Carduinae E
group
. Arctium-Cousinia .
Arctium umbrosum (Bunge) Kuntze Carduinae E
group
Cousinia coronata Franch. Arctium-Cousinia Carduinae E
group
Arctium-Cousini .
Cousinia microcarpa Boiss. retium-tousinia Carduinae E
group
Cousinia polycephala Rupr. Arctium-Cousinia Carduinae E
group
Berardia subacaulis Vill. Berardlq and Carduinae D
Staehelina
\Staehelina dubia L. Berardlq and Carduinae AL
Staehelina
\Staehelina fruticosa L. Berard/q and Carduinae B
Staehelina
\Staehelina lobelii DC. Berardia and Carduinae B, C
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Carduus carlinoides Gouan

Carduus defloratus L.

Carduus keniensis R. E. Fr.

Carduus nyassanus R. E. Fr.

Cirsium echinus (M. Bieb.) Hand.-Mazz.
Cirsium nipponicum Makino

Cirsium ochrolepidium Juz.

Cirsium palustre (L.) Scop.

Cirsium scariosum Nutt.

Cirsium tanakae Matsum.

Cirsium tracyi Rydb.

Galactites tomentosa Moench
Notobasis syriaca (L.) Cass.

Picnomon acarna (L.) Cass.

ISilybum marianum (L.) Gaertner
Tyrimnus leucographus (L.) Cass.
Cynara cornigera Lind.

Cynara humilis L.

Lamyropsis carpini Greuter
Lamyropsis cynaroides (Lam.) Dittrich
Ptilostemon abylensis (Maire) Greuter
Ptilostemon afer (Jacq.) Greuter
Ptilostemon diacanthus (Labill.) Greuter
Ptilostemon hispanicus (Lam.) Greuter

Uurinea albicaulis Bunge
Uurinea carduiformis Boiss.
Yurinea humilis DC.
ISaussurea alpina (L.) DC.

ISaussurea discolor (Willd.) DC.

lfredia cernua (L.) Cass.

lfredia nivea Kar. & Kir.

\Ancathia igniaria (Spreng) DC.
Lamyropappus schacaptaricus (B. Fedtsch.)
Knorr. & Tamamsch.

Olgaea baldshuanica (C. Winkl.) Iljin
Olgaea pectinata lljin

Onopordum nervosum Boiss.

Onopordum tauricum Willd.

ISynurus palmatopinnatifidus (Makino) Kitam.

ISyreitschikovia spinulosa (Franch.) Pavlov
Xanthopappus subacaulis C. Winkl.
\Amphoricarpos autariatus Blecic & Mayer
WAmphoricarpos exsul O. Schwarz
Dipterocome pusilla Fisch. & C. A. Mey.
Chardinia orientalis (L.) O. Kuntze

Siebera pungens (Lam.) DC.
Xeranthemum annuum L.

Xeranthemun inapertum (L.) Miller

Xeranthemum longepapposum Fisch. & C. A.
Mey.

Staehelina

Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
Carduus-Cirsium group Carduinae
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Carthamus-
Carduncellus group
Carthamus-
Carduncellus group
Carthamus-
Carduncellus group
Carthamus-
Carduncellus group
Carthamus-
Carduncellus group
Klasea group

Carduncellus duvauxii Batt. & Trab.
Carthamus oxyacantha M. Bieb.
Carthamus turkestanicus Popov.
Femeniasia balearica (J. ). Rodr.) Susanna

Phonus rhiphaeus (Font Quer & Pau) G. Lopez

Klasea algida (lljin) Hidalgo

Klasea coriacea (Fisch. & C. A. Mey. ex DC.)
Holub

Klasea serratuloides (DC.) Greuter & Wagenitz Klasea group
\Serratula coronata L. Klasea group
Centaurodendron palmiforme Skottsb.
Plectocephalus americanus D. Don
Plectocephalus chilensis G. Don ex Loudon
Plectocephalus tweediei (Hook. & Arn.) N.
Garcia & Susanna

Plectocephalus varians (A. Rich.) C. Jeffrey

Klasea group

Psephellus gilanicus (Bornm.) Wagenitz Psephellus group
Psephellus persicus (DC.) Wagenitz Psephellus group
Psephellus pulcherrimus (Willd.) Wagenitz Psephellus group

Callicephalus nitens (M. Bieb. ex Willd.) C. A.
Mey.

Centaurothamnus maximus Wagenitz &
Dittrich

Myopordon aucheri Boiss. Rhaponticum group
Myopordon hyrcanum (Bornm.) Wagenitz Rhaponticum group
Ochrocephala imatongensis (Philipson) Dittrich Rhaponticum group
Rhaponticum acaule DC. Rhaponticum group
Rhaponticum australe (Gaud.) Soskov Rhaponticum group
Rhaponticum repens (L.) Hidalgo Rhaponticum group
Mantisalca salmantica (L.) Briq. & Cavill. Volutaria group
Goniocaulon indicum C. B. Clarke Volutaria group
Volutaria crupinoides (Desf.) Maire Volutaria group
ISchischkinia albispina (Bunge) lljin Volutaria group
Centaurea depressa M. Bieb. Subg. Cyanus
Centaurea lingulata Lag. Subg. Cyanus
Centaurea behen L. Subg. Centaurea
Centaurea bruguierana (DC.) Hand.-Mazz. Subg. Centaurea
Centaurea involucrata Desf. Subg. Centaurea
Centaurea carolipauana Fern. Casas & Susanna Subg. Acrocentron
Centaurea lagascana Graells Subg. Acrocentron
Crocodilium creticum (Boiss. & Heldr.) N. Garcia

& Susanna

Crocodilium syriacum Cass.

Cheirolophus mauritanicus (Font Quer)

Susanna

Cheirolophus teydis (C. Smith) G. Lépez

Rhaponticoides hajastana (Tzvel.) M. V. Agab.

& Greuter

IStizolophus balsamita (Lam.) Cass. ex Takht.

IStizolophus coronopifolius Cass.

Zoegea leptaurea L.
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TABLE 2. Numerical results from the phylogenetic analyses (MP) of the combined (nrDNA

+ cpDNA) dataset and the chloroplast-only (cpDNA) dataset. Models of nucleotide

evolution for each independent marker used in the Bl analysis.

Number of
taxa

Length
range (bp)

Total
characters

Variable
characters
(%)

Parsimony
informative
characters

Number of
indels

Number of
steps

Consistency
Index (Cl)

Retention
Index (RI)

Homoplasy
Index (HI)

Model of
Evolution

ITS trnl- matK ndhF  rbcL  Dataset 1 (ITS'+ Dataset 2 (trnL-
trnF trnL-trnF* + trnF* + matik® +
matK? + ndhF* +  ndhF* + rbcl’)
rbcl® + gap
codification®)
- - - - - 127 132
594- 765- 282- 1301- 1416- 3847-4591 3847-4581
647 848 991 1316 1422
685 947 1003 1328 1431 5617 4709
439 236 352 322 200 1549 1110
(64.09) (24.92) (35.09) (24.25) (13.98)
350 133 179 194 116 1080 622
172 320 723 34 19 1268 1096
2886 256 392 516 4817 1925
0.24 0.65 0.59 0.51 0.33 0.5
0.65 0.86 0.83 0.83 0.71 0.79
0.76 0.34 0.41 0.49 0.66 0.5
1,2,3,4,5
GTR+G ) GTR+G2 ¥ %5

F818
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1500 km

Fig. 1. The 14 distribution areas of tribe Cardueae and close relatives used in the Bayes-
DIVA biogeographic reconstruction: A, Western Mediterranean Basin; B, Eastern
Mediterranean Basin (the Balkans Peninsula); C, Western Asia; D, Central and North
Europe; E, Middle Asia; F, Japan; G, Macaronesia; H, North America; |, Southern South
America; J, Central and South Africa; K, Himalayan range; L, North Africa; M, coastal

areas along the Indian Ocean from Horn of Africa to India and N, Australia.
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Fig. 2. Majority-rule (“halfcompat”) consensus tree from a Bayesian analysis of the
combined (nuclear and chloroplast) dataset of tribe Cardueae (Compositae), with
bootstrap values (> 75%) and Bayesian posterior probabilities (> 0.50) indicated below
branches.
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Fig. 3. Chronogram showing the majority-rule “halfcompat” consensus tree from the

Bayesian analysis of the chloroplast dataset of tribe Cardueae (Compositae) and close

allies, with mean divergence times and confidence intervals (95%) for nodal ages

estimated by penalized Likelihood (PL) over a sample of 1000 trees from the MCMC

stationary distribution of this analysis. Lower case letters in box indicate the nodes

calibrated with fossil constraints. Node numbers refer to Appendix S3 (see Supplemental

Data with the online version of this article).
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Fig. 4. Bayesian dispersal-vicariance (Bayes-DIVA) reconstruction of the biogeographic history of

tribe Cardueae (Compositae) and close allies plotted on the PL chronogram of Fig. 3. Distribution
areas given before each taxon name and next to the pie chart legend are defined in Fig. 1. The pie
charts represent the marginal probabilities of ancestral areas reconstructed for each node in Fig. 3, as
estimated by averaging DIVA reconstructions over an MCMC stationary distribution from the Bayesian
analysis of the chloroplast dataset. Color codes for ancestral areas are shown in the inset, with
ancestral area probabilities < 0.1 pooled together (summed) into the “black” section of the pie chart.
Ancestral area reconstructions assigned to more than four areas together are shown in white color
and labeled. Numbers close to the nodes indicate nodes discussed in the text. Maps showing
paleogeographical reconstructions of the Mediterranean area since the Eocene are redrawn after Ree

and Sanmartin (2009) and Santos-Gally et al. (2011).
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Fig. 5. Biogeographic scenarios showing inferred intercontinental dispersal events
(A) and radiation events in Middle Asia and the Qinghai-Tibetan plateau (B) to
explain the spatio-temporal evolution of Cardueae during the Cenozoic. The color of
arrows corresponds to the colors of the clade frames. Maps redrawn after Yin and
Harrison (2000) and De Grave et al. (2007). Key and abbreviations for pie charts and

ancestral area probabilities are as in Fig. 4.
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Appendix S1. List of taxa, geographic origin, voucher and Genbank accession number
(ITS, trnL-trnF, matK, ndhF, rbcl). Detailed location is only given for new extracted
material. Genbank accession numbers marked with superindex were already published
(1Susanna et al., 2006; “Garcia-Jacas et al., 2008; *Gruenstaeud! et al., 2009; *Kim and
Jansen, 1995; *Susanna et al., 2011; ®Panero and Funk, 2008; 7Anderberg et al.,, 2007;
8sanchez-liménez et al., 2010; 9Hidalgo et al., 2006; Yvilatersana et al., 2010; Hjansen et

al., 2007). New sequences are boldfaced.

Alfredia cernua (L.) Cass.; Denmark, Copenhagen Botanical Garden (BC); AY826225%;
AY772269"; AY0135191; KC589912 ; KC589785. Alfredia nivea Kar. & Kir.; Kazakhstan;
AY826226%; AY772270%; AY785087'; KC589913; KC589786. Amphoricarpos autariatus
Blecic & Mayer; Serbia and Montenegro; AY826227%; AY772271%; AY785088"; KC589914;
KC589787. Amphoricarpos exsul O. Schwarz; Turkey; AY826228"; AY772272"; AY785089%;
KC589915; KC589788. Ancathia igniaria (Spreng) DC.; Dagestan; FJOO787212; FJOO78612;
KC590012; KC589916; KC589789. Arctium eriophorum (Regel & Schmalh.) Kuntze;
Kazakhstan; AY826326'; AY772361'; AY373681'; KC589917; KC589790. Arctium
grandifolium (Kult.) S. Lépez, Romaschenko, Susanna & N. Garcia; Kazakhstan;
AY826268"; AY772310"; AY373679'; KC589918; KC589791. Arctium lappa L.; Belgium,
Lovaina Botanical Garden (BC); AY826229% AY772273%; AY013520%; KC589919;
KC589792. Arctium lappaceum (Schrenk) Kuntze; Kazakhstan; AY826269%; AY772311%
AY373677% KC589920; KC589793. Arctium minus Bernh.; Belgium, Lovaina Botanical
Garden (BC); AY826230'; AY772274%; AY013521'; KC589921; KC589794. Arctium
triflorum (Schrenk) Kuntze; Kazakhstan; AY826275%; AY772315%; AY373675"; KC589922;
KC589795. Arctium umbrosum (Bunge) Kuntze; Kazakhstan; AY8262761,' AY7723161;
AY373676"; KC589923; KC589796. Atractylis cancellata L.; Spain; AY826231%; AY772275%;
AY0135221; KC589924; KC589797. Atractylis carduus (Forssk.) Christ.; Egypt; AY8262321;
AY7722761; AY0135231; KC589925; KC589798. Atractylodes japonica Koidz. ex Kitam.;
Japan, Tokyo Botanical Garden (BC); AY826233%; AY772277'; AY013524'; KC589926;
KC589799. Berardia subacaulis Vill.; France; AY826234'; AY772278'; AY013525%;
KC589927; KC589800. Boopis anthemoides Juss.; Argentina; Voucher 1 : -
EU841095°/EU547627%; EU841363%; -- ; EU841136°. Voucher 2 : - ; - ; - ; 1L39384%; -,
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Brachylaena discolor DC.; South Africa; AY826236"; AY772280"; AY785090"; KC589928;
KC589801. Callicephalus nitens (M. Bieb. ex Willd.) C. A. Mey.; Armenia; AY826237°;
AY77228"; AY01349% JF754833 KC589802. Cardopatium corymbosum (L.) Pers.; Greece;
AY826238"; AY772282"; AY013526"; KC589929; KC589803. Carduncellus duvauxii Batt. &
Trab.; Morocco; AY826239%; AY772283%; AY013493'; KC589930; KC589804. Carduus
carlinoides Gouan; Spain; AY826240"; AY772284"; AY013527'; KC589931; KC589805.
Carduus defloratus L.; Spain; AY826241%; AY772285% AY785091"; KC589932; KC589806.
Carduus keniensis R. E. Fr.; Kenya, Mount Kenya, Galbany s.n. & Arrabal (BC); KC590040;
KC590047; KC590013; KC589933; KC589807. Carduus nyassanus R. E. Fr.; Tanzania,
Olmoti crater, Galbany s.n. & Arrabal (BC); KC590041; KC590048; KC590014; KC589934;
KC589808. Carlina acanthifolia All.; Spain; AY826242%; AY772286%; AY013529%;
KC589935; KC589809. Carlina falcata Svent.; Spain; AY826243"; AY772287%; AY013530°;
KC589936; KC589810. Carlina gummifera (L.) Less.; Switzerland, Genéve Botanical
Garden (BC); AY826244"; AY772288"; AY013531"; KC589937; KC589811. Carlina lanata
L.; Crete; AY826245"; AY772289"%; AY013532%; KC589938; KC589812. Carlina vulgaris L.;
Switzerland, Zirich, Botanical Garden (BC); AY8262461; AY7722901; AY0135331;
KC589939; KC589813. Carthamus oxyacantha M. Bieb.; Iran; AY826248"; AY772292%;
AY0134941; KC589940; KC589814. Carthamus turkestanicus Popov.; Armenia,
AY826249"; AY772293"; AY785093"; KC589941; KC589815. Centaurea behen L.; Armenia;
AY826250"; AY772294%; AY013496"; KC589942; KC589816. Centaurea bruguierana (DC.)
Hand.-Mazz.; Armenia; AY826251%; AY772295%; AY013497'; KC589943; KC589817.
Centaurea carolipauana Fern. Casas & Susanna; Morocco; AY8262531; AY7722961;
AY013498"; KC589944; KC589818. Centaurea depressa M. Bieb.; Turkey; AY826255%;
AY7722971; AY0134991; KC589945; KC589819. Centaurea involucrata Desf.; Algeria;
AY8262561; AY7722981,' AY0135031; KC589946; KC589820. Centaurea lagascana Graells;
Spain; AY826257%; AY772299%; AY013504%; KC589947; KC589821. Centaurea lingulata
Lag.; Spain; AY826258"; AY772300"; AY013505"; KC589948; KC589822. Centaurodendron
palmiforme Skottsb.; Chile; JF754806°; JF754757°; KC590015; JF754836°; KC589823.
Centaurothamnus maximus Wagenitz & Dittrich; Yemen; AY8262591; AY7723011;
AY013506"; JF754837; KC589824. Chardinia orientalis (L.) O. Kuntze; Iran; AY826260%;
AY772302%; AY013534%; KC589949; KC589825. Cheirolophus mauritanicus (Font Quer)
Susanna; Morocco; AY826261"; AY772303'; AY013507'; JF754838; KC589826.
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Cheirolophus teydis (C. Smith) G. Lépez; Spain; AY826262%; AY772304"; AY785094%;
JF754839; KC589827. Chuquiraga spinosa D. Don; Chile; --; EU5476363; EU8413313;
EU385146°% EU384960°. Cirsium echinus (M. Bieb.) Hand.-Mazz.; Iran; AY826263";
AY7723051; AY0135351; KC589950; KC589828. Cirsium nipponicum Makino; Japan, Tokyo
Metropolitan Medicinal Plant Garden (BC); KC590042; KC590049; KC590016; KC589951;
KC589829. Cirsium ochrolepidium Juz.; Uzbekistan; AY826264"; AY772306%; AY785095;
KC589952; KC589830. Cirsium palustre (L.) Scop.; Spain; AY826265'; AY772307%;
AY0135361; KC589953; KC589831. Cirsium scariosum Nutt.; USA, Wyoming, Shoshone
National Park Forest, Gros Ventre Mountains, Bayer, Purdy & Minish WY-90040 (BC);
KC590043; KC590050; KC590017; KC589954; KC589832. Cirsium tanakae Matsum.;
Japan, Tokyo Metropolitan Medicinal Plant Garden (BC); KC590044; KC590051;
KC590018; KC589955; KC589833. Cirsium tracyi Rydb.; USA, Utah, Manti-La Sal National
Forest, La Sal Mountains, Marvin 3188 (BC); KC590045; KC590052; KC590019; KC589956;
KC589834. Cousinia coronata Franch.; Uzbekistan; AY826267%; AY772309%; AY373662°;
KC589957; KC589835. Cousinia microcarpa Boiss.; Kazakhstan; AY826270"; AY772312";
AY373667"; JF754840; KC589836. Cousinia polycephala Rupr.; Kazakhstan; AY826273%;
AY772313% AY373668'; KC589958; KC589837. Cousiniopsis atractyloides (C. Winkl.)
Nevski; Uzbekistan; AF319071'/AF319125%; AY772317%; AY785097'; KC589959;
KC589838. Crocodilium creticum (Boiss. & Heldr.) N. Garcia & Susanna; Greece;
AY826278"; AY772318"; AY013490'; KC589960; KC589839. Crocodilium syriacum Cass.;
Egypt; AY826279%; AY772319%; AY785098"; KC589961; KC589840. Cynara cornigera Lind.;
Egypt; AY826281%; AY772321% AY013538%; KC589962; KC589841. Cynara humilis L.;
Portugal; AY826282'; AY772322'; AY785099'; KC589963; KC589842. Dasyphyllum
leptacanthum (Gardner) Cabrera; Brasil; --; EU841080%/EU547649% EU8413443; --;
EU8411213, Dipterocome pusilla Fisch. & C. A. Mey.; Voucher 1: Iran, F18134877; -; -;
F1813488’; -. Voucher 2: Iran, Joharcchi & Zangoori 19925 (S); -; K€590053; KC590020; -;
KC589843. Echinops acantholepis Jaub. & Spach; Uzbekistan; AY8262221; AY7722671;
AY785086"; KC589964; KC589844. Echinops angustilobus S. Moore; Tanzania;
GU116505% GU134531% KC590021; KC589965; KC589845. Echinops hoehnelii
Schweinf.; Kenya; GU116506°% GU134565% KC590022; KC589966; KC589846. Echinops
niveus Wall.; Croatia; AY538634%; AY772323'; AY785100%; KC589967; KC589847.

Echinops persicus Stev. & Fisch.; USA, The Medicinal Herb Garden at the University of
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Whashington, Seattle, (BC); AY538639"; AY772324"; AY785101"; KC589968; KC589848.
Echinops tschimganicus B. Fedtsch.; Uzbekistan; AY538633%; AY772325; AY785102%;
KC589969; KC589849. Echinops viscosus DC.; Germany: Berlin Botanical Garden (BC);
AY826283"; AY772326%; AY013540'; KC589970; KC589850. Femeniasia balearica (J. ).
Rodr.) Susanna; Spain; AY826284'; AY772327%; AY013509%; KC589971; KC589851.
Galactites tomentosa Moench; Spain; AY826285"; AY772328%; AY013541'; KC589972;
KC589852. Gochnatia hiriartiana Medrano, Villaseior & Medina; Mexico; --;
EU385072°% EU385358°% EU385166°% EU384979°. Goniocaulon indicum C. B. Clarke;
Ethiopia, Friis s.n. et al. (K); JF775393; JF775385; KC590023; JF775397; KC589853.
Jurinea albicaulis Bunge; Greece; AY826287'; AY772330%; AY373684%; KC589973;
KC589854. Jurinea carduiformis Boiss.; Iran; AY826289%; AY772332%; AY785103%;
KC589974; KC589855. Jurinea humilis DC.; Spain; L35868"; KC590054; KC590024;
KC589975; KC589856. Klasea algida (lljin) Hidalgo; Tajikistan; DQ310929°; DQ310895°;
KC590025; KC589976; KC589857. Klasea coriacea (Fisch. & C. A. Mey. ex DC.) Holub;
Armenia; DQ310926°; DQ310892°; KC590026; JF754843; KC589858. Klasea serratuloides
(DC.) Greuter & Wagenitz; Armenia; AY826295%; AY772334%; AY013514%; JF754844;
KC589859. Lamyropappus schacaptaricus (B. Fedtsch.) Knorr. & Tamamsch.;
Kyrgyzistan; AY826296%; AY772335'; AY785104%; KC589977; KC589860. Lamyropsis
carpini Greuter; Greece; GU907724'; KC590055; KC590027; KC589978; KC589861.
Lamyropsis cynaroides (Lam.) Dittrich; Turkey; AY826297%; AY772336'; AY785105%;
KC589979; KC589862. Mantisalca salmantica (L.) Brigq. & Cavill.; Spain;
AY012292'/AY012328"; JF754765°; KC590028; JF754846°; KC589863. Myopordon
aucheri Boiss.; Iran; AY826299'; AY772338%; KC590029; JF754847°; KC589864.
Myopordon hyrcanum (Bornm.) Wagenitz; Iran; AY8263001; AY7723391; --; KC589980;
KC589865. Notobasis syriaca (L.) Cass.; Egypt; AY826302%; AY772340'; AY013545%;
KC589981; KC589866. Ochrocephala imatongensis (Philipson) Dittrich; Ethiopia;
DQ310931% DQ310897°; KC590030; KC589982; KC589867. Oldenburgia intermedia
Bond.; South Africa; AY826303"; AY772341"; AY785106"; KC589983; KC589868. Olgaea
baldshuanica (C. Winkl.) lljin; Tadjikistan; AY826304"; AY772342%; AY785107"; KC589984;
KC589869. Olgaea pectinata lljin; Kazakhstan; AY826305%; AY772343%; AY785108%;
KC589985; KC589870. Onopordum nervosum Boiss.; France, Dijon Botanical Garden
(BC); AY826308'; AY772346%; AY785109"; KC589986; KC589871. Onopordum tauricum
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Willd.; Germany, Berlin Botanical Garden (BC); AY826309%; AY772347'; AY785110%;
KC589987; KC589872. Phonus rhiphaeus (Font Quer & Pau) G. Lépez; Morocco;
AY826310%; AY772348'; AY013512"; KC589988; KC589873. Picnomon acarna (L.) Cass.;
Iran; AY826311%; AY772349%; AY013549'; KC589989; KC589874. Plectocephalus
americanus D. Don; USA ; JF754817°; JF754769°; KC590031; JF754853° KC589875.
Plectocephalus chilensis G. Don ex Loudon; Chile (BC); JF775394°; JF775386°; KC590032;
JF775398>; KC589876. Plectocephalus tweediei (Hook. & Arn.) N. Garcia & Susanna;
Argentina; JF775392° JF775384°; KC590033; JF775396°; KC589877. Plectocephalus
varians (A. Rich.) C. Jeffrey; Ethiopia; JF775395% JF775387°; KC590034; JF775399>;
KC589878. Psephellus gilanicus (Bornm.) Wagenitz; Iran; AY826315%; AY772351%;
AY013501%; KC589990; KC589879. Psephellus persicus (DC.) Wagenitz; Iran; AY826316%;
AY7723521; AY0135001; JF75485>; KC589880. Psephellus pulcherrimus (Willd.) Wagenitz;
Armenia; AY826317%; AY772353%; AY013491'; JF754856°; KC589881. Ptilostemon
abylensis (Maire) Greuter; Morocco; GU9077261O; KC590056; KC590035; KC589991;
KC589882. Ptilostemon afer (Jacq.) Greuter; Germany, Freiburg Botanical Garden (BC);
AY826318"; AY772354'; AY785111%; KC589992; KC589883. Ptilostemon diacanthus
(Labill.) Greuter; Turkey; AY826319'; AY772355'; AY785112%; KC589993; KC589884.
Ptilostemon hispanicus (Lam.) Greuter; Spain; AY8294441; KC590057; KC590036;
KC589994; KC589885. Rhaponticoides hajastana (Tzvel.) M. V. Agab. & Greuter;
Armenia; AY826235'; AY772279%; AY013502%; JF754857°; KC589886. Rhaponticum
acaule DC.; Algeria; AY826334'; AY772369'; AY013515'; JF754859°; KC589887.
Rhaponticum australe (Gaud.) Soskov; Australia; AY826335%; AY772370%; AY785120%;
KC589995; KC589888. Rhaponticum repens (L.) Hidalgo; Uzbekistan; AY826223%;
AY7722681; AY0134891; JF7548315; KC589889. Saussurea alpina (L.) DC.; ltaly, Cogne
Botanical Garden (BC); AF319091'/AF319145'; KC590058; KC590037; KC589996;
KC589890. Saussurea discolor (Willd.) DC.; Switzerland, Meyrin Botanical Garden (BC);
AF319092'/AF319146"; KC590059; KC590038; KC589997; KC589891. Scaevola aemula R.
Br.; Australia; --; EU385109°% EU385394°% EU385203°; EU017199™. Schischkinia albispina
(Bunge) lljin; Turkmenistan; AY826325%; AY772360%; AY785113%; JF754862°; KC589892.
Serratula coronata L.; Austria, Vienna Botanical Garden (BC); AY826327%; AY772362%;
AY785114"%; JF754863°; KC589893. Siebera pungens (Lam.) DC.; Turkey; AY826328%;
AY7723631; AY7851151; KC589998; KC589894. Silypum marianum (L.) Gaertner; Spain;
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AY826329"; AY772364"; AY013551"; KC589999; KC589895. Staehelina dubia L.; France;
AY826330"; AY772365%; AY785116%; KC590000; KC589896. Staehelina fruticosa L.;
Greece; AY826331'; AY772366"; AY785117'; KC590001; KC589897. Staehelina lobelii
DC.; Turkey; AY826332; AY772367%; AY785118'; KC590002; KC589898. Stizolophus
balsamita (Lam.) Cass. ex Takht.;, Armenia; AY826336'; AY772371'; AY785121%;
JF754864; KC589899. Stizolophus coronopifolius Cass.; Turkey; AY826337%; AY772372%;
AY013516%; JF754865; KC589900. Synurus palmatopinnatifidus (Makino) Kitam.; Japan,
the Nippon Shinyaku Institute for Botanical Research (BC); AY826338%; AY772373%;
AY013552%; KC590003; KC589901. Syreitschikovia spinulosa (Franch.) Pavlov;
Kazakhstan; AY826339'; AY772374"; AY785122%; KC590004; KC589902. Tarchonanthus
camphoratus L.; South Africa; AY826340%; AY772375%; AY785123"; KC590005; KC589903.
Tugarinovia mongolica lljin; Mongolia; AY826342%; AY772377%; AY785124%; KC590006;
KC589904. Tyrimnus leucographus (L.) Cass.; Spain; AY826343"; AY772378%; AY013554%;
KC590007; KC589905. Volutaria crupinoides (Desf.) Maire; Morocco; AY826344%;
AY772379"; AY785125%; JF754867°; KC589906. Xanthopappus subacaulis C. Winkl.;
China, Qinghai (Tibet), Liu 50 (PE); KC590046; KC590060; KC590039; KC590008;
KC589907. Xeranthemum annuum L.; Turkey; AY826345'; AY772380'; AY785126%;
KC590009; KC589908. Xeranthemun inapertum (L) Miller; Spain; AY826347%;
AY772381%; AY013555%; KC590010; KC589909. Xeranthemum longepapposum Fisch. &
C. A. Mey; Kazakhstan; AY826348'; AY772382'; AY785127'; KC590011; KC589910.
Zoegea leptaurea L.; Iran; AY826349"%; AY772383"; AY013517%; JIF754868; KC589911.
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8.4. Publicacio 4: Lessons from Plectocephalus (Compositae, Cardueae-
Centaureinae): ITS disorientation in annuals and Beringian dispersal as

revealed by molecular analyses

Annals of Botany 108: 263-277 (2011).

Llicons de Plectocephalus (Compositae, Cardueae-Centaureinae): La desorientacié de
I'ITS en espeécies anuals i la dispersio per Beringia revelats per analisis moleculars.
Alfonso Susanna, Mercé Galbany-Casals, Konstantyn Romaschenko, Laia Barres, Joan

Martin & Nuria Garcia-Jacas

Resum

La distribucid geografica del génere Plectocephalus comprén una espécie a
Etiopia, dues a America del Nord i probablement quatre més a América del Sud, formant
una disjuncié excepcional dins la tribu Cardueae. El gran abast d’aquesta disjuncié
origina dubtes sobre la delimitacid taxonomica d’aquest genere. Aixi els objectius
d’aquest estudi van ser definir els limits genérics de Plectocephalus i formular una
hipotesi que expliqui la seva distribucié actual. Per tal de resoldre aquests objectius, es
van combinar marcadors moleculars d’origen nuclear (ITS i ETS) amb marcadors
moleculars d’origen cloroplastic (trnL-trnL-F, rpl32-trnL"® i ndhF) i un cop obtingudes les
seqleéncies nucleotidiques es van realitzar analisis filogenétiques pels metodes de la
Maxima Parsimonia i la Inferéncia Bayesiana. Els resultats obtinguts mostren que
Plectocephalus forma un grup natual que inclou l'espécie africana P. varians, les espécies
sud-americanes classificades previament dins el génere Centaurea (C. cachinalensis, C.
floccosa i C. tweediei), per les quals es proposen noves combinacions nomenclaturals, i el
génere Centaurodendron, endemic de les illes Juan Fernandez. Tot i aixi, es considera
més apropiat considerar Centaurodendron com un génere independent, deixant aixi
Plectocephalus com un génere parafiletic. El grup germa al grup Plectocephalus
segurament es troba entre els géneres orientals de les Centaureinae pero les relacions
filogenetiques obtingudes a la base de les Centaureinae no concorden amb anteriors

treballs. Aquest fenomen s’explica per artefactes produits per les diferents taxes de
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mutacid entre espécies anuals i perennes. D’entre totes les regions estudiades en aquest
treball, la regid nuclear ITS és la més sensible a aquestes diferéncies. La distribucio
disjunta del grup Plectocephalus s’explica per una dispersié des d’Anatolia seguint la ruta
siberiana i creuant cap al continent america pel pont terrestre de Bering durant el Mioce-

Plioce, ruta anteriorment proposada per altres grups taxonomics.
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Lessons from Plectocephalus (Compositae, Cardueae-Centaureinae): I'TS
disorientation in annuals and Beringian dispersal as revealed
by molecular analyses

Alfonso Susanna'*, Mercé Galbany-Casals?, Konstantyn Romaschenko!, Laia Barres!, Joan Martin®
and Niiria Garcia-Jacas!
Botanic Institute of Barcelona (IBB-CSIC-ICUB), Pg. del Migdia s/n, EO8038 Barcelona, Spain, Unitar de Botanica,

Departament de Biologia Animal, Biologia Vegetal i Ecologia, Facultat de Biociéncies, Universitat Autonoma de Barcelona,
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® Background and Aims The geographic distribution of the genus Plectocephalus comprises a single species in
Ethiopia, two In North America and possibly four more in South America, In a striking disjunction that s excep-
tional for genera of the tribe Cardueae. The enormity of this disjunction cast doubts on the precise taxonomic
delineation of the genus, which is not unanimously recognized as a natural entity. The aims of this study
were to define the generic boundaries of Plectocephalus and to formulate a hypothesis that would explain its
natural range.

o Methods A combined molecular approach, using nuclear internal transcribed spacers (ITS) and external tran-
scribed spacers (ETS), and plastid tml-trml-F, rpl32—trnLUAG and ndhF markers, was chosen for phylogenetic
reconstruction by maximum parsimony and Bayesian inference.

¢ Key Results Phylogenetic analysis shows that Plectocephahis is a natural genus that includes the African species
P. varions, together with all the native South American species, cumrently classified as Centaurea,
C. cachinglensis, C. floccosa and C. tweediei. The recognition of Centaurodendron as an independent genus,
which we consider appropriate, would make Plectocephalus paraphyletic. Affinities of Plectocephalus should
lie with eastern representatives of Centaureinae. Geographic disjunction is explained as a consequence of disper-
sal via the Bering Land Bridge during the Miocene—Pliocene. The phylogeny of the basal grade of Centaureinae
differs from previous phylogenies, and artefacts resulting from differences in mutation rates of annual and per-
ennial taxa are confirmed. Sensitivity of ITS to these differences was the highest observed for all DNA regions
used in this study.

o Conclusions The natural status of the genus Plectocephalus is confirmed and several nomenclatural combi-
nations are proposed. New evidence contributes to the debate concemning problems posed by the use of ITS m
the phylogenetic reconstruction of groups that differ in terms of their life cycles. Dispersal from Caucasus
and Amnatolia along the Siberian route and then across the Bering Land Bridge follows a route previously
proposed for other taxonomic groups.

Key words: Plectocephalus, Compositae, Cardueae, Centaureinae, Centaurea, Bering Land Bridge, ETS, ITS,
migration, ndhF, phylogeny, rpl32-trnl."C trnf -trnl - F.
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INTRODUCTION

It is not possible to discuss Plectocephalus D. Don without
first discussing the generic concept of Centaurea
L. (Compositae, Cardueae-Centaureinae). From the first
description of Centaurea by Linnasus (1753), it was clear
that this genus was an artificial assemblage. Cassini (1817)
declared: ‘Linné a reuni, sous ce nom, en un seul et méme
genre, une muliifude d’espéces, qui ont en effet beaucoup de
caractéres communs, mals qui cependant peuvent et doivent
étre distribuées dans plusieurs genres, ne fiit-il que pour
rendre lewr étude plus facile et plus commode. [...] Il est
vrai que Linnaeus a divisé ses ceniqurées en plusienrs sec-
tfions; mals cet expédient ne suffit pas pour prevenir la con-
Jusion qui résulte surtoul du méme nom générique appliqué

@ un trop grand nombre d’espéces’. |Linnaeus has united,
under this name, in a single genus, a multitude of species
that indeed have many characters in common, but which
should of necessity be distributed amongst several genera, if
only to make it easier and more convenient to study. [...]
Linnaeus certainly assigned his centaureas to many sections,
but this was not sufficient to prevent the confusion that
resulted, especially as he used the same generic name for
too many species]. Evidence for the artificial nature of
Centaurea was accumulating, but it was a pollen study by
Wagenitz (1955), in which he described eight different
pollen types in a single genus, that sounded the death knell
for the broad Linnean concept. Molecular tools were to
provide the final evidence (Susanna er al., 1995,
Garcia-Jacas ef al., 2001, 2002, 2006) and, as late as 2001, a

@ The Author 2011. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
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new type species was chosen for the genus, putting an end to
the old problem of the delineation of Cenfaurea (Greuter et al.,
2001). The latest revisions of subtribe Centaureinae recognized
the new circumscription of Cemtaurea as a natural group
comprising only 250 species (Susanna and Garcia-Jacas,
2007, 2009), an important reduction when compared with
the broad concept of the genus in Dittrich (1977} who recog-
nized 400 species. Currently accepted genera are
Cheirolophus Cass., Criupina (Pers.y DC., Mantisalca Cass.,
Phalacrachena  Tljin, Plectocephalus, Psephellus  Cass.,
Rhaponticoides Vaill., Rhaponticum Vaill. and Stizolophus
Cass., all of them formerly included in the broad Linnean
concept of Centaurea.

Taxonomy and phylogenetic relationships

Plectocephalus was one of the earliest segregates of
Centfaurea and contained a single species, Cenfaurea ameri-
canag Nutt. from Texas that was eventually renamed
Plectocephalus americanus (Nutt.) D. Don (Sweet, 1830). It
was distinguished from the rest of the heterogenecus
Centaurea assemblage by its very large and showy peripheral
florets, the scariose bracts with unarmed silvery appendages,
and by its arcuate and faintly ribbed achenes. Don (cited in
Sweet, 1830) described the pappus as triseriate, a misinterpre-
tation of the obscurely multiseriate, easily deciducus pappus
that is typical of Plectocephalus. This is in contrast to the
neatly double and persistent pappus of Ceniaurea sensu
stricto (Susanna and Garcia-Jacas, 2007). Another botanist
with the same mame, G. Don (cited in Loudon, 1855),
described a second species for the genus, namely
Plectocephalus chilensis G. Don ex Loudon from central
Chile.

Boissier (1856) was the first to accept the new genus and he
added a further two new species, Plectocephalus abyssinicus
Boiss. and Plectocephalus cyanoides Boiss., though these are
currently considered to be conspecific and assigned the name
Plectocephalus varians (A. Rich.) C. Jeffrey ex Cufod. from
Ethiopia. Nevertheless, despite obvious differences between
Centaurea and Plectocephalus, the latter genus was soon
forgotten and, consequently, the next closest relative of
Plectocephalus americanus to be discovered was named
Centaurea rothrockil Greenm. {(from New Mexico). In fact,
most works dealing with the flora of North America still
tend to use the older names Centaurea americana Nutt. and
C. rothrockii (e.g. Correl and Johnston, 1970; Martin and
Hutching, 1981), whereas only the latest flora of the USA
recognizes Plectocephalus (Keil and Ochsmann, 2006).
Indeed, major works generally consider Plectocephalus to be
merely a section of a widely circumscribed Centaurea
(Bentham, 1853; Hoffmann, 1894; Dittrich, 1977; Bremer,
1994). Besides C. americana, C. chilensis and C. rothrockil,
sect. Plectocephalus included another three Centaurea
species from South America, namely Centaurea cachinalensis
Phil., C. floccesa Hook. & Am. from Chile, and C. rweediei
Hook. & Am. from Argentina, Brazil and Uruguay.

Jeffrey (1968) was the next to recognize Plectocephalus as a
genus distinct from Centaurea, soon to be followed by
Nordenstam and El-Ghazaly (1977). However, the exact
limits of Plectocephalus were not unanimously accepted.

Even though Hind (1996) recognized the genus, he excluded
the African and South American species and suggested that
Plectocephalus should include only the two North American
species P. americanus and P. rothrockii (Greenm.) D.J.N.
Hind. Susanna and Garcia-Jacas (2007, 2009) considered
Plectocephalus in its broader sense (including the species
from Africa and the Americas), but this delineation was only
tentative and they did not propose any formal nomenclatural
combinations owing to lack of molecular evidence. None of
the major molecular surveys of Cardueae to date has included
many representatives of Plecfocephalus.

The only other genus of Centaureinae native to America is
Centaurodendron Johow (including Yunguea Skottsb.), with
three species occurring on the Juan Ferndndez Islands.
On  both morphological and biogeographical grounds,
Ceniaurodendron 1s considered a close relative of
Plectocephalus, as suggested by Carlquist (1958) and
Nordenstam and El-Ghazaly {1977). Indeed, despite anatom-
ical (Carlquist, 1958) and palynological (Parra, 1969-70)
differences, Hellwig (2004) even proposed incorporating
Centaurodendron in Plectocephalus. As with Plectocephalus,
Ceniaurodendron has not been included in any previous mol-
ecular survey. As well as problems in delineating the genus,
the positions of Plectocephalus and Centaurodendron within
Centaureinae remain obscure. Both gemera have Serratula
type pollen (Wagenitz, 1955; Parra, 1969-70). Species
having this kind of pollen form an unresolved polytomy at
the base of the subtribe {Garcia-Jacas er al., 2001), and all
the molecular surveys have failed to elucidate the phylogeny
of the basal branches of Centaureinae (Hidalgo er al., 2006).

Biogeography

The geographical distribution of Plectocephalus and
Centaurodendron is one of the most interesting features of
the group, as it exhibits a striking disjunction. Were the
placing of P. varians within Plectocephalus confirmed, the
genus would comprise one species in East Africa, two in
North America and four in South America, together with the
diversification of Cenfaurodendron (three species) on the
Juan Ferndndez Islands. As well as displaying a remarkable
Afro-American disjunction, Plecfocephalus species grow at
the margins of regions considered to be the natural range of
Centaureinae. This subtribe originated at the edges of the
Mediterranean and Irano-Turanian regions, close to the
Caucasus {(Wagenitz and Hellwig, 1996; Susanna and
Garcia-Jacas, 2009). Its present distribution is mainly
Mediterranean and, to a lesser extent, Eurasian, with some
rare species extending as far as East Africa whilst
Rhaponticum australe {Gaudich.) Soskov occurs in Australia.
A few genera (Plagiobasis Schrenk, Russowia C. Winkl. and
Schischkinia 1ljin) reach as far as Middle Asia, but only the
genera Goniocaulon Cass. and Tricholepis DC. extend
beyond the natural geographical barrier formed by the high
peaks of Central Asia (Tien San, Himalaya and Hindu
Kush), reaching India and even Burma. Thus,
Plectocephalus varions has the distinction of being one of
the southermmost species of the whole subtribe in FEast
Africa, with Plectocephalus and Centaurodendron being the
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only mnative representatives of the Centaureinae on the
American continent (Susanna and Garcia-Jacas, 2009).

Disjunctions between African and South American taxa are
known to occur among the basal Compositae. This is contrary
to what is found here, in that South American genera from the
basal groups of the family have some African-derived repre-
sentatives (Ortiz et al., 2009). However, none of these
Afro-South American distributions includes North America,
where the basal branches of the Compositae are represented
by a single, monotypic genus, Hecastocieis A. Gray (Funk
and Hind, 2009). Other disjunctions that parallel the
Afro-North American disjunction of Plectocephalus are the
genera Dafisca L. and Planfage L. (Stebbins and Day,
1967, Styrax L. (Fritsch, 1996, 2001}, and the tribe
Betoideae of the Chenopodiaceae (Hohmann et al, 2006).
Should the relationships of Plectocephalus varians and the
American species be confirmed, there are two possible ways
of explaining this disjunction: (1} migration by continuous
range expansion through East Asia and the Bering Land
Bridge (BLB) as postulated for Dafisca and Plantago
(Stebbins and Day, 1967); or (2) long-distance dispersal, as
proposed by Raven (1972) for some Mediterranean—
Californian disjunctions and by Fritsch (1996, 2001) for
Styrax. If one takes into account the relatively young age of
the genus, estimated to be approx. 12 million years (cf.
Barres ef al., Botanic Institute of Barcelona, in prep.), the
hypothesis that a North-Atlantic migration took place, as
suggested for older floristic elements in the Paleogene, can
be disregarded (see Hohmann er al., 2006).

Defining the limits of the genus and identifying the ances-
tors of Plectocephalus is a critical and necessary step in deter-
mining the route by which this group migrated. In view of the
low resolution of basal branches of the subtribe achieved in
previcus analyses (Garcia-Jacas ef al., 2001, Hidalgo ef al.,
2006), the only possible approach is that of combined molecu-
lar analysis, including plastid and nuclear markers.
Consequently, information was collected from five different
regions [internal transcribed spacers (ITS) and external tran-
scribed spacers (ETS) as nuclear markers, and tml-timL-F,
rplj'Z-tmLUAG and ndhF as plastd markers) with the following
aims: (@) reaching a precise delineation of Plecfocephalus and
determining the systematic position of the African P. varians,
and the South American P. chilensis, Ceniaurea cachinalensis,
C. floccosa and C. tweediei; (b) verifying the relationships of
Centauredendron and Plectocephalus; (c) exploring the affi-
nities of Plecfocephalus within the basal genera of the
Centaureinae; (d) using this new molecular evidence to
improve our knowledge regarding the relationships of the
‘Basal Grade’ of the subtribe Centaureinae; and (¢) determin-
ing the putative routes of geographic expansion and the largest
area occupied by any native Cardueae.

MATERIALS AND METHODS
Plant material

The data set consisted of 178 accessions, including all the
basal genera in subtribe Centaureinae, with the only exceptions
of Karvandarina Rech. f. and Ochrocephala Dittrich (Susanna
and Garcia-Jacas, 2007). The sampling was primarily aimed so
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as to represent the taxonomic and geographical diversity of the
Plectocephalus group, for which the majority of the genomic
regions were sequenced for the first time. We were able to
sample only one of the three species of Centaurodendron.
However, the general consensus is that all three species attrib-
uted to this genus constitute a natural group that includes
monospecific Yurguea Skottsb., with the species Y. fenzii
Skottsh. now considered a synonym of Centaurodendron
tenzii (Skottsb.) Skottsb (Dittrich, 1977; Susanna and
Garcia-Jacas, 2007).

For the plastid data set, we targeted three regions: ndhF,
rpl32-rmLY4C and traL-trnl-F, which were sequenced for
40 species of Centaureinae. Some of the sequences of the
trmL-irnL-F region have previously been published, but the
protein-encoding ndhF region and rplj’Z-trnLUAG (including
a portion of the rpl32 gene and the complete rpl32-fral intet-
genic spacer) data are new. Nuclear regions were newly
sequenced for 12 (29 %, ITS) and 23 (65 %, ETS) of the
species studied.

The outgroup was chosen from representatives of the sister
clade of subtribe Centaureinae (Garcia-Jacas et al, 2002,
Susanna ef al., 20006). It included one species from the genus
Cousinia and one from Saussurea. Voucher data, source of
material and GenBank sequence accession numbers are
given in Table 1.

DNA extraction, emplification and sequencing

Total genomic DNA was extracted following the cetyltri-
methylammonium bromide (CTAB) method of Doyle and
Doyle (1987) and Cullings (1992} from silica-gel-dried
leaves collected in the field. In some cases, herbarium material
was used.

Nuclear ribosomal DNA (nrDNA) ETS and ITS region amplifica-
tion strategies. Double-stranded DNA of the ITS region was
amplified using ITS1 as the forward primer and [TS4 as the
reverse primer (White er al, 1990). The profile used for
PCR amplification followed the protocol described by
Susanma ef al. (2006). The ETS region was amplified with
ETS1F as the forward primer (Linder ef al, 2000) and
18SETS as the reverse primer {Baldwin and Markos, 1998).
In some cases, AST-1 and AST-2 were also used as internal
primers (Markos and Baldwin, 2001). The profile used for
PCR amplification was as described by Galbany-Casals ef al.
(2009). For both regions, reactions were performed in 25 L
volumes with 10% of 10x AmpliTaq buffer, 10% of
25 mm MgCls, 10 % of 2 mm dANTP mix, 4 % of each primer
at  Supym, O035pL  of DMSO  (dimethylsulfoxide;
Sigma-Aldrich, St Louis, MO, USA), 1 U of AmpliTaq
DNA polymerase {Applied Biosystems, Foster City, CA,
USA) and 2 L of template DNA of an unknown concen-
tration. This was made up to 25 pL using sterile, distilled
water.

Chioroplast DNA (cpDNA} amplification strategies. The trmL-F
region was amplified using the trnl-c, forward, and tenl-f,
reverse, primers (Taberlet er al, 1991). In some cases,
trnL-d, reverse, and tml-e, forward, were also used
(Taberlet ef al., 1991). The profile used for amplification of
this region was as described by Susanna ef al. (2006). The
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TaBLE 1. Species, origin of the materials, herbaria and GenBank accession numbers

Taxon Voucher Country traL-tmF  rpl32-trnl  ndhF ITS ETS
Acroptilon repens (L.) DC. Susanna 2046 (BC) UZB AY772268 JF754869 JF754831 AYS826223 DQ310989
Amberboa turonica Iljin Susanna 1643 (BC) IRN JF754753  JF754870 JF754832 AY012311, JF754783
AY012275
Callicephalus nitens (M. Bieb. ex Willd.) Susanna 1578 (BC) ARM  AY772281 JF754871 JF754833 AY826237 DQ310972
C. A Mey.
Centanrea cachinalensis Phil. Belov s.n. (BC) CHL JF754755 JF754872 JF754834 JE754804 JF754784
Centaurea floccosa Hook. & Am. Belav s.n. (BC) CHL JF754756  JF754873  JE754835 JF754805 JE754783
Centaurea tweediei Hook. & Aim. Demaiteis 43 & Gutiérrez (BC) ARG JF775384 JF775400 JF7753% JF775392 JF775388
Centaurodendron palmiforme Skottsh. Tobar s.n. & Arvedondo (BC) CHL JF754757  JF754874  JF754836 JE754800 JF754786
Centaurothamnus maximus (Forssk.) Molero s.n. (BC) YEM AYTT72301 JF754875 JF754837 AYE262359 DQ310971
‘Wagenitz & Dittrich
Cheirelophus mauritanicus (Font Quer) Romo 4617 (BC) MAR  AY772303 JF754876 JF754838 AY826261 DQ131087
Susanna
Cheirolophus teydis (C.Sm.) G.Lopez Susanna 1429 (BC) ESP AY772304 JF754877 JF754839 AY826262 DQ131052
Cousinig microcarpa Boiss. Susanna 2160 et al. (BC) KAZ AY772312 JF754878 JF754840 AYS826270 JE754787
Crupina crupinastrum Vis. Vilatersana s.n. (BC) ITA JF754762  TF754879 JF754841 JF754829, JF754788
JF754830
Crupina vulgaris Cass. Susanng 1813 (BC) ESP AY772320 JF754880 JF754842 AY826280 JF754789
Goniocaulon indicum CB.Clarke Fris s.n. et al. (K) ETH JF775385  JF775401 JF775397 JF775393 JF775389
Klasea coriacea (DC.) ] Holub Susanna 1558 (BC) ARM  DQ310892 JF754881 JF754843 DQ310926 DQ310965
Klasea serratuloides (DC.) Greuter & Susanna 1569 (BC) ARM  AY772334 JF754882 JF754844 AY826295 DQ310962
‘Wagenitz
Leuzea conifera (L) DC. Foni s.n. (BC) ESP AY772337 JF754883 JF754845 AY826298 JF754790
Mantisalca salmantica (L.) Briq. & Cavill. Susanna 1457 (BC) ESP JF754765 JF754884 JF754846 AY(012328, JF754791
AY012292
Myopordon ancheri Boiss. Carls s.n (BC) TRN AY772338 JF754885 JF754847 AY826299 DQ310977
Myopordon persicurm Boiss. Remandieri s.n. (BC) IRN DQ310898 JF754886 JF754848 AYE826301 DQ310976
Oligochaeta divaricate K. Koch Susanna 1583 (BC) ARM  AY772344 JF754887 JF754849 AYS826306 DQ310973
Phalacrachena calva (Ledeb.) Tljin Tipsgka s.n. (LE) KAZ JF754767 JF754888 JF754850 JF754815 JF754792
Phalacrachena inwloides (Fisch.) Tljin Romaschenko 402 & Didukh (BC) TUKR JF754768  JF754889 JF754851 JF754816 JF754793
Plagiobasis centauroides Schrenk Susanna 2130 (BC) KAZ DQ310887 JF754800 JF754852 AY826312 DQ310956
Plectocephalus americanus D.Don Quayle 765 (TEX) USA JF754769  JF754891 JF754853 JF754817 JF754794
Plectocephalus chilensis G.Don ex Loudon Jardi Botanic de Barcelona s.n. CHL JF775386  JF775402 JF775398 JF775394 JF775390
(BC)
Plectocephalus rothrockii (Greenm.) Hiert s.n. (TEX) USA JF754770  JF754892 JE754854 JE754818 JF754795
D.J.NHind
Plectocephalus varions (A Rich)) Cleffrey in  Ortiz s.n. & Vivero (BC) ETH TF775387  JF775403  JF775399 JEF775395 JF775391
Cufod.
FPsephellus persicus (DC.) Wagenitz Susanna 1716 et al. (BC) IRN AY772352 JF754893  JF754855 AYE826316 DQ310957
Psephellus pulcherrimps (Willd.) Wagenitz Susanna 1492 et al. (BC) ARM  AY772353 JF754894 JE754856 AYS826317 DQ310958
Rhoponticoides hajastana (Tzvelev) Susanna 1587 et al. (BC) ARM  AY772279 JF754895 JF754857 AY826235 DQ310959
M.V.Agah. & Greuter
Rhaponticoides iconiensis (Hub.-Mor.) Ermugrul 1761 (BC) TUR DQ310889 JF754886 JF754858 D(Q310923 DQ310960
M.V.Agab. & Greuter
Rhaponticum acaule DC. Moniserrar 2331 er al. (BC) DZA AYT772369 JF754897 JF754859 AY826334 DQ310995
Russowia sogdiana B.Fedtsch Kamelin s.n. (LE) TIK JF754775 JF754898 JF754860 AY826320 JF754796
Saussurea maximowiczii Herder Kanagawa Prefect. Ofuna Bot. IPN AY772359 JF754899 JF754861 AYS826324 JF754797
Gard. sm. (BC)
Schischkinia albisping (Bunge) Iljin Botschanizev 827 (LE) TKM  AY772360 JF754900 JF754862 AY826325 JF754798
Serrarula coronaia L. Vienna Univ. Bot. Gard. s.n. (BC) AUT AYT772362 JF754901 JF754863 AYS826327 DQ310961
Stizolophus baisamita (Lam.) Cass. ex Takht.  Susanna 1547 et al. (BC) ARM  AY772371 JF754902 JEF754864 AY826336 JF754799
Stizolophus coronopifolins Cass. llarslan 4303 (ANK) TUR AY772372 JF754903 JF754865 AY826337 DQ310955
Tricholepis tibetica Hook f. & Thomson ex Niisser 1055 (B) PAK JF754780 JF754904 JF754866 AY826341 JF754800
C.B.Clarke
Volutaria crupincides (Desf.) Maire Vogt 11075 & Oberprieler (B) MAR  AY772379 JF754905 JF754867 AYS826344 -
Zoegea leptourea L. Susanna 1704 et al. (BC) IRN AY772383 JF754906 JF754868 AY826349 JF754801

Country codes follow 18O A3 standard. An dash indicates a region that was not sequenced.

rplj'Z-.tmLUAG intergenic spacer was amplified with the
primers rpL32F as forward and trnl-UAG as reverse (Shaw
et al., 2007) with the following termocycler settings: 4 min
denaturing at 94 °C, followed by 35 cycles of 60 s denaturing
at 95 °C, 90 ¢ annealing at 54 °C and 2 min extension at 72 °C,
with an additional final step of 10 min at 72 °C. The major part
of the ndhF encoding region was amplified using a set of four

primers. The 5" end portion of the gene was not used in analy-
sis because of its low substitution level (Kim and Jansen,
1995). Overlapping sequence fragments were obtained by
amplifying the 3’ end portion of the gene in two pieces. For
the 5 quarter, we used 3'F as forward primer (Eldenas ef al.,
1999y and 1783R (R. Vilatersana, Botanic Institute of
Barcelona, pers. comm.) as reverse primer. For the 3
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quarter, we used 1626F (R. Vilatersana, Botanic Institute
of Barcelona, pers. comm.) as forward primer and +607
(Kim and Jansen, 1993) as reverse primer. The profile for
amplifications was used as in Kim ef al. 2002. The PCRs
were performed following the protocol used for the nuclear
regions, but with the addition of 2-5 pL of 400ng plL !
BSA (bovine serum albumin; New England Biolabs,
NE, USA).

nrDNA and ¢cpDNA sequencing strategies. Plastid and nuclear
PCR products were purified using a QlAquick PCR
Purification Kit (Qiagen Inc., Valencia, CA, USA). Direct
sequencing of the amplified DNA segments was performed
using a BigDye Terminator Cycle Sequencing v3.1 kit
{Applied Biosystems) in accordance with the manufacturer’s
recommended protocol. Nucleotide sequencing was performed
at the ‘Serveis Cientifico-Técnics’ of the University of
Barcelona on an ABI PRISM 3100 DNA Analyzer (Applied
Biogystems).

Phylogenetic analyses

Sequences were aligned visually by sequential pairwise
comparison (Swofford and Olsen, 1990). The data matrices
are available on request from the corresponding author.
A graphical representation of the changes in sequence diver-
gence for all the data sets was constructed using the Jukes—
Cantor value, as implemented in PAUP. Eight data sets were
prepared and analgsed: ITS, ETS, combined ITS-ETS,
ndhF, rplj'Z-tmLUA , trul-F, combined plastid and combined
ETS-—plastid regions.

Maximum parsimony and Bayesian analysis were used to
infer phylogeny. The maximum parsimony analysis was con-
ducted in PAUP* 4.0b10 (Swofford, 2002). A heuristic
search was performed employing the tree-bisection and recon-
nection (TBR} branch-swapping algorithm. The bootstrap stat-
istical support was calculated using 1000 replicates and ten
random addition sequences per replicate. The majority rule
consensug tree of the 1000 resulting best trees found for each
bootstrap reweighed data set was constructed. Bootstrap
support (BS) wvalues of 90 — 100 % were interpreted as
strong support.

Bayesian posterior probabilities (PPs) were estimated using
MrBayes v3-1-2 (Huelsenbeck and Reonquist, 2001; Ronquist
and Huelsenbeck, 2003). The evolutionary models for separate
regions and combined data sets were selected using jModeltest
{Posada, 2008). The maximum likelihood parameters were
specified according to the Akaike Information Criterion
{AIC). The plastid data set and combined ETS—plastid data
sets were partitioned according to the number of regions in
use, and the relevant substitution models were applied for
each partition {Table 2). The extent of rate variation across
sites for individual data partitions and for the combined data
set was estimated by the shape parameter of the gamuna distri-
bution {o). The results of partitioned runs were tested against
the Bavesian analyses of the combined sets according to the
single model of substitution. The ITS data set was analysed
separately.

Each Bayesian analysis was initiated with random starting
trees and was run for 1 million generations with sampling
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frequency of trees set at the 100th iteration. For all analyses,
the variance of split sequences was <C0-01, which indicated
convergence of chains (Huelsenbeck and Ronguist, 2001).
The fraction of sampled values discarded as burn-in was set
at 0-25. Posterior probabilities of 0-95 — 1-00 were considered
statistically significant.

A partition homogeneity test [incongruence length differ-
ence (ILD); Farris et al. (19954, b)] implemented in PAUP
v. 4-.0b10 (Swofford, 2002} was carried out to verify the con-
gruence of plastid and nuclear data sets. The P-value (adjusted
at <<0-01} was scored after 1000 replications run for two estab-
lished partitions excluding uninformative characters and using
heuristic search and random addition of sequences. In addition
to the ILD test, the topologies obtained from the separate
analyses were examined in order to detect any contradictory
placement of taxa.

RESULTS

The topology of the trees obtained for separate regions by
maximum parsimony and Bayesian approaches, respectively,
was consistent. Therefore, only Bayesian majority-rule consen-
sus trees are shown, with Bayesian PPs and parsimony BS
added to the branches. With the exception of the ITS data,
the phylogenetic analysis of the remaining regions revealed
similar relationships for major groups. The ITS strongly sup-
ported a different placement for several annual species of
interest belonging to the genera Schischkinia, Stizolophus
and Zoegea L. compared with that shown by plastid and
ETS data. The ILD test also indicated significant incongruence
between the data sets of [TS and the remaining regions.
Therefore, only plastid and ETS regions were used in combi-
nation, while the ITS data were processed separately. The
value of the garmuna shape parameter varied from 0-17 to
0-68 for the separate regions, which indicated substantial rate
variation among sites in our data. The partitioned runs of the
combined data sets under specified substitution models for
each DNA region strengthened support for several crown
nodes, as compared with searches made using the single
model of substitution. The summary of the phylogenetic ana-
lyses of TS, ETS, rpl32-tmL ", frul-F, ndhF and combined
data sets is given in Table 2. Two trees are shown: ITS alone
(Fig. 1) and combined ETS—plastid regions (Fig. 2). Sequence
divergence rates among the species studied are detailed in
Fig. 3.

In the combined ETS-plastid analysis (Fig. 2), the
Velutaria Cass. group includes Schischkinia with strong parsi-
mony BS and the highest PP value (BS = 98 %; PP = 1-00).
This clade is sister to the remaining taxa representing basal
Centaureinae. Within the Voluiaria group, there are two
supported clades. The first includes Gomiocaulon and
Tricholepis (BS = 100%; PP = 1-00), whereas the second
comprises  Amberboa  Vaill., Plagiobasis, Russowia,
Schischkinia and Voelutaria (BS = 60 %; PP = 0.97).

The crown node for the clade of basal Centaureinae received
good support (BS = 95 %; PP = 1.00). However, relationships
among the main groups in this clade remain poorly resolved,
forming a general trichotomy. It includes a strongly supported
clade of two species of Cheirolophus (BS =100 %; PP =
1-00}, another equally supported clade (BS = 100%; PP =
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z o) 1-00) which encompasses Rhaponticum (including former
f‘_ + Acroptilon Cass. and Leuzea DC.), Myopordon Boiss. and
= R e E o Oligochaeta (DC.} K. Koch., and a third clade containing
2l cgagdingid E = the remaining taxa which has a high PP value (1-00), but no
[ SR IR e e R e e e o0

statistically significant BS. Consequently, the latter clade
encompasses four subsumed clades which separate in the fol-
lowing order. (1) The clade with a high PP value (1-00) but no
BS support which includes Callicephalus, Centaurothamnis
Wagenitz & Dittrich, Klasea Cass., Mantisalca and Serratula
L. ag sister to the joint clade (BS = 87 %; PP = 1-00) of the
remaining Centaureinae. (2) The well-supported clade
(BS = 100 %; PP = 1-00) of several species of the genera
Centaurodendron, Plectocephalus and three South American
species hitherto included in the genus Centaurea
- (C. cachinalensis, C. floccosa and C. tweediei). In this clade,
the representatives of the Plecfocephalus group are placed in
two equally strongly supported clades (BS = 100 %; PP =
1-00}. In the first, P. varians is sister to a moderately supported
clade (BS = 81 %; PP = 0-54) that contains FP. americanits,
P. rothrockii and C. tweediei, while the second clade includes
o Ceniaurodendron palmiforme Skottsb. as sister to a strongly
& g BHE ; ° supported clade (BS =100%; PP=1-00) comprising
- - by P. chilensis, C. cachinalensis and C. floccosa. {(3) The unsup-
ported joint clade (BS = 61 %; PP = 0-69) includes a strongly
supported clade (BS = 100 %; PP = 1.00) of two species of
Stizolophus, as well as a moderately to strongly supported
o clade (BS = 71 %; PP = 1.00) that contains the five remaining
ogwow ot genera: Crupina, Phalacrachena, Psephellus, Rhaponticoides
HEZRZE E = and Zoegea. Bach of the four genera, Crupina,
=3 Phalacrachena, Psephellus and Rhaponticoides, is represented
by two species placed in separate well-supported clades (BS =
100 %; PP = 1.00). On the whole, the taxa are arranged in
three cognate, phylogenetic groups: the Zoegea—Psephellus
W group with strong support for the joint clade (BS = 96 %;
T PP =100}, the Rhaponticoides group and the Crupina—
< Phalacrachena group (BS=96%; PP =1.00). Of these
= groups, Rhaponticoides is rendered sister to the Cruping—
Phalacrachena group, with virtually no statistical support
(BS = 62 %; PP = 0-92).
The topology resulting from ITS analysis (Fig. 1) mainly
differs from that obtained from combined plastid and com-
3 bined ETS-plastid analyses in the placement of the annuals
S2ILELEE Schischkinia, Stizolophus and Zoegea, which in the ITS tree
are, in turn, sisters to the entire clade of the basal Centaureinae.

Plastid
3026
172

7

tml-F
816
32
102
0-
0.
0-
0-
0-
0-
TP

Fpl32-trnl
1086
273

ndhF
1277

ITS
650
181
759

5059
4941
415
585
5318
2691
SYM

ETS

522
202
806

DISCUSSION

Taxonomic implications

TasBLE 2. Phylogenetic characteristics of the four plastid regions, ITS, ETS and combined regions used in the study

Delineation of Plectocephalus. Monophyly of Plectocephalus,
including African P. varians, North American P. americanius
and P. rothrockii, together with South American Centaurea
cachinalensis, C. chilensis, C. floccosa and C. fweediel,
could be confirmed, were it not for the position of
Centaurodendron, deeply nested in the clade formed by the
perennial species of the group (Figs 1 and 2). If
Ceniaurodendron is recognized as a separate genus on molecu-
lar  grounds, then Plectocephalus remains paraphyletic.
Nevertheless, there are some arguments against incorporating
Cenfaurodendron in Plectocephalus. First, the position of

Number of parsimony-informative characters

Tree length
HI excluding uninformative characters

CI excluding uninformative characters
Retention index (RI)

Consistency index (CI)

Homoplasy index (HI)

Rescaled consistency index (RC)
Akaike Information Criterion (AIC)
Gamma shape parameter ()

Total characters
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Fis. 1. Majority-rule consensus tree based on Bayesian MCMC analysis of the ITS region. Numbers above branches are parsimony bootstrap percentages (BS);
numbers below branches are Bayesian posterior probability values (PP). Colour codes of geographical distribution according to Funk et ol (2009).

Centaurodendron within the clade of perennial species from
Chile might reflect the peculiarities of genome evolution that
are associated with perennial vs. annual life cycles, as will
be discussed below. Secondly, the morphological differences
that exist between Centaurodendron and Pleciocephalus are
substantial and are not limited solely to the habit (Parra,
1969-70). There are also differences in geographic distri-
bution between Chilean Plectocephalus and
Centaurodendron, In that the latter is a small tree characteristic
of the Fernandezian Floristic Region, while species of
Plectocephalus from Chile belong to the Northern and
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Middle Chilean Provinces (Takhtajan, 1986). Finally, the
case of Centaurodendron is a timely example of the unwanted
consequences of a strict cladistic interpretation of paraphyly in
endemics from oceanic archipelagos as discussed by Horandl
and Stuessy (2010). When dealing with genera that are down-
graded to species because of paraphyly, they pointed out: “The
loss of endemic generic [...] status, however, greatly lowers
their conservation importance. When one multiplies this
result in oceanic islands worldwide, the decrease in island
endemism at the generic level declines substantially. One
has to question the advisability of this approach, particularly
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Frg. 2. Majority-rule consensus tree based on Bayesian MCMC analysis of the combined 3’ ETS and plastid regions. Numbers above branches are parsimony
bootstrap percentages (BS); numbers below branches are Bayesian posterior probability values (PP). Colour codes are according to Funk et al. (2009).

because the reason the taxa have been treated as good genera
in the first place is because they are highly morphologically
divergent from their continental relatives.” We must conclude
that it is preferable to keep Centaurodendron as an indepen-
dent genus.

All analyses confirm that Plecfocephalus should also
include African and South American species formerly

assigned to Centaurea. Consequently, adequate nomenclatural
combinations are proposed (see Appendix 1). However,
relationships within the genus are difficult to explain. The
combined molecular phylogeny defines two clades: the first,
containing the annual species P. americanus, P. rothrockil,
P. tweediei and P. variagns (Fig. 2}, and the second, the
shrubby perennials Centaurea cachinalensis, C. floccosa, and
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F1s. 3. Graphic of the sequence divergence (Jukes—Cantor coefficient) calculated for all the sequenced regions. “A’ indicates an annual species.

Plectocephalus  chilensis, as well as the arborescent
Centaurodendron. If one accepts this result as reflecting true
phylogenetic relationships, then one must also accept that
two different dispersal events from North to South America
must have occurred, the first giving rise to P. fweediei, and
the second to the remainder of the species found in Chile
and Juan Fernandez. However, the most-parsimonious expla-
nation is the occurrence of a single colonization event from
North America. Based on our results, it is difficult to decide
between these two hypotheses, but the character of the
groups defined within the clade Plecfocephalis—
Centaurodendron (see above) makes us suspect its artefactual
nature. In this case, a single introduction would be the most
plausible explanation.

The affinities of Plectocephalus

Our results show Plectocephalus to be part of an unsup-
ported polytomy, together with two other clades (Fig. 2): the
first contains the genus Stizolophus, whereas the other is a
moderately supported clade, containing the genera Cruping,
Phalacrachena, Psephellus, Rhaponticoides and Zoegea.
Based on strict morphological grounds, the only genera
to share some similarities with Plectocephalus are
Phalacrachena (especially the achenes) and Psephellus (in
particular the sterile florets). Further studies are necessary to
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confirm which genus is the most closely related, but our
results indicate that Plectocephalus belongs to an assemblage
of genera that share an Eastern—Mediterranean and
Irano-Turanian distribution (Fig. 2). The only exceptions are
the circum-Mediterranean colonizing species of Crupina.
However, Crupina is sister to the Siberian Phalacrachena
with high statistical support, suggesting that it too could
have had an eastern origin, as previously proposed by
Garnatje et al. (2002).

The sister group of the Centawreinae: do annuals frustrate
ITS analyses?

The results presented here show topeological modification of
the previous phylogeny with regard to the basal clade of
Centaureinae, and this deserves further discussion.

A previous survey of Centaureinae (Garcia-Jacas ef al.,
2001) identified the monotypic genus Schischkinia as sister
to the rest of the subtribe (Fig. 4). Other successive sisters
included two small genera, namely Zoegea (four species)
and Stizelophus (two species). [TS analysis presented here
yielded a similar phylogeny (Fig. 1). The only character
shared by these three genera is their annual habit, and, there-
fore, it is possible that their presumed position is, in fact,
incorrect (Garcia-Jacas er al., 2001; Susanna er afl., 20006;
Susanna and Garcia-Jacas, 2007, 2009). On morphological
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Fro. 4. Strict consensus tree resulting from the ITS analysis of the subtribe Centawreinae by Garcia-Jacas er al. (2001).
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grounds, there are no plesiomorphic characters to support this
position. Other cases of annual species being placed in a basal
position in the ftribe Cardueae are discussed in
Lépez-Vinyallonga et al. (2009).

The addition of plastid regions (ndhF, rpi32-rrnl."4¢ and
frnl-F) strongly suggests that a difference in life cycle is the
cause of the basal position of Schischkinia, Zeegea and
Stizolophus. Schischkinia is nested within the Voluzaria group,
a complex of seven genera (Susanna and Garcia-Jacas, 2007,
2009) now defined as the basalmost group in the Centaureinae.
Zoegea is currently considered sister to Psephellus Cass., a
genus found in Anatolia, the Caucasus and northern Iran.
Stizolophus appears to be unrelated to any genus, but is well
nested within the Centaureinae, and distant from the basal
branches (Fig. 2). These relationships and other unexpected
associationg, such as the link that exists between Crupinag and
Phalacrachena (Fig. 2), need to be reviewed on morphoelogical
and palinological grounds. However, this lies beyond the
scope of the present paper. Even so, the present results
confirm the aberrant position of some annuals in phylogenetic
reconstructions, and this phenomenon has been much discussed
in recent years. Ainouche and Bayer (1999), Andreasen and
Baldwin (2001}, Smith and Donoghue (2008) and Smith and
Beaulieu (2009), as well as many others, speculated that plant
lineages with longer generation times, as a general rule, have
lower molecular evolution rates than lineages with shorter
generation times. This is surely true for the three genera whose
position has been so difficult to explain in previous studies, no
doubt because of the high sensitivity of the ITS region to differ-
ences in the life cycle (Aiouche and Bayer, 1999; Andreasen
and Baldwin, 2001).

The most sensitive region is the ITS, with a divergence rate
ranging from 0-035 to 0-13 (Fig. 3). The ETS is also sensitive
to the annual habit and shows a steep divergence peak for
some annuals, the difference between maximum and
minimum divergence being less marked. However, sensitivity
to the different life cycles is not limited to raw divergence:
Two of the misplaced genera, Stizolophus and Zoegea, are
placed in the middle range of divergence (Fig. 3), and
annual species of Plectocephalus that form a group, here sus-
pected to be artefactual (see above), occur interspersed among
perennial species. This suggests that difficulties relating to the
placement of these annuals on the basis of ITS sequences
cannot be attributed to raw divergence, but that other processes
must be involved in the molecular evolution of anmuals.
Long-branch attraction, a frequent problem in parsimony
analysis and less evident in Bayesian approaches {Swofford
et al., 2001), could also be responsible for some of the
unwanted results of ITS analyses. It is significant that the
retention index for the ITS analysis is the lowest of all data
sets, while the homoplasy index is the highest (Table 2).

This deficiency of ITS lends support to other criticisms
relating to the widespread and automatic use of this marker
(sensitivity to reticulation and proclivity to lineage sorting
following biased concerted evolution; see Nieto Feliner and
Rossello, 2007). As suggested by Alvarez and Wendel (2003},
ITS should always be used in combination with other markers,
and workers should be fully aware of the limitations and
deficiencies of this particular region. Based on our results, we
recommend that the use of ITS should be carefully weighted
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for phylogenetic reconstruction when working with plants
having different types of life cycle (annuals vs. perennials).

Evolution of life cycles within the group is also of interest.
Species of the Plecfocephalus group are either annual
(P. americanus, P. rothrockii, C. tweediei and P. varians)
or perennial (Centaurea cachinalensis, C. floccosa,
Centaurodendron sp. pl. and Plectocephalus chilensis).
Ancestral taxa for the group are likely to be perennial, as
this is the ancestral state for all genera of Cardueae, a tribe
derived from shrubby African ancestors of subfamily
Carduoideae (Ortiz ef al., 2009). Significantly enough, the
most likely ancestors for subtribe Centaureinae (Cousinia,
Jurinea and Saussurea) include mainly perennial species:
there are only four annuals in total for these three genera
that together sum >1000 species (Susanna ef al, 2006,
Susanna and Garcia-Jacas, 2007). Evidence that annual
species developed only recently in the Plectocephalus group
is based on low divergence rates (Fig. 3). While most annual
species of other genera are grouped together at the right end
of the graphic and show high levels of divergence, in contrast
all the annual species of the Plectocephalius group are found at
the other end of the range. It is thus interesting to note the affir-
mation made by Hind (1996) that the two North American
species of Plectocephalus can be facultatively annual, biennial
or perennial, a striking case of phenotypic plasticity that
reinforces the hypothesis that the annual life cycle was recently
adopted by species of this genus. The development of the
arborescent habit in Centaurodendron is yet another example
of a very rapid response to island habitats (Crawford er al.,
1692). In fact, the Juan Fernindez Islands are very young,
the oldest being only 4 million years old (Stuessy et al., 1984).

In brief, perennial ancestors of Plectocephalus developed
an annual life cycle, probably in response to climate change;
but, in more stable conditions, they reverted to the perennial
life cycle.

The migration of Plectocephalus

Susanna and Garcia-Jacas (2007, 2009) have suggested that
Centaureinae originated at the boundaries of the Mediterranean
and Irano-Turanian regions (Caucasus and Northern [ran).
Since the affinities of Pleciocephalus lie with Eastern—
Mediterranean and Trano-Turanian groups, the occurrence of
Plecfocephalus varians in Ethiopia is likely to be due to the
migration of more boreal ancestors. This is alse known to
occur in another rare species of the subtribe that grows in
East Africa, namely Ochrocephala imatongenis (Philipson)
Dittrich, which belongs to the mostly FEurosiberian
Rhaponticum  group (Hidalgo et al., 20006). Taking mto
account the Caucasian or north-Irano-Turanian origin of
Plectocephalus, its disjunction parallels that of two of the
best smdied examples to date, namely subtribe Betoideae of
the Chenopodiaceae (Hohmann et al, 2006} and the genus
Styrax (Fritsch, 1996). A discussion of the two possible
hypotheses for the origin of American Plectocephalus,
namely long-distance dispersal or migration (in the sense of
continuous range expansion), now follows.

Long-distance dispersal was the preferred hypothesis for
Styrax (Fritsch, 1996), not just based partly on Axelrod’s
(1975) strong opposition to migration, but also because only
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a frost- and drought-tolerant ancestor could travel through the
cold latitudes between Caucasus and Beringia. If the migration
of this ancestor was as hypothesized, then it is also possible to
speculate about its extinction. Despite the objections of Fritsch
(1996), extinction of intermediate populations is supported by
other disjunctions between North America and the
Mediterranean. The Filago group {Compositae, Gnaphalieae)
is a case in point. According to Ward er al (2009) and
Galbany-Casals ef al (2010), species of this group are
mostly annuals that are adapted to xeric or high-mountain
habitats. The Filage group has a Mediterranean distribution
extending eastwards to Central Asia, with another centre of
speciation in the south of the USA (California, Texas and
Arkansas) and north of Mexico (Stebbins and Day, 1967).
Thus, the most plausible explanation for this distribution is a
continuous range expansion from Central Asia to North
America via the BLB, followed by the extinction of landmark
species in Far East Asia. This could also be the case for
Datisca (Liston ef al., 1992) distributed throughout the East
Mediterranean, Central Asia and North America, as well as
the tribe Betoideae (Hohmann ef al., 2006).

Ever since Stebbins and Day (1967) suggested the existence
of such a corridor, the possibility that species from xeric habi-
tats were able to cross Central and East Asia on their way to
the BLB has been much debated. The presence of two
species of the genus Phalacrachena (assigned to subtribe
Centaureinae} in Siberia indicates that this expansion was, at
least to some extent, possible. Distribution of Phalacrachena
cannot be considered direct evidence for migration by way
of Siberia to North America because, despite some
morphological similarities {especially the achenes), a close
relationship between Phalacrachena and Pleciocephalus is

not supported by molecular analyses. Nevertheless,
Phalacrachena does still provide indirect evidence. Close
examination of the leaves of Phalacrachena and
Pleciocephalus reveals the presence of many sessile glands.
These are frequent in many North American desert plants,
and occur as critical adaptations to xeric habitats, since they
greatly increase the reflectance capacity of leaves
(Ehleringer, 1984). This same role has also been suggested
for sessile glands in Mediterranean taxa such as Origanum
L. (Kokkini ef al, 1994). The presence of glands in
Phalacrachena, together with its somewhat incrassate leaves,
demonstrates that this genus belongs to a stratum of xero-
morphic plants that has had the opportunity to migrate in a
north-easterly direction (Fig. 5). Other examples of xeric
taxa that migrated in the same way are cited by Yurtsev
(2001) and, as previously stated, the case for the Filago
group is very convincing {Galbany-Casals ef al, 2010). The
hypothesis for a corridor that allowed the migration of xero-
phytes via East Asia is increasingly supported, despite being
on a very different time scale from the Palaeogene suggested
by Stebbins and Day (1967).

The hypothesis that migration occurred via the BLB is also
supported by the time framework. Ags for Betoideae (Hohman
et al, 20006), separation of Plectocephalus from the basal
Centaureinae occurred no later than the middle Miocene
[approx. 12 million years ago {(Mya), cf. Bamres er al.,
Botanic Institute of Barcelona, in prep.], and this agrees with
the time scale proposed for the period when the BLB was
most used as a migration corridor (Marincovich and
Gladenkov, 1999).

Within this time scale, the event that triggered the processes
of extinction, transformation and migration of Pleciocephalus

F cachinalensis
P, chilensis
P floccosus

Fro. 5. Geographic distribution of the genera Centanrodendron and Plectocephalus. Arows indicate the hypothesized migration route with possible dafes.
Mya = million years ago.
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may have been the Messinian Salinity Crisis (MSC), which
reached its zenith at about 3.3 Mya (Rogl, 1998, 1999
Suc and Popescu, 2005). The date of 5-5 Mya is also generally
regarded as the period when the BLB closed, and it is possible
that the migration of Plectocephalus also took place at about
this time. The BLB then reopened approx. 2-4 Mya
{Ogasawara, 1998) and, thus, it is equally possible that coloni-
zation could have happened then. However, there is an
argument that favours the date of approx. 6-3 Mya.
Environmental transformations triggered by the MSC (and
emanating outwards from the Mediterranean region) may
have resulted in the front-line migration of some plant
species. These followed the edges of the drastically changing
and expanding climatic zones, and it is assumed that the
latter provided conditions that favour annual forms of
Plectocephalus. Had a later migration taken place during the
intermittent reopening of the BLB, then it would have been
necessary for representatives of this genus to survive in
some of the East Asian Tertiary refuges for a period of
approx. 3 million years. If this is so, then one would expect
some species of the group still to grow in Far East Asia,
much like three other genera of tribe Cardueae: Atractylodes
DC. and Synurus Iljin in Korea and Japan, and Trichelepis
in Burma (Susanna and Garcia-Jacas, 2009).

The emergence of the Panamanian Land Bridge (Isthmus of
Panama} 3—3-5 Mya (Webb, 1991; Graham, 1992; Coates and
Obando, 1996) dramatically changed the climatic condition of
both Americas. The Pliocene climate was much cooler than
that of the Late Miocene, with more conspicuous seasonal
changes and ecological zonality (Pascual ef al, 1996).
Additionally, the final phase of the Andean orogenesis pro-
duced a rain-shadow effect that resulted in the establishment
of extremely xeric conditions (Pascual er @l., 1996). At the
time when the two Americas were connected, the savannah—
grassland environments were predominant on both sides of
the Isthmus of Panama, and this facilitated the first phase of
the Great American Biotic Interchange (Pascual er al., 1996,
Webb and Rancy, 1996; Koepfli ef al., 2007). It is assumed
that this was the time when the annual ancestors of the
medern branch of the South American Plectocephalus and
Centaurodendron migrated via the Isthmus of Panama. The
alternative explanation {an earlier migration involving long-
distance dispersal) is less plausible for the following
reasons: {1) the probability that species became established
in a totally new environment through long-distance dispersal
is very low (Nathan, 2006); and (2) in the late Miocene,
most of South America was covered by flooded plaing, while
elevated territories were occupied mostly by tropical forests.
The first appearance of C4 grasses in the diet of grazing
animals as indicators of xerophytization in response to the
climate occurred no earlier than 6-5 Mya and became wide-
spread by 3-9 Mya, ie. by the time the Isthmus of Panama
closed (McFadden et al, 1996). The xerothermic habit of
Plectocephalus would be inconsistent with the supposed
new environment, even if seed were successfully transported
by birds.

Therefore, the expansion of Pleciocephalus to South
America can be dated to the time when the latter was still con-
nected to North America and the subsequent establishment of
an arid environment throughout the territory of migration.
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However, the increasing zonality and complexity of the devel-
oping Pliocene climates presented new challenges to the adap-
tive capacity of Plectocephalis. This time, it resulted in new
transformations in response to, and as adaptations to new
environments. These included the perennial habit and finally,
the arborescent habit.

An outline of the speculated pathway and dates of migration
of Plectocephalus, from its place of origin to East Africa, East
Asia, North America and South America, is presented in
Fig. 5.

Concluding remarks

The study of Plectocephalus confirms that it is a natural
genus comprising African (P varians), North American
(P. americanus and P. rothrockil) and South American
(P. cachinalensis, P. chilensis, P. floccosus and P. tweediei)
species. We have confirmed that the genus Centanrodendron
from Juan Femindez Islands derived from the genus
Plectocephalus from continental Chile in a fine example of
budding. The group made an astonishing journey, from the
Caucasus to Africa and to North America, South America
and finally to the Juan Ferndndez Islands. The results presented
here support the existence of a migration route for
Mediterranean xerophilous taxa via Beringia. This is supported
by other cases that together indicate the late Miocene as the
most plausible time for the opening of this pathway. Finally,
this study stresses the importance of using plastid and
nuclear DNA regions in combination for inferring the phyloge-
nies of groups with different life cycles. In the case of the
basal Centaureinae, a study using the nuclear marker ITS in
combination with two plastid markers resulted in an incorrect
phylogeny. This is most likely because molecular evolution in
annuals differs from that of perennials and because ITS are
extremely sensitive to such differences.
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APPENDIX

Plectocephalus cachinalensis (Phil.) N. Garcia & Susanna,
comb. nov.; basienym: Cenfaurea cachinalensis Phil., Flora
Atacamensis: 34. 1860.

Plectocephalus floccosus (Hook. & Arn) N. Garcia &
Susanna, comb. nov.; basionyn: Centaurea floccosa Hook. &
Arn., Companion to the Botanical Magazine 1: 110. 1835.

Plectocephalus tweediei (Hook. & Arn.) N. Garcia &
Susanna, comb. nov.; basionym: Centaurea tweedieii Hook.
& Arn., Companion to the Botanical Magazine 1: 110. 1835.
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