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INTRODUCCIO GENERAL

1. Vitamina E

1.1. Descobriment i estudi

L’any 1922, el Dr. Herbert McLean Evans 1 la Dra. Katharine Scott Bishop van
descobrir un factor essencial en la dieta de ratolins que influenciava la fecundacio.
Sense aquest, els ratolins eren esterils, no obstant, la fertilitat es podia restablir si a
la dieta s’incloien fulles d’enciam o fulles seques d’alfals, fet que els va fer pensar
que es tractava d’algun tipus de vitamina. Al descartar les vitamines A, B 1 C com
a responsables, van denominar aquest factor dietari com a “X” (Evans & Bishop,
1922), 1 no va ser fins I’any 1925 que el van anomenar vitamina E (Combs, 2012).
L’any 1936 es va aillar aquesta vitamina per primer cop a partir de I’oli del germen
del blat, proposant el nom d’a-tocoferol (Evans ef al., 1936), el qual prové de les
paraules gregues tokos, que significa “donar a llum”, 1 phérein, “per fer né€ixer”; i
el sufix —ol es va afegir per indicar la seva natura alcoholica. EI 1938 es va elucidar
la seva estructura 1 es va sintetitzar per primer cop (Fernholz, 1938; Karrer et al.,
1938) perod no va ser fins al 1966 que es va associar amb una propietat antioxidant
(Epstein et al., 1966). Des de llavors s’ha estudiat ampliament el paper d’aquesta
vitamina en humans 1 animals, la qual té una funci6 important en la salut. Entre
d’altres, la vitamina E redueix els nivells de colesterol (Qureshi et al., 1986),
inhibeix el creixement de cel-lules cancerigenes 1 prevé malalties cardiovasculars
(Lumpur, 1999; Pryor, 2000). Posteriorment es va comengar a estudiar la funcio
d’aquesta vitamina a les plantes. Tot 1 que en aquest organismes no €s un factor

dietari, s’ha mantingut el terme de vitamina E.

1.2. Estructura quimica i classes

L’estructura quimica fonamental de la vitamina E, aixi com les seves propietats
antioxidants, van ser estudiades per Kamal-Eldin & Appelqvist (1996). La
vitamina E es divideix en dos grups, els tocoferols 1 els tocotrienols. Tots ells son
molecules lipidiques amfipatiques que comparteixen una estructura basica comuna,

que consisteix en un cap cromanol polar, format per un anell fenolic 1 un

3
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d’heterociclic, 1 una cua poliprenil hidrofobica de 13 carbonis. Ambdues formes de
vitamina E es diferencien, en 1’estat de saturacio de la cadena isoprenoide. Mentre
que els tocoferols es caracteritzen per tenir la cua totalment saturada derivada del
fitil difosfat (PDP, sigles provinents de 1’anglés per a phytyl diphosphate), la cua
dels tocotrienols disposa de tres dobles enllacos (¢rans) a les posicions 3, 7> 1 11’
que deriva del geranilgeranil difosfat (GGDP, sigles provinents de 1’anglés per a
geranylgeranyl diphosphate). 1’adquisici6 de dobles enllagos genera diferents
estructures d’aquestes cadenes: mentre la cua dels tocoferols és lineal, la dels
tocotrienols no ho €s degut a que en la cadena insaturada no hi ha una rotaci6 lliure
de la uni6é C-C. Segons el namero 1 la posicio del grup metil al cap cromanol, es
diferencien 4 homolegs: a-, B-, v- 1 d- (Figura 1). La forma a disposa de tres grups
metil al cap cromanol, les formes f 1y en tenen dos en diferents posicions, mentre
que la forma 6 en disposa d’un. Les diferéncies estructurals entre els diferents
homolegs, com el grau de metilaci6 o el grau de saturacid de les cadenes,
confereixen propietats fisicoquimiques diferents, conferint diferents distribucions a
la membrana lipidica 1 diferents capacitats antioxidants, les quals s’expliquen a

I’apartat 5 (Funcions de la vitamina E).

HO_
CH, CH, CH,4
RO /,,\\/l\//\v /L\./’\v)\ Tipus R1 R2

Tocoferol
| 7{
N \ "
T o

ch, a CH; CH;
B H CH;

Tocotrienol v CH; &

HO /\\‘/E/ CH, CH, CH, 0 H H

CH,

Figura 1. Estructura quimica dels tocoferols i dels tocotrienols. El numero i la posicid dels
grups metil a I’anell cromanol, i per tant el corresponent homoleg, es troben indicats a la taula 1

estan encerclats en vermell a la figura. Les diferéncies estructurals es troben encerclades en verd.
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2. Distribucio de la vitamina E

Tot 1 que ambdues formes de vitamina E estan presents als organismes
fotosintétics, la distribucio de la vitamina E al regne vegetal és heterogénia. Mentre
que els tocoferols son constituents universals de les plantes vasculars (Threfall &
Whistance, 1971a); tot 1 que també estan presents a algues, fongs, molses 1 a
alguns cianobacteris (Lichtenthaler, 1968); els tocotrienols mostren una distribucio
més restringida, trobant-se només presents en certes families d’especies vegetals

(Falk & Munné-Bosch, 2010).

En les angiospermes, 1 en concret en les monocotiledonies, s’ha detectat
tocotrienols als ordres Arecales, Poales 1 Bromeliales. Aquests també s’han
detectat en algunes families d’espécies dicotiledonies no molt relacionades entre si,
distribuint-se als ordres Ranunculales, Proteales, Caryophyllales, Polygonales,
Saxifragales, Myrtales, Celastrales, Malpighiales, Fabales, Rosales, Rhamnales,
Curcubitales, Brassicales, Malvales, Sapindales, Ericales, Gentianales, Lamiales,
Solanales, Apiales 1 Asterales. En quan a les gimnospermes, s’han trobat
tocotrienols a Juniperus communis, Pinus pinea, P. sylvestris 1 a Picea sp,
pertanyents a I’ordre Pinales; i a Grnetum sp., de I’ordre Gnetales (Horvath et al.,

2006a; Falk & Munné-Bosch, 2010).

Aixi doncs, sembla que els tocotrienols estan distribuits en un petit grup de
families vegetals degut a la seva preséncia puntual en les gimnospermes i la seva
especifica distribucid entre diferents ordres de dicotiledonies. Tot 1 aixi, a les
especies monocotiledonies els tocotrienols es distribueixen preferentment en les
Arecales 1 Poales, ordres molt propers I’un de I’altre que pertanyen, juntament amb
les Bromeliales, a la subclasse Commelinidae. Aquesta preferent distribucié en
aquests dos ordres, juntament amb la falta d’un patr6 taxonomic clar entre les
especies de dicotiledonies, suggereix que la sintesi de tocotrienols ha evolucionat
de manera independent en algunes families (Horvath et al., 2006a). Tot 1 aixi, no
s’ha de descartar la presencia de tocotrienols en diferents ordres o families encara

no estudiats.
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El fet pel qual els tocoferols es troben distribuits a totes les families vegetals i
els tocotrienols no, és una qiiestid no resolta. Una possible explicaci6 podria estar
relacionada amb el paper protector dels tocoferols a 1’aparell fotosintetic, malgrat
que s’hagi demostrat que els tocotrienols també poden protegir els tilacoides de la
fotooxidaci6 (Matringe et al., 2008). Podria ser que els tocoferols (especialment
I’a-tocoferol), juntament amb els carotenoides (en concret el cicle de les
xantofil-les), haguessin estat seleccionats evolutivament com a mecanisme de
fotoproteccio a les plantes, mantenint-los presents en tots els organismes
fotosintetics. L’a-tocoferol 1 el cicle de les xantofil-les van tenir una funcio
essencial en 1’adaptaci6 de les plantes als ambients terrestres, fent front a
I’increment dels processos fotooxidatius provocats per la disminucié de
concentracid6 de CO, 1 a PPaugment d’O, disponible, aixi com a I’increment
d’estressos ambientals, com el risc a la deshidratacid i a la fotoinhibici6 (Esteban
et al., 2009). Aquests dos mecanismes representen els isoprenoides fotoprotectors
que es troben ampliament distribuits 1 presents en la majoria de plantes vasculars
(Pefiuelas & Munné-Bosch, 2005), els quals donen lloc a mecanismes
compensatoris entre ells. Per exemple, tal i com s’observa en el mutant
d’Arabidopsis thaliana npql, I’abséncia d’un cicle de les xantofil-les funcional pot
ser compensat per nivells elevats de tocoferols durant el procés de fotoaclimataciod
(Havaux et al., 2000, 2005). Al llarg de I’evolucio, pero, sembla haver hagut una
tendencia evolutiva a incrementar el contingut d’a-tocoferol; el qual s’acumula
molt més a plantes vasculars que en organismes fotosintetics evolutivament més
primitius; 1 a disminuir la quantitat total de pigments implicats en el cicle de les
xantofil-les, els quals son més abundants en algues i molses que en plantes

vasculars (Esteban et al., 2009).

3. Biosintesi de vitamina E

La vitamina E es sintetitza exclusivament en organismes fotosintétics, 1 per tant, la
seva sintesi es duu a terme en plantes, algues 1 alguns cianobacteris. La ruta
biosintetica dels tocoferols, com molts dels enzims associats a aquesta, va ser
descoberta als anys 70. Mitjangant estudis amb intermediaris de la ruta marcats
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radioactivament, es van descobrir els precursors i els productes d’aquesta via,
demostrant també que la sintesi de tocoferols 1 tocotrienols comparteix una serie de
reaccions enzimatiques comunes (Whistance & Threfall, 1970; Threfall &
Whistance, 1971a,b). Posteriorment, les aproximacions genomiques realitzades
principalment en la planta model A. thaliana 1 el cianobacteri Synechocystis sp.
PCC6803, han permes identificar molts dels gens implicats en aquesta ruta i
confirmar els diferents passos de la ruta biosintetica que havien estat establerts

préeviament amb estudis bioquimics (Méne-Saffrané & DellaPenna, 2010).

La sintesi dels tocoferols es duu a terme als plastidis, i degut a la seva similitud
estructural, s’ha suggerit que els tocotrienols també es sintetitzen en aquests
organuls (Munné-Bosch & Alegre, 2002). Horvath et al. (2006a) van detectar
tocotrienols als coleoptils de Triticum aestivum, Oryza sativa, Hordeum vulgare i
Secale cereale. Per tal d’identificar D’origen d’aquests tocotrienols, aquests
investigadors van realitzar un estudi amb precursors radioactius de la ruta
biosinteética de la vitamina E en tiges 1 cloroplasts aillats de coleoptils de T.
aestivum. Els resultats van mostrar que ni aquest teixit ni organul sintetitzaven
tocotrienols, pero si tocoferols, concloent que la sintesi de tocotrienols es realitzava
en plastidis no fotosintetics. Tot 1 la manca de més evidéncies sobre la localitzacio
de la sintesi de tocotrienols a les celules vegetals, els plastidis son els Unics
organuls que disposen dels enzims i1 proteines implicades en la sintesi dels

tocotrienols, tal i com s’explica a continuacio.
3.1. Ruta biosintetica

Els tocoferols i els tocotrienols comparteixen la mateixa via de sintesi (Soll &
Schull, 1979; Dérmann, 2003), la qual requereix dos substrats. Un d’ells és 1’acid
homogentisic (HGA), que prové de la via de I’acid siquimic (Herrmann & Weaver,
1999) 1 dona lloc a I’anell aromatic del cap cromanol (anell fenolic). La cua
poliprenil, en canvi, requereix un prenildifosfat de 20 carbonis que prové de la via
del metileritritol-4-fosfat (Lichtenthaler, 1999; Estévez et al., 2001). Aquest pot ser

un fitil difosfat (PDP), el qual dona lloc als tocoferols, o un geranilgeranil difosfat
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(GGDP), que origina els tocotrienols. Mentre que la via dels isoprenoides es
realitza als plastidis, la ruta de 1’acid siquimic es duu a terme al citosol de la

cel-lula vegetal.

L’HGA ¢és el resultat d’una série de reaccions que comencen amb la
condensaci6 del fosfoenolpiruvat i 1’eritrosa-4-fosfat, els quals a partir d’una serie
de reaccions que impliquen sintases, deshidrogenases i1 quinases donen lloc al
siquimat-3-fosfat. Aquest, mitjangant una altra série de reaccions, donara lloc al
corismat, el precursor dels aminoacids aromatics 1 de diversos metabolits
secundaris. A causa de I’acci6 d’una mutasa, el corismat es converteix a prefenat,
arogenat i tirosina. La tirosina és desaminada per I’enzim tirosina aminotransferasa
(TAT) cap a p-hidroxifenilpiruvat (HPP), que posteriorment sera oxigenat
mitjancant I’enzim hidroxifenilpiruvat dioxigenasa (HPPD) per a formar finalment
HGA (Herrmann & Weaver, 1999), el qual sera transportat del citosol cap al
plastidi (Figura 2, Schnell, 1998; Keegstra & Cline, 1999).

Els prenildifosfats, en canvi, deriven de la via del metileritritol-4-fosfat, la qual
es duu a terme als plastidis. Aquesta via comenca amb un piruvat i un
gliceraldehid-3-fosfat per a formar 1-deoxi-D-xilulosa-5-fosfat. A partir d’aquest
substrat 1 mitjangant diverses reaccions, on estan implicades reductases i quinases,
es forma I’isopentenil difosfat (IPP). Quatre molécules d’IPP s’uneixen per tal de
formar el GGDP, el qual és substrat no només de tocoferols i tocotrienols, sind
també de clorofil-les, carotenoides, quinones, gibberel-lines 1 acid abscisic
(Lichtenthaler, 1999; Estévez et al., 2001). E1 GGDP es pot unir amb I’HGA per a
sintetitzar tocotrienols o bé es pot reduir mitjangant 1’enzim geranilgeranil
reductasa (GGR) per tal de formar PDP, el qual es pot unir amb ’HGA per a
sintetitzar tocoferols (Keller et al., 1998). Generalment es considerava que el PDP
només podia provenir de la reduccidé del GGDP, pero recentment s’ha demostrat a
A. thaliana que el PDP pot provenir també¢ del fitol resultant de la degradacio de la
clorofil-la (Ischebeck et al., 2006; Valentin ef al., 2006). E1 GGDP pot servir com
a substrat per a la clorofil-1a sintasa per tal de formar geranilgeranil clorofil-la, la

qual ¢és reduida cap a clorofil-la per la GGR. La hidrolisi de la clorofil-la
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mitjancant una clorofil-lasa allibera fitol, que pot ser reassimilat mitjancant dues
reaccions de fosforilaci6. La primera es duu a terme mitjancant una fitol quinasa,
que dona lloc al fitil fosfat, 1 la segona mitjancant una fitil fosfat quinasa que dona
lloc al PDP, el qual s’utilitza com a substrat tant per a la sintesi de tocoferols com
de clorofil-les (Figura 2). A A. thaliana el gen que codifica per a la fitol quinasa
s’anomena VTES (Ischebeck et al., 2006; Valentin et al., 2006) i el que codifica
per a la fitil fosfat quinasa s’anomena VTE6 (vom Dorp et al., 2015). La formacid
de PDP per ambdues rutes es duu a terme tant en fulles com en llavors (Valentin et
al., 2006). A A. thaliana s’ha observat que a les fulles la principal via de formacio
de PDP per a la sintesi de tocoferols es produeix a partir del fitol provinent de la
degradacié de la clorofil-la (vom Dorp et al, 2015), mentre que a llavors la
formaci6 de PDP mitjancant la reduccioé produida per la GGR €s molt important en

aquelles llavors que no acumulen clorofil-la (Zhang et al., 2015).

Citosol

Via de I'acid siquimic Via del metileritritol-4-fosfat

Fosfoenolpiruvat + Eritrosa-4-P Plastidi

W Piruvat + Gliceraldehid-3-P
Siquinq'l;lt-?:-l’ P — 1-deoxi-p-xilulosa-5-P
Corismat v q. -
' Dimetil-ali-difosfat PP 00> Clorofil-lida
Prefenat ¥ Geranilgeranil clorofil-la
Geranil difosfat +IPP ‘L GGR
Arogenat . \L Blorofil-la Clorofil-la
ik Farnesil difosfat +IPP sintas Clorofil-lasa
Tirosina .
| TAT Geranilgeranil difosfat Clorofil-lida Fitol
p-hidroxifenilpiruvat (GGDP) Fitol quinasa
(HPP) J GGR (VTES)
o ¥ HPPD Fitil difosfat “e————— Fitil fosfat
Acid homogentisic (PDP) " .
(HGA) Fitil fosfat quinasa

(VTE6)

Figura 2. Via de I’acid siquimic (en taronja) i del metileritritol-4-fosfat (en blau) per tal de donar
lloc als substrats per a la sintesi de vitamina E, els quals estan ressaltats en negreta (HGA, GGDP
1 PDP). En verd es mostren les reaccions que es produeixen per a la formacio i degradacié de la
clorofil-la. TAT, tirosina aminotransferasa; HPPD, hidroxifenilpiruvat dioxigenasa; IPP,
isopentenil difosfat; GGR, geranilgeranil reductasa.
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Un cop format els substrats, el primer pas per a la sintesi d’aquestes molecules
¢s la uni6 del cap aromatic (HGA) amb la cua poliprenil (PDP o GGDP) per tal de
formar tocoferols 1 tocotrienols, respectivament (Figura 3). Aquesta uni6d es
realitza a través d’una preniltransferasa. En el cas dels tocoferols, I’homogentisat
fitiltransferasa (HPT) uneix ’HGA amb el PDP per tal de formar el 2-metil-6-
fitilbenzoquinol (MPBQ). En canvi, per sintetitzar els tocotrienols ¢és
I’homogentisat geranilgeraniltransferasa (HGGT) la que uneix 'HGA amb el
GGDP, formant el 2-metil-6-geranilgeranilbenzonquinol (MGGBQ). Tot 1 que
I'HGGT s’ha descrit com a especifica de llavors de monocotiledonies, es creu que
altres especies 1 teixits acumuladors de tocotrienols, com llavors de dicotiledonies,
utilitzarien preniltransferases similars a ’'HGGT que fins al dia d’avui no s’han
descrit (Cahoon et al., 2003). Tot 1 aixi, les especies que no disposen d’HGGT
també poden formar tocotrienols mitjancant I’HPT, tot i que aquest enzim presenti
entre nou 1 dotze cops més afinitat pel PDP (Sadre et al., 2006; Yang et al., 2011).
De la mateixa manera, ’HGGT també es pot unir al PDP per formar tocoferols, tot
1 tenir sis cops més afinitat pel GGDP (Yang ef al., 2011). Per a la formacio de 6-
tocoferol 1 d-tocotrienol, el MPBQ i el MGGBQ pateixen una ciclacié per tal de
tancar 1 obtenir 1’anell cromanol, respectivament. Aquesta ciclacio es duu a terme
per la tocoferol/tocotrienol ciclasa (TC). A partir del 6-tocoferol/tocotrienol es
formen el B-tocoferol/tocotrienol mitjangant una metilacio al carboni 5 de 1’anell
cromanol per la tocoferol/tocotrienol metiltransferasa (TMT). En canvi, per a la
formacid dels homolegs vy, és necessari que el MPBQ i1 el MGGBQ es metilin a la
posicid 3 de I’anell benzoquinol mitjangant la prenilbenzoquinol metiltransferasa
(PrBQMT); la qual dona lloc al 2,3-dimetil-6-fitilbenzoquinol (DMPBQ) 1 al 2,3-
dimetil-6-geranilgeranilbenzoquinol (DMGGBQ); abans de la ciclacio duta a terme
per la TC per a obtenir y-tocoferol/tocotrienol, respectivament. Finalment, els
homolegs vy es tornen a metilar per la TMT per a formar a-tocoferol/tocotrienol. A
totes les metilacions el grup metil prové de la S-adenosil-metionina (SAM; Soll &

Schultz, 1980). En aquesta ruta biosintética, les metiltransferases 1 ciclases
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implicades en la sintesi de tocoferols semblen ser les mateixes que per a la sintesi

de tocotrienols (Mene-Saffrané & DellaPenna, 2010).

HGA
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N J W
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DMPBQ DMGGBQ
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S-tocoferol y-tocoferol y-tocotrienol &-tocotrienol
HO_ ™ CH HO) T CH W CH Ho- CH
|| } [~ 17 \oH J ] I/ Y H ] “ } I 12> “UH i| I/ I} N\ H
R f ] H,C { ] HyC 2N q | |
I 6] \ T / = | o] \ J i T o] \ /. f Q..
cH, CHs ’ cH, CHs ’ cH,8 CH ’ cH, CHs ’
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Figura 3. Ruta de sintesi de tocoferols i tocotrienols, on es mostren els substrats, enzims i
productes d’aquesta via. Entre paréntesi s’indica el nom dels enzims a la planta model, A.
thaliana. Encerclats es troben els principals grups metil afegits durant la sintesi de tocoferols 1
tocotrienols. HPT, homogentisat fitiltransferasa; HGGT, homogentisat geranilgeraniltransferasa;
MPBQ, 2-metil-6-fitilbenzoquinol; MGGBQ, 2-metil-6-geranilgeranilbenzoquinol; DMPBQ,
2,3-dimetil-6-fitilbenzoquinol; DMGGBQ, 2,3-dimetil-6-geranilgeranilbenzoquinol; 7C, toco-
ferol/tocotrienol ciclasa; PrBOMT, prenilbenzoquinol metiltransferasa; 7MT7, tocoferol/
tocotrienol metiltransferasa; SAM, S-adenosil-metionina.

La major part dels estudis sobre la sintesi de vitamina E s’han realitzat en
cloroplasts. Tots els enzims implicats en aquesta ruta, excepte el HPPD, han estat
localitzats als plastidis. Mentre que I’HPPD es troba al citosol (Falk et al., 2002),
les preniltransferases 1 metiltransferases es troben a la membrana interna dels
cloroplasts (Soll & Schultz, 1980; Soll et al., 1980) i dels cromoplasts
(d’Harlingue & Camara, 1985; Arango & Heise, 1998; Vidi et al., 2006). La GGR

es localitza a les membranes dels plastidis (Keller et al, 1998), la TC als
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plastoglobuls dels cloroplasts perd no a la membrana interna (Austin, 2006; Vidi et
al., 2006) 1 la fitol quinasa 1 la fitil fosfat quinasa es troben a la membrana dels
cloroplasts (Ischebeck et al., 2006; vom Dorp ef al., 2015). Moltes de les funcions
dels gens que codifiquen per a enzims d’aquesta via es van congixer gracies a
mutants d’A. thaliana. Es per aixo que els enzims d’aquesta via també es coneixen
com a VTE2 per a ’HPT, VTE3 per a PrBQMT, VTEI per ala TC 1 VTE4 per a la

TMT, tal i com s’observa a la Figura 3.

3.2. Regulacio hormonal

La ruta biosintética de la vitamina E presenta diversos punts de regulacid, on les
hormones hi juguen un paper important. La funcid6 hormonal reguladora de la ruta
biosintética de la vitamina E s’ha descobert, principalment, en les fulles de plantes
que patien algun tipus d’estres abiotic, ja que en aquestes condicions es genera un
increment de I’estres oxidatiu. Per tal de protegir-se 1 evitar que es produeixi dany
oxidatiu 1 mort cel-lular, és necessari un augment dels mecanismes antioxidants,

com la vitamina E (Munné-Bosch, 20055; Lushchak & Semchuk, 2012).

Un grup d’hormones implicades en la regulacié de la sintesi de vitamina E son
els jasmonats. A partir de 1’acid linolénic, 1 mitjancant una série de reaccions
enzimatiques, es formen 1’acid 12-oxofitodienoic (OPDA) 1 I’acid jasmonic (JA)
(Schaller, 2001; Wasternack & Hause, 2013). El JA es pot conjugar amb diferents
aminoacids, formant el jasmonat isoleucina (Fonseca et al., 2009), el jasmonat
alanina, el jasmonat valina i el jasmonat metionina, sent tots ells molecules actives
a les plantes que poden induir a gens de resposta a JA (Yan et al., 2016). El
jasmonat isoleucina, aixi com I’OPDA, el JA i el metil jasmonat (MeJA), regulen
I’expressié de gens implicats en la defensa de la planta (Berger, 2002; Halitschke
& Baldwin, 2003; Danon et al., 2005; Devoto & Turner, 2005; Taki et al., 2005),
pero nomes s’ha descrit un paper regulador de la sintesi de vitamina E per part

del JA 1 el MeJA, tal i com s’explica a continuacio.

Gracies a I’aplicacid exogena de coronatina a la planta model A. thaliana, una

fitotoxina analoga a I’OPDA 1 al JA, es va aillar el gen CORI3 que codifica per a la
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TAT. La induccidé d’aquest gen per part de la coronatina va mostrar que la TAT es
podia induir pels jasmonats, observant que 1’acid metil 12-oxofitodienoic 1 el
MeJA no només augmentaven els nivells d’ARN missatger d’aquest gen, sind que
també augmentaven ’activitat de I’enzim (Lopukhina et al., 2001). Posteriorment,
gracies a la utilitzacié de plantes d’A4. thaliana amb la mutacid ddel (delayed
dehiscence), les quals produeixen OPDA pero no JA degut a la interrupcid del gen
que codifica per a OPDA, es va esclarir que el JA, 1 no pas I’OPDA, és requerit per
a la regulacio positiva de la TAT (Sandorf & Holldnder-Czytko, 2002). Aquesta
regulacio €s important quan les plantes estan exposades a danys mecanics o llum
ultraviolada, ja que en aquestes condicions s’indueixen els jasmonats i les seves
proteines. Per tant, sota condicions d’estrés s’activa la sintesi de jasmonats
incrementant a la seva vegada la induccido de la TAT 1, per tant, la sintesi de
vitamina E com a mecanisme de proteccid. EI JA no només regula I’activitat de la
TAT, sin6 que el MeJA també regula 1’expressid genica d’HPPD en segments de
fulles d’ordi (H. vulgare, Falk et al., 2002). Aixi doncs, els jasmonats regulen la
biosintesi de vitamina E en dos punts de la ruta, en ambdds casos modulant

I’expressio dels gens que codifiquen per a la TAT i per a ’HPPD (Figura 4).

Una altra hormona implicada en la regulacié de la biosintesi de vitamina E ¢és
I’acid abscisic (ABA), el qual és necessari per a I’adaptacié a diversos estressos
abiotics, com la sequera, el fred 1 I’estrés sali (Xiong et al., 2002). Aquesta
hormona es troba implicada en la inducci6 de diversos gens que codifiquen per a
enzims que es troben en la ruta biosintética de la vitamina E. Efectes d’aquesta
regulacid s’observen, per exemple, a Vellozia gigantea, una planta endemica del
Brasil que durant I’estacid seca mostra uns augments dels nivells d’ABA 1 de
vitamina E a les fulles per tal de fer front a I’estrés hidric (Morales ef al., 2015).
Una relacid positiva entre els nivells d’ABA 1 d’a-tocoferol també s’ha trobat en
Zea mays (Jiang & Zhang, 2001; Fleta-Soriano & Munné-Bosch, 2017) i en
Cannabis sativa (Mansouri et al., 2009). Entre els gens regulats per ABA, es troba
el que codifica per a HPT, i un exemple d’aquesta regulacio es va trobar a plantes

de Cistus creticus sota deficit hidric. En aquestes condicions, els nivells d’ARN
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missatger per HPT augmentaven 1 es correlacionaven amb nivells alts d’a-
tocoferol, el qual, a la seva vegada, es correlacionava amb augments d’ABA
(Munné-Bosch et al., 2009). Mitjancant 1’aplicaci6 d’ABA en cel-lules en
suspensid d’Eucaliptus gunnii es va observar un increment de I’expressio del gen
que codifica per a la tocoferol ciclasa (TC). Sembla que tant la 7C com I’HPPD
son regulats per ABA mitjancant uns motius especifics d’ABA a les regions

promotores dels gens (Munné-Bosch, 2005a; El Kayal et al., 2006).

Tot 1 aixi, I’evidéncia més clara de la regulacié d’alguns gens implicats en la
sintesi de vitamina E per part de 'ABA es van obtenir a I’estudiar la seva
expressio a plantules d’arros (O. sativa) en condicions d’estrés. Si bé en fred,
deficit hidric o estres sali els nivells d’expressid genica de la 7C, HGGT 1 MPBQ
MT no es van veure afectats; els d’HPT 1 y-TMT per a aquesta espécie es van reduir
lleugerament en deficit hidric, mentre que els d’HPPD van augmentar molt durant
la deshidrataci6 i fred respecte al control. A partir d’aquests resultats, els autors
van examinar els elements promotors d’aquest ultim gen, trobant-hi elements de
resposta a I’ABA (també anomenats ABRE, sigles provinents de I’angles per a
ABA Responsive Element). No només van trobar-los per a HPPD, sin6 que també
per a y-TMT i per a MPBQ MT. Especificament, aquests autors van trobar quatre
ABRESs per a HPPD, dos per a MPBQ MT i un per a y-TMT. A més, per a HPT es
va trobar un motiu IIB, el qual es troba implicat en la resposta a ’ABA. La
preséncia d’aquests elements de resposta a I’ABA a les regions promotores
indiquen la possible participacié d’aquests gens en les respostes a 1’estrés en les
que intervé I’ABA (Chaudhary & Khurana, 2009). Per tant, I’ ABA té un paper
important sobre la regulacio transcripcional de 7C, HPT, HPPD, y-TMT i1 MPBQ
MT.

La funcio6 de 1’etilé sobre la biosintesi de vitamina E es va observar mitjancant
I’aplicacié exogena d’aquesta hormona en segments de fulles d’ordi (H. vulgare).
Gracies a aquest experiment, Falk et al. (2002) van observar que els nivells d’ARN
missatger d’HPPD augmentaven. Un increment en I’expressid d’aquest gen aixi
com un augment dels nivells de tocoferols es va observar durant la maduraci6 del
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mango (Singh et al., 2011). Aplicacions exogenes d’etil¢ al fruit van incrementar
I’expressié d’HPPD, mostrant una regulacid transcripcional per part d’aquesta
hormona. Aquesta regulacid no només es va observar al fruit, sin6 també a les
fulles joves 1 senescents, demostrant que la induccid per etilé d’aquest gen és
independent del teixit (Singh ef al., 2011). Tot 1 que en I’estudi de Park et al.
(2010) no es van quantificar els nivells de vitamina E, van trobar que tant en fulles
com cotilédons, capsules en desenvolupament i llavors de s¢sam; I’etile, ’ABA i la

foscor generaven una disminuci6 dels nivells d’ARN missatger del gen GGR.
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Figura 4. Esquema representatiu de la regulacid6 hormonal i1 redox de la sintesi de vitamina E,
aixi com de la formacié de MDA 1 jasmonats (OPDA, JA, MeJA) a partir de la peroxidacio
lipidica. PUFA, acids grassos poliinsaturats; ROS, especies reactives de 1’oxigen; OPDA, acid
12-oxofitodenoic; J4, acid jasmonic; MeJA, metiljasmonat; 4BA; acid abscisic; SA4, acid salicilic;
GAs, gibberel-lines.

S’ha proposat que la induccio de I’ HPPD per etilé 1 MeJA pot estar lligada a la
senescencia 1 a I’estres oxidatiu, pero es desconeix mitjangant quins mecanismes
(Falk et al., 2002). Cela et al. (2009b) van observar que I’etile pot estar implicat en
la regulacid de la sintesi de tocoferols durant I’estres per deficit hidric 1 per

I’envelliment de la fulla. Mitjangant la utilitzacio de diferents mutants implicats en
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la percepcio 1 senyalitzacido de D’etile, es va observar que la major part dels
compostos de la senyalitzacidé d’aquesta hormona, incloent factors de transcripcio,
influenciaven I’acumulacié de tocoferols a les fulles d’A4. thaliana. Mutacions en
EIN3, EIN2, components senyalitzadors de la wvia, 1 EILI, un regulador
transcripcional, provocaren reduccions en els nivells acumulats de vitamina E
respecte a les plantes control en condicions d’estrés hidric. D’altra banda,
mutacions en ETRI, el qual codifica per un dels cinc receptors d’etile d’A4.
thaliana, induiren una acumulaci6 dels nivells de tocoferols en les fulles velles.
Tot 1 que en aquest estudi es van observar canvis en les quantitats acumulades de
tocoferols, els nivells d’expressio genica per a HPPD, VTEIL, VTE2 i VTE4 no es
varen veure afectats, de manera que no s’observaren evidéncies de regulacid

transcripcional.

L’etilé és important en condicions d’estres sali. La perdua de funcié d’EIN3, un
factor de transcripcid implicat en la senyalitzaci6 de Detile, genera una serie de
mecanismes compensatoris, com pot ser I’augment de JA a causa de I’augment de
la peroxidacié lipidica en condicions d’estres (Asensi-Fabado et al., 2012). Aixo
dona lloc a una possible connexid entre 1’etilé i1 el JA, els quals poden actuar per
activar a ERF1, un element de resposta a 1’etil¢, 1 aixi regular la sintesi de vitamina
E (Lorenzo et al., 2003; Shinshi, 2008; Zhu et al., 2011). A més, I’ABA també es
troba implicat en la regulacio de diversos ERF (sigles provinents de I’anglés per a
Ethylene Response Factors) sota estressos abiotics, regulant la inducci6 d’ERF1
pero sense afectar necessariament la inducci6é d’aquest per part de Detile 1 el JA

(Miiller & Munné-Bosch, 2015).

En el cas de I’acid salicilic (SA) es desconeix quins son els mecanismes pels
quals es regula la sintesi de vitamina E, pero hi ha forca evidéncies que el SA té
algun paper en la regulacié d’aquest antioxidant, tot i que sembla que a diferents
teixits la regulacid pot ser diferent. Mitjancant la utilitzacido en A. thaliana del
mutant sid?2, el qual té truncada la formacié d’isocorismat sintasa, enzim clau en la

via de sintesi d’aquesta hormona; i el transgenic NahG, es va observar que el SA
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regula d’alguna manera els nivells de vitamina E. Abreu & Munné-Bosch (2009)
van trobar que llavors sid2 1 NahG presentaven nivells més elevats de tocoferols
que les llavors control, mentre que a fulles d’A. thaliana, les linies transgeniques
NahG mostraven valors més baixos que a les plantes control, tant en condicions de
deficit hidric com en condicions control (Munné-Bosch et al., 2007a). En les fulles
de Ctenate setosa ’aplicacido exogena de SA prevenia la peroxidacid lipidica
durant la sequera. En aquest cas, I’a-tocoferol augmentava amb 1’aplicacié de SA
durant I’estrés més que a les plantes control (Kadioglu et al., 2011). També s’ha
observat que els nivells de SA estan fortament relacionats amb els nivells d’a-
tocoferol en fulles de Phyllirea angustifolia en condicions d’estrés hidric (Munné-
Bosch & Pefiuelas, 2003). Finalment, en el cas d’estres per calor, a Quercus Ilex es
va observar que el MeSA (una forma volatil que prové de 1’acid salicilic) indueix
I’augment d’a-tocoferol a les fulles d’aquesta espécie, perd que una acumulacio
excessiva d’aquest compost genera, molt probablement, una produccio
incontrolada de ROS, sobrepassant la capacitat de les defenses antioxidants
originant mort cel-lular (Llusia et al., 2005). Tot i que encara no es coneix com
aquesta hormona regula els nivells de vitamina E, degut a que el JA i el SA
interactuen en la transduccié de senyals en resposta als estressos (Sudha &
Ravishankar, 2002), no es pot descartar un possible paper transcripcional d’aquesta

hormona o bé un paper conjunt amb el JA.

Les gibberel-lines (GAs) afecten a la regulacio de la sintesi de vitamina E de
forma molt més indirecta. Aquestes, aixi com el JA, indueixen el gen que codifica
per I’enzim 3-deoxi-D-arabino-heptulosonat-7-fosfat a Coptis japonica (Hara et al.,
1994) 1 a Nicotiana tabacum (Suzuki et al., 1995), el qual es troba implicat en la
primera reaccio de la via de I’acid siquimic, en la que el fosfoenolpiruvat i la
eritrosa-4-fosfat es condensen (Herrmann & Weaver, 1999). D’aquesta manera,
tant les GAs com el JA indueixen la via de 1’acid siquimic formant més HGA,
substrat per a la sintesi de vitamina E, tot 1 que també ho és per a la formacid
d’altres compostos. Recentment, Du et al. (2015) van observar que 1’aplicacio

exogena de GA; augmentava la produccié de tocoferols a les llavors d’A. thaliana i
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Brassica napus. Mentre que a la primera especie I’aplicacio d’aquesta hormona
incrementava els nivells d’expressio de y-TMT 1 HPPD, a la segona incrementava

elsd’HPPD 1 TC.

Per tant, la regulaci6 hormonal de la sintesi de vitamina E és un procés
complex que encara requereix forca estudi per tal d’elucidar la regulaci6 sobre els
diferents gens implicats en la seva sintesi per part d’altres hormones; esbrinar el
mecanisme d’accidé de la seva regulacid; el paper regulador de la interaccid de
diferents hormones, aixi com els canvis en la regulacié en diferents teixits o fases

del desenvolupament i creixement de les plantes.

3.3. Regulacio redox

La regulacio de la sintesi de vitamina E també pot ser duta a terme per les espécies
reactives de 1’oxigen (ROS). El radical hidroxil (HO"), el radical superoxid (O;’), el
peroxid d’hidrogen (H,O,) i el singlet d’oxigen (‘O,) sén les principals ROS
derivades del metabolisme aerobic. Aquestes son molecules reactives quimicament
1 potencialment toxiques biologicament, sent el HO™ I’especie més reactiva de totes
(Hajiboland, 2014). En condicions d’estreés oxidatiu; en el que es produeix un
desequilibri entre la produccié de ROS 1 els mecanismes antioxidants; les ROS
tenen efectes deleteris, provocant danys oxidatius irreversibles a proteines, lipids 1

ADN (Moller, 2001; Foyer & Noctor, 2011).

Un dels principals processos desencadenats per les ROS ¢€s la peroxidacio
lipidica dels acids grassos poliinsaturats (PUFA) de membrana, sent 1’acid linoleic
(18:2) 1 I’acid linolénic (18:3) els més abundants en la membrana plasmatica 1 els
més reactius a la peroxidacio lipidica no enzimatica (Weber et al., 2004; Moller et
al., 2007). Com a conseqiiencia d’aquesta peroxidacié es formen hidroperoxids
lipidics (LOOH) a partir dels quals es sintetitzen I’acid malondialdehid (MDA) de
manera no enzimatica, i els jasmonats, mitjangant enzims que es troben als
plastidis, citosol 1 peroxisomes (Schaller, 2001). E1 MDA té una funci6 dual. En el
seu paper deleteri pot afavorir el dany oxidatiu, formant conjugats amb I’ADN 1 les

proteines, inhibint-ne la seva funcié biologica (Farmer & Mueller, 2013); aixi com
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pot afectar a la permeabilitat selectiva de la bicapa lipidica (Sattler et al., 2006). En
canvi, també pot actuar com a moleécula missatgera induint 1’expressié de gens de
resposta a estressos abiotics (Weber et al., 2004). D’altra banda, el JA 1 el MeJA
poden induir I’expressio de gens de defensa 1 desenvolupament (Mueller & Berger,
2009), 1 a la seva vegada poden regular 1’expressio de gens implicats en la sintesi
d’antioxidants, concretament de la vitamina E (Falk et al, 2002; Sandorf &

Holldnder-Czytko, 2002), tal i com s’ha explicat anteriorment.

Per tant, mitjangant la peroxidacié lipidica, les ROS poden regular la sintesi de
vitamina E modulant els nivells de JA, considerant-se una senyalitzacio retrograda,
on la informaci6 es transfereix del plastidi al nucli (Pfannschmidt & Munné-Bosch,
2013). D’altra banda, la vitamina E, mitjancant la inhibicio de la propagacio de la
peroxidaci6 lipidica (Munné-Bosch & Alegre, 2002), controla els nivells de LOOH
1 de JA, regulant aixi la seva propia sintesi. Aquesta regulacid per part de 1’a-
tocoferol va ser suggerida per Munné-Bosch et al. (2007bh) en un estudi realitzat en
fulles de mutants vtel d’A. thaliana. Aixi doncs, la vitamina E; 1 més concretament
els tocoferols; a més d’exercir un paper antioxidant regulant 1’homeostasi redox

cel-lular, podria exercir un paper regulador sobre la seva propia sintesi (Figura 4).

Tot 1 aixi, noves funcions per les ROS s’han identificat en els Ultims anys.
Aquestes es troben implicades en diversos processos biologics, com en la mort
cel-lular programada de la capa d’aleurona, 1’estimulacié de la germinaci6 1 el
trencament de la dormicio, la iniciacio dels noduls de les arrels aixi com 1’obertura
1 tancament dels estomes mitjancant la interacci6 amb hormones (Gomes et al.,
2014). A més, en alguns estudis s’ha observat que el H,O, pot induir I’expressio de
gens implicats en funcions antioxidants (Gechev et al., 2002; Neill et al., 2002;
Navabpour, 2003; Kravchik et al., 2013). Arrom & Munné-Bosch (2010) van
suggerir una possible inducci6 dels nivells de tocoferols com a conseqiiéncia dels
augments de ROS en tepals senescents de Lilium L.A. var. “Courier”. Aixi doncs,
tot 1 la manca de més estudis en relacid a aquests tipus de regulacid, no es podria

descartar que les ROS, interaccionant amb les hormones o bé actuant per si
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mateixes, regulessin els nivells de vitamina E modulant la transcripcié d’alguns

dels gens implicats en la biosintesi d’aquest antioxidant.

4. Acumulacio de la vitamina E

L’acumulaci6 dels tocoferols 1 dels tocotrienols varia depenent dels teixits que
s’analitzin. Els tocoferols son la forma predominant de vitamina E que s’acumula
als teixits fotosintetics (Munné-Bosch & Alegre, 2002). No obstant, aquests tamb¢é
es troben en una gran varietat de teixits vegetals, com a arrels (Caro & Puntarulo,
1996), tubercles (Spychalla & Desborough, 1990; Crowell et al., 2008), gemmes
florals (Herndndez et al., 2015), sepals i petals de flors (Bartoli et al., 1997; Arrom
& Munné-Bosch, 2010; Miret et al., 2014), fruits (Ebong et al., 1999), ceres
cuticulars (Giilz et al., 1992; Shepherd et al., 1999), llavors (Garcia et al., 2012) i
hipocotils (Yoshida et al., 1999). A més, en cada teixit varia molt el contingut de
tocoferols, amb concentracions totals que van des de nivells molt baixos al tubercle
de la patata (<1 ug/g de pes sec) fins a nivells alts en fulles i llavors (>1 mg/g de
pes sec, Demo et al., 1998; Goffman et al., 1999; Grusak & DellaPenna, 1999). No
només varia la seva concentracido sind també 1’homoleg acumulat de manera
predominant. Mentre que a les fulles, tiges, arrels, fruits, tubercles, cotiledons,
hipocotils i flors la forma més abundant que s’hi troba ¢és 1’a-tocoferol, a les llavors
s’hi acumulen tant a- com vy-tocoferol, depenent de 1’especie (Munné-Bosch &

Alegre, 2002).

En canvi, els tocotrienols estan presents només en certs grups de plantes,
trobant-se majoritariament en llavors de monocotiledonies (Falk et al., 2004;
Horvath et al., 2006a; Falk & Munné-Bosch, 2010). No només els tocotrienols es
troben en llavors, sind que també en fruits (Lehmann ez al., 1989), sent en algunes
especies, com Ananas sativus, Garcinia mangostana, Diospyros kaki, Passiflora
edulis 1 Passiflora ligularis la forma majoritaria de vitamina E present (Cela et al.,
2010). A més, els tocotrienols també es troben a I’oli que s’extreu dels cereals
(Goffman & Bo, 2001), com al mesocarp de la palmera Elaeis sp. (Lubrano et al.,

1994) sent I’oli de palma la major font comercial de tocotrienols (Ong, 1993). Els
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tocotrienols també son presents al pericarp dels fruits (Osuna-Garcia ef al., 1998) i
en algunes cel-lules especialitzades, com ho son els tubs de latex d’Hevea

brasiliensis (d’ Auzac et al., 1989; Schultz, 1990; Horvath et al., 2006a).

A diferéncia dels tocoferols, es considera que els tocotrienols no s’acumulen,
en general, a les fulles de les angiospermes (Threfall, 1971). No obstant, s’han
detectat tocotrienols en fulles de Picea sp. (Franzen et al., 1991), als coleoptils de
T. aestivum, H. vulgare, O. sativa i S. cereale (Horvath et al., 2006a), aixi com a
fulles de V. gigantea (Morales et al., 2014). En el cas de T. aestivum, la preséncia
de tocotrienols als coleoptils es va relacionar amb teixits 1 organuls no
fotosintetics, atribuint la seva localitzacio a una translocacio des de la llavor fins al
coleoptil, 1 no a una sintesi de novo d’aquest antioxidant (Horvath et al., 2006a).
En canvi, Morales ef al. (2014) van suggerir que els tocotrienols podrien
representar un avantatge adaptatiu a 1’aportar tolerancia a I’estrés fotooxidatiu en
plantes superiors. Degut a que actualment hi ha poques evidéncies de la
translocacid de la vitamina E, son necessaris més estudis de localitzacidé 1 de
disseccid de teixits per a poder esclarir si els tocotrienols es troben restringits
exclusivament a teixits no fotosintétics, trobant-se, per exemple, localitzats en els
conductes de latex 1 no en les fulles, com ¢€s el cas d’H. brasiliensis (Horvath et al.,
2006a); o si, per contra, poden trobar-se en teixits fotosintétics 1 complir funcions
no descrites fins ara. Tot 1 aixi, mitjangant I’estudi de plantes transgeniques de
tabac, s’ha demostrat que els tocotrienols poden substituir als tocoferols en les

seves funcions antioxidants en les fulles d’aquesta especie (Matringe et al., 2008).

A nivell d’organul, la vitamina E es troba als plastidis, on ¢€s sintetitzada. Els
tocoferols 1 els tocotrienols s’acumulen als amiloplasts de les llavors 1 tubercles,
als cloroplasts de teixits fotosintétics aixi com als leucoplasts dels pétals 1 als
cromoplasts dels fruits (Lichtenthaler et al., 1981; Fryer, 1992; Kruk & Strzalka,
1995). En concret, 1’a-tocoferol es troba a la membrana dels plastidis on es
sintetitza (Soll et al., 1985; Arango & Heise, 1998), als plastoglobuls dels

cloroplasts, on s’emmagatzema (Lichtenthaler ef a/, 1981), i a les membranes dels
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tilacoides, on exerceixen la seva funcid antioxidant (Fryer 1992; Havaux, 1998).
Tot 1 aixi, s’ha descrit una localitzacio extraplastidial dels tocoferols en alguns
casos, detectant-los a vacuoles 1 nuclis de fulles d’ordi (Rautenkranz et al., 1994), a
mitocondris d’algues (Shigeoka et al., 1986; Kusmic et al., 1998), a les c¢l-lules
parenquimatiques del xilema de plantes llenyoses (Fleta-Soriano ef al., 2014), a les
membranes dels microsomes de les arrels de soja (Caro & Puntarulo, 1996) i als

cossos lipidics de les llavors (Fisk et al., 2006; White ef al., 2006).

A nivell ultraestructural, la vitamina E es localitza a les membranes. En concret
als cloroplasts s’ha suggerit que els tocoferols es troben tant a la membrana
cloroplastica com a la til-lacoidal (Fryer, 1992; Havaux, 1998; Havaux et al.,
2000). Gracies als estudis amb membranes model, actualment es coneix que la
vitamina E, degut a les seves caracteristiques lipofiliques, es troba ancorada a
aquestes gracies a la seva cadena poliprenil, 1 que el seu cap cromanol es troba
orientat cap a la interfase lipid-aigua de la bicapa lipidica, sense arribar a aquesta i
quedant-se continguda entre els lipids (Kagan & Quinn, 1988; Wang & Quinn,
2000; Atkinson et al., 2008).

Hi han diversos factors que varien la quantitat de vitamina E que s’acumula en
els teixits vegetals, sent un d’ells els estressos ambientals. Aquests estan associats
a un increment de les ROS, fet que provoca un estrés oxidatiu. Per evitar-lo, la
planta varia els seus nivells d’antioxidants, entre ells els de vitamina E, fet que
depen de la tolerancia als estressos que presenti cada especie. Les plantes resistents
incrementen els nivells de tocoferols, els quals mitjancant la reduccio dels nivells
de ROS 1 la inhibicié de la peroxidacié lipidica, prevenen el dany oxidatiu. En
canvi, les plantes sensibles a aquests, o bé plantes resistents sota estressos molt
severs, pateixen una disminucid dels nivells d’antioxidants, on la degradacié de
tocoferols excedeix la seva sintesi, fet que comporta mort cel-lular en el cas que la
deficiencia d’aquest antioxidant no pugui ser compensada per altres mecanismes
de proteccid, com ho son 1’ascorbat, el glutati6 1 els flavonoides (Munné-Bosch,

2005b0). Diversos estudis han demostrat un augment de tocoferols en condicions
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d’alta intensitat luminica (Porfirova et al., 2002), déficit hidric (Munné-Bosch,
2003; Cela et al., 2009a), 1ons de metalls pesants, com zinc 1 cadmi (Artetxe et al.,
2002; Yusuf et al., 2010); estres sali (Abbasi et al., 2007; Noreen & Ashraf, 2009;
Yusuf et al., 2010), tractaments amb 0z6 (Burkey et al., 2000) i fred (Leipner et
al., 1999). Aixi mateix, altres estudis han mostrat una relacid entre un estrés 1 un
augment dels nivells d’expressido de gens que es troben implicats en la sintesi de
vitamina E, com I’HPPD (Collin et al., 2008; Chaudhary & Khurana, 2009),
I’HPT (VTE2, Collakova & DellaPenna, 2003a; Munné-Bosch et al., 2009; Cela et
al.,2011),1a TC (VTE1, Cela et al., 2011; Tang et al., 2011) 1 la y-TMT (VTE4, Oh
et al.,2009; Celaet al., 2011).

L’acumulaci6 diferencial dels nivells de vitamina E no només es troba
influenciada per les condicions ambientals, sind6 que també es relaciona amb els
diferents estadis fisiologics de les plantes. Variacions en el contingut de vitamina E
es fan paleses durant la formacid i desenvolupament de les llavors, ja que el seu
contingut va disminuint fins a nivells constants durant la seva maduracié (Horvath
et al., 2006D0). A més, durant la germinacio els nivells de vitamina E varien per tal
de fer front als increments de ROS que es produeixen, el quals fluctuen en resposta
a I’estrés oxidatiu (Puntarulo, 1993). Els nivells de vitamina E acumulats en les
llavors durant el seu emmagatzematge, a la seva vegada, afecten a la viabilitat
d’aquestes, ja que una disminuci6 d’aquests antioxidants resulta en un envelliment
accelerat 1 en una perdua de viabilitat degut a I’increment de peroxidacio lipidica

(Sattler et al., 2004; Men¢-Saffrané et al., 2010).

En resum, I’acumulacié de la vitamina E varia molt depenent de les especies
aixi com dels Organs que s’analitzin, fins 1 tot dins de la mateixa especie. Diferents
concentracions de tocoferols i tocotrienols semblen estar relacionades amb la
capacitat fotosintética que presenten els teixits, aixi com del moment de
desenvolupament, maduraci6 o formacié en el que es trobin, sent també

influenciats pels factors ambientals.
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5. Funcions de la vitamina E

En general, la vitamina E actua com a agent estabilitzador de membrana 1 té un
important paper antioxidant. En estudis realitzats principalment amb membranes
models s’ha observat que la cadena prenil de la vitamina E s’ancora a la bicapa
lipidica. Per contra, mitjancant 1’hidrogen del grup hidroxil, el cap cromanol
s’uneix al carbonil de les unions éster dels fosfolipids que formen la membrana.
Gracies a la complementarietat entre aquest antioxidant i1 D’asimetria dels
fosfolipids, aquesta associacid proporciona estabilitat a la membrana (Salgado et
al., 1993). Aixi doncs, la vitamina E interacciona amb els lipids de membrana
incrementant la seva rigidesa. No obstant, una acumulaci6 excessiva en les
membranes afecta negativament a la seva fluidesa, fet de vital importancia quan les
plantes estan desenvolupant-se o en condicions d’estres. En aquestes condicions, 1
per tal d’augmentar la tolerancia a I’estres, el numero d’acids grassos insaturats
que mantenen la fase liquida cristal-lina augmenta (Hincha, 2008), 1 una major

rigidesa no resulta beneficiosa.

Els processos metabolics en plantes, com la fotosintesi, fotorespiracio i
respiracid, aixi com altres vies metaboliques, comporten la formaci6 de ROS. Un
dels efectes més perillosos de la seva acumulacié ¢€s la peroxidacio lipidica, on els
PUFA de les membranes o de les reserves lipidiques de les llavors es degraden
(Bailly, 2004; Falk & Munné-Bosch, 2010). Aquesta peroxidacié genera una
disminucié de la fluidesa de la membrana, augmentant la seva permeabilitat i
causant danys secundaris a les proteines de membrana (Moller et al., 2007). La
peroxidaci6 lipidica comenga a causa d’un iniciador, com poden ser, per exemple,
diverses ROS (HO’, H,0,), ’enzim lipooxigenasa (LOX), calor, llum o metalls
traca, generant un radical alquil molt reactiu. Aquest es combina amb I’oxigen
molecular per a formar radicals lipidics peroxil (LOO"), els quals extreuen un
hidrogen dels PUFA donant lloc als hidroperoxids lipidics (LOOH) 1 a un nou
radical alquil, el qual propaga la reaccio per la membrana (Figura 5). De manera
alternativa, el singlet d’oxigen (‘O,) pot reaccionar amb els PUFA i donar

directament LOOH (Munné-Bosch & Alegre, 2002). Els LOOH poden ser
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fragmentats en una varietat d’aldehids reactius, incloent el MDA (Weber et al.,
2004). Aixi mateix, mitjangant reaccions enzimatiques, a partir dels LOOH es
formen els jasmonats, OPDA 1 JA (Schaller, 2001). Com a antioxidants, el
principal paper dels tocoferols i1 els tocotrienols és del reaccionar de manera
quimica (en angles, scavenging) amb els LOO™ (Liebler, 1993). Per a aixo, 1’anell
cromanol perd un atom d’hidrogen que és donat als LOO’, evitant 1’extraccio de
I’hidrogen dels PUFA. D’aquesta manera es formen radicals tocoferoxil i
tocotrienoxil que poden ser reciclats cap a tocoferols i tocotrienols mitjangant el
cicle de I’ascorbat-glutatié6 (Munné-Bosch & Alegre, 2002; Falk & Munné-Bosch,
2010). En absencia d’aquest reciclatge, els radicals tocoferoxil i tocotrienoxil
poden acoblar-se entre ells i formar dimers 1/o trimers (Kamal-Eldin & Appelqvist,
1996). A mes, aquests radicals també poden donar un electr6 als LOO’, resultant en
I’obertura de I’anell cromanol per a formar quinones (Liebler, 1993; Kamal-Eldin

& Appelqvist, 1996).

Una altra funci6 antioxidant dels tocoferols és la de reaccionar, tant de manera
quimica com fisica (en anglés, quenching), amb el 'O,. Aquesta ROS es forma
exclusivament als cloroplasts a partir dels estats excitats de la clorofil-la
(Triantaphylidés & Havaux, 2009), 1 per aquesta ra6 s’ha estudiat principalment el
paper antioxidant dels tocoferols, 1 no el dels tocotrienols. Durant la reaccio fisica,
el 'O, es desactiva cap a triplet d’oxigen mitjancant un sistema de transferéncia de
carregues, en el que un electrd dels tocoferols es perd i és donat al 'O,. Una sola
molécula d’o-tocoferol pot desactivar 120 molécules de 'O, mitjancant
transferéncia d’energia de ressonancia abans de ser degradada (Fahrenholtz ef al.,
1974). De manera quimica, els tocoferols també poden reaccionar amb el 'O,
formant un intermediari, la tocoferol hidroperoxidienona, que es descomposa en
tocoferol quinona i1 epoxids de tocoferol quinona (Murkovic et al., 1997). La
tocoferol quinona, a la seva vegada, pot ser convertida a tocoferol quinol de
manera enzimatica en una reaccid depenent de NADH o NADPH (Kruk &
Strzalka, 1995). Aquest tocoferol quinol €s també un potent antioxidant que actua

quimicament amb els radicals lliures (Munné-Bosch & Alegre, 2002). A més,
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aquesta tocoferol quinona o tocoferol quinol poden ser reciclats cap a tocoferol
mitjan¢ant una deshidratasa encara no caracteritzada, als cloroplasts. Aquesta els hi
extreu el grup hidroxil de la cua fitil 1 els hi introdueix un doble enllag per a formar
uns intermediaris, els quals mitjangant la TC formen tocoferols (Kobayashi &
DellaPenna, 2008). Per tant, les funcions de la vitamina E son protegir a les
membranes mitjangant les reaccions quimiques i fisiques amb el 'O, aixi com
inhibir la propagacié de la peroxidacio lipidica mitjangant la reaccid quimica amb

els radicals lipidics.

Pel que fa a la funci6 quimica dels tococromanols, aquesta ve donada per la
capacitat que té I’anell cromanol de donar hidrogen fenolic als radicals lipidics. De
fet, aquesta efectivitat antioxidant ve determinada per substitucions d’electrons a la
zona proxima del grup hidroxil del cap cromanol, i en membranes biologiques s’ha
demostrat que les formes a son els donadors d’hidrogen més potents, seguits per
les formes B i v, 1 finalment, les §. Tot 1 aixi, la capacitat antioxidant no només
depeén de D’estructura de la vitamina E, sind també de la seva mobilitat 1
accessibilitat a les membranes (Serbinova et al., 1991). Mentre que in vitro I’a-
tocoferol 1 I’a-tocotrienol tenen una activitat equivalent quan s’estudien en hexa,
I’a-tocotrienol mostra una major activitat antioxidant contra els radicals lipidics
peroxil quan s’incorporen en liposomes de fosfatidilcolina (Suzuki et al., 1993).
Aix0 podria ser degut a que a les membranes biologiques, que consisteixen en una
complexa varietat de lipids polars distribuits de forma no homogenia, I’a-tocoferol
no es troba distribuit de manera tan homogenia 1 es troba més associat a zones
fluides (Gémez-Fernandez et al., 1989). En canvi, 1’a-tocotrienol es troba més a
prop de la superficie de la membrana, té una distribucid més uniforme en la bicapa
lipidica aixi com una major capacitat de reciclatge, per la qual cosa s’ha proposat
que aquest té una major efecte antioxidant que I’a-tocoferol (Serbinova et al.,

1991; Suzuki ef al., 1993; Kamal-Eldin & Appelqvist, 1996).

Als cloroplasts la funci6 antioxidant dels tocoferols, en concret de I'a-
tocoferol, permet, per tant, protegir el fotosistema II del '0, (Trebst et al., 2002;

Kruk et al., 2005). En aquests organuls, els tocoferols tenen un funcio
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fotoprotectora molt important en condicions d’estrés fotooxidatiu sever (Havaux et
al., 2005). En canvi, quan els estressos no son tan forts, altres mecanismes, com el
cicle de les xantofil-les 1 el B-carote, poden suplir la deficiéncia dels tocoferols
(Asada & Takahashi, 1987). Per tant, tocoferols i carotenoides cooperen per a

limitar el dany del fotosistema II en el cas que es produeixi un estres fotooxidatiu.
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Figura 5. Funci6 antioxidant de la vitamina E i el seu reciclatge. PUFA, acids grassos
poliinsaturats; LOX, lipooxigenasa, HO , radical hidroxil; '0,, singlet d’oxigen; LOO -, radicals
lipidics peroxil; LOOH, hidroperoxids lipidics, OPDA, acid 12-oxofitodenoic; JA, acid jasmonic;
MDA, acid malondialdehid; toc, tocoferol; tt, tocotrienol; 4sc, ascorbat; GSH, glutatid; TMPBQ,
2,3,5-trimetil-6-fitil-1,4-benzoquinona; TMPBQH,, 2.,3,5-trimetil-6-fitil-1,4-benzoquinol; 7C,
tocoferol ciclasa.

En llavors, la funci6 protectora de la vitamina E tamb¢ és important. En llavors,
I’oxidaci6 lipidica és un factor determinant en la seva longevitat. Aixi doncs, els
nivells d’antioxidants juntament amb les proteccions estructurals 1 quimiques de la
coberta de la llavor son determinants claus d’aquesta (Rajjou & Debeaujon, 2008).
En el cas concret de la vitamina E, un dels exemples més clars de la funcié dels

tocoferols va ser 1I’observat en llavors mutants d’A. thaliana (Sattler et al., 2004).
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En aquest estudi es van utilitzar llavors mutants vtel; les quals sintetitzen els
precursors dels tocoferols (MPBQ 1 DMPBQ); 1 vte2, les quals no sintetitzen
tocoferols ni els seus precursors. Mentre que la germinacid no es va veure afectada
per la deficiéencia de tocoferols, si els mutants es trobaven en condicions
d’envelliment accelerat, el percentatge de germinacid disminuia molt en
comparaci6é amb les control. Aixi mateix, als mutants vte? es va observar que les
deficiéncies en tocoferols generaven plantules més petites amb defectes als
cotiledons 1 a les arrels com a conseqiiencia d’una peroxidacio lipidica no
controlada. Aquests efectes, perd, no s’observaren al mutant vtel, ja que el
DMPBQ, que també té funcidé antioxidant, va prevenir la peroxidacid lipidica.
Aquest, pero, no va poder mantenir la longevitat de la llavor. Aixi doncs, gracies a
la utilitzacio d’aquests mutants (vtel 1 vte2) es va observar que els tocoferols tenen
un paper essencial en mantenir la longevitat de les llavors aixi com s6n necessaris
per a controlar els nivells de peroxidacio lipidica durant la germinacio 1 el correcte
desenvolupament de les plantules (Sattler ef al., 2004). Resultats similars van ser
obtinguts a I’estudi de Méne-Saffrané et al. (2010), els quals, addicionalment, van
observar que els tocoferols també son essencials per a limitar la peroxidacio

lipidica durant la dessecaci6 de les llavors d’ 4. thaliana.

Una altra funcié dels tocoferols podria ser la regulacié de I’expressio génica 1
les respostes de defensa mitjangant la modulacié dels nivells de productes de
peroxidaci6 lipidica. Mutants vte2 de plantules d’A. thaliana mostraren que nivells
elevats de peroxidacio no enzimatica corresponien a un increment de 1’expressié de
gens de defensa, els quals no foren induits al mutant vtel. Per tant, els tocoferols, o
el DMPBQ en plantes vtel, limiten la peroxidaci6 no enzimatica durant la
germinacié 1 desenvolupament de la plantula, prevenint I’activacié bioquimica i

transcripcional inapropiada de respostes de defensa (Sattler et al., 2006).

Si bé la funcio dels tocoferols a les llavors €s coneguda, evidéncies sobre el
paper dels tocotrienols en aquestes son més escasses. Franzen ef al. (1991), Falk et

al. (2004) 1 Horvath et al. (2006b) van suggerir que els tocotrienols poden estar
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protegint de la peroxidacio lipidica als greixos i1 olis dels cossos lipidics que es
troben a I’endosperm. Tot i1 que la distribucid dels tocotrienols en certes families
d’especies vegetals aixi com la seva acumulacio preferencial en llavors pot estar
indicant funcions diferents a les que duen a terme els tocoferols en les fulles, son
necessaris estudis sobre localitzaci6 tissular dels tocotrienols per tal de comprendre

les funcions especifiques que realitzen en les llavors.

6. Models d’estudi

6.1. Familia Arecaceae i Chamaerops humilis

La familia Arecaceae és un grup monofiletic del clade de les commelinides de les
monocotiledonies que es divideix en cinc subfamilies: Calamoideae, Nypodeae,
Coryphoideae, Ceroxyloideae 1 Arecoideae (Asmussen et al., 2006; Baker et al.,
2009). Aquesta familia conté entre 2.400 1 2.600 espécies de palmeres que es van
originar al bioma dels boscos tropicals. La seva diversificacid va comengar a la
meitat del periode Cretacic a Laurasia; el continent sorgit a 1’hemisferi nord
resultat de la separacio del supercontinent Pangea. Aquesta diversificacio es va
produir a una taxa constant fins al final de I’Oligoce, quan van comencar a

apareixer més especies (Couvreur et al., 2011).

Els fruits d’aquesta familia son drupes fibroses o baies que poden contenir fins
a deu llavors, perd moltes especies contenen només una llavor per fruit tot 1 que
I’ovari sigui tricarpelar. Els fruits estan compostos, des de la part més externa fins
a la més interna, per un exocarp, mesocarp i endocarp. Aquest Ultim és dur en el
cas de les drupes o carnos en el cas de les baies, tot 1 que en alguns taxons es troba
indiferenciat. Les llavors, depenent de la seva tolerancia a la dessecacid, poden ser
ortodoxes o recalcitrants, 1 consisteixen en un embrio 1 un endosperm normalment
rodejat d’una coberta molt prima que es troba en estret contacte amb 1’endocarp

(Figura 6, Baskin & Baskin, 2013).

Degut a la gran quantitat de lipids que acumulen 1 a la seva facil obtenci6 a

causa de la seva extensio ornamental, les llavors d’aquesta familia s’han escollit en
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aquesta tesi com a model per a estudiar la distribuci6 de vitamina E entre diferents
subfamilies 1 especies, aixi com I’acumulacié diferencial d’aquesta vitamina en

diferents teixits.

coberta

endocarp

Figura 6. Fruits de Parajubaea torallyii var. microcarpa: a) fruit amb dues llavors; b) i c) detall
del fruit i de la llavor on es pot observar la coberta de la llavor, que es troba en estret contacte

amb 1’endocarp.

Chamaerops humilis L. pertany a la familia Arecaceae, en concret a la
subfamilia Coryphoideae. El seu nom prové de les paraules gregues “chamai”, que
vol dir petit, i “rhops”, que vol dir arbust. Es la tnica espécie del génere
Chamaerops 1 és autoctona de la Peninsula Iberica (Merlo et al., 1993). Juntament
amb Phoenix theophrasti i P. canariensis (palmera autoctona de les illes Canaries)
son les Uniques palmeres natives d’Europa continental, estenent-se per la conca
Mediterrania occidental, la costa Mediterrania d’Espanya i1 Portugal, oest d’Italia,
algunes parts del sud de Franca, diverses illes Mediterranies i nord-oest d’Africa
(Global Biodiversity Information Facility [GBIF], 2016). Creix en diversos tipus
de sols, com en pedra calcaria, 1 sempre es troba en localitzacions assolellades 1

seques (Merlo et al., 1993).

Des del punt de vista ecologic, aquesta especie ajuda a prevenir I’erosio 1 la
desertificacio del terreny, €s resistent als incendis forestals actuant com a especie
rebrotadora 1 €s molt tolerant a les pertorbacions, com la deforestacio i el pastoreig.
Es una planta dioica amb fulles esclerofil-les palmades amb un tronc fibros sense
branques, el qual es troba recobert de cicatrius de les corones de les fulles d’anys
anteriors (Figura 7). Aquesta especie es pot propagar de manera vegetativa a
través de rizomes o bé a través de llavors. Les seves flors son infloresceéncies que

apareixen a la primavera, i mentre que les flors masculines son sempre grogues, les

30



Introduccid

flors femenines son grogues, tornant-se verdes un cop pol-linitzades. Els fruits
apareixen entre setembre 1 octubre, son grocs perd es tornen vermellosos i1
marronosos quan maduren, 1 cadascun conté una sola llavor coberta per un

mesocarp fibrds (Herrera, 1989; Merlo et al., 1993).

La llavor de C. humilis esta formada per un embrid, un endosperm molt dur i
una coberta que es troba en contacte amb I’endocarp, el qual s’interna i esta en
contacte amb [’endosperm. A 1’embrid, que no es troba completament
desenvolupat, s’hi poden diferenciar dues parts: el peciol cotiledonar, que es troba
adjacent a I’opercle, i una fulla cotiledonar, que es troba a I’interior de la llavor.
Aquesta fulla actua com a haustorium, absorbint i metabolitzant els productes de la
hidrolisi de I’endosperm. En canvi, el peciol cotiledonar conté la beina cotiledonar,
la qual conté I’eix plumular; que consisteix en un epicotil amb primordi foliar; 1
I’eix radicular; que conté 1’apex radicular a D’extrem proximal. Durant Ia
germinacio, el peciol cotiledonar és el que trenca 1’opercle, sent el primer teixit que
surt de la llavor, mentre que 1’ haustorium s’expandeix fins a ocupar gairebé tota la
llavor a mesura que aquesta va germinant i la plantula va desenvolupant-se. En el
cas de les palmeres, la germinaci6 no s’acaba amb I’emergencia del peciol
cotiledonar, sind6 que continua amb la seva protrusid, trobant dues etapes de
germinacid: 1) emergeéncia del peciol cotiledonar 1 II) emergéncia de la radicula 1
de la plumula de la beina cotiledonar. Per tant, en les palmeres, es considera que la
germinacié comen¢a amb la protrusié del peciol cotiledonar i acaba amb la
emergencia de la plimula. La germinacié de les palmeres és epigea, és a dir, es
produeix sota terra, 1 en el cas de C. humilis la germinacid és remota ligular, on
I’eix embrionari del peciol cotiledonar es separa de la llavor, la radicula surt de la
beina cotiledonar 1 la plumula emergeix d’una esquerda longitudinal (en angles,
longitudinal rift) d’aquesta (Baskin & Baskin, 2013; 2014). A mesura que la
plantula es va desenvolupant, les arrels secundaries apareixen lateralment a la
radicula provinent de la beina cotiledonar, mentre que de la plimula sorgeix la

primera fulla vertadera protegida per una beina.
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Figura 7. a) Femella de C. humilis amb fruits madurs; b) llavor no germinada; c) tall transversal
d’una llavor. S’observa I’endocarp (marrd) i I’endosperm (blanc); d) llavor germinada on
s’observa la beina cotiledonar de la qual sorgeix la plumula i I’arrel primaria; e) detall de
I’haustorium d’una llavor ja germinada. S’observa com gairebé no queda endosperm; f) arrels
secundaries que sorgeixen de l’eix radicular; g) primera fulla que sorgeix de la plimula.
S’observa la beina; h) embri6 no desenvolupat tenyit amb tetrazoli. Es diferencien dues parts: el
peciol cotiledonar i la que generara I’ haustorium.

Degut a que les llavors d’aquesta especie son ortodoxes (Gonzéalez-Benito et
al., 2006) 1 presenten dormicié morfofisiologica (Baskin & Baskin, 2014), un cop
les llavors cauen de la planta mare formen bancs de llavors, on les llavors romanen

en dormicio fins epoques climatiques favorables per a la seva germinacio.

Les llavors de C. humilis contenen un gran contingut de vitamina E, en concret
de tocotrienols. Aixi doncs, aquesta especie es va escollir com a planta model per
tal d’estudiar el paper de la vitamina E en llavors en estat de dormici6 aixi com en
diferents fases de germinacio, tant en condicions naturals com en cambres de

germinacio.
6.2. Cistus albidus

Cistus albidus L. és una especie dicotiledonia pertanyent a la familia Cistaceae.
Aquesta espécie es distribueix entre el sudoest d’Europa fins al nordest d’Africa, i
en concret es troba ampliament distribuit per I’oest del Mediterrani des del nivell
del mar fins als 1400 metres (Blasco & Mateu, 1995). Creix en sols calcaris 1 és
resistent a I’estrés per sequera, mostrant una gran capacitat per a créixer en
ambients degradats. Es una planta monoica que presenta un arbust esclerofil-le que

forma branques. Les seves fulles son ovalades, amb la caracteristica de ser
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amfistomatiques 1 de disposar tricomes en les superficies adaxials 1 abaxials.
Aquestes tenen entre 20-50 mm de llargada 1 10-30 mm d’amplada, i poden girar-
se durant la sequera. Les flors hermafrodites son roses, disposen de 5 pétals i es

produeixen des de febrer fins al juny (Roy & Sonié, 1992).

Els seus fruits son capsules que contenen moltes llavors, les quals presenten
dormicid fisica degut a la inhabilitat de la coberta per a absorbir aigua (Figura 8,
Baskin & Baskin, 2014). Aquesta caracteristica, tipica de la familia Cistaceae, es
deu a que la coberta disposa d’unes cel-lules macroesclereides en forma de
palissada amb parets secundaries lignificades, les quals contenen impregnacions de
substancies resistents a 1’aigua com ceres, suberina, cutina 1 lignina, fent
impermeables aquestes llavors (Rolston, 1978; Baskin et al., 2000; Baskin &
Baskin 2014).

Figura 8. a) Planta de Cistus albidus al parc natural de Montserrat; b) fruits
madurs; c) disposicid de les llavors dintre d’un fruit.

En condicions naturals, les llavors del génere Cistus es mantenen en dormicio
fins que la calor generada pel foc (Thanos & Georghiou, 1988; Roy & Sonié,
1992) o el moviment del sol per efecte huma o animal (Trabaud & Renard, 1999)
fa més tova la coberta, creant una obertura per la que es produeix 1’entrada d’aigua.
Un cop ’aigua arriba a I’embri6, la germinacid es promou en una gran quantitat de
temperatures 1 condicions de llum (Thanos & Georghiou, 1988; Trabaud &
Renard, 1999).
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Des del punt de vista ecologic, C. albidus és una de les principals espécies que
germinen després d’un incendi. Degut al seu grau d’impermeabilitat 1 als llargs
periodes de temps que aquestes passen formant bancs de llavors fins a poder
germinar, C. albidus s’ha escollit com a planta model per tal d’estudiar la
produccio i la qualitat de les llavors que produeix mitjancant I’estudi de la seva
viabilitat, germinaci6 i contingut de vitamina E. A més, com que aquesta especie
presenta longevitats de 15 anys (Roy & Sonié, 1992), la fa un bon model per tal
d’estudiar com la produccid de llavors es veu afectada per 1’edat. Aixi mateix, al
ser una especie molt representativa de la nostra flora, es poden estudiar diferents
poblacions per tal d’observar si la qualitat de les llavors es veu afectada per
I’ambient, alhora que si es produeixen canvis en els continguts de vitamina E, es

pot estudiar com aquests estan afectant a la germinacid 1 dormici6 de les llavors.
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Objectius
OBJECTIUS

L’objectiu principal d’aquesta tesi ha estat estudiar la distribucio, acumulacio,
funcio 1 biosintesi dels tocoferols i tocotrienols (vitamina E) en llavors, aixi com

els seus mecanismes de control.

Per a dur a terme aquest objectiu, es van proposar els segiients objectius

especifics:

- Estudiar la distribuci6 dels tocoferols i tocotrienols a les llavors de la familia
Arecaceae per tal d’explorar possibles tendéncies evolutives, aixi com avaluar
la seva acumulacié diferencial en diverses parts de les llavors a fi de

determinar possibles funcions especifiques.

- Analitzar la funci6 antioxidant dels tocotrienols 1 tocoferols durant
I’emmagatzematge, quiescencia, dormicid 1 germinacio de les llavors utilitzant

com a model d’estudi llavors de la familia Arecaceae.

- Determinar I’efecte hormonal 1 redox sobre la regulacio6 transcripcional de la

vitamina E durant la germinaci6 de les llavors de C. humilis.

- Avaluar I’efecte de I’edat de la planta mare sobre els nivells de vitamina E
amb la finalitat de determinar mecanismes de control de produccio 1 qualitat de

llavors utilitzant com a planta model 1’especie mediterrania C. albidus.

- Estudiar I’efecte de la influéncia materna sobre la viabilitat, dormicié 1
capacitat germinativa de les llavors de C. albidus en dues poblacions exposades
a condicions ambientals contrastades, avaluant 1’efecte de la vitamina E sobre

aquests parametres.
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cadascun dels articles inclosos en la memoria d’aquesta Tesi Doctoral

Capitol 1. Article “Vitamin E analyses in seeds reveal a dominant presence of
tocotrienols over tocopherols in the Arecaceae family”, publicat a la revista
Phytochemistry, index d’impacte (2015) de 2.779. En aquest treball es fa un
cribratge dels nivells de tocoferols 1 tocotrienols en llavors de 84 especies de
palmeres amb 1’objectiu de comprendre millor la seva distribucié en llavors de
monocotiledonies. Cal destacar 1’aproximacido experimental original en que
s’analitzen els nivells de vitamina E per cromatografia liquida d’alta resolucid
(HPLC) en les llavors d’un gran nombre d’especies. Es descriu de forma original
que mentre practicament totes les especies estudiades (83 de 84) acumulen
tocotrienols, només el 58,3% (49 de 84) acumulen a més tocoferols a les llavors, la
qual cosa demostra que I’acumulacié de tocotrienols (i no la de tocoferols) és un
tret conservat per 1’evolucid en la familia de les Arecaceae. La doctoranda ha
realitzat tot el mostreig, les analisis de les mostres, el tractament estadistic i1
I’elaboracio dels resultats, 1 a més ha participat en el disseny experimental i
discussio dels resultats, constant per tant com a primera autora del treball. La
doctoranda ha demostrat una gran capacitat de treball, aixi com un excel-lent

maneig en els mostrejos 1 una excel-lent predisposicid en la introduccio a 1’ts de
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I’HPLC per a les analisis de vitamina E. La doctoranda demostra també una gran

capacitat d’analisi 1 interpretacio dels resultats.

Capitol 2. Article “Enhanced tocopherol levels during early germination events
in Chamaerops humilis var. humilis seeds”, publicat a la revista Phytochemistry,
index d’impacte (2015) de 2.779. En aquest treball s’examinen les variacions en
els continguts de vitamina E en el margalld, tinica palmera que es troba de forma
natural a la peninsula ibérica, amb un €émfasi especial en la possible funcié dels
tocoferols 1 tocotrienols en la proteccid de la peroxidacid lipidica durant la
germinacié de les llavors. Cal destacar la importancia de ’estudi en quan a la
dificultat de treballar en aquest tipus de llavors que implica la posada a punt de
nous protocols de germinacio 1 el treball minucids amb diferents tipus de teixits per
esbrinar el paper diferencial dels tocoferols i tocotrienols en llavors de
monocotiledonies. La doctoranda ha realitzat tot el mostreig, les analisis de les
mostres, el tractament estadistic 1 1’elaboracio dels resultats, i a més ha participat
en el disseny experimental i1 discussi6 dels resultats, constant per tant com a
primera autora del treball. La doctoranda ha demostrat una gran capacitat de
treball, aixi com una excel-lent predisposici6 a la millora dels experiments

realitzats.

Capitol 3. Article ‘“Perennially young: seed production and quality in
controlled and natural populations of Cistus albidus reveal compensatory
mechanisms that prevent senescence in terms of seed yield and viability”,
publicat a la revista Journal of Experimental Botany, index d’impacte (2015) de
5.677. En aquest treball es descriu, entre altres aspectes, la importancia de la
vitamina E com a marcador de la qualitat de les llavors en estudis de senescencia
en plantes perennes. Cal destacar I’aproximacid experimental, amb un caire molt
més ecofisiologic que en els anteriors capitols, original i amb un alt valor cientific,
ja que es demostra per primera vegada que les reduccions de biomassa degudes a
condicions ambientals desfavorables en condicions naturals poden evitar 1’aparicio
de simptomes de senescéncia en plantes d’edat avangades, com per exemple
reduccions en la viabilitat de les llavors o canvis negatius en la seva composicid
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com podrien ser alteracions en els nivells de vitamina E. La doctoranda ha realitzat
part dels mostreigs 1 analisis de les mostres, ha col-laborat en el tractament
estadistic 1 1’elaboracid dels resultats, 1 a més ha participat en el disseny
experimental 1 discussid dels resultats, constant per tant com a co-primera autora
del treball. La doctoranda demostra una gran capacitat de treball, aixi com d’analisi

1 interpretacio dels resultats, a més d’un excel-lent maneig al camp 1 al laboratori.

Capitol 4. Article “Marked differences in seed dormancy in two populations of
the Mediterranean shrub, Cistus albidus L.”, enviat per a la seva publicacio6 a la
revista Plant, Ecology and Diversity, index d’impacte (2015) de 2.349. En aquest
darrer treball experimental es descriu la importancia de 1’ambient matern com a
determinant de processos de dormicio de llavors en una especie d’un gran valor
ecologic, amb un ¢émfasi especial en 1’estudi d’hormones i vitamina E com a
possibles determinants de la dormicid 1 viabilitat de les llavors, respectivament. Es
descriu per primera vegada que C. albidus presenta dormici6 fisiologica regulada
pels nivells d’acid abscisic 1 gibberel-lines. A més, es discuteixen alguns dels
factors que determinen diferents graus d’acumulacié de vitamina E en llavors. La
doctoranda ha realitzat tot el mostreig, les analisis de les mostres, el tractament
estadistic 1 I’elaboracié dels resultats, 1 a més ha participat en el disseny
experimental 1 discussio dels resultats, constant per tant com a primera autora del
treball. La doctoranda ha demostrat una gran capacitat de treball i ha participat
també activament en la redaccio de 1’article. La doctoranda demostra un excel-lent

grau de maduresa cientifica.

I, per que aixi consti als efectes oportuns,

Dra. Leonor Alegre Batlle Dr. Sergi Munné Bosch
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RESUM DEL CAPITOL 1

Tot 1 que es considera que els tocoferols prevenen el dany oxidatiu durant la
quiescencia i la dormicid de les llavors en totes les angiospermes, diverses especies
monocotiledonies acumulen tocotrienols a les llavors, la funcié dels quals encara
¢s incerta. En aquest treball es va voler descriure la distribucié dels tocoferols 1
tocotrienols en llavors de la familia Arecaceae per tal d’examinar possibles
tendencies en 1’acumulaci6 de la vitamina E entre diferents clades de la mateixa
familia. Amb aquest fi, es va examinar el contingut de tocoferols i tocotrienols en
llavors de 84 espécies. A més, es va avaluar la composicid de vitamina E de la
coberta, endosperm i1 embri6 de 6 espécies diferents per tal de determinar possibles
funcions especifiques de teixit per a diferents homolegs de vitamina E. Mentre que
les llavors d’un 98,8% (83 de 84) de les espécies acumulaven tocotrienols, només
un 58,3% (49 de 84) van acumular tocoferols. La preséncia dels tocoferols no va
mostrar una tendeéncia evolutiva clara, apareixent només en alguns clades de
manera aleatoria. La localitzaci6 especifica de vitamina E en els diferents teixits de
la llavor va revelar que I’embrid contenia majoritariament a-tocoferol (en les
especies que acumulaven tocoferols) o a-tocotrienol (en les especies deficients en
tocoferols). No obstant, algunes especies, com Socratea exorrhiza, acumularen
majoritariament B-tocotrienol, mentre que Parajubaea torallyi acumulava una
barreja de tocoferols 1 tocotrienols a I’embrid. Aquests resultats suggereixen que
els tocotrienols poden jugar un paper protector similar al que exerceixen els
tocoferols a les llavors, almenys en algunes espécies de la familia Arecaceae. Es
conclou que I’acumulacié de tocotrienols, més que no pas de tocoferols, és un tret

conservat de les llavors de la familia Arecaceae.
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Tocopherols are thought to prevent oxidative damage during seed quiescence and dormancy in all angio-
sperms. However, several monocot species accumulate tocotrienols in seeds and their role remains elu-
sive. Here, we aimed to unravel the distribution of tocopherols and tocotrienols in seeds of the Arecaceae
family, to examine possible trends of vitamin E accumulation within different clades of the same family.
We examined the tocopherol and tocotrienol content in seeds of 84 species. Furthermore, we evaluated

Keywords: the vitamin E composition of the seed coat, endosperm and embryo of seeds from 6 species, to determine
E;rr;n:rnetezeeds possible tissue-specific functions of particular vitamin E forms. While seeds of 98.8% (83 out of 84) of the
Seed composition species accumulated tocotrienols, only 58.3% (49 out of 84) accumulated tocopherols. The presence of
Seed quality tocopherols did not follow a clear evolutionary trend, and appeared randomly in some clades only. In
Tocochromanols addition, the tissue-specific location of vitamin E in seeds revealed that the embryo contains mostly o-
Vitamin E tocopherol (in seed tocopherol-accumulating species) or a-tocotrienol (in seed tocopherol-deficient spe-

cies). However, some species such as Socratea exorrhiza mostly accumulate B-tocotrienol, and Parajubaea
torallyi accumulates a mixture of tocopherols and tocotrienols in the embryo. This suggests that tocotrie-
nols can play a similar protective role to that exerted by tocopherols in seeds, at least in some species of
the Arecaceae family. We conclude that tocotrienol, rather than tocopherol, accumulation is a conserved

trait in seeds of the Arecaceae family.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Tocochromanols, including both tocopherols and tocotrienols,
are lipid-soluble antioxidant molecules that belong to the group
of vitamin E compounds, formed by a chromanol ring system and
a polyprenyl side chain. Whereas tocopherols saturate the chain,
tocotrienols have double bonds at the 3/, 77 and 11’ positions.
Depending on the position of methyl groups on the chromanol
ring, tocochromanols are classified into four homologues: a-, B-,
v- and &- forms (Kamal-Eldin and Appelqvist, 1996).

Tocopherols are thought to play an essential role in plants by
preventing oxidative damage during seed quiescence and dor-
mancy in all angiosperms (Horvath et al., 2006a; Smirnoff, 2007;
Falk and Munné-Bosch, 2010), although this role has only been
demonstrated in Arabidopsis thaliana (Sattler et al., 2004; Méne-
Saffrané et al., 2010). Reactive oxygen species (ROS) are key signal-
ing metabolites when they are produced transiently, but at high
concentrations they are considered potentially harmful molecules
for seeds, since they can cause cell damage by oxidizing several
essential components, including lipids, proteins and nucleic acids

* Corresponding author. Tel.: +34 934021463; fax: +34 934112842.
E-mail address: smunne@ub.edu (S. Munné-Bosch).

0031-9422/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.phytochem.2013.07.008

(Bailly, 2004). ROS have different roles in seeds. While ROS produc-
tion is kept to a minimum to maintain seed longevity and dor-
mancy, ROS signaling is a key factor to break dormancy, since it
acts as a signaling trigger alone or by interacting with hormones
(Bailly et al., 2008). During germination, ROS production is largely
increased and antioxidant compounds, like tocochromanols, have
to modulate transient ROS accumulation (signaling effect) and pre-
vent sustained ROS accumulation (deleterious effect, Bailly, 2004).
Tocochromanols scavenge lipid peroxyl radicals, and quench and
scavenge singlet oxygen and various other ROS (Simontacchi
et al., 1993; Sattler et al., 2004; Falk and Munné-Bosch, 2010).
These antioxidants are accumulated in seeds to protect the polyun-
saturated fatty acids (PUFAs) from lipid peroxidation (Simontacchi
et al., 2003; Falk and Munné-Bosch, 2010).

It is generally assumed that tocopherols are present ubiqui-
tously in the plant kingdom and in almost all plant parts, while
tocotrienols are only present in some species and in specific tissues
or organs, such as the fruits, seeds and latex of some species (Horv-
ath et al., 2006a; Falk and Munné-Bosch, 2010). In seeds, the pre-
dominant tocopherol form that is accumulated is y-tocopherol
(Hess, 1993; Munné-Bosch and Alegre, 2002; Falk and Munné-Bos-
ch, 2010). However, in some species, o-tocopherol is the predom-
inant form, including several Euphorbia species, Picea abies, Vitis
vinifera, Nigella sativa and Pisum sativum (Gaunt and Stowe,

51



Capitol 1

208 L. Siles et al./ Phytochemistry 95 (2013) 207-214

1967; Franzen and Haab, 1991; Bruni et al., 2004; Al-Saleh et al,,
2006; Horvath et al., 2006a,b). Monocots, including Xyris bialata
and Xyris peregrina, accumulate tocopherols and tocotrienols in
seeds (Garcia et al., 2011). Other species such as Zea mays, Hordeum
vulgare and Avena sativa mainly accumulate tocotrienols in seeds,
rather than tocopherols (Falk et al., 2004; Horvath et al., 2006b;
Gutiérrez-Gonzalez et al., 2013).

Arecaceae is a family of palm trees that contain significant
amounts of vitamin E in seeds and fruits. The family has its origins
in the tropical rainforest biome, and its diversification started in
the mid-Cretaceous period in Laurasia. Diversification occurred at
a constant rate until the end of the Oligocene period (Couvreur
et al,, 2011), when more species started to appear. Currently, this
family, which is a monophyletic group within the commelinid
clade of monocots (Asmussen et al., 2006; Baker et al., 2009), can
be divided into five subfamilies: Calamoideae, Nypodeae, Coryphoi-
deae, Ceroxyloideae and Arecoideae (Asmussen et al., 2006; Baker
et al.,, 2009). Elaeis guineensis and other palm oils are known to
be good sources of vitamin E which, indeed, comes from the fruit
mesocarp and not from the seed. Red palm oil and palm olein pre-
dominantly accumulate y-tocotrienol (Daugan et al., 2011) and E.
guineensis is a good source of a-tocopherol (Choo et al., 2004).
However, the oil extracted from Phoenix dactylifera is obtained
from the seeds, and the principal compound is a-tocopherol (Bes-
bes et al., 2004). The oil obtained from Washingtonia filifera seeds is
richer in y-tocotrienol, but all tocopherol forms are found (Nehdi,
2011). Despite these examples, there is still very little information
about the content and distribution of vitamin E in different tissues
of the seeds in this family.

In the present study, we aimed to unravel the distribution of
tocopherols and tocotrienols in seeds of the Arecaceae family, to

examine possible trends of tocotrienol accumulation within differ-
ent clades. We evaluated the tocopherol and tocotrienol content in
seeds of 84 species. In addition, we analyzed the vitamin E compo-
sition of the coat, endosperm and embryo of seeds from 6 species
to unravel possible tissue-specific functions for particular vitamin
E forms.

2. Results
2.1. Vitamin E distribution in the Arecaceae family

The amount of total vitamin E in seeds varied among the differ-
ent species of the Arecaceae family. It ranged from 0.23 to
1555.82 pg/g seed in Ptychosperma caryotoides and Daemonorops
sabut, respectively. D. sabut contained very high levels of vitamin
E in seeds compared to the other species of the same family, with
values 13.3-fold higher than Dypsis lutescens, the species with the
second highest vitamin E levels within the Arecaceae (Fig. 1). D. sa-
but was not only extraordinary for the high vitamin E content, but
also because it was the only species analyzed (out of 84) that con-
tained tocopherols only. The predominant vitamin E compound in
seeds of this family was tocotrienol (in 83 out of 84 species, 98.8%),
while tocopherols were present in 58.3% of the species (49 out of
84).

Some species, including D. lutescens, Wodyetia bifurcata, Phoenix
paludosa, Acanthophoenix rousselii, Chamaedorea pinnatifrons,
Chamaedorea elatior and Dypsis nauseosa (species numbers 2, 16,
34, 42, 46, 49 and 70, respectively) contained more than 90% of
vitamin E in the tocopherol form (Fig 1, Suppl. Table 1). o- and
v-tocopherol were the two most abundant compounds in most of
the tocopherol-accumulating species. o-tocopherol was the
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Fig. 1. Amounts of total vitamin E, total tocopherols and total tocotrienols in seeds of the Arecaceae family. Data correspond to the mean * SE of n = 3. The numbers of the

species correspond to the seed list found in Supplementary Table 1.
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compound with the highest values, especially in D. sabut (69 ng/g
seed). Butia catarinensis (species number 4) was the species with
the highest amount of y-tocopherol (29 pg/g seed). Seeds of this
family had very low or undetectable levels of B-tocopherol, except
the richest vitamin E species D. sabut and D. lutescens (species
numbers 1 and 2, with 1482 and 83 pg/g seed, respectively). Final-
ly, 5-tocopherol was present at low amounts and in a few species
only; seeds of P. paludosa (species number 34) contained the high-
est amount of this compound (9 pg/g seed; Fig. 2, Suppl. Table 1).
Tocotrienols were detected in all species examined, with the
exception of D. sabut. o- and B-tocotrienol were the best repre-
sented compounds in most of the species, whereas y- and 3-toco-
trienol were the least. o-tocotrienol followed by <y-tocotrienol
were the substances with the highest values, whereas there were
similar amounts of B- and §-tocotrienol. The dominant tocotrienol
homologue was different in each species (Fig. 3, Suppl. Table 1).

2.2. Tissue-specific localization of vitamin E in seeds

The distribution of vitamin E between different seed tissues
(seed coat, endosperm and embryo) was analyzed in 6 species,

Chamaerops humilis var. cerifera Parajubaea torallyi var. microcarpa

0

Jubaea chilensis Astrocaryum standleyanum

0

Syagrus orinocensis Socratea exorrhiza

0

== Seed coat
=== Endosperm
=== Embryo

Fig. 4. Distribution of total vitamin E in the seed coat, endosperm and embryo of six
species of the Arecaceae family. Data correspond to the mean of n = 3. SE was less
than 5% in all tissues and species, except in the seed coat of Chamaerops humilis var
cerifera (SE = 32% of the mean).
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including Chamaerops humilis var. cerifera, Parajubaea torallyi var.
microcarpa, Syagrus orinocensis, Jubaea chilensis, Astrocaryum stand-
leyanum and Socratea exorrhiza. A completely varied distribution
between tissues and species was found (Fig. 4, Table 1). The em-
bryo contained the highest amount of vitamin E in all the species
analyzed, with the exception of S. exorrhiza, in which vitamin E
was distributed almost equally between the seed coat and the em-
bryo, but was not detected in the endosperm (Fig. 4).

In species accumulating tocopherols in seeds (P. torallyi var.
microcarpa, S. orinocensis, J. chilensis, A. standleyanum and S. exorrh-
iza), a-tocopherol was the predominant form in the embryo (Ta-
ble 1). In species accumulating exclusively tocotrienols in seeds
(C. humilis var. cerifera), a-tocotrienol was the predominant form
in the embryo. The composition of vitamin E homologues in the
seed coat and the endosperm varied greatly between species, but
o and Y homologues were the predominant forms in the seed coat,
and o, y and & homologues in the endosperm (Table 1).

3. Discussion
3.1. Vitamin E distribution in the Arecaceae family

In general, this family accumulates tocotrienols rather than toc-
opherols. Many species contain tocopherols, but generally in low
amounts. Among the tocotrienols, a-tocotrienol seems to be pres-
ent in most species (only 5 species do not contain a-tocotrienol in
seeds). D. sabut was the only species of the 84 analyzed that con-
tained tocopherols, but not tocotrienols. Previous studies have
demonstrated that tocopherols play an important role in maintain-
ing viability during seed quiescence and longevity in A. thaliana
(Sattler et al., 2004; Méne-Saffrané et al., 2010). However, the pre-
dominant accumulation of tocotrienols rather than tocopherols in
the Arecaceae family indicates that tocopherols may be dispens-
able to protect seeds from oxidative damage. This change in the
form of vitamin E accumulated in seeds indicates that tocotrienols
may be as efficient as tocopherols for slowing down the ROS pro-
duced during long periods of dormancy or storage. In that respect,
Matringe et al. (2008) found that tocotrienols can function as effi-
ciently as tocopherols as antioxidants protecting membrane lipids
from peroxidation in tobacco leaves. It appears therefore that from
a functional point of view tocotrienols can substitute the antioxi-
dant function of tocopherols both in seeds and leaves. It should
be considered, however, that aside from tocopherols and tocotrie-
nols, other tocochromanols, such as plastochromanol-8 (PC-8) can
exert a protective antioxidant role in seeds (Méne-Saffrané et al.,
2010). Therefore, further research is needed to examine the distri-
bution of PC-8 in seeds of the Arecaceae family and establish pos-
sible redundant roles, if any, between tocotrienols, tocopherols and
PC-8, at least in some of the species.

It appears that the capacity to accumulate tocopherols in seeds
was lost more than once in the evolutive process and the viability
was not affected. The species analyzed in the present study were
spread across three subfamilies: Calamoideae, Coryphoideae and
Arecoideae (Fig. 5). The oldest subfamily was Calamoideae, which
appeared in the Cretaceous period, whereas Coryphoideae and
Arecoideae subfamilies appeared in the middle and at the end of
the Cretaceous period, respectively. Only one species of the Cala-
moideae was studied: D. sabut (number 1), which is the only spe-
cies lacking tocotrienols and accumulating the highest amounts
of tocopherols. In the Coryphoideae subfamily, 65.15% of the genera
contain tocopherols, whereas in the Arecoideae subfamily this fig-
ure stands at 59.14%. These results suggest that the more modern
Arecaceae subfamilies contain lower tocopherol content (with the
exception of D. lutescens, which is within the Arecoideae subfamily
yet has 97.8% of tocopherols). This contention is however not
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Distribution of tocopherols and tocotrienols in the seed coat, endosperm and embryo of six species of the Arecaceae family. Data correspond to the mean * SE of n = 3. ND, not
detected. T, tocopherol. Tt, Tocotrienol.

o-T B-T v-T 3-T o-Tt B-Tt v-Tt 3-Tt
Jubaea chilensis
Seed coat ND ND ND ND 15.47 +£0.18 1.03 £0.10 2.58+0.02 2.96+0.16
Endosperm ND ND ND ND 0.72 £ 0.03 0.71 £0.03 2.94 £0.08 11.63£0.19
Embryo 7.77 £0.40 ND ND ND 16.61 £ 0.66 4.11 £0.04 2.08 £0.06 3.32+£0.17
Parajubaea torally var. microcarpa
Seed coat ND ND ND ND 5.85+0.27 0.20 £ 0.07 14.38 £0.22 2.56+0.11
Endosperm ND ND ND ND 4.16+0.23 0.53+0.10 16.16 £ 0.82 11.04 £0.58
Embryo 23.12+1.15 ND ND ND 12.78 £ 0.64 0.56 £0.10 17.40 £ 0.90 15.25+£0.81
Astrocaryum standleyanum
Seed coat 24.55+0.29 ND ND ND 5.45+0.17 1.44+£0.12 0.92 £0.08 0.59 £0.15
Endosperm ND ND ND ND 5.97+0.26 3.74+0.12 3.93+0.12 6.34+0.19
Embryo 49.49 +£1.98 1.32+£0.05 ND ND 1.38 £0.06 0.21+0.01 ND ND
Syagrus orinocensis
Seed coat 3.18+0.08 ND 0.14+0.02 ND 0.22+0.13 0.47 +£0.07 0.25+0.12 ND
Endosperm ND ND 0.67 £ 0.06 ND 4.31+0.23 0.52 £0.02 6.42 £0.24 1.76 £ 0.32
Embryo 21.05+0.42 1.47 £0.07 3.30£0.29 ND 2.64£0.13 5.72 £0.27 ND ND
Socratea exorrhiza
Seed coat 1.32 £0.07 ND 2.28+0.18 ND ND 0.34 +0.06 ND ND
Endosperm ND ND ND ND ND ND ND ND
Embryo 0.57 £0.03 ND ND ND ND 3.04 £0.50 ND ND
Chamaerops humilis var. cerifera
Seed coat ND ND ND ND 9.49 £3.10 0.40£0.14 ND ND
Endosperm ND ND ND ND 46.24 £1.55 2.97+0.10 2.76 £0.07 1.01+0.10
Embryo ND ND ND ND 159.84 +5.35 4.68 +0.16 1.20 £ 0.04 1.19 £0.09
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Fig. 5. Cladogram of the Arecaceae family. Genera highlighted in orange are those used in this experiment. The genera highlighted in green are those in which tocopherols
were detected and the underlined genera are those in which a-tocopherol was present. An asterisk indicates the genus whose species (or varieties in the case of Chamaerops
humilis) differ in the presence or absence of tocopherols. " indicates the genus whose species differ in the presence or absence of o-tocopherol. Numbers represent 14
diversification rates and the bars next to the generic names represent diversification rates under no extinction (adapted from Baker and Couvreur, 2012).
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supported within the subfamilies. In Coryphoideae, 3.03% of the
genera containing tocopherols appeared in the Eocene period,
9.09% in the early Miocene period, and 36.36% at the end of the
Miocene period. In the Arecoideae subfamily, 8.06% of the genera
containing tocopherols appeared in the Oligocene and 51.07% in
the Miocene. In addition, no tocopherols were found in some gen-
era, such as Roystonea, which appeared in the Paleocene period.
These results suggest that the capacity to synthesize tocopherols
in the Arecaceae family has been lost several times during
evolution.

The global distribution of the 84 species of the Arecaceae family
analyzed here was similar for species with and without tocophe-
rols (Fig. 6). The only representative in Africa was E. guineensis,
which is one of the few species that can be found on this continent.
In fact, the diversification rate in Africa is lower than in the other
continents, which explains the absence of species there (Baker
and Couvreur, 2012). D. sabut is found throughout Indonesia and
Malaysia, where more species with and without tocopherols are
also present. Therefore, it seems that the species distribution is
clearly not determined by the vitamin E composition.

Another factor that might influence the vitamin E composition
is the degree of seed dormancy. Among the seeds analyzed, Archon-
tophoenix alexandrae is recalcitrant with no primary dormancy
(Martins et al., 2003), Dypsis leptocheilos is possibly recalcitrant
or with intermediary dormancy (Pimenta, 2009), E. guineensis
and Roystonea regia show intermediary dormancy (Orozco-Segovia
et al., 2003), and C. humilis var. cerifera, D. lutescens, Butia eriospa-
tha, Acrocomia aculeata, W. bifurcata, Areca triandra and W. filifera
are orthodox seeds with deep dormancy (Dickie et al., 1992; Yang
et al., 2007; Ribeiro et al., 2012; Gonzalez-Benito et al., 2006; Gon-
zalez et al., 2012). To our knowledge, other species studied here
have not been characterized in this respect, but the mentioned
examples, such as C. humilis var. cerifera and Butia eriospatha,

which are orthodox and lack tocopherols, indicate that tocotrienols
may be as effective as tocopherols in maintaining viability during
seed dormancy in the Arecaceae family.

3.2. Vitamin E in seed tissues

The distribution of tocochromanols in seed tissues can vary
depending on the species. In H. vulgare and A. sativa, tocotrienols,
and particularly o-tocotrienol, are dominant in the endosperm.
The germ fraction or embryo accumulates principally a-tocopherol
(Falk et al., 2004; Gutiérrez-Gonzalez et al., 2013). The same pat-
tern is found in corn oil, which is extracted from the embryo (Dau-
gan et al., 2011). The embryo needs more antioxidant protection
than the other tissues, because germination and early seedling
development are an oxidative bottleneck for plants (Bailly, 2004).
Various palm seeds use lipids as energy stores for germination.
When germination starts, the stored lipids can be mobilized and
used by B-oxidation and gluconeogenesis. Both processes are major
sources of ROS that need to be controlled. Tocotrienols are found in
the endosperm, while tocopherols have been identified in the germ
of several cereals (Grams et al., 1970; Morrison et al., 1982; Peter-
son, 1995; Hoa et al., 2003). With the exception of S. exorrhiza, half
of the total vitamin E analyzed in the embryos was a-tocopherol or
o-tocotrienol. The fact that the o homologues were predominant
suggests that the methyl groups in the head-ring may play a more
important role in the maintenance of oxidative status than the
presence or absence of double bounds in the prenyl chain. In the
endosperm, tocotrienols were the main compounds. This distribu-
tion is in agreement with previous studies in which similar results
were found in cereals (Falk et al., 2004; Horvath et al., 2006a). The
accumulation of tocopherols and tocotrienols in the seed coat var-
ied among species. There did not appear to be a clear pattern of

120° 60" 0°

@ Species with tocopherols

[ species without tocopherols
Yr Daemonorops sabut

Fig. 6. World map distribution of the 84 species of the Arecaceae family studied. Green circles indicate the distribution of species with tocopherols and squares indicate
species without tocopherols. The six yellow stars show the distribution of Daemonorops sabut. The specific distribution of each species can be consulted in Supplementary
Tables 2 and 3 (information taken from http://www.palmweb.org/ and the World Checklist of Selected Plant Families from Royal Botanic Gardens, Kew).
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accumulation or an explanation for the role of these compounds in
the testa (indeed, no other studies have examined this).

4. Conclusions

Not all terrestrial plants accumulate tocopherols in seeds. This
appears to be particularly true for Arecaceae, as tocopherols were
not detected in 35 of the 84 species analyzed. Consequently, it ap-
pears that tocopherols are not needed for seed dormancy in these
species. Tocotrienols can play a similar protective role to that ex-
erted by tocopherols in seeds. Further research is however needed
to unravel the possible antioxidant function of other tocochroma-
nols, such as PC-8, in seeds of the Arecaceae family.

5. Experimental
5.1. Plant material

Seeds (covered by the fruit endocarp) of 84 palm species of dif-
ferent subfamilies were provided by Tobias W. Spanner (http://
www.rarepalmseeds.com). The species used in the study are listed
in Supplementary Supplementary Table 1. After purchase, seeds
were stored at 23 °C and 50% relative humidity for 4 months in
the dark prior to analyses. All seed lots were confirmed to be via-
ble. For each species, a variable number of seeds were analyzed,
depending on their size. A minimum of 3 and a maximum of 32
seeds were used. The endocarp was removed with the aid of a
saw and a hammer to obtain the seed.

5.2. Seed dissection

In a second set of analyses, the seeds of six randomly selected
species were dissected and the seed coat, endosperm and embryo
were evaluated separately. The selected species were C. humilis
var. cerifera, P. torallyi var. microcarpa, J. chilensis, A. standelayanum,
S. orinocensis and S. exorrhiza. The embryo was the first tissue sep-
arated from the rest of the seed, with the aid of a scalpel. Then, the
seed coat was peeled back using a scalpel and milled with a mortar.
Finally the seeds were split using a hammer, the endosperm was
isolated with a scalpel, and a coffee grinder was used to mill the
tissue. In addition, if the seed coat had fuzz over its surface, this
was removed using a scalpel and tweezers before beginning the
dissection. Seed parts were obtained and immediately used for
analyses.

5.3. Analysis of vitamin E

For the extraction of tocopherols and tocotrienols, seeds were
crushed using a hammer and then milled with a coffee grinder.
Seed parts were crushed with a mortar and pestle, and three repli-
cas of 100 mg in 1.5 mL of methanol or 10 mg in 200 puL methanol
(for embryos) were performed for each species. Samples were son-
icated for 30 min and then incubated for 18 h at room temperature.
Afterwards, samples were sonicated for another 30 min and incu-
bated at room temperature for 3 h. This process was then repeated
for 2 additional hours. Finally, samples were centrifuged for 15 min
at 4 °C and 10,000 rpm and transferred to vials for analysis. The
HPLC analysis was performed as described by Amaral et al.
(2005). In brief, the HPLC equipment consisted of an integrated
system with a Jasco PU-2089 Plus pump, a Jasco AS-2055 Plus
auto-sampler (Jasco, Japan) and a FP-1520 fluorescence detector
(Jasco, Japan). All tocochromanol forms were separated on an Inert-
sil 100A (5 pm, 30 x 250 mm, GL Sciences Inc., Japan) normal-
phase column, operating at room temperature. The flow rate was
0.7mLmin"! and the injection volume was 10 uL. The mobile

phase was a mixture of n-hexane and p-dioxane (95.5; 4.5 v/v).
Detection was carried out at an excitation of 295 nm and emission
at 330 nm. Quantification was based on the results obtained from
the fluorescence signal and compared to that of a calibration curve
made with authentic standards of each compound (Sigma-Aldrich,
Steinheim, Germany).
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Capitol 2
RESUM CAPITOL 2

La majoria de les angiospermes acumulen vitamina E en forma de tocoferols a les
llavors, els quals exerceixen un paper protector antioxidant. No obstant, diverses
palmeres acumulen principalment tocotrienols a les llavors, més que tocoferols, fet
que tamb¢ succeeix a altres monocotiledonies. Per a estudiar el paper protector tant
dels tocoferols com dels tocotrienols contra la peroxidacié lipidica durant la
germinaci0 de Chamaerops humilis var. humilis, la viabilitat, la capacitat
germinativa natural 1 induida, el contingut hidric, els nivells d’acid malondialdehid
(com a indicador de la extensio de la peroxidacio lipidica) 1 els nivells de vitamina
E (incloent tocoferols i1 tocotrienols) es van examinar en diverses fases de
germinacié en un banc de llavors simulat, en condicions naturals. En estadis molt
primerencs de la germinacid (obertura de [’opercle), els nivells d’acid
malondialdehid van incrementar 2,8 vegades, per després disminuir un 74%,
indicant, per tant, una peroxidaci6 lipidica transitoria en estadis molt inicials de la
germinacio. A llavors quiescents no es van detectar tocoferols, 1 els seus nivells no
van incrementar durant I’obertura de 1’opercle. No obstant, els seus nivells van
augmentar  després,  presumptament  disminuint 1’acumulacié  d’acid
malondialdehid. A partir de I’augment dels nivells de tocoferols, aquests van
continuar incrementant mentre que els nivells de peroxidacié lipidica disminuien.
En canvi, els nivells de tocotrienols es van mantenir constants o fins 1 tot van
disminuir a mesura que la germinaci6 progressava, no mostrant cap tipus de
correlacido amb els nivells de peroxidacid lipidica. Per tant, es creu que tot i els
elevats continguts de tocotrienols dels que disposen, les llavors sintetitzen
tocoferols durant la germinaci6 per tal de protegir els lipids dels processos

metabolics que generen peroxidacio.
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Most angiosperms accumulate vitamin E in the form of tocopherols in seeds, exerting a protective antiox-
idant role. However, several palm trees principally accumulate tocotrienols, rather than tocopherols, in
seeds, as it occurs in other monocots. To unravel the protective role of either tocopherols or tocotrienols
against lipid peroxidation during seed germination in Chamaerops humilis var. humilis; seed viability, nat-
ural and induced germination capacity, seed water content, malondialdehyde levels (as an indicator of
the extent of lipid peroxidation) and vitamin E levels (including both tocopherols and tocotrienols) were

g?;‘;vn‘:r‘ljcs" examined at various germination phases in a simulated, natural seed bank. At the very early stages of ger-
Germinat)i,on mination (operculum removal), malondialdehyde levels increased 2.8-fold, to decrease later up to 74%,

thus indicating a transient lipid peroxidation at early stages of germination. Tocopherol levels were
absent in quiescent seeds and did not increase during operculum removal, but increased later presum-
ably dampening malondialdehyde accumulation. Thereafter, tocopherols continued increasing, while
lipid peroxidation levels decreased. By contrast, tocotrienols levels remained constant or even decreased
as germination progressed, showing no correlation with lipid peroxidation levels. We hypothesize that
despite their high tocotrienol content, seeds synthesize tocopherols during germination to protect lipids
from peroxidation events.

Lipid peroxidation
Natural seed bank
Tocochromanols
Vitamin E

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Germination starts with seed imbibition, a fast initial uptake of
water that resumes seed metabolism and recommences respira-
tory activity (Bewley, 1997; Bewley and Black, 1994). These
changes may provide an important source of reactive oxygen spe-
cies (ROS), which can either act as signaling molecules or have
deleterious effects in seeds. ROS play an important role in the com-
pletion of germination, for example, by acting as a signal in dor-
mancy alleviation and by stimulating the expression of genes
involved in gibberellin signaling (Bailly et al., 2008; El-Maarouf-
Bouteau and Bailly, 2008). However, the uncontrolled and sus-
tained accumulation of ROS is highly toxic for the cell, inducing
an oxidative stress that can cause cellular damage. One of the best
known harmful effects of ROS accumulation is massive lipid perox-
idation, in which the polyunsaturated fatty acids (PUFAs) present
in the membranes or in the reserve lipids of oily seeds are
degraded (Falk and Munné-Bosch, 2010; Bailly, 2004). ROS can also
oxidize nucleic acids, proteins (Beckman and Ames, 1997) and
deactivate some enzymes (Charles and Halliwell, 1980).

* Corresponding author.
E-mail address: smunne@ub.edu (S. Munné-Bosch).

http://dx.doi.org/10.1016/j.phytochem.2015.07.018
0031-9422/© 2015 Elsevier Ltd. All rights reserved.

Tocopherols and tocotrienols, known as tocochromanols, are
vitamin E compounds formed by a polar chromanol head group
linked to a polyprenyl hydrophobic tail. Whereas tocopherols have
a fully saturated tail, tocotrienols have three (trans) double bonds
at the 3/, 7" and 11’ positions. Four different homologues can be dis-
tinguished depending on the number and the position of methyl
groups on the aromatic portion of the chromanol head group:
the a-, B-, - and 8-forms (Falk and Munné-Bosch, 2010; Hunter
and Cahoon, 2007; Munné-Bosch and Alegre, 2002). In seeds,
tocochromanols scavenge lipid peroxyl radicals, quench and scav-
enge singlet oxygen and protect from lipid peroxidation during
seed storage, germination and seedling development (Falk and
Munné-Bosch 2010; Sattler et al., 2004, 2006; Simontacchi et al.,
1993).

Seeds can accumulate tocopherols (o- and y-forms of toco-
pherol are present depending on the species) and tocotrienols
(Falk and Munné-Bosch, 2010; Horvath et al., 2006; Munné-
Bosch and Alegre, 2002). While tocopherols are present in almost
all parts of plants, tocotrienols are not universally found within
the plant kingdom and are only located in seeds, fruits, latex and
in leaves of some species (Morales et al., 2014; Falk and Munné-
Bosch, 2010; Horvath et al., 2006). Moreover, there is a high varia-
tion in the relative abundance of each tocotrienol homologue
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depending on the plant species (Falk and Munné-Bosch, 2010).
Tocotrienols have been found in seeds of some dicots (Amaral
et al., 2005a; Horvath et al., 2004; Velasco et al., 2000; Osuna-
Garcia et al., 1998), and several monocots, reaching very high con-
centrations in the oil extracted from cereals and most particularly
in the palm oil (Cela et al., 2011; Garcia et al., 2011; Horvath et al.,
2006). The seeds of Avena sativa, Triticum sp, Hordeum vulgare,
Oryza sativa and Zea mays accumulate tocotrienols rather than
tocopherols. Specifically, in the Arecaceae family, some species,
such as Cocos nucifera, accumulate more tocotrienols than toco-
pherols in seeds (Horvath et al., 2006). Indeed, it has recently been
shown that this is not the exception and that several species of the
Arecaceae family contain principally tocotrienols in its quiescent
seeds (Siles et al., 2013). Tocotrienols can be equally efficient as
tocopherols or even better antioxidants than tocopherols under
some conditions (Matringe et al., 2008; Kamal-Eldin and
Appelqvist, 1996; Suzuki et al., 1993); it is therefore likely that
tocotrienols can have the same role as tocopherols in protecting
membrane lipids from peroxidation. However, the relative impor-
tance of tocopherols and tocotrienols in protecting seeds from lipid
peroxidation has been largely unexplored thus far.

Chamaerops humilis is a dwarf palm native of continental Europe
found in the Iberian Peninsula with an outstanding ecological
interest (Fedriani and Delibes, 2011) that at the same time accu-
mulates large amounts of tocotrienols in quiescent seeds, as it
occurs with other monocots (Siles et al., 2013). Therefore, we
hypothesized that tocotrienols may protect seeds from lipid perox-
idation during germination. Here, we aimed to get correlative evi-
dence between the vitamin E composition and lipid peroxidation
levels to support this hypothesis. Moreover, we explored the vita-
min E composition in the endosperm and the embryo of seeds to
shed light on the possible tissue-specific function of tocotrienols.
Finally, we evaluated seed viability both in a simulated seed bank
for 6 months and after storage at 4 °C for 1 year.

2. Results and discussion
2.1. Seed viability, germination and dormancy

Seed viability and germination were studied for 6 months in a
simulated, natural seed bank of C. humilis var. humilis. The percent-
age of living seeds was maintained stable (ranging between 44%
and 55%) throughout the experiment. It is known that seed viabil-
ity can be affected by storage conditions, especially under harsh
conditions in seeds buried in the soil (Bonner, 2008). Although seed
viability in terms of alive seeds was kept constant during 6 months
of burial, the percentage of dying (weakly and patchy) seeds
decreased significantly; and consequently the percentage of the
dead ones increased, from a 5.2% to a 45.3% (Fig. 1A).

Seeds were buried in the soil during September and viable seeds
started to germinate during December (25.2%, Fig. 1B), just after
the rainy, autumn season (Suppl. Fig. 1). Seeds continued germi-
nating during winter, with a germination capacity of 36.9% during
March 2014 (Fig. 1B). Seeds germinated after autumn rainfalls
(December) and during the winter (March) thanks to the optimal
climatic conditions with high water availability and mild temper-
atures typical of the maritime Mediterranean climate where the
simulated, natural seed bank was established (see Suppl. Fig. 1
for a detail of climatic conditions). Water availability is essential
for imbibition and seed metabolism resumption to break primary
dormancy (Bewley, 1997). The water content of the seeds largely
increased during December 2013, with the more developed germi-
nated seeds containing more water in their tissues (Suppl. Fig. 2). C.
humilis seeds have a very characteristic, remote germination (i.e. a
cotyledonary petiole grows out and away from the seed, lossi et al.,
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Fig. 1. (A) Percentage of alive, dying (patchy and weakly) and dead seeds at the
establishment of the seed bank (September 2013), and after 3 and 6 months of
burial (December 2013 and March 2014, respectively). (B) Percentage of natural and
induced germination after 0, 3 and 6 months of burial. Data are the mean + SE of
n=>5. Each replicate is a plot, which represents the mean of 3 bags with 50 seeds
each. Different letters indicate significant differences between different time points
(ANOVA, P < 0.05). Capital letters refer to natural germination and small letters
refer to induced germination. NS, not significant.

2006), with up to five different germination stages being observed
during the study (Fig. 2). Induced germination was additionally
measured in non-germinated seeds, and it was 8.4% during
September. This percentage decreased after 3 and 6 months of bur-
ial (to 3.2% and 1.6% respectively, Fig. 1B). During March 2014,
there was a 43.5% of viable seeds and a 36.9% of germinated seeds.
The remaining 6.6% of non-germinated viable seeds appeared to be
dormant. The low germination percentage of the non-germinated
seeds by induced germination (1.6%) suggests that 5.0% of the
viable seeds present secondary dormancy. Hence, C. humilis ortho-
dox seeds have principally primary dormancy: seeds are in a dor-
mant state until the appearance of favorable environmental
germination factors (Gonzalez-Benito et al., 2006; Baskin and
Baskin, 2004; Bewley, 1997).

2.2. Vitamin E composition in quiescent seeds

Quiescent seeds of C. humilis var. humilis, contained tocotrie-
nols, mainly in the form of a-tocotrienol (>80%), and tocopherols
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Fig. 2. Germination phases observed through the experiment. (A) Non germinated seeds (phase 0). (B) Seeds with the operculum opened (phase I). (C) Seeds with the
cotyledonary petiole emerging (phase II). (D) Seeds with the primary radicle and the cotiledonary petiole already swelled (phase III). (E) Appearance of the plumule from the
longitudinal rift of the cotiledonary petiole. Op, operculum. Cp, cotyledonary petiole. Scp, swelled cotiledonary petiole. Pr, primary root. Lr, longitudinal rift. Pl, plumule.

were found at very low, non-quantifiable amounts (traces, Fig. 3).
In a previous study, we showed that C. humilis var. argentea (syn.
cerifera) and C. humilis var. vulcano also predominantly accumu-
lated tocotrienols, mainly in the form of o-tocotrienol, rather than
tocopherols in quiescent seeds (Siles et al., 2013). In contrast,
Nehdi et al. (2014) found §-tocotrienol as the major component
(32%), followed by a-tocotrienol (29%), y-tocopherol (21%) and -
tocotrienol (12%) in the oil obtained from C. humilis var. argentea
seeds collected in Tunisia and over-dried at 60°C for 24 h.
Different genotype, ecotype, storage conditions and/or extraction
pre-treatments in C. humilis var. argentea seeds from Siles et al.
(2013) and Nehdi et al. (2014) may be the possible cause of the
contrasting tocochromanol composition obtained in these studies.

A detailed study of the tocochromanol composition of seed tis-
sues in C. humilis var. humilis, including the embryo and endo-
sperm, revealed that the endosperm only contained tocotrienols
(tocopherols were not detected). The embryo contained 138 pg/g
seed of total tocotrienols and 0.7 ng/g seed of total tocopherols,
that is a 99.4% of tocotrienols and very few tocopherols (0.6%,
Fig. 3). The major tocotrienol form found was a-tocotrienol. The
seed and the endosperm had similar percentages of a-tocotrienol
(81.4% and 83.0%, respectively), and the embryo accumulated more
than 90% of tocochromanols in the form of a-tocotrienol (Fig. 3),
thus confirming that this is the major tocochromanol form in seeds
from C. humilis var. humilis.

When tocotrienol levels were measured in quiescent seeds after
6 months of burial, results showed a decrease from 40 to 26 pg/g
seed of a-tocotrienol, while variations in the other tocotrienol
forms during the same period were negligible (<1 pg/g seed, data
not shown). Furthermore, this was accompanied by a 50% reduc-
tion in the extent of lipid peroxidation in quiescent seeds after
6 months of burial (as indicated by MDA levels, which decreased
from 62 to 28 nmol/g seed, P < 0.05, data not shown) The high
amounts of tocotrienols, particularly a-tocotrienol, in C. humilis
var. humilis quiescent seeds suggest that tocotrienols may be as
efficient as tocopherols against lipid peroxidation during storage
and dormancy, acting as antioxidants substituting tocopherols. It
is tempting to speculate that the tocochromanol composition of
seeds may vary depending on prevailing environmental conditions
during fruit and seed maturation in C. humilis. Depending on the
variety, genotype and ecotype, tocotrienols may be the unique
tocochromanols found in mature, quiescent seeds that can there-
fore exert a role against lipid peroxidation, as it occurs in our study
and many other seeds from the Arecaceae family (Siles et al., 2013).

2.3. Linking lipid peroxidation with vitamin E composition in
germinating seeds

A correlative study between MDA accumulation and the vita-
min E composition of seeds was performed to examine what

vitamin E form is involved in the protection of lipids from peroxi-
dation during germination of C. humilis var. humilis seeds. As this
species mostly accumulates tocochromanols in the form of o-to-
cotrienol in quiescent seeds, we expected that the correlative evi-
dence obtained might support a role for a-tocotrienol in the
protection of germinating seeds from lipid peroxidation. During
germination, malondialdehyde (MDA) levels increased 2.8-fold
between phases 0 and I, just when the operculum opened. This
might favor oxidative processes, including activation of the mito-
chondrial respiratory chain and the mobilization of seed storage
lipids by B-oxidation and gluconeogenesis, which are known to
be sources of elevated ROS during seed germination (Bailly,
2004; Sattler et al., 2004, 2006). Between phases I and II, MDA
levels remained stable to later decrease by 74% between phases
Il and III, thus indicating a transient lipid peroxidation at early
stages of germination (Fig. 4). Interestingly, while tocopherols
were not present (or just found as traces) up to operculum removal
(phase 1), tocopherols levels (particularly the o-tocopherol)
increased between phases I and II. In the later stages, the levels
of tocopherols continued increasing, which was associated with a
decrease of lipid peroxidation. In contrast, tocotrienols levels
remained stable or even decreased as germination progressed
(Fig 5). Levels of tocopherols negatively correlated with those of
MDA (r=-0.339, P<0.001), while those of tocotrienols did not.
The decrease in MDA levels during germination might therefore
be associated with the de novo tocopherol synthesis. These results
provide correlative evidence of a protective role of tocopherols
against lipid peroxidation during germination in C. humilis. This
is consistent with the fact that tocopherols only accumulate in
the embryo of the seed (and not in the endosperm, Fig. 3A), and
therefore, although at only low abundance (<1 pg/g of embryo in
quiescent seeds), tocopherols appear to be concentrated in this
important tissue once synthesized during germination, and as such
might protect it from effects of lipid peroxidation. Interestingly,
however, tocotrienols are much more abundant than tocopherols
in the embryo (>99% of vitamin E is in the form of tocotrienols in
quiescent seeds - Fig. 3A), and despite the dramatic increase in
tocopherols during germination (Fig. 5), presumably in growing
tissues only, tocotrienols - present also in the endosperm - may
still be more abundant than tocopherols in growing tissues of ger-
minating seeds. This is deduced from the predominant accumula-
tion of tocotrienols in the embryo (Fig. 3A) and the high absolute
amounts of these antioxidants in seeds during all germination
phases (Fig. 5). Therefore, it might be some interplay between
tocopherols and tocotrienols in the developing embryo during ger-
mination. But why then, if tocotrienols could exert an antioxidant
role protecting lipids from peroxidation in the embryo, are toco-
pherols being synthesized during germination? Based on the cor-
relative evidence obtained in the present study, it is
hypothesized that, despite their high tocotrienol content, seeds
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synthesize tocopherols during germination to protect lipids from
peroxidation events.

The antioxidant activity of tocopherols may protect seeds from
lipid peroxidation during germination by quenching and scaveng-
ing singlet oxygen and by providing phenolic hydrogens to lipid
radicals, deactivating them chemically and consequently prevent-
ing the propagation of lipid peroxidation (Falk and Munné-Bosch,
2010; Kamal-Eldin and Appelqvist, 1996). Previous studies using
Arabidopsis thaliana vitamin E-deficient mutants have shown that
tocopherols are essential for protecting PUFAs from the damaging
effects of ROS during germination and early seedling growth
(Méne-Saffrané et al., 2010; Sattler et al., 2004, 2006). Therefore,
the accumulation of tocopherols during germination, just after
operculum removal, may help protect C. humilis seeds from lipid
peroxidation events during germination. Obviously, this antioxi-
dant activity can be exerted together with that of other antioxi-
dants that might be present in C. humilis seeds, including
tocotrienols. The relative contribution of tocopherols and tocotrie-
nols in the protection from lipid peroxidation in germinating seeds
needs further investigation, but our results suggest tocopherols
exert a role against lipid peroxidation during germination of C
humilis var. humilis seeds.
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Previous studies have shown that tocopherols are also essential
for maintaining viability during seed quiescence and longevity in
A. thaliana (Sattler et al., 2004, 2006). This does not appear to be
the case in C. humilis var. humilis, since this monocot accumulates
tocotrienols, rather than tocopherols, in quiescent seeds. It is still,
however, unknown why tocopherols are needed to protect germi-
nating seeds from lipid peroxidation, while tocotrienols is the only
vitamin E form that accumulates in quiescent C. humilis var. humilis
seeds. Tocopherol accumulation may presumably exert an adaptive
advantage over tocotrienol accumulation in germinating seeds of
some monocot species, but the mechanism and interplay with other
antioxidants, including tocotrienols, is still to be elucidated. The pos-
sibility should not be excluded that tocopherols exert a specific reg-
ulatory function during germination related to lipid peroxidation
events and cell signaling (Sattler et al., 2006; Munné-Bosch et al.,
2007; Morales et al., 2015; Simancas and Munné-Bosch, 2015), but
this requires further investigations in palm seeds.

2.4. Seed viability during storage

The establishment of artificial seed banks plays an important
role in the conservation of endangered species and in the
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Fig. 4. Changes in the extent of lipid peroxidation, as indicated by malondialdehyde
(MDA) levels, during germination in C. humilis var. humilis seeds. Data are the
mean + SE of 5 plots, including 5 bags each. Different letters indicate significant
differences between phases of germination (ANOVA, P < 0.05). Phase 0: Non
germinated seeds. Phase I: Opening of the operculum. Phase II: Emergence of the
cotyledonary petiole. Phase III: Swelling of the cotyledonary petiole and appearance
of the radicle. Phase IV: Emergence of the plumule and development of the radicle.

vegetation regeneration and restoration of degraded habitats. They
are important for conservation of genetic diversity, research of
unknown species, for keeping the survival of plant populations of
interest and for preventing extinction of several species. Artificial
seed banks also protect seeds from catastrophic natural events, cli-
mate change, man-made disasters and diseases (Bakker et al.,
1996). C. humilis is the only native palm of continental Europe. It
helps preventing erosion and desertification having therefore a
high ecological value (Gonzalez-Benito et al., 2006; Herrera,
1989). We evaluated here how storage for 12 months at 4 °C in
darkness can affect seed viability in C. humilis var. humilis, and to
what extent lipid peroxidation and tocotrienol levels were affected
by seed storage under these conditions. In our artificial seed bank,
the percentage of alive seeds kept constant and the percentage of
dead seeds increased (from 5.2% to 19.4%), due to the fact that seed
storage at 4 °C for 1 year caused death of dying seeds, but did not
cause death of completely alive (healthy) seeds (Fig. G6A).
Meanwhile, the levels of MDA and tocotrienols kept unaltered
(Fig. 6B and C). Since tocopherols were not present is quiescent
seeds and lipid peroxidation did not increase during seed storage
at 4 °C, the results suggest that tocotrienols are exerting some pro-
tective effect against lipid peroxidation during cold storage. As dis-
cussed previously, tocotrienols are as effective as tocopherols as
antioxidants and prevent efficiently the propagation of lipid perox-
idation in lipid membranes and oils. Furthermore, it is suggested
from the present study that storage at 4 °C for up to 1 year is ade-
quate to keep seed viability in this species.

3. Conclusions

C. humilis is a species with orthodox seeds that germinate as
soon as they encounter favorable climatic conditions, establishing
very low percentages of secondary dormancy in a simulated, natu-
ral seed bank. Tocotrienols may exert a protective role in quiescent
seeds during storage and dormancy. Furthermore, despite the high
amounts of tocotrienols present in quiescent seeds, tocopherols are
de novo synthesized in germinating seeds and may help protect
lipids from peroxidation during germination. This may result from
an increased demand for antioxidants as a result of enhanced ROS

production and lipid peroxidation during early germination events.
Further research is however needed to know the relative contribu-
tion of tocopherols and tocotrienols in the protection from lipid
peroxidation in germinating seeds and how they interact to better
understand the mechanisms underlying the protective function of
these compounds in seeds.

4. Experimental
4.1. Plant material and sampling

Ten kg of C. humilis var. humilis seeds covered by the fruit endo-
carp were provided by Semillas Silvestres S.A. (Cérdoba, Spain).
Fruits were collected by the company during August 2013 in La
Sierrezuela (Southern Spain) from individuals growing in calcare-
ous soil and stored at 4°C until sent to the University of
Barcelona during September 2013. Two independent experiments
were performed with these seeds.

To mimic a natural seed bank, five plots were dug at the exper-
imental fields of the Faculty of Biology at the University of
Barcelona (Barcelona, Spain), where 25 nylon bags with 50 seeds
each were buried at 8 cm depth in a Calcic Luvisol (FAO) during
September 2013. A total of 125 bags (6.250 seeds) were buried.
The nylon bags were 21.0 x 14.8 cm (300 pm mesh size) and were
used for stocking up the seeds, avoiding the entrance of soil’s
predators and allowing the gas exchange. After burial, a net was
placed above the plots to prevent seed damage (Suppl. Fig. 3).
Three samplings to measure seed viability, the extent of lipid per-
oxidation and vitamin E composition were carried out. The first
one during September 2013, before seed burial; the second one
during December 2013, 3 months after burial (after the rain sea-
son); and the last one during March 2014, 6 months after burial.
At each sampling point, seeds were separated according to their
germination stage (Fig. 2). For biochemical analyses, seeds at every
developmental stage (obtained during March 2014) were immedi-
ately frozen in liquid nitrogen and stored at —80 °C until analyses.

To mimic an artificial seed bank, 1000 seeds were kept at 4 °C
for 12 months in darkness, until September 2014, when a part of
the seeds were immediately used for viability tests and the other
seeds were immediately frozen in liquid nitrogen and stored at
—80°C until subsequent biochemical analyses to estimate the
extent of lipid peroxidaton and the vitamin E composition of seeds.

4.2. Seed dissection

One set of analyses included the dissection of 30 seeds. The
embryo was the first tissue separated from the rest of the seed,
localizing previously the operculum. Then, the seed was sawed
and the embryo was isolated with the aid of a scalpel and milled
with a vibratory grinder (Retsch MM 400). Later, the endosperm
was isolated with a scalpel, milled with a mincer (Philips HR
1396 400 W) and finally with a grinder (Taurus Aromatic 150 W).
Seeds parts were obtained and immediately used for biochemical
analyses to estimate the vitamin E composition of seeds.

4.3. Biochemical analyses

The extent of lipid peroxidation was estimated spectrophoto-
metrically by measuring the amount of malondialdehyde (MDA)
in seeds following the method described by Hodges et al. (1999),
which takes into account the possible influence of interfering com-
pounds in the thiobarbituric acid-reactive-substances (TBARS)
assay.

The vitamin E composition of seeds was measured in methano-
lic extracts by high-performance liquid chromatography (HPLC) as
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Malondialdehyde (MDA) levels. (C) Vitamin E levels. Data are the mean + SE of n = 5.
Different letters indicate significant differences between different time points
(ANOVA, P < 0.05). Tr, traces.

described by Siles et al.(2013). For the extraction of tocopherols
and tocotrienols, seeds were crushed using a hammer and then
milled with a mincer (Philips HR 1396 400 W) and with a grinder
(Taurus Aromatic 150 W). Five replicas of 100 mg in 1.5 mL of
methanol or 10 mg in 200 pL methanol (for embryos and endo-
sperm) were used for analyses. Samples were sonicated using a
Branson 2510 ultrasonic cleaner for 30 min and then incubated
overnight at room temperature. Afterwards, samples were soni-
cated for 30 min and incubated at room temperature in the dark
for 3 h, and this process was performed again for 2 additional
hours. Finally, samples were centrifuged for 15 min at 4 °C and
10,000 rpm and transferred to vials for analysis. A detailed study
was performed to confirm this was the most efficient extraction
procedure, including extraction in methanol, 24 h of maceration
and 3 cycles of sonication (see Suppl. Figs. 4 and 5 for comparison

of extraction methods and stability of tocochromanols in methano-
lic extracts, respectively). The HPLC analysis was performed as
described by Amaral et al. (2005b). In brief, the HPLC equipment
consisted of an integrated system with a Jasco PU-2089 Plus pump,
a JascoAS-2055 Plus auto-sampler (Jasco, Japan) and a FP-1520 flu-
orescence detector (Jasco, Japan). All tocochromanol forms were
separated on an Inertsil 100A (5 pum, 30 x 250 mm, GL Sciences
Inc., Japan) normal-phase column operating at room temperature.
The flow rate was 0.7 mLmin~' and the injection volume was
10 pL. The mobile phase was a mixture of n-hexane and p-dioxane
(95.5;4.5 v/v). Detection was carried out at an excitation of 295 nm
and emission at 330 nm. Quantification was based on the results
obtained from the fluorescence signal and compared with those
of calibration curves made with authentic standards (Sigma-
Aldrich, Steinheim, Germany).

4.4. Natural and induced seed germination

The percentage of natural seed germination was obtained
counting the germinated and non-germinated seeds of each nylon
bag used for the analyses.

For the induced germination test, 50 non-germinated seeds
(including dormant and dead seeds) from each plot were collected
(a total of 250 seeds). Germination tests were carried out as
described by Gonzalez-Benito et al. (2006). In brief, the non-germi-
nated seeds were chemically scarified with sulphuric acid at 96%
during 15 min and then washed thoroughly with tap water to
eliminate the endocarp, with a last distilled water wash. Then,
the seeds were sterilized in an aqueous solution with antifungals
at 10% (15% m/v Carbendazim and 35% m/v Tetramethylthiuram
disulfide) during 15 min. Once the seeds were treated, 50 seeds
were placed in plastic recipients of 29 x 19 x 7 cm with 1.500 ml
of autoclaved vermiculite and watered with 444 ml of distillate
water, which corresponds to the 80% of the vermiculite water
absorption. Finally, the recipients were placed in a germination
chamber at 15°/25 °C, photoperiod 8-h dark/16-h light and 100%
relative humidity. All steps of the germination test were performed
in darkness.

4.5. Viability tests and water content

Viability tests were performed as follows. Seeds were imbibed
for 24 h in darkness and then the operculum and the embryo were
identified. The seeds were sawed and the parts which contained
the embryo were soaked in a tetrazolium solution at 1% and incu-
bated at 37 °C in darkness for 24 h. Subsequently, the viable and
non-viable seeds were counted. Seeds were considered to be alive
when the embryo was intact and fully stained with rich formazan
red. Seeds were considered to be non-viable when staining of the
embryo was patchy, weak (pink), or absent. A fraction of these lat-
ter seeds were empty (aborted seeds).

The water content (WC) of seeds was estimated as WC
(gH,0/gDW) = (fresh weight-dry weight)/dry weight. The dry
weight was obtained drying the seeds at 100 °C until constant
weight.

4.6. Climatological conditions

Environmental conditions during experiments were monitored
every 5 min by means of a weather station situated at 100 m from
the experimental fields. Data was obtained by a photosyntheti-
cally-active photon flux density (PPFD) pyranometer sensor
CM11 (KIPP and ZONEN, Delft, The Netherlands) and a HMP35AC
thermohygrometer (Vaisala, Helsinki, Finland).
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4.7. Statistical analyses

Differences between viability stages, time and/or germination
phases were evaluated using the analysis of variance (ANOVA)
with Tukeys’ post hoc tests. Results were considered significant
at a probability level of P < 0.05.
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Material suplementari

Suppl. Fig. 1. Climatological conditions during the experimental period at the
Experimental Fields of the Faculty of Biology at the University of Barcelona, where the
simulated, natural seed bank was established. A) Monthly precipitation (bars) and
maximum and minimum monthly relative humidity (RH) during the experiment. B)
Maximum and minimum monthly temperatures during the experiment. Sampling time
points are indicated in red to show the time of seed bank establishment (September) and

samplings after 3 and 6 months (December and March, respectively).
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Suppl. Fig. 2. Water contents at different phases of germination at the time of seed bank
establishment (September 2013) and after 3 and 6 months of seed burial (December
2013 and March 2014, respectively). Note that 3 stages could be differentiated after 3
months of burial, while 5 stages were observed during March 2014. Data are the
mean+SE of n=5. Each replicate is the mean obtained from seeds (or seedlings) from 3
different bags at each experimental plot (see materials and methods for details).
Different letters indicate significant differences between phases of germination
(ANOVA, P<0.05). Phase 0: Non-germinated seeds. Phase I: Opening of the operculum.
Phase II: Emergence of cotyledonary petiole. Phase III: Swelling of the cotyledonary
petiole and appearance of the radicle. Phase IV: Emergence of the plumule and

development of the radicle.
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Suppl. Fig. 5. Stability of tocochromanols in C. humilis var. humilis extracts kept in
methanol at 22-23°C for up to 4 days. Tocochromanols were extracted and measured by
HPLC at different time intervals following extraction (0, 24, 48, 72 and 96 hours). Data
are the meantSE of n=5. No significant differences were observed between time

intervals (ANOVA, P>0.05). NS, not significant. Tt, tocotrienol.
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RESUM CAPITOL 3

La pregunta de si les plantes perennes entren o no en senescencia a nivell
d’organisme encara esta per resoldre. L’objectiu d’aquest estudi va ser esbrinar si
I’edat de la planta pot o no influenciar la produccio 1 la composicié de les llavors.
Amb aquest fi, es va examinar la produccié de flors i llavors a plantes de Cistus
albidus de 3, 8 1 13 anys que creixien als camps experimentals de la Facultat
de Biologia, les quals corresponen a tres generacions de la mateixa poblacio (F», F,
1 Fy). A més, es va avaluar el contingut de fitohormones, acids grassos i vitamina
E de les llavors, aixi com la seva viabilitat. També es va examinar si hi ha
diferencies en la qualitat de les llavors depenent de I’edat de la planta mare en
una poblaci6 natural que es trobava a la muntanya de Montserrat (NE
Espanya). Els resultats van indicar que en condicions controlades (camps
experimentals), les plantes de més edat no només produien menys flors, sinod
que tenien taxes més elevades d’embrions avortats en llavors madures. Tot 1
aixi, la capacitat germinativa no es trobava afectada negativament per 1’edat de la
planta. Les llavors de les plantes de més edat contenien nivells
significativament més elevats d’acid salicilic, acid jasmonic 1 vitamina E
comparats amb els de les plantes més joves. Per altra banda, tot 1 que el vigor (en
termes de creixement de planta) es va veure reduit de manera severa degut a les
dures condicions ambientals a les que es trobaven sotmeses les plantes a la
poblacid natural, els individus de més edat de la poblacid produien llavors
igual de viables que els més joves. La biomassa de les llavors estava
correlacionada positivament amb la seva viabilitat. En conclusi6, I’increment de la
mida de la planta pot explicar la perdua de viabilitat dels individus que creixien
a camps experimentals, en canvi, els individus més petits que es trobaven
en poblacions naturals poden escapar de la senescencia en termes de perdua

de viabilitat de les llavors.
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Abstract

The question of whether or not perennial plants senesce at the organism level remains unresolved. The aim of this
study was to unravel whether or not plant age can influence the production and composition of seeds. Flower and
seed production was examined in 3-, 8-, and 13-year-old Cistus albidus plants growing in experimental plots cor-
responding to the F,, F,, and F, generations of the same population. Furthermore, the phytohormone, fatty acid, and
vitamin E content of the seeds was evaluated, and their viability was examined. Whether or not age-related differ-
ences in seed quality were observed in a natural population in the Montserrat Mountains (NE Spain) was also tested.
The results indicate that under controlled conditions, the oldest plants not only produced fewer flowers, but also had
higher rates of embryo abortion in mature seeds. However, germination capacity was not negatively affected by plant
ageing. Seeds of the oldest plants contained significantly higher salicylic acid, jasmonic acid, and vitamin E levels
compared with those from younger plants. Despite vigour (in terms of plant growth) being severely reduced due to
harsh environmental conditions in the natural population, the oldest individuals produced seeds with no decline in
viability. Seed biomass was instead positively correlated with seed viability. In conclusion, increased plant size may
explain the loss of seed viability in the experimental field, but older smaller individuals in natural populations can
escape senescence in terms of seed viability loss.

Key words: Ageing, Cistus albidus L., perennials, seed composition, seed production, senescence, vitamin E.

Introduction

It is well documented that annual plants enter a controlled
senescence programme. In most cases, this is associated with
flowering in monocarpic plants (annuals, biennials, and some
perennials with a single reproductive episode). However, it is
a matter of current debate as to whether or not iteroparous
perennial plants, such as trees and shrubs, senesce (Munné-
Bosch, 2008; Wingler et al., 2009; Pefiuelas and Munné-Bosch,
2010; de Witte and Stocklin, 2010; Thomas, 2013). While
some recent studies have shown symptoms of senescence at

the whole-plant level in iteroparous perennials (Ally et al.,
2010; Herrera and Jovani, 2010), other studies failed to
report senescence symptoms with plant ageing (Garcia ez al.,
2011; Morales et al., 2013). These results present new chal-
lenges for general theories of biological ageing, as they ques-
tion whether or not ageing of living organisms is a universal
pattern in nature. The arguments against these theories are
based, at least in part, on the fact that perennials maintain
the capacity to develop new leaves and grow throughout their

Abbreviations: ABA, abscisic acid; GA, gibberellin; IAA, indole-3-acetic acid; JA, jasmonic acid; SA, salicylic acid; Z, zeatin.

© The Author 2013. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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life, due to the presence of meristems. Unless damaged, mer-
istems can potentially give rise to new structures throughout
the entire life of a plant. Therefore, some individuals can live
for millennia, even without using clonal growth (e.g. the old-
est known bristlecone pine has been dated to >4500 years).
However, have these organisms suffered age-associated physi-
ological deterioration, or are they young, potentially immor-
tal individuals?

Plants grow vigorously in the early stages of development,
until a maximum height is attained at a certain age. Growth
rates then tend to decline. With increasing age and size, rela-
tive leaf growth and photosynthetic rates in woody perennials
tend to slow down. Increased size, rather than meristem age-
ing, has been proposed as a factor that determines age-related
reductions in growth and photosynthetic rates in leaves
(Mencuccini et al., 2005; Vanderklein et al., 2007; Onate and
Munné-Bosch, 2008). Similarly, flower production increases
with size and total leaf area at early stages of plant develop-
ment. When advanced developmental ages are reached, flower
production becomes stable. For instance, the production of
flowers increases with total leaf area in the herbaceous peren-
nial Corydalis intermedia. It then reaches a plateau around an
age of 11 years, after which the number of flowers produced
remains constant (Ehlers and Olesen, 2004). This study sug-
gests that, given a limited amount of resources, an individual
plant allocates a fraction of its resources to reproduction
and the remaining resources to survival and growth. Another
study found that flower production in the herbaceous peren-
nial Potentilla recta correlates much better with site elevation
than with ageing (Perkins et al., 2006). Furthermore, it has
been shown that flower production remains constant in 5- to
10-year-old C. albidus plants, even though flower bud vigour
decreases with age. This suggests symptoms of senescence
at the whole-plant level (Onate and Munné-Bosch, 2010).
Unfortunately, studies of age-related changes in flower pro-
duction in woody perennials (shrubs or trees) are limited,
particularly in older individuals. This is partly because of the
intrinsic limitation of such studies: as time elapses and plants
age, so the mortality risk increases. To the authors’ knowl-
edge, the effects of plant ageing on seed production in woody
perennials has not yet been investigated.

The aim of the present study was to determine whether or
not C. albidus plants show symptoms of senescence at the
whole-plant level when individuals of sufficiently old ages
are sampled. The focus was on senescence symptoms in seed
production. Two populations were studied: the first under
controlled conditions in experimental plots in which F,, F|,
and F, plants from the same population were assessed, while
the second one was studied under natural conditions in the
Montserrat Mountains (NE Spain).

Materials and methods

Plant material and sampling

Cistus albidus was selected as the experimental model. This is a com-
mon Mediterranean shrub that is widely distributed in the western
Mediterranean from sea level to 1400 m (Blasco and Mateu, 1995).
This shrub is resistant to drought stress and has a high capacity
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to grow in degraded environments. The life span of this species is
thought to be ~15 years (Roy and Sonié, 1992), so it was possible
to evaluate the effects of plant ageing by using plants at advanced
developmental stages.

Two independent studies were performed. The first study was con-
ducted using three groups of C. albidus plants of different ages (3-,
8-, and 13-year-old plants) in the Experimental Fields of the Faculty
of Biology at the University of Barcelona (Barcelona, Catalonia,
NE Spain) in 2011. All specimens were considered mature, since this
plant becomes reproductive for the first time in the second year of
life. The three plant groups corresponded to three consecutive gen-
erations of plants obtained under controlled conditions. The F,, gen-
eration (13-year-old plants) corresponded to individuals obtained
from seeds that germinated during 1998 and were grown in 0.5 litre
pots containing a mixture of soil:peat:perlite (1:1:1, v/v/v), main-
tained in a greenhouse with controlled temperature and watering for
1 year and then transferred to plots in the Experimental Fields, in
which the plants grew for 12 years before the study began. The F,
and F, generations (8- and 3-year-old plants) corresponded to indi-
viduals also sampled during 2011 but obtained from seeds of the pre-
ceding generation that germinated during 2008 and 2003, and were
grown in 0.5 litre pots containing a mixture of soil:peat:perlite (1:1:1,
v/vlv), maintained in a greenhouse with controlled temperature and
watering for 1 year and then transferred to plots in the Experimental
Fields, in which the plants grew for 7 years and 2 years, respectively,
before the study began. Although not identical, due to annual varia-
tion, all three plant groups were exposed to Mediterranean climatic
conditions during their life histories and were grown in three plots
of calcic Luvisol (FAO) of exactly the same characteristics. Plants
were separated by 2 m. They were not watered manually other than
when first transferred to the soil, at which point all plant groups
were watered equally and treated with N:P:K (1:1:1) fertilizer at a
rate of 100kg ha™'. Fertilizer was applied again only when mineral
deficiencies were detected (maximum application: once a year), but
always equally to the three plant groups. All groups were therefore
exposed to identical climatic and soil conditions, with the exception
of the time spent in these conditions before sampling. Therefore, the
effects of ageing were evaluated using three generations grown under
the same climatic and soil conditions.

In a second experiment, a natural population of C. albidus was
studied. Ninety-one individuals growing naturally in the Natural
Park of the Montserrat Mountains (50 km northwest of Barcelona,
Catalonia, NE Spain) were sampled. More specifically, the plants
were found between 1000 m and 1149 m above sea level (UTM:
401.2012,4.606.724) on a north-facing site. The trunk perimeter of
the sampled individuals ranged from 2cm to 22cm. The Montserrat
Mountains are exposed to Mediterranean climatic conditions, but
summers are drier and winters colder than at the Experimental Fields
in Barcelona. The individuals sampled were on the sunny side of the
mountain and the soil was a mixture of conglomerate, sandstone,
and red shale. Mature seeds from both populations were obtained
from plants during September 2011 in the Experimental Fields and
in 2012 in the Montserrat Mountains, when fruits were fully mature.

Age estimation

The trunk perimeter of all individuals growing in the Experimental
Fields (for several years) and in the Natural Park (during 2012) was
measured ~4 cm from the trunk base with a measuring tape. Since the
age of individuals growing in the Experimental Fields was already
known (based on sowing time; see previous section) and the age of
15 individuals growing naturally in the Natural Park was estimated
by counting the trunk rings, a regression of the trunk perimeter with
the age of individuals was calculated.

Flower and fruit production

The number of flowers produced per individual was counted every
day during the flowering period (February—June) in plants growing
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in the Experimental Fields. Fruit biomass and number of seeds per
fruit were estimated from 50 fruits per individual. The percentage of
aborted fruits was also estimated by marking 50 flowers (at anthesis)
per individual and evaluating the number of mature fruits formed.
Fruit and seed biomass were also estimated by weighing the samples
both in the Experimental Fields and under natural field conditions.
The number of seeds per fruit was also counted.

Seed germination and viability tests

Seed germination and viability tests were performed using seeds col-
lected from both the Experimental Fields and natural field condi-
tions. For the study conducted at the Experimental Fields, 250 seeds
per age group were used (five subsamples of 50 seeds). Under natu-
ral field conditions, 50 seeds per individual were used.

Germination tests were carried out by sterilizing the seeds in an
aqueous solution of bleach and Tween-20 (50:0.15, v/v) for 10 min.
The seeds were then imbibed for 24h in Milli Q water before being
subjected to a heat shock (100 °C, Smin). The seeds were germi-
nated at 17 °C. All steps of the germination test were performed in
the dark.

Viability tests were performed as follows. Seeds were imbibed for
24h in the dark and a heat shock was applied as described above.
The seeds were then soaked in a tetrazolium solution at 1% and incu-
bated at 37 °C in darkness for 2 d. Subsequently, seeds were bleached
for 10 min at 80% and the viable and non-viable seeds were counted.
Seeds were considered to be alive when the embryo was intact and
fully stained with rich formazan red. Seeds were considered to be
non-viable when staining of the embryo was patchy, weak (pink), or
absent. A fraction of these seeds were empty (aborted seeds).

Vitamin E and hormonal profiling

The extraction and analyses of tocopherols and tocotrienols were
performed as described by Cela er al. (2011). The extraction and
analyses of endogenous concentrations of phytohormones, includ-
ing gibberellins (GAs), abscisic acid (ABA), auxin [indole-3-acetic
acid (IAA)], jasmonic acid (JA), salicylic acid (SA), and cytokinins,
were performed as described by Miiller and Munné-Bosch (2011).

Elemental and fatty acid analyses

Total C and N concentrations as well as the fatty acid profile were
measured in seeds of plants growing in the Experimental Fields.
Elemental analyses were measured using the Dumas method and
an NA2100 protein nitrogen analyser (Thermo, Milan, Italy). The
extraction and analyses of fatty acids were performed as described
by Vrinten et al. (2005).

Statistical analyses

Differences between age groups were evaluated using analysis of var-
iance (ANOVA), with DMS’s post-hoc test for plants grown in the
Experimental Fields. Results were considered significant at a prob-
ability level of P < 0.05. The significance of correlations between
parameters measured in seeds obtained from plants growing in the
Natural Park was tested using Spearman’s rank correlation analyses,
and correlations were considered significant when P was <0.05.

Results

Flower, fruit, and seed production in the
Experimental Fields

Flower production was affected by plant age in the
Experimental Fields. The highest rate of flower production
was observed in 8-year-old plants, with an average of ~6000
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flowers, followed by the oldest plant group with 4000 flow-
ers, and the youngest plant group with 500 flowers per plant.
The first flower was observed in the 8-year-old plants. The
13-year-old plants began to flower 6 d later and the smaller
3-year-old plants 16 d later (Fig. 1a). This timing was con-
sistent with plant size, with the 13- and 8-year-old plants
being of similar size, but much bigger than the 3-year-old
plants (Fig. 1b). Therefore, reproduction was reduced and
delayed in the youngest plant group. However, the high
flower production in the two oldest plant groups seemed to
affect the biomass and the number of seeds per fruit nega-
tively (Table 1). Thirteen- and 8-year-old plants produced
16% and 40% lower fruit biomass and 31% and 53% fewer
seeds per fruit, respectively, than the youngest plant group.
Seed biomass decreased significantly with increasing plant
age (Table 1). There were no differences between the 3- and
8-year-old plants in the number of alive, dying, and aborted
seeds. However, 13-year-old plants produced 20% fewer via-
ble seeds and 3-fold more aborted seeds than the younger
plants (Fig. 1c). Nevertheless, comparison of the seed ger-
mination capacity revealed no significant variation between
the three plant groups (Supplementary Fig. S1 available at
JXB online).

Biochemical seed composition in the
Experimental Fields

A screen of the fatty acid composition showed that the seeds
of the oldest plant group had significantly higher total poly-
unsaturated fatty acid (PUFA) levels than the seeds from 3-
and 8-year-old plants. This was mainly due to their higher
levels of linoleic acid (C18:2) (Supplementary Table SI1 at
JXB online). The seeds of the oldest plant group also showed
a tendency to synthesize higher concentrations of very long
chain saturated fatty acids. However, only the concentrations
of tetracosanoic acid (C24:0) were significantly higher (~17%)
than in the seeds of the younger plant groups. Interestingly,
the seeds of the oldest plant group had significantly higher
total vitamin E levels at 17.6 pg (g DW) ! than the seeds from
3- and 8-year-old plants, at 8.3 and 11.6 pug (g DW) ™, respec-
tively (Fig. 2). The main vitamin E compound in C. albidus
seeds was a-tocopherol. 8-Tocopherol, d-tocotrienol, and
v-tocotrienol were not detected.

No significant variation in GA, or the precursor GA,, was
found between seeds from any of the plant groups. However,
the concentration of the precursor GAy was significantly
lower in the seeds of 3-year-old plants (Supplementary Fig.
S2 at JXB online). Endogenous concentrations of ABA were
significantly higher in seeds from 8- and 13-year-old plants
[154.6ng (g DW) ' and 133.28 ng (g DW) !, respectively] than
in seeds from 3-year-old plants [96.92ng (g DW) '] (Fig. 3).
However, JA levels also increased significantly with increas-
ing plant age: seeds from 8- and 13-year-old plants contained
42% and 60% higher levels, respectively, than seeds from
3-year-old plants. In contrast, the IAA and SA content was
only significantly higher in the seeds of the oldest plants (for
TAA, 2- and 4-fold; and for SA, 1.58- and 2.15-fold higher
than in seeds from 3- and 8-year-old plants, respectively).
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Fig. 1. (a) Flower production (number of flowers) per individual in 3-, 8-, and 13-year-old C. albidus plants growing in the Experimental
Fields. Time corresponds to days elapsed since the first flower was observed. Arrows indicate the average date of start of flowering in
the three plant groups (24.3+1.5, 7.6 £3.5, and 13.0+4.2 d for 3-, 8-, and 13-year-old plants, respectively). Data are the mean +SE
of n=16 individuals for 3-year-old plants and n=4 individuals for 8- and 13-year-old plants. Statistical analyses indicated significant
differences between 3- and 8- or 13-year-old plants, but not between 8- and 13-year-old plants in either flower production or time

of flowering (P < 0.05). (b) Photographs of plants growing in the experimental fields. Left to right: 3-, 8-, and 13-year-old plants. (c)
Percentage of live, dying, and aborted seeds during fruit production in 3-, 8-, and 13-year-old C. albidus plants. Data are the mean
+SE of n=4 individuals with an analysis of 50 seeds per individual. Different letters indicate significant differences between age groups

(ANQVA, P < 0.05). (This figure is available in colour at JXB online.)

Within the cytokinins, no differences were found between the
three plant age groups, with the exception of levels of zeatin
(Z) (Supplementary Fig. S3). Z is the major cytokinin form
found in C. albidus seeds, and was ~5-fold higher in seeds
from 8-year-old plants than in seeds from 3-year-old plants.
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The Z levels found in seeds from 13-year-old plants did not
differ significantly from those in the other two plant groups.

No significant variation in C and N concentrations
or the C/N ratio was found in seeds of any plant group
(Supplementary Fig. S4 at JXB online).
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Table 1. Fruit biomass, percentage of aborted fruits (from anthesis), number of seeds per fruit, and seed biomass in 3-, 8-, and

13-year-old C. albidus plants growing in the Experimental Fields

Plant age (years) Fruit biomass (mg FW fruit™)

Fruit abortion (%)

No. of seeds per fruit Seed biomass (mg FW)

3 94.3+2.7 a 1.1+06a
8 56.1+3.3b None
13 79.0+£3.0¢c 1.1+0.7 a

66.6+2.4 a 50.8+0.9a
31.3+3.5b 43.3+0.6Db
45.7+2.3¢C 39.3+0.7 ¢

Data are the mean +SE of n=4 with an analysis of 50 fruits per individual. Different letters indicate significant differences between age groups (P

<0.05).

16 24

14 + L 20
‘TA 12 + -
o +1.6 '©
g 107 ®
I )
= 8 T r1.2 O
2 ] 2
- r 0.8 ||:
3 4 '
3

2t 0.4

0 0.0
\—A 04 t + 0.8 ‘I'A
- 3
g [
2 0.3 0.6 &
o o
g 0.2 T 0.4 =
ko : ',:
[<=8 [<=%

0.1+ r 0.2

0.0 0.0
0.6 T 21 ‘.'_D
- 18 o
g 057 . 3
o 041 2
o 12 w
2 037 c
K r9 E
> 0.2t L6 §
0.1 1 13 B
o
0.0 o F

Plant age (years)

Fig. 2. Tocopherol, tocotrienol, and total vitamin E content in seeds of 3-, 8-, and 13-year-old C. albidus plants growing in the
Experimental Fields. Data are the mean +SE of n=4 individuals with an analysis of 50mg of seeds per individual. Different letters indicate

significant differences between age groups (ANOVA, P < 0.05).

Fruit and seed production in a natural population

Fruit biomass and seed biomass per fruit were not correlated
with the trunk perimeter of the individuals sampled in the
Natural Park. In contrast, individuals with larger perimeters
produced fewer seeds per fruit (from 79 down to 60 seeds)
but larger seeds (from 0.9mg to 1 mg fresh matter per seed;
Fig. 4). All individuals (except one with a perimeter of 2.5cm)
had viable seeds, most of them (75 from 85 individuals) with a
seed viability ranging from 60% to 100% (Fig. 5). The percent-
age of dying seeds ranged between 0% and 60%, but in gen-
eral the number of dying seeds was low. There were very few

aborted seeds except for two individuals. Most importantly,
seed viability was not correlated with trunk perimeter. In
other words, since trunk perimeter positively correlated with
plant ageing (Supplementary Fig. S5 at JXB online), seed
viability was not negatively affected by plant age. Instead,
seed viability was correlated with fruit biomass, seed biomass,
and seed biomass per fruit (Fig. 6). The larger the fruits and
seeds, the more viable the seeds produced by individuals in
the natural population. Seed germination capacity, which was
in general lower than in individuals grown under controlled
conditions, was also not affected by plant age (Fig. 4).
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Fig. 3. Abscisic acid (ABA), indole-3-acetic acid (IAA), jasmonic acid (JA), and salicylic acid (SA) content in seeds of 3-, 8-, and 13-year-
old C. albidus plants growing in the Experimental Fields. Data are the mean +SE of n=4 individuals with an analysis of 50mg of seeds
per individual. Different letters indicate significant differences between age groups (ANOVA, P < 0.05).

Biochemical seed composition in a natural population

The vitamin E profiling of seeds of C. albidus growing in the
Montserrat Mountains confirmed that a-tocopherol is the
major vitamin E compound in seeds. The amounts of toco-
pherols and tocotrienols were not correlated with the perim-
eter (Supplementary Table S2 at JXB online). -Tocopherol,
v-tocotrienol, and d-tocotrienol were not detected. Likewise
there was much variability in plant hormones between indi-
viduals with different perimeters and even between individu-
als with the same perimeter, and thus there was no correlation
with perimeter or therefore with age. Levels of GA,4, GA.,,
and GA,;, ABA, auxin, SA, JA, and cytokinins were not cor-
related with the perimeter (Supplementary Table S2).

Discussion

The life span of plants ranges from a few weeks for annu-
als to thousands of years for some trees (Bliss, 1971; Brundu
et al., 2008). Understanding the mechanisms underlying the
wide range of longevity in plants or any other organism is
fundamental to our understanding of life history, population
dynamics, and evolutionary fitness (Vaupel ez al., 2004). For
most annuals and biennials, reproduction is one of the key
factors leading to whole-plant senescence. However, little is
known about whole-plant senescence in perennials. To the
authors’ knowledge, this is the first study to analyse the effect
of mother plant age on seed production and quality in woody
perennials.

The study performed in the Experimental Fields showed
clear signs of senescence in the 13-year-old plants, in which
flower production was 40% lower than in the 8-year-old plant
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group. The oldest plant group produced more seeds per fruit,
but seed production per individual was 13% lower over-
all. This latter result is based on the assumption that flower
vigour was similar in both plant groups, but this is not the
case. In a previous study, it was shown that flower bud vigour
declines with ageing (Onate and Munné-Bosch, 2008); there-
fore, seed production per individual may be even more than
13% lower in 13-year-old compared with 8-year-old plants.
Furthermore, seed abortion was higher in the oldest plant
group in the Experimental Fields, therefore indicating senes-
cence at the whole-plant level under controlled conditions.
This is not surprising, since it has been well documented
that when perennials reach an optimal plant size, plant age-
ing leads to a reduction in growth and photosynthetic rates
in leaves (Bond, 2000; Koch ef al., 2004; Mencuccini et al.,
2005; Onate and Munné-Bosch, 2008); however, evidence of
reproductive senescence (i.e. reproductive decline with age-
ing) in non-clonal woody perennials is limited. In the peren-
nial Corydalis intermedia, an increase in flower production
and total leaf area was observed at early stages of plant
development. Around the age of 11 years, flowering reached
a plateau and the plants then produced a constant number of
flowers (Ehlers and Olesen, 2004). Similar results were found
for C. albidus plants, in which flower production was almost
identical in 5- and 10-year-old plants of similar sizes (Onate
and Munné-Bosch, 2010). It has been suggested that mater-
nal regulation of offspring quality (Stephenson, 1981) or
genetic load (Stanton, 1984; Wiens et al., 1987) are possible
mechanisms for determining seed abortion when resources
are limited. Intrafruit resource competition could also lead
to seed reduction and arise from the fact that the maternal
plant predominantly invests resources in zygotes that have
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Fig. 4. Fruit biomass, number of seeds per fruit, seed biomass per fruit, biomass of seeds, and seed germination capacity of C. albidus
plants with different perimeters growing in a natural population in the Montserrat Mountains (NE Spain). P-values were calculated by
Spearman’s rank correlation, and significant values (P < 0.05) are shown.

higher probabilities of maturing (Shaanker ez al., 1988; De
Jong and Klinkhamer, 2005). Therefore, it is not surprising
that physiological deterioration occurs in seeds with age-
ing of the mother plant. However, seeds from 13-year-old
plants showed similar germination capacity to seeds from
the younger individuals. This suggests that a compensatory
mechanism may enable similar reproductive fitness in plants
growing in the Experimental Fields, such that the offspring
are not affected. The higher levels of vitamin E in seeds
from 13-year-old plants could explain the similar germina-
tion capacity of this group, as a-tocopherol is an important
compound for germination (Sattler et al., 2004). Seed viabil-
ity and vigour are important aspects determining the success
of seed germination, which is a key trait for the survival of
a species (Nonogaki et al., 2010), but, at the same time, seed

germination is a very sophisticated process that requires the
concerted action and interaction of diverse plant hormones
(Kucera et al., 2005). Although there were no differences in
either GA or cytokinin content, the higher levels of ABA,
JA, TAA, and SA indicate that an altered hormonal balance
might be behind the improved germination capacity, despite
the increased proportion of aborted seeds. JA and SA are
associated with increased resistance to insects and fungi
(Davies, 2010), respectively; therefore, increases in the levels
of these phytohormones in seeds of the oldest plants could
serve a compensatory mechanism and increase the survival
of the seeds. Although a complete understanding of the
complex hormonal cross-talk and signalling events leading
to this phenotype remains elusive, the present results sug-
gest that vitamin E and hormones may underlie the similar
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Fig. 5. Percentage of live, dying, and aborted seeds of C. albidus plants with different perimeters growing in a natural population in the
Montserrat Mountains (NE Spain). Spearman’s rank correlations were not significant for any studied parameter (P > 0.05).

germination capacity despite greater embryo abortion in the
oldest plant group.

In the second part of this study, the focus was on confirm-
ing these results under natural field conditions. However,
plants from a natural population sampled in the Montserrat
Mountains (NE Spain) did not show the same symptoms
of senescence at the organism level. Seed vigour was not
reduced with ageing and, although the number of seeds
per fruit decreased with larger perimeters, the seed biomass
increased, providing a compensatory mechanism to achieve
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similar reproductive fitness. Roy and Sonié (1992) found that
the annual seed production of 5-year-old Cistus albidus and
Cistus monspeliensis plants was comparable with that of older
plants. In addition, the viability and germination capacity
were similar in plants of all sizes and the number of aborted
seeds was always low and not age dependent. So, what was the
difference between the population grown in controlled condi-
tions and one growing naturally? The most likely explanation
is the size effect, as can be illustrated using the oldest living
individual found in the Montserrat Mountains (Fig. 7), which
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was 19 years old. This individual comprised a large amount
of necromass and a small amount of biomass. Compared
with the individuals in the Experimental Fields, which had a
large biomass (Fig. 1b), even in the youngest group, the bio-
mass of C. albidus growing in the Montserrat Mountains was
very low. Note that this pattern was not only found in the
oldest individual, but also in other individuals with different
ages and trunk perimeters (Supplementary Fig. S6 at JXB
online). All individuals, including the oldest living C. albidus
from the Montserrat Mountains, had less biomass than the
3-year-old plants growing in the Experimental Fields. This
is probably because plants growing in natural conditions
are exposed to more severe environmental conditions, such
as extreme droughts and contrasting temperatures (winter/
summer). Due to the potential for frost damage, C. albidus
plants usually have a short stem with three or five branches
inserted (Barry, 1960). This pattern was found in some of
the sampled plants, especially in older individuals. In natural
populations, mortality is greatly influenced by the environ-
ment (Picd and Retana, 2008), and C. albidus plants usually
die due to natural causes (Roy and Soni¢, 1992), for example

due to competition for water during drought years or biotic
causes. Age, size, and growth can also interact with the envi-
ronment to influence mortality and life span when the envi-
ronment is stressful (Roach, 2012). Stress also had an effect
on the plants in this study as observed with the correlation of
the perimeter of the trunk and the age of the plant: individu-
als growing in natural conditions with similar ages to those in
the Experimental Fields had smaller trunks (Supplementary
Fig. S5). Furthermore, the oldest living individual found in
the Natural Park was 19 years old, while the oldest one found
dead was 25 years old. This was the first time that a C. albidus
older than 15 years old (Roy and Sonié, 1992) has been found.
It should be noted that the Montserrat Mountains suffered
two important fires, one in 1986 and the other in 1994. The
fire of 1986, which occurred 27 years ago, razed much of the
forest to the ground. This explains why the oldest individuals
are no more than 25 years old.

The C.  albidus plants growing in the Montserrat
Mountains, which are exposed to hard environmental condi-
tions, showed severe biomass loss (including entire branches)
and appeared to use their resources to make fewer fruits and
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Fig. 7 (a) Phenotype of the oldest living individual found in a natural population in the Montserrat Mountains (NE Spain) (perimeter of
22 cm). Approximately half of the photosynthetic biomass was lost. (b) Estimation of the perimeter at the base of the trunk. (This figure is

available in colour at JXB online.)

seeds but of higher quality. In contrast, in the Experimental
Fields, plants produced more fruits and seeds but of lower
quality. Although the oldest individuals in the Experimental
Fields were 13 years old and were not as old as they could
be, the effect of size was apparent. The viability of the seeds
was not affected by the perimeter of the trunk in the natu-
ral population (Supplementary Table S2 at JXB online), but
instead was correlated with fruit biomass, seed biomass, and
seed biomass per fruit (Fig. 6). Thus the higher the fruit and
the seed biomass, the more viable the seed. Furthermore, seed
germination capacity was lower than under controlled condi-
tions, suggesting a higher degree of dormancy.

In conclusion, the oldest individuals with a large amount
of biomass presented symptoms of senescence at the organ-
ism level, as indicated by lower seed production and loss of
seed viability, but old individuals that have reduced their size,
due to reduced growth and photosynthetic biomass loss, pro-
duce seeds of higher quality in natural populations. Such
plants are less productive in terms of photosynthetic and seed
biomass, but the seeds that they produce are of better quality.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Germination capacity of seeds of 3-, 8-, and
13-year-old C. albidus plants growing in the Experimental
Fields.

Figure S2. Gibberellin (GA) content, including that of
GA,, GA,, and GA,,, in seeds of 3-, 8-, and 13-year-old
C. albidus plants growing in the Experimental Fields.
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Figure S3. Cytokinin content, including that of zeatin
(Z), zeatin riboside (ZR), isopentenyladenosine (IPA), dihy-
drozeatin (DHZ), dihydrozeatin riboside (DHZR), and 2-iso-
pentenyladenine (2-IP), in seeds of 3-, 8-, and 13-year-old
C. albidus plants growing in the Experimental Fields.

Figure S5. Correlation between plant age and trunk perim-
eter in C. albidus plants growing in the Experimental Fields
and Montserrat Mountains.

Figure S6. Comparison of the plant biomass between
C. albidus from the Experimental Fields and Montserrat
Mountains.

Table S1. Fatty acid composition of seeds of 3-, §-, and
13-year-old C. albidus plants growing in the Experimental
Fields.

Table S2. Correlation coefficient (+?) and P-values of
Spearman rank correlation analysis between the trunk perim-
eter and all measured parameters in seeds of C. albidus plants
growing in a natural population in the Montserrat Mountains
(NE Spain).
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Table S1 Fatty acid composition of seeds of 3-, 8- and 13-y-old C. albidus plants
growing in the Experimental Fields. Data are the mean + SE of n = 4 individuals with
an analysis of 50 mg of seeds per individual. Different letters indicate significant

differences between age groups (ANOVA, P <0.05).

Fatty acids Seeds from 3-y-old Seeds from 8-y-old Seeds from 13-y-old
plants plants plants
(mg/g DW) (mg/g DW) (mg/g DW)
Saturated
fatty acids
C8:0 0.015 + 0.001 0.013 =+ 0.002 0.015 + 0.004
C10:0 0.007 £+ 0.000 0.006 = 0.001 0.007 =+ 0.000
C12:0 0.005 £ 0.000 0.004 =+ 0.001 0.005 =+ 0.000
C13:0 0.008 £ 0.000 0.008 = 0.001 0.008 =+ 0.000
C14:0 0.016 £+ 0.002 0.016 =+ 0.003 0.018 =+ 0.001
C15:0 0.011 + 0.001 0.010 = 0.001 0.012 + 0.000
C16:0 0.617 £+ 0.089 0.578 =+ 0.149 0.646 =+ 0.051
C16:1 0.014 £ 0.001 0.013 + 0.001 0.014 + 0.001
C17:0 0.014 + 0.001 0.013 =+ 0.002 0.015 + 0.000
C18:0 0.125 + 0.016 0.107 =+ 0.030 0.113 + 0.012
C20:0 0.034 £+ 0.003 0.032 + 0.006 0.034 + 0.002
C21:0 0.019 + 0.001 0.018 =+ 0.002 0.020 + 0.001
C20:0 0.029 = 0.002 0.028 + 0.005 0.033 + 0.001
C23:0 0.022 + 0.001 0.020 =+ 0.002 0.024 =+ 0.001
C24:0 0.030 £+ 0.001a 0.031 + 0.005ab 0.037 + 0.002b
Total 0.969 =+ 0.118 0.897 =+ 0.210 1.000 =+ 0.078
Monounsaturated
fatty acids
C18:1n9c¢ 0.265 £ 0.041 0.234 =+ 0.061 0.196 =+ 0.024
C20:1 0.016 + 0.001 0.014 + 0.002 0.015 £ 0.000
C20:1n9 0.014 + 0.001 0.012 + 0.002 0.014 + 0.001
Total 0.295 + 0.042 0.260 =+ 0.065 0.225 =+ 0.026
Polyunsaturated
fatty acids
C18:2n6t 0.013 £ 0.001 0.012 =+ 0.001 0.012 + 0.001
C18:2n6¢ 1.444 + 0.249 1.446 =+ 0.385 1.539 =+ 0.105
C18:3n3 0.014 £ 0.000 0.012 =+ 0.001 0.013 + 0.001
C18:3n6 0.271 £ 0.043 0.313 + 0.080 0.306 =+ 0.024
C20:2 0.021 =+ 0.001 0.018 =+ 0.002 0.020 =+ 0.001
C20:3n3 0.011 + 0.000 0.010 = 0.001 0.011 =+ 0.003
Total 1.775 £ 0.045 1.811 =+ 0.084 1.902 =+ 0.028
Saturated 0.969 =+ 0.118 0.897 + 0.210 1.000 =+ 0.078
Monounsaturated 0.295 £ 0.042 0.260 + 0.065 0.225 + 0.026
Polyunsaturated 1.775 + 0.045a 1.811 =+ 0.084ab 1.902 + 0.028b
Total 3.038 + 0.204 2.968 + (.358 3.127 + 0.132
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Table S2 Correlation coefficient (r*) and P values (shown in parentheses) of Spearman
rank correlation analysis between the trunk perimeter and all measured parameters in
seeds of C. albidus plants growing in a natural population in the Montserrat Mountains

(NE Spain). Numbers in bold indicate significant P values (Spearman’s rank correlation,

P <0.05).

Parameter

Trunk perimeter

Fruit biomass (mg FW)

-0.111 (0.169)

Seed biomass (mg FW/fruit)

-0.100 (0.172)

Number of seeds per fruit

-0.201 (0.028)

Seed biomass (mg/FW) 0.220 (0.018)
% viable 0.068 (0.263)
% dying -0.014 (0.448)
% aborted -0.054 (0.305)

a-tocopherol (ug/g seed)

-0.148 (0.097)

B-tocopherol (ug/g seed)

0.011 (0.463)

y-tocopherol (ug/g seed)

-0.174 (0.063)

a-tocotrienol (pg/g seed)

-0.066 (0.283)

B-tocotrienol (ng/g seed)

-0.102 (0.185)

Total Vitamin E 20.134 (0.119)
GA4 (ng/g FW) 0.051 (0.327)
GAo (ng/g FW) -0.071 (0.268)
GAxs (ng/g FW) 20.018 (0.437)
ABA (ng/g FW) -0.063 (0.290)
TAA (ng/g FW) 0.009 (0.470)
JA (ng/g FW) -0.090 (0.216)
SA (ng/g FW) -0.098 (0.196)
2-IP (ng/g FW) -0.014 (0.452)
DHZ (ng/g FW) 0.043 (0.355)
DHZR (ng/g FW) -0.145 (0.101)
IPA (ng/g FW) 0.005 (0.482)
Z (ng/g FW) -0.049 (0.335)
ZR (ng/g FW) -0.077 (0.249)
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Fig. S1 Germination capacity of seeds of 3-, 8- and 13-y-old C. albidus plants growing
in the Experimental Fields. Data are the mean + SE of n = 4 individuals with an analysis
of 50 seeds per individual. No significant differences were found between any of the

three age groups (ANOVA, P > 0.05).
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Fig. S2 Gibberellin (GA) content, including that of GA4, GAg and GA,4, in seeds of 3-,
8- and 13-y-old C. albidus plants growing in the Experimental Fields. Data are the
mean + SE of n=4 individuals with an analysis of 50 mg of seeds per individual.
Different letters indicate significant differences between age groups (ANOVA,

P <0.05).
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Fig. S3 Cytokinin content, including that of zeatin (Z), zeatin riboside (ZR),
isopentenyladenosine (IPA), dihydrozeatin (DHZ), dihydrozeatin riboside (DHZR) and
2-isopentenyladenine (2-IP), in seeds of 3-, 8- and 13-y-old C. albidus plants growing in
the Experimental Fields. Data are the mean + SE of n = 4 individuals with an analysis of
50 mg of seeds per individual. Different letters indicate significant differences between

age groups (ANOVA, P <0.05).
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Fig. S4 C and N contents and C/N ratio in seeds of 3-, 8- and 13-y-old C. albidus plants
growing in the Experimental Fields. Data are the mean = SE of n =4 individuals with
an analysis of 50 mg of seeds per individual. No significant differences were found

between any of the three age groups (ANOVA, P <0.05).
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Fig. S5 Correlation between plant age and trunk perimeter in C. albidus plants growing
in the Experimental Fields (red circles) and Montserrat Mountains (black circles).
Spearman’s rank analyses showed significant correlations (P<0.001). Note the

differences in the slope of the linear regressions.
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Fig. S6 Comparison of the plant biomass between C. albidus from the Experimental
Fields and Montserrat Mountains. Examples of trunk rings are also shown. (a—c) Three-,
8 and 13-y-old C. albidus plants from the Experimental Fields (from left to right,
respectively). (d) Trunk rings from the oldest individual (dead) found in the Montserrat
Mountains (25-y-old). (e) Oldest C. albidus individual found alive in the Montserrat
Mountains (19-y-old). (f-g) Individuals with trunk perimeter of 2.5 and 8 cm in the

Montserrat Mountains. (h) Trunk rings from individuals with trunk perimeter of 2.5 and

7 cm, both found in the Montserrat Mountains.
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RESUM CAPITOL 4

o Els efectes materns soén considerats determinants principals de la viabilitat 1
de la dormicio de les llavors que poden afectar a la estructura 1 dinamica de les

poblacions als ecosistemes naturals.

e Vam avaluar les influéncies maternes en la viabilitat i la capacitat
germinativa en dues poblacions de 1’arbust mediterrani, Cistus albidus exposat a

condicions ambientals contrastades.

e Vam mesurar la viabilitat i la capacitat germinativa, aixi com els continguts
endogens d’ABA, gibberel-lines 1 vitamina E en llavors recol-lectades en dues
poblacions, incloent-hi un ambient natural i un altre de protegit (Parc Natural de la

muntanya de Montserrat 1 camps experimentals, respectivament) al NE d’Espanya.

e Les plantes que creixien en 1’ambient natural van produir llavors amb un
percentatge de germinacid més baix pero de viabilitat similar, indicant un major
grau de dormici6. L’augment de dormicio es relacionava amb continguts més
elevats d’ABA 1 més baixos de gibberel-lines, 1 els continguts de tocoferols i
tocotrienols van ser més elevats a les llavors de la poblacié natural. Els continguts
de tocoferols en llavors es van correlacionar positivament amb la taxa de biomassa

viva/ biomassa aéria total.

e Es conclou que dues poblacions mediterranies de C. albidus que creixen en
dos habitats amb condicions ambientals contrastades mostren diferéncies en la
dormicié 1 germinacio, les quals poden ser explicades almenys en part per

diferéncies en els continguts hormonals de les llavors.
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Marked differences in seed dormancy in two populations of the Mediterranean shrub,
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Background: Maternal effects are considered major determinants of seed viability and
dormancy and may therefore affect population structure and dynamics in natural ecosystems.
Aims: We assessed maternal influences on seed viability and germination capacity in two
populations of the Mediterranean shrub, Cistus albidus exposed to contrasting environmental
conditions.

Methods: We measured seed viability and germination capacity, and endogenous contents of
ABA, gibberellins and vitamin E in seeds collected from two populations, including a natural
and a protected environment (Natural Park of the Montserrat Mountains and an experimental
garden, respectively) in NE Spain.

Results: Plants growing in the natural site produced seeds with lower germination percentage
but similar viability, indicating higher seed dormancy. Enhanced seed dormancy was
paralleled with higher contents of ABA and lower levels of gibberellins. Contents of
tocopherols and tocotrienols were higher in seeds of the natural population. Tocopherol
contents in seeds correlated positively with the ratio living/total aerial biomass.

Conclusions: Two Mediterranean populations of C. albidus growing in two sites with
contrasting environmental conditions showed marked differences in seed dormancy and
germination, which may be explained at least in part by differences in seed hormonal
contents.

Keywords: Cistus albidus, environment, maternal effects, phytohormones, plant age, seed
dormancy, vitamin E

Introduction

Plants are adapted to the environment in factors  (Gutterman  2000).  Maternal

which they develop and grow adjusting their
morphology, physiology and reproduction to
different environmental conditions through
phenotypic plasticity, a very important
characteristic to cope with environmental
heterogeneity (Valladares et al. 2007;
Matesanz et al. 2010). Likewise,
environmental conditions exert a strong
influence on seed dormancy and germination
(Walck et al. 2011), which, in most plant
species, vary greatly between individuals and
populations.  Although some of these
variations may be of genetic origin, many of
them are known to be due to environmental

Corresponding author. Email: smunne@ub.edu

environmental effects are those in which the
phenotype of the progeny is altered by the
environment experienced by the maternal
plant (Donohue 2009). Therefore, factors
such as temperature, water stress, day length,
light quality and mineral nutrition affecting
the mother plant during seed development
and maturation influence the degree of seed
dormancy and germination. Not only the
environment experienced by the mother plant
may influence seed viability and germination,
but also the age of the mother plant can affect
them (Roach and Wulff 1987; Gutterman
2000).
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Seed dormancy can be defined as the
failure of an intact viable seed to germinate
under favourable conditions (Bewley 1997).
Different types of seed dormancy evolved to
allow plants to adapt to a wide diversity of
climates and habitats (Finch-Savage and
Leubner-Metzger 2006), and dormancy may
be determined by morphological and/or
physiological properties of the seeds
(Nikolaeva 2004). Cistus albidus L., a
common shrub typical of Mediterranean-type
ecosystems, produces hard seeds unable to
imbibe water (Rolston 1978; Thanos et al.
1993), mainly due to the water resistant
substances which impregnate the seed coat
(Rolston 1978; Baskin et al. 2000). The
prevention of germination due to the water
impermeability of the seed coat is known as
physical dormancy, a characteristic of the
Cistaceae family (Baskin and Baskin, 2014).
In natural conditions, Cistus spp. seeds
remain dormant until the heat generated by
fire (Thanos and Georghiou 1988; Roy and
Soni¢ 1992) or soil removal (Trabaud and
Renard 1999) soft the hard-coated seeds
(through scarification) making the seeds
permeable to water and overcoming the
physical dormancy (Baskin et al. 2000;
Gama-Arachchige et al. 2013). Seed
scarification opens the water gap, allowing
the entrance of water. When seeds are
imbibed, seed germination is then promoted
in a wide range of temperatures and light
conditions (Thanos and Georghiou 1988;
Trabaud and Renard 1999). Unfortunately, it
is still unknown whether C. albidus seeds
combine physical dormancy with
physiological dormancy or not. Therefore, it
is of high interest to elucidate whether or not
endogenous hormones, such as ABA and
gibberellins (GAs) can play a role in the
modulation of seed dormancy in this shrub of
high ecological interest, which might help us
understand and probably therefore manage
seed banks in their natural ecosystem (Baskin
and Baskin 2014).
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Vitamin E is a group of lipid-soluble
compounds with a strong antioxidant
potential (Kamal-Eldin and Appelqvist 1996)
serving a protective function in seeds. Sattler
et al. (2004) showed that tocopherols may
serve an essential role in germination and in
preventing seed viability loss during storage
in Arabidopsis thaliana. Furthermore, other
studies using non-model plants also indicate
that tocopherols may play a role protecting
seeds from lipid peroxidation and oxidative-
stress  related processes during seed
germination (Siles et al 2015).
Unfortunately, however, very little is known
about the possible influence of vitamin E on
seed germination and dormancy in C.
albidus, despite the ecological interest of this
species in Mediterranean-type ecosystems.

The aim of this work was to study the
seed viability, dormancy and germination in
two Mediterranean populations of C. albidus
growing in two sites differing in
environmental conditions, with an emphasis
on evaluating whether or not endogenous
contents of phytohormones and vitamin E
may  explain  differences in  seed
dormancy/germination and viability in these
populations. It was hypothesized that a
harsher maternal environment may negatively
influence seed germination and viability in C.
albidus through changes in phytohormones
and vitamin E levels.

Material and methods
Plant material, growth
sampling

Cistus albidus L., a common Mediterranean
shrub widely distributed in the western
Mediterranean from sea level to 1400 m
(Blasco and Mateu 1995), resistant to drought
stress and with a high capacity to grow in
degraded environments, was used for the
study. Two plant populations were compared.
The first one was growing in an experimental
garden, particularly at the Experimental
Fields of the Faculty of Biology at University

conditions and

of Barcelona at 100 m.a.s.l. (Barcelona,



Catalonia, NE Spain), which, hereinafter, will
be referred as a protected environment.
Twenty individuals were growing in a Calcic
Luvisol soil (FAO), which were treated once
a year with N:P:K (1:1:1) fertilizer at a rate of
100 kg ha'. The second population was
growing in a mixture of conglomerate,
sandstone and red shale in the Natural Park of
the Montserrat Mountains at 1000-1149
m.a.s.l. (50 km northwest of Barcelona,
Catalonia, NE Spain), which, hereinafter, will
be referred to as a natural environment.
Fifteen individuals, aged between 3 and 13
years old, and 84 individuals, aged between 3
and 17 years old, from the protected and
natural environment, respectively, were used
for experiments. The presence of a
“‘hardseededness’> with heat stimulated-
germination, short-range dispersal distance,
short life cycles (~20 years), and early first
reproduction events (~2 years) with full
reproduction capacity (~5 years), are all
characteristic ecological features of C.
albidus (Roy and Sonié¢ 1992; de Luis et al.
2008). Climatological
collected from weather stations situated at 50

conditions were

and 450 m from plants from the protected and
natural populations, respectively. Although
both populations were
Mediterranean conditions, plants growing in
the natural environment received less water
per year (with an accumulated yearly rainfall
of 522 mm vs. 729 mm), particularly during
the summer (217 mm vs. 94 mm), and were

growing under

exposed to lower temperatures during the
winter  (minimum  monthly
temperatures of 0.4°C vs. 6.5°C).

Aside from comparing the two
populations, we additionally evaluated the
effects of plant age on the natural population,
from which a sufficiently high number of
individuals was available to examine plant

average

age-related effects. Plant age in the natural
population was estimated by using the
equation from Figure 1, which was obtained
measuring the trunk perimeter and counting
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the trunk rings from 126 individuals. Despite
the destructive nature of these measurements,
trunk ring counting is very effective in the
estimation of the age of woody perennials
(Schweingruber and Poschlod 2005; Bergin
and Kimberley 2012) and allowed us to study
the effects of maternal age on seed viability,
seed germination and dormancy, and
endogenous seed phytohormone and vitamin
E contents in the natural population.

Seeds were separately collected from
each of the 15 and 84 individuals from the
protected and natural populations,
respectively, during September 2012 from
mature fruits for estimation of viability,
germination capacity and endogenous
contents of phytohormones and vitamin E.
For seed germination and viability tests, 50
seeds per individual were evaluated. For
phytohormone and vitamin E analyses, 50 mg
of seeds per individual were examined.
Mature fruits were collected and immediately
brought to the laboratory, where seeds were
counted and immediately used for seed
germination and  viability tests. The
remaining seeds were frozen in liquid
nitrogen and stored at -80°C before
biochemical analyses.

Furthermore, aboveground photosyn-
thetic and non-photosynthetic tissues from 6
and 84 individuals from the protected and
natural populations, respectively, were
separated and weighed after oven-drying the
samples at 100°C to constant weight to obtain
the dry mass. The 6 individuals taken for
estimation of plant growth from the protected
environment  were  selected to  be
representative (in terms of size) of the 15
individuals from which seeds were collected
for estimation of seed wviability and
germination.

Seed germination and viability tests
Germination capacity tests were carried out
as described by Galmés et al. (2006) with
some modifications. Seeds were sterilized in
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Figure 1. Logarithmic regression between the
trunk perimeter and the age of 126 C. albidus
plants growing in the natural environment
(Natural Park of Montserrat Mountains).
Corrected determination coefficient (adjusted R?)
and significant P-values (P<0.05) are shown.

an aqueous solution of bleach and Tween 20
(50:0.15, v/v) for 10 minutes, followed by 3
rinses in autoclaved Milli Q water. The seeds
were then incubated for 24 h in autoclaved
Milli Q water at 25°C before being subjected
to a heat shock (100°C, 5 minutes) to break
physical dormancy. This is a very effective
treatment that makes >95% seeds water
permeable. Then, 10 ml of autoclaved Milli Q
water were placed in each plate with 50
seeds. Seeds were germinated at 17°C in a
germination chamber and seeds were counted
three times per week during 12 weeks under a
green light. All steps of the germination test
were performed in the dark.

For viability tests, all seeds were
incubated for 24 h in the dark and a heat
shock was applied as described before to
make seeds permeable to water. The seeds
were then soaked in a tetrazolium chloride
solution at 1% and incubated at 37°C in
darkness for 2 days. Subsequently, viable and
non-viable seeds were counted. Seeds were
considered to be alive when the embryo was
intact and fully stained with rich formazan
red. Seeds were considered to be non-viable
when staining of the embryo was patchy,
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weak (pink) or absent. A fraction of these
seeds were empty (aborted seeds).

Phytohormone analyses

The extraction and UHPLC-MS/MS analysis
of endogenous concentrations of GA4 and
ABA were performed as described by Miiller
and Munné-Bosch  (2011). Deuterium
labelled phytohormones (d,-GAs and de-
ABA) were used as internal standards.

Vitamin E analyses

The extraction and HPLC analysis of
endogenous concentrations of vitamin E,
including both tocopherols and tocotrienols,
were performed as described by Cela et al.
(2011). Quantification was performed by
using fluorescence detection. a-, -, y- and d-
tocopherols and tocotrienols, which were
purchased from Sigma-Aldrich (Steinheim,
Germany), were used as standards.

Statistical analyses

Differences between populations in plant
growth, seed germination and viability, or
phytohormone and vitamin E contents, were
evaluated using analysis of variance (one-
way ANOVA). Results were considered
significant at a probability level of P<0.05.
The significance of regressions, which were
used to evaluate plant age effects in the
natural population, and Spearman’s rank
correlation analyses, which examined the
correlation between the vitamin E levels and
all measured parameters in seeds, were
considered significant when P<0.05.

Results and discussion

It is shown in the present study maternal
influences not only in plant growth, but also
in seed dormancy and germination in the
Mediterranean shrub, C. albidus, an effect
that appeared to be governed, at least in part,
by phytohormones. In the present study,
plants at different locations may express
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Figure 2. Total aerial biomass, photosynthetic and non-photosynthetic biomass and the ratio of
photosynthetic to non-photosynthetic biomass (P/NP) of C. albidus plants growing in the protected (white
bars) and natural environments (black bars). Data represent the mean + SE of n=6 and 84 in the protected
and natural environments, respectively. One-way ANOVA significant values (P<0.05) are shown.
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Figure 3. Viability, germination capacity and endogenous concentrations of abscisic acid (ABA),
gibberellin 4 (GA4) and the ABA/GA, ratio in seeds collected from C. albidus plants growing in the
protected (white bars) and natural environments (black bars). Data represent the mean = SE of n=15 and
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are shown.
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variation in physiological traits due to a
plastic response to contrasting environmental
conditions at the two sites, but also to genetic
differences due to long-term
pressures at the two sites. Differences in soil
type, water and nutrient availability,
temperatures and altitude, both in the short
and long term, might influence the biomass
allocation and plant growth of both C.
albidus populations investigated in the
present study. Plants that grew in a protected
environment had 41-fold higher total aerial
biomass and 2.3-fold higher percentage of
living/total ~ aerial biomass than the
individuals which grew in a natural one. The
P/NP ratio was, however, 4 fold-higher in
plants from the natural environment than in
the protected one (Figure 2). Limitations in
photosynthetic capacity by cold temperatures,
drought stress and nutrient limitation (Evans
1983; Oleksyn et al. 1998; Allen and Ort

selection
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2001; Hendrickson et al. 2004) might have
led to lower growth rates and a smaller plant
size in the natural environment.

Seeds from the natural, more stressful
environment germinated less than the ones
from the protected environment, while
viability was similar, thus indicating a higher
degree of dormancy in the natural population
compared to the protected one. Seeds from
the protected environment showed indeed
7.1-fold higher germination capacity than
seeds form the natural environment (Figure
3). This difference between populations was
accompanied by changes in the seed
hormonal content. Seeds had higher levels of
ABA (272 vs. 167 ng/g seed) and lower
levels of GA4 (1.3 vs. 453 ng/g seed) in the
natural compared to the protected
environment, which resulted in 1180-fold
higher ABA/GA4 ratios in the natural
environment compared to the protected one
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natural environment (Natural Park of the Montserrat Mountains). NS, not significant.

(Figure 3). While dormancy depends on high
ABA/GA ratios, dormancy release and
germination involves an increase of GA
biosynthesis and ABA degradation, resulting
in low ABA/GA ratios (Cadman et al. 2006;
Finch-Savage and Leubner-Metzger 2006;
Finkelstein et al. 2008; Bewley et al. 2013;
Miransari and Smith 2014; Bicalho et al.
2015). Since GA itself is not involved in
embryo dormancy loss, a decrease of ABA
levels may be required before GA levels and
sensitivity can increase (Ali-Rachedi et al.
2004). Hormones control dormancy and
germination at transcriptional levels, and in
conjunction with the environment
experienced by the maternal plant, control
testa characteristics, as plants with low ABA
levels have thinner seed coats (Bewley 1997;
Kucera et al. 2005). Hence, under more
stressful environmental conditions, C. albidus
individuals appear to produce seeds with a

higher degree of physiological dormancy
(modulated by higher ABA/GAs ratios).
Although in some species the age of
the mother plant can affect the dormancy
degree of the seeds, in which old and
senescent plants produce more dormant seeds
than younger plants (Gutterman 2000; Baskin
and Baskin 2014), plant age in the natural
habitat did not affect the viability,
germination capacity and hormonal levels of
seeds in C. albidus. Despite age-related
differences in total biomass, as well as
living/total biomass and P/NP ratios (Figure
4), seed viability, germination capacity and
hormonal levels did not show significant
differences as plant aged in the natural
population (Figure 5). A more thoroughly
possible effect of plant age on seed viability
study with an increased sample size is
however required to completely exclude a
possible effect of plant age on dormancy and
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germination/dormancy in natural populations
of C. albidus.

C. albidus seeds contained both
tocopherols and tocotrienols. More than 75%
of the vitamin E present in seeds of this
species was in the form of a-tocopherol,
which is considered to be the most active
vitamin E form in plants and animals
(Munné-Bosch and Alegre 2002). The second
most abundant vitamin E form found in C.
albidus seeds was a-tocotrienol, followed by
y-tocopherol, which is the immediate
precursor of a-tocopherol. a-Tocopherol,
which was therefore the major vitamin E
form present in C. albidus seeds, was found
at 70% higher amounts in the natural
population compared to the protected one
(Figure 6). This is not surprising since o-
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tocopherol is considered an important
protective molecule against oxidative stress
(Munné-Bosch and Alegre 2002). Therefore,
plants growing in the natural environment,
stressful

produced more vitamin E in

which were exposed to more
conditions,
seeds, which might serve to protect seeds
during long periods of dormancy (Sattler et
al. 2004). Interestingly, seed tocopherol
contents, particularly those of y-tocopherol,
correlated positively with the ratio living/total
aerial biomass (and negatively with the
amount of non-photosynthetic biomass, Table
1) in the natural population. This may reflect
a positive correlation between the vigour of
the mother plant and that of the seeds they
produce. It should be noted, however, that
this change in the biochemical
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composition of seeds did not lead to an
improved viability, thus further investigation
is warranted. Furthermore, plant age in the
natural habitat did not influence the vitamin
E composition of seeds, which suggests that
the quality of seeds is not negatively
influenced by the age of the mother plant.

Conclusions

It is concluded that the two Mediterranean
populations of C. albidus growing in two
sites  with  contrasting environmental
conditions showed marked differences in
seed dormancy and germination, which may
be explained at least in part by differences in
seed hormonal contents. The results suggest
that C. albidus seeds experience a
combination of physical and physiological
dormancy. Harsher environmental
conditions might also lead to an enhanced
accumulation of vitamin E in seeds to
protect embryos during long periods of
dormancy, an aspect that warrants further
investigations.
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DISCUSSIO

1. Distribucio6 de la vitamina E en llavors al llarg de I’evolucio

La vida es va originar a la Terra fa més de 3.500 milions d’anys. La primera
endosimbiosi entre un bacteri fotosintétic (cianobacteri) 1 un organisme unicel-lular
(protozou) es va produir fa, aproximadament, 1.500 milions d’anys, donant lloc a
tres linies evolutives: els glaucofits, les algues verdes 1 les algues vermelles
(McFadden 2001). Es creu que les algues verdes son els ancestres de les plantes
terrestres, les quals van haver d’evolucionar per tal de fer front als diversos
problemes associats a viure en un ambient no aquatic, aixi com van haver
d’adaptar la seva forma de reproduir-se. D’entre les plantes terrestres van sorgir els
espermatofits 1 en concret, les angiospermes van desenvolupar [’habilitat de
produir flors, fruits i llavors per tal d’assegurar la dispersi6 i la supervivencia de la
progenie (Jones et al, 2003). Les primeres plantes que van produir llavors van
apareixer al Devonia tarda, fa uns 370 milions d’anys (Figura 9, Pennisi, 2009;
Linkies et al., 2010). Una de les innovacions d’aquest &xit evolutiu va ser la
capacitat de mantenir I’embrié en un estat dessecat i viable, és a dir, quiescent,
durant llargs periodes de temps; fet en part possible gracies a 1’acumulacio de
vitamina E 1 a la seva funci6 protectora, tal 1 com s’explica a I’apartat 3 (Funcié

de la vitamina E en llavors).

Tot 1 la presencia de vitamina E en tot el regne vegetal, la distribuci6 especifica
de tocoferols 1 tocotrienols en llavors varia entre ordres, generes 1 especies
vegetals. Al capitol 1 es va observar que la familia Arecaceaec acumulava
principalment tocotrienols a les llavors, exceptuant 1’especie Daemonorops sabut,
que acumulava exclusivament tocoferols. Diverses especies d’aquesta familia
també van acumular tocoferols en quantitats molt baixes, excepte Dypsis lutescens,
que n’acumulava elevades quantitats. Les especies analitzades es trobaven
distribuides entre les subfamilies Calamoideae, Coryphoideae 1 Arecoideae, les
quals van sorgir en diferents moments del Cretaci. Mentre que el seu ancestre

comu va apareixer fa uns 100 milions d’anys, la subfamilia Calamoideae va ser la
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primera en sorgir, seguida de les subfamilies Coryphoideae 1 Arecoideae. Aquestes
van apareixer a la meitat i al final del Cretaci, respectivament (Baker & Couvreur,
2012). Tot 1 que I'inica especie analitzada de la subfamilia Calamoideae va ser
Daemonorops sabut, una tendéncia a una menor acumulaci6é de tocoferols va ser
observada al llarg de I’evolucio. Mentre que el genere pertanyent a la subfamilia
mes antiga (Calamoideae) contenia exclusivament tocoferols, un 65% dels generes
de la subfamilia Coryphoideae 1 un 59% dels geéneres pertanyents a la subfamilia
Arecoideae contingueren tocoferols. Per tant, es va observar una menor distribucio
1 acumulacié de tocoferols a les subfamilies més modernes, exceptuant a Dypsis
lutescens; especie pertanyent a la subfamilia Arecoideae que contenia un 97,8% de
tocoferols. No obstant, una analisi més exhaustiva de les dades va revelar que la
distribucio de la vitamina E dins de cada subfamilia no mostrava aquesta tendéncia
evolutiva. A la subfamilia Coryphoideae un 3% dels geéneres que contenien
tocoferols van apar¢ixer a I’Eoce, un 9% al periode inicial del Mioce mentre que
un 36% va sorgir al final del Mioce. A la subfamilia Arecoideae aquest patrd
també es va observar, on un 8% dels géneres que contingueren tocoferols van
apareixer a I’Oligoce 1 un 51% al Mioce. A més, alguns generes més antics que van
apareixer al Paleoce, com Roystonea, no acumularen tocoferols. Aixi doncs, si bé
no es va poder determinar una menor acumulacié de tocoferols al llarg del temps,
si que es va observar que la capacitat de sintetitzar 1 acumular tocoferols en llavors
s’ha anat perdent en diferents generes al llarg de 1’evolucio. Aquests resultats
contrasten amb els obtinguts per Esteban et al. (2009), on es conclou que hi ha una
tendeéncia evolutiva a incrementar el contingut d’a-tocoferol en organs
fotosintetics, acumulant-se més a plantes vasculars que en organismes fotosintétics
evolutivament més primitius, com algues 1 molses. Per tant, sembla que la
distribucid de la vitamina E ha variat evolutivament 1 de manera independent en
diferents organs vegetals, 1 que a les llavors de la familia Arecaceae la sintesi de

tocoferols ha evolucionat de manera independent en alguns géneres.

La diferent capacitat d’acumular o no tocoferols als geéneres d’aquesta familia

no va determinar la distribucid global de cap de les 84 especies estudiades, trobant
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en les mateixes zones especies amb 1 sense tocoferols a les llavors. Aixi mateix, el
tipus de dormicié caracteristica de cada espeécie analitzada tampoc va estar
relacionada amb la distribucio 1 acumulaci6 de vitamina E. S’ha de tenir en compte
que encara no s’ha caracteritzat el tipus de dormici6 per a molts generes i especies
d’aquesta familia, fet que dificulta I’establiment d’una possible connexi6 entre la
distribuci6o de vitamina E i ’aparicio 1 adquisicio de diferents tipus de dormicio.
Per tant, mentre que I’acumulacio6 de tocotrienols €s un tret conservat en les llavors
de la familia Arecaceae, la capacitat de sintetitzar tocoferols s’ha anat perdent
diversos cops, variant la seva distribucidé en aquesta familia durant 1’evolucio.
Aquest fet, perd, no va afectar a la viabilitat de les llavors. Altres caracteristiques
de les llavors, com son la seva mida, la relacié embrio:endosperm, aixi com el
tipus de dormicid que posseeixen també han anat variant al llarg del temps. En
concret, 1’adquisicié de dormici6 fisiologica és un tret que també s’ha anat
guanyant 1 perdent diversos cops durant I’evolucid (Finch-Savage & Leubner-
Metzger, 2006). Aixi doncs, aquest patré evolutiu ha donat lloc a una gran
diversitat de formes 1 estrateégies per tal d’assegurar la supervivencia i adaptacio de

les especies.

Devonia |“ Cretaci Paleocél Eoce | Oligocé | Mioce
T T 1 1 71 1 T 7 T 17 T T 7 1 11
370 100 75 50 25 0 ma
T A lr 1\ A A A
Primers cSl;bfan']cI/“a Subfamilia A A
espermatofits glamoldeae | Arecoideae \ V }
Subfamilia géneres amb tocoferols a les
Coryphoideae subfamilies Coryphoideae i Arecoideae

Ancestre comu de la
familia Arecaceae

|

Tocotrienols conservats

Figura 9. Linia temporal on es mostren els periodes on van aparcixer els primers espermatofits
aixi com ’ancestre comu i tres de les cinc subfamilies de la familia Arecaceae. Els triangles
indiquen ’aparici6 de certs geéneres amb tocoferols a les subfamilies Coryphoideae (color verd) 1
Arecoideae (color blau), indicant que aquest tret ha anat apareixent en diferents moments de
I’evoluci6. ma= milions d’anys.
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2. Acumulacio de vitamina E en llavors: influéncia de ’edat de la planta mare

i Pambient

Molts processos fisiologics es troben influenciats per ’edat de la planta mare, aixi
com I’ambient que aquesta experimenta. Entre ells es troben el grau de dormicio i
germinacié de les llavors, els quals poden estar determinats per aquest dos
parametres (Roach & Wulff, 1987; Gutterman, 2000; Walck et al., 2011). Tot 1 que
variacions en el grau de dormicid6 o germinacidé entre diferents individus o
poblacions poden ser d’origen genotipic, moltes d’elles també poden ser d’origen
ambiental. Factors com la temperatura, el fotoperiode, la qualitat luminica, el
deficit hidric, aixi com la nutricié6 mineral que afectin a la planta mare durant la
induccié de la floracidé 1 formaci6 de la llavor, poden afectar la dormicid 1
germinacid de les llavors (Gutterman, 2000). Un factor que manté la viabilitat de
I’embri6 durant la dormicid i que influencia 1’exit de la germinaci6 €s el contingut
de vitamina E de les llavors (Sattler ef al., 2004; Méne-Saffrané et al., 2010). S1 bé
es coneixen els efectes de 1’edat de la planta 1 de 1’ambient sobre els canvis en els
continguts de vitamina E en organs fotosintétics (Lushchak & Semchuk, 2012), es
desconeix si 1’edat 1 I’ambient que experimenta la planta mare poden influir en el
contingut de vitamina E de les llavors, regulant la dormicio i la germinacié per a

assegurar I’exitos establiment de la seva progenie.

Per tal d’estudiar ’efecte de I’edat sobre la produccio, qualitat 1 contingut de
vitamina E en llavors, es van analitzar individus de diferents edats de dues
poblacions de Cistus albidus. Al capitol 3 es va observar com en condicions
ambientals controlades 1’efecte de 1’edat va ser un factor important pel que fa a la
produccid de llavors. Dels tres grups d’edats que es van estudiar (3, 8 1 13 anys),
les plantes de 13 anys mostraren simptomes de senescéncia reproductiva
(disminuci6 de D’eficiencia reproductora amb I’increment de 1’edat). Aquestes
plantes van mostrar una produccio de flors un 40% més baixa respecte a les plantes
de 8 anys; les quals van ser les que van produir més flors. Tot i que les plantes de
13 anys van produir més llavors per fruit, la produccié de llavors per individu va

ser un 13% menor respecte a les plantes de 8 anys. A més, la quantitat de llavors
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avortades va ser molt més elevat a les plantes de 13 anys respecte els individus de
3 1 8 anys. Per tant, I’edat de la planta mare va afectar la producci6 de llavors.
Malgrat la marcada senesceéncia presentada per les plantes de 13 anys, les llavors
dels tres grups d’edat van mostrar capacitats germinatives similars, disposant, per
tant, de mecanismes compensatoris per tal d’assolir patrons reproductius
equivalents. Les plantes de més edat van incrementar els nivells de vitamina E,
especialment els d’a-tocoferol, component essencial per la germinacié degut a la
seva capacitat antioxidant (Sattler et al., 2004, 2006). Aixi mateix, també van
augmentar els nivells d’ABA, JA, TAA 1 SA. Tot 1 el desconeixement del complex
mecanisme de comunicacid hormonal creuada present en les plantes de 13 anys,
augments en JA 1 SA (hormones associades a I’increment de la resisténcia a
insectes 1 fongs, Davies, 2010), juntament amb increments en els nivells de
vitamina E influenciats per 1’edat de la planta mare, podrien actuar com a
mecanisme compensatori. D’aquesta manera es manté un patr6 reproductiu similar
a tots els individus de la poblacid tot 1 el major nimero d’embrions avortats en

plantes de més edat.

En canvi, en condicions naturals, els individus estudiats no van presentar
simptomes de senesceéncia a nivell d’organisme (en quant al percentatge de llavors
avortades amb 1’edat, capitol 3). En aquest cas, ni els nivells de vitamina E ni la
viabilitat de les llavors es van veure afectats per 1’edat de la planta mare, sent la
biomassa del fruit, la biomassa de la llavor i la biomassa de la llavor per fruit, els
factors que van influir en la viabilitat. En canvi, I’increment de ’edat es va
relacionar amb la disminuci6 del nimero de llavors produides per fruit i1
I’increment de la biomassa de les llavors. En aquestes condicions, tots els individus
van mostrar una capacitat germinativa similar amb baixes quantitats de llavors
avortades. Aixi doncs, aquestes plantes van adoptar un altre tipus de mecanisme
compensatori per tal d’assolir patrons reproductius similars en tots els rangs d’edat

estudiats.

Les diferents estratégies adoptades pels individus de C. albidus poden ser

conseqiiencia de les seves respostes plastiques als ambients on es desenvolupen, tot
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1 que diferéncies genetiques entre els individus d’ambdues poblacions no es poden
descartar. Les plantes s’adapten a I’ambient en el que es desenvolupen i creixen
ajustant la seva morfologia, fisiologia 1 reproduccio (Valladares et al. 2007,
Matesanz et al. 2010). Diferéncies en el tipus de sol, disponibilitat de nutrients 1
d’aigua aixi com de temperatura 1 altitud, poden haver influenciat el creixement 1 la
distribuci6 de la biomassa dels individus d’ambdues poblacions. Els individus que
es van desenvolupar en condicions ambientals controlades van mostrar 41 cops
més biomassa acria total, un percentatge de biomassa viva/biomassa acria total 2,3
cops més elevat, aixi com una taxa de biomassa fotosintética/no fotosintética un
80% més baixa que els individus de la poblacié natural (capitol 4). Tots els
individus de la poblacidé natural van mostrar menys biomassa que els individus de
3 anys que creixien en un ambient controlat. Per tant, com a adaptacid a les
condicions ambientals més severes a les que es trobaven exposats (menor
disponibilitat d’aigua 1 baixes temperatures durant 1’hivern), els individus de la
poblacié natural van reduir la seva mida 1 van invertir menys recursos a la
producci6 de biomassa acria. A mesura que les plantes envellien, aquests
parametres tambe¢ van variar, mostrant elevades quantitats de necromassa. Aixi
doncs, en condicions ambientals controlades on els recursos 1 les condicions
ambientals no van ser tan dures, les plantes disposaven d’elevades quantitats de
biomassa. A més, produien moltes llavors, perd a mesura que les plantes envellien
el percentatge de llavors avortades incrementava. En aquestes condicions, I’edat de
la planta va influenciar els nivells de vitamina E, aixi com els d’hormones, per tal
de mantenir el mateix patré reproductiu a tots els rangs d’edat i compensar els
efectes de la senesceéncia reproductiva. En canvi, en condicions naturals, els
individus van reduir la seva mida, destinant els seus recursos a formar poques
llavors 1 fruits, pero d’elevada viabilitat. En aquest cas, no es va observar un efecte
de I’edat sobre el contingut de vitamina E, sind6 que probablement 1’efecte de

I’ambient va variar els nivells de vitamina E en aquesta poblacio.

L’efecte de I’ambient, 1 no 1’edat de la planta mare, sembla estar influenciant el

grau de dormici6 de les llavors de C. albidus. Al capitol 4 es va observar que les
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llavors de la poblacid natural van presentar nivells més elevats de dormicio degut a
la seva baixa capacitat germinativa 1 elevada viabilitat, al contrari del que va
succeir a la poblacio en condicions ambientals controlades. Aquesta dormici6 no
només es trobava controlada principalment per la impermeabilitat de la coberta
tipica de la familia Cistaceae (dormicio fisica), sind també pels continguts d’ABA 1
de GA4. Aquestes son les principals hormones que controlen la dormicié i la
germinacio de les llavors (Kucera et al., 2005; Finch-Savage & Leubner-Metzger,
2006; Bicalho et al., 2015). La taxa 1.180 cops més elevada d’ABA/GA, present a
les llavors de la poblacid natural indicaren un major grau de dormicid, i
conseqiientment, una menor capacitat germinativa, al contrari del que va succeir a
la poblacidé de condicions ambientals controlades. No només els nivells hormonals
van variar, sin6 que les llavors de I’ambient natural contenien un 70% més d’a-
tocoferol que les llavors de la poblaci6 de condicions ambientals controlades.
D’aquesta manera les llavors estaven protegides per alts nivells de vitamina E
durant llargs periodes de dormicid (Sattler et al., 2004; Mene-Saffrané et al.,
2010). En canvi, sota condicions ambientals controlades, els nivells de vitamina E
no van ser tan elevats degut a la baixa dormicié que va presentar aquesta poblacio.
Aixi doncs, en condicions naturals, on els recursos son més limitants, I’ambient va
determinar un major grau de dormicié de les llavors influenciant els nivells

hormonals 1 de vitamina E.

Per tant, només en condicions ambientals favorables es va observar la
influéncia de ’edat de la planta sobre els nivells de vitamina E. L’ambient molt
probablement va afectar al creixement dels individus d’ambdues poblacions, els
quals van adoptar diferents estratégies reproductores. En condicions ambientals
controlades, on els individus van adoptar una estratégia » (molta produccio de
llavors pero de baixa qualitat), I’efecte de 1’edat va ser més important que ’efecte
de I’ambient en modular els nivells de vitamina E. Aquests van actuar com a
mecanisme de control de la germinaci6é per tal de compensar els efectes de la
senescencia reproductiva, 1 van contribuir al manteniment d’una elevada capacitat

germinativa en els diferents rangs d’edat. En canvi, en condicions naturals on els
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individus adoptaren una estratégia K (poques llavors perd d’elevada viabilitat),
I’efecte de I’ambient va influenciar els nivells de vitamina E a les llavors,
assegurant la supervivéncia de I’embrid durant els periodes de dormicio fins a la
posterior germinacié en condicions favorables (Figura 10). Juntament amb un
possible paper coordinat amb les hormones, la vitamina E €s un bon mecanisme de

control de la germinaci6 i la dormicio6 de les llavors en funcié de ’entorn.

a)
Efecte edat (_I ' = Efecte ambient
v o L
A\ avortades i
A Vitamina E \y Vitamina E
AN ABA, JA, SA, IAA \/ ABA/GA
|
Manteniment capacitat W Dormicid
germinativa
b)
\/ NUm llavors/fruit A Vitamina E
Biom Il
l/]\ assa llavor | A ABA/GA
Mantemmgnt t?apautat 4\ Dormicid
germinativa :
T Estratégia K § 2
Efecte edat <_, . -, Efecte ambient

Figura 10. Efecte de I’edat i I’ambient sobre la composicié de la vitamina E de les llavors de
dues poblacions de Cistus albidus, aixi com els mecanismes compensatoris que desenvolupa
cada poblacié per a mantenir la mateixa capacitat germinativa en tots els individus. A)
condicions ambientals controlades, b) condicions naturals.

Tot 1 que la capacitat d’acumular tocoferols a les llavors de la familia
Arecaceae no determina la distribucio global de les espécies d’aquesta familia, tal 1
com s’ha comentat a ’apartat 1 (Distribucio de la vitamina E en llavors al llarg
de P’evolucid), podria ser que condicions ambientals contrastades en els diferents
moments en els que van sorgir els géneres d’aquesta familia, com ¢époques més

fredes o de sequera, influenciessin el contingut de vitamina E d’aquestes llavors al
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formar-se a la planta mare, variant aixi la seva capacitat d’acumular tocoferols al

llarg de I’evolucid.

3. Funcio de la vitamina E en llavors

La vitamina E té diverses funcions, com ser un estabilitzador de membrana
(Salgado ef al., 1993; Wang & Quinn, 2000), aixi com un important antioxidant;
actuant quimica i fisicament amb el 'O, (Fahrenholtz et al., 1974), reduint la
peroxidacié lipidica 1 inhibint la seva propagacié (Kamal-Eldin & Appelqvist,
1996). Si bé les funcions de la vitamina E a plantes han sigut estudiades
principalment a teixits fotosintetics en diferents condicions d’estres, envelliment o
senescencia (Havaux et al., 2005; Lushchak & Semchuk, 2012; Morales et al.,
2013), només tres estudis en llavors d’A. thaliana han demostrat que els tocoferols
son necessaris per a mantenir la longevitat, aixi com son essencials per a un
correcte desenvolupament de les plantules (Sattler et al., 2004, 2006; Méne-
Saffrané et al., 2010). Tot 1 aixi, moltes llavors presenten alts continguts de
tocotrienols, 1 evidencies de les seves funcions sén escasses (Falk et al., 2004;

Horvath et al., 2006a).

3.1. Emmagatzematge i quiescéncia

Els mecanismes antioxidants son molt importants per tal de mantenir la viabilitat
de les llavors durant ’emmagatzematge, fet d’especial importancia als bancs de
germoplasma per tal de conservar especies durant llargs periodes de temps. La
peérdua de viabilitat, aixi com reduccions en la germinacid, soén fets associats a
I’envelliment de les llavors (Bewley et al., 2013; Wojtyla et al., 2016). La teoria
més acceptada com a causant d’aquest envelliment és la dels radicals lliures.
Aquesta postula que la major part de les alteracions que es produeixen son degudes
a I’acumulacié de ROS, al dany oxidatiu provocat per aquestes i1 a la pérdua de
mecanismes antioxidants (Bailly et al, 2008; Kumar ef al., 2015). Les llavors
seques (en angles, dry seeds) tenen un contingut hidric molt baix, i el seu
metabolisme es manté gaireb¢é aturat, considerant que es troben en un estat

quiescent. En aquestes llavors, aixi com durant el seu emmagatzematge, les ROS
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son molt probablement el resultat de processos no enzimatics, com la peroxidacio
lipidica 1 les reaccions d’Amadori 1 Maillard (Bewley ef al., 2013). Aquestes soén
un conjunt complex de reaccions no enzimatiques que tenen lloc després d’una
reaccio inicial entre grups carbonil i amino (Murthy & Sun, 2000). Els productes
resultants tant de la hidrolisi de sucres com de la peroxidacio lipidica poden iniciar
les reaccions d’Amadori 1 Maillard, les quals degraden de manera no enzimatica
proteines 1 ADN. Per tant, totes aquestes reaccions contribueixen al deteriorament
de les llavors (Murthy & Sun, 2000; Colville et al., 2012). L’acumulacio
incontrolada de ROS provoca una serie de processos associats a I’envelliment de
les llavors, com poden ser canvis en els lipids de membrana; incrementant la seva
permeabilitat 1 afavorint la perdua d’electrolits; aixi com oxidacions de proteines 1
acids nucleics (El-Maarouf-Bouteau & Bailly, 2008; Bewley ef al., 2013; Wojtyla
et al., 2016). Els antioxidants tenen un paper clau en el manteniment de la
longevitat 1 de la viabilitat de les llavors. Aquests fan front als danys oxidatius
provocats per I’acumulacio de ROS 1 també eviten la seva propagacio (Kamal-
Eldin & Appelqvist, 1996). Si bé la funcio dels tocoferols esdevé essencial a les
llavors d’A. thaliana per al seu emmagatzematge 1 envelliment (Sattler et al., 2004;
Meéne-Saffrané et al., 2010), no hi ha cap evidéncia del paper protector dels

tocotrienols.

Al capitol 1, a nivell de llavor sencera, es va observar que les llavors de la
familia Arecaceae acumulaven principalment tocotrienols envers tocoferols.
Aquest fet va suggerir que els tocoferols podrien no ser indispensables per protegir
aquestes llavors del dany oxidatiu, 1 que els tocotrienols podrien ser antioxidants
eficients a I’hora de disminuir la produccié de ROS durant periodes de quiescencia
1 emmagatzematge (Figura 12). La funcié antioxidant dels tocotrienols s’havia
observat previament en 1’estudi dut a terme per Matringe et al. (2008) en plantes
transgeniques de tabac. En aquest estudi es va observar que els tocotrienols
protegien els lipids de membrana de les fulles en condicions d’estrés per alta
intensitat luminica i fred. Per tant, els tocotrienols poden substituir la funci

antioxidant dels tocoferols tant en fulles (Matringe et al. 2008) com en llavors. El
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paper antioxidant dels tocotrienols es va observar al capitol 2, en concret a les
llavors quiescents de C. humilis var. humilis. Aquestes van acumular gairebé un
100% de tocotrienols i van mostrar nivells no quantificables (traces) de tocoferols.
Després d’un any d’emmagatzematge a 4°C 1 foscor, els tocotrienols molt
probablement van ajudar a mantenir estables els nivells de MDA (indicadors de
peroxidacio lipidica), aixi com la viabilitat de les llavors. A més, gracies almenys
en part a la capacitat antioxidant dels tocotrienols, es demostra en aquest estudi que
I’emmagatzematge a 4°C durant un any ¢€s una forma adequada de mantenir la
viabilitat de les llavors de C. humilis var. humilis, afavorint la conservacid

d’aquesta espécie de gran importancia ecologica.

Tot 1 la principal acumulacié de tocotrienols en llavors de la familia Arecaceae,
I’acumulaci6 de vitamina E aixi com dels seus homolegs en diferents parts de
llavors quiescents va variar segons les espécies analitzades (capitol 1). Els
embrions acumulaven una gran quantitat de vitamina E, indicant que aquests
necessiten més proteccid antioxidant que 1’endosperm o la coberta per tal de fer
front a les ROS 1 mantenir la seva viabilitat i capacitat germinativa. La
predominanga de I’homoleg a, el qual t€ la major capacitat antioxidant dels quatre
homolegs possibles de tocoferols 1 tocotrienols (a, B, v 1 0, Kamal-Eldin &
Appelqvist, 1996), va corroborar la necessitat d’aquesta capacitat antioxidant, sent
aquest fet més important que la disposicid de dos dobles enllacos a la cua
poliprenil. En canvi, ’acumulacié de vitamina E va variar entre 1’endosperm 1 la
coberta segons les espécies analitzades. Mentre que els tocotrienols van ser els
components principalment acumulats als endosperms, les cobertes van acumular
tant tocoferols com tocotrienols. Distribucions similars a aquestes s’han observat
en llavors d’Hordeum vulgare (Falk et al., 2004), Vitis vinifera (Horvath et al.,
2006b) 1 Avena sativa (Gutierrez-Gonzalez et al. 2013). Malgrat que en aquests
casos 1’a-tocoferol va ser el component majoritari de I’embrid, els tocotrienols, i en

concret 1’a-tocotrienol, s’acumulaven de forma majoritaria a I’endosperm.

Si bé tant en el capitol 1 com en el capitol 2 es va estudiar la distribucio 1

acumulacio de la vitamina E en llavors ja desenvolupades 1 madures, 1’acumulacié
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de vitamina E, tant a nivell de llavor sencera com en diferents teixits, es fa palesa
durant el seu desenvolupament. Durant la dessecacio de les llavors ortodoxes, la
vitamina E, juntament amb proteines 1 sucres, s’acumula per tal d’ancorar-se a les
membranes 1 mantenir la seva integritat en el pas de I’estat cristal-1i cap a I’estat
vidrios (Bewley et al., 2013). Aixi mateix, durant el desenvolupament de les
llavors de V. vinifera, els nivells de vitamina E augmenten (Horvath et al., 2006).
Aquest increment dels nivells de vitamina E sembla estar relacionat amb 1’augment
dels nivells de tocotrienols a I’endosperm a causa de ’acumulaci6 de les reserves
lipidiques (Horvath et al., 2006b), funcié que també va ser proposada en 1’estudi

realitzat a H. vulgare (Falk et al., 2004).

Les llavors de palmera acumulen les seves reserves en forma de lipids
principalment a I’endosperm, teixit considerat fonamentalment de reserva degut als
pocs organuls que conté, tal i com s’observa en llavors d’Acrocomia aculeata
(Moura et al. 2010), Phoenix dactylifera (DeMason et al., 1983) 1 Washingtonia
filifera (DeMason 1986). L’endosperm acumula grans quantitats de cossos lipidics
d’entre 0,2 1 6 um de diametre depenent de les especies. Aquests no son més que
un conjunt de triacilglicerids rodejats d’'una monocapa de fosfolipids provinent del
reticle endoplasmatic 1 unes proteines anomenades oleosines. Aquestes tenen la
funci6 d’estabilitzar la membrana que rodeja al cos lipidic, i durant la dessecacio i
la 1mbibicio, eviten que els cossos lipidics tinguin coalescéncia (Bewley et al.,
2013). Els PUFA de la membrana d’aquests cossos lipidics també sén susceptibles
a la peroxidaci6 lipidica, aixi doncs, també requereixen de proteccié antioxidant.
Tant tocoferols com tocotrienols s’han detectat als cossos lipidics d’A. sativa
(White et al. 2006), 1 tocoferols als d’Helianthus annuus (Fisk et al., 2006). Aixi
doncs, els tocotrienols que es troben a I’endosperm de la familia Arecaceae
protegeixen als PUFA dels cossos lipidics de la peroxidacio lipidica. D’aquesta
manera es protegeixen les substancies de reserva necessaries per al posterior

creixement de I’embrid.

Perd, com pot ser que si la vitamina E es sintetitza al plastidi es trobi també als

cossos lipidics provinents del reticle endoplasmatic? El mecanisme més probable
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es troba relacionat amb la hipotesi desenvolupada per Mehrshahi et al. (2014), on
proposen una complementacié transorganul que es pot dur a terme molt
probablement mitjancant una hemifusié de membrana entre els plastidis 1 el reticle
endoplasmatic. A partir d’aquesta hemifusidé transmembrana i1 difusions laterals de
lipids, els tocotrienols podrien arribar als cossos lipidics 1 actuar no només com a
antioxidants, sin0 també com a estabilitzadors de membrana juntament amb les

oleosines (Figura 11).

Tal 1 com s’ha comentat, els embrions requerecixen de molta capacitat
antioxidant. Tant a I’embri6 com a I’endosperm, la vitamina E protegeix els cossos
lipidics de la peroxidacié lipidica, pero a I’embrié també pot protegir als PUFA
dels proplastidis, els quals es diferenciaran en cloroplasts un cop comenci el

desenvolupament de la plantula (Pogson & Albrecht, 2011).

Endosperm
Tt Coberta
cossos lipidics S8 EndocarpEstrés biotic

Toc strés abiotic

o-Tt

/@-Toc
propléstids\%
cossos lipidics

Embrié

Figura 11. Funcions antioxidants de la vitamina E en diferents parts de la llavor quiescent de C.
humilis. ROS, especies reactives de I’oxigen; 7t; tocotrienol, Toc; tocoferol.

En canvi, encara es desconeix la funcié dels tocoferols 1 dels tocotrienols a les
cobertes de les llavors, les quals provenen dels integuments de 1’0vul de la planta
mare (Linkies ef al., 2010). Les cobertes sén importants per tal de mantenir una
elevada longevitat de les llavors en estat quiescent 1 durant I’emmagatzematge. A
més, els flavonoides que contenen protegeixen a les llavors contra els estressos
biotics, com I’atac d’insectes o fongs (Rajjou & Debeaujon, 2008). En el cas

especific de les palmeres, la coberta es troba en estret contacte amb I’endocarp
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(Baskin & Baskin, 2014), i la vitamina E d’aquesta part de la llavor 1 del fruit
podria estar protegint contra les ROS provocades per estressos bidtics o abiotics.
D’aquesta manera s’afavoreix el manteniment de la viabilitat de les llavors.
Sembla ser, doncs, que la diferent acumulacié tissular de la vitamina E en llavors
quiescents 1 emmagatzemades esta relacionada amb les funcions que realitzen a les
diferents parts de la llavor per tal de mantenir la seva viabilitat. A la seva vegada,
aquestes funcions semblen ser especifiques de llavors 1 son diferents a les que es

duen a terme a fulles.

3.2. Dormicio i germinacio

L’acumulaci6 diferencial de vitamina E en les llavors sembla estar lligada amb
I’habilitat que tenen, o no, de tolerar la dessecacié 1 d’entrar en dormicio,
caracteristiques que es troben molt lligades entre si. Les especies que presenten
dormici6, caracteristica tipica de les llavors ortodoxes tolerants a la dessecacio,
requereixen de més capacitat antioxidant respecte a les llavors que presenten
dormicié intermedia o no presenten dormicid (caracteristica tipica de llavors
recalcitrants, perd que també pot donar-se en llavors ortodoxes), per tal de
mantenir la viabilitat 1 longevitat de les llavors (Bewley et al., 2013). A més, la
dessecacid 1 la posterior hidratacio de les llavors son processos que generen
elevades quantitat de ROS (Bewley ef al., 2013). Tenint en compte la quantitat de
vitamina E acumulada preferencialment a cada especie, al capitol 1 es va observar
que Archontophoenix alexandrae (espécie recalcitrant, Martins et al., 2003),
Dypsis leptocheilos (especie possiblement recalcitrant o0 amb dormici6 intermedia,
Pimenta, 2009), Roystonea regia 1 Elaeis guineensis (espeécies amb dormicio
intermedia, Orozco-Segovia et al., 2003) contingueren 2,4; 4,2; 9,3 1 2,6 ug/g
llavor de vitamina E total, respectivament. Aquests continguts de vitamina E van
ser menors que els que van presentar les llavors de Dypsis lutescens, Acrocomia
aculeata, Chamaerops humilis var. cerifera, Washingtonia filifera, Butia
eriospatha 1 Wodetya bifurcata (especies amb concentracions de 85,7; 57,8, 48,3;
43,9; 27,2 1 18,1 pg/g llavor de vitamina E total, respectivament), les quals soén

llavors ortodoxes amb dormicio6 (Dickie et al., 1992; Gonzalez-Benito ef al., 2006;
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Yang et al., 2007; Gonzalez et al., 2012; Ribeiro et al., 2012). No obstant, Areca
triandra, especie considerada ortodoxa 1 amb dormicio, contenia 6,5 pg/g llavor de
vitamina E total, no seguint aquest patr6 que relaciona el grau de dormici6 amb

I’acumulacio de vitamina E en llavors d’ Arecaceae.

La importancia de la vitamina E durant la dormici6 també es va observar al
capitol 4. Les llavors de C. albidus de la poblaci6é natural (que presentaven un
elevat grau de dormicio6 fisiologica) van mostrar un 70% més d’a-tocoferol que les
llavors provinents de la poblacido en condicions controlades, les quals no van
mostrar un grau de dormici6 tan elevat. Per tant, la vitamina E té una funcié molt
important durant la dormicid, acumulant-se en elevades quantitats en les especies
amb un major grau de dormicid per tal de protegir a les llavors durant llargs
periodes de temps 1 mantenir la seva viabilitat (Sattler et al., 2004), funci6 que és
exercida tant a espécies monocotiledonies com dicotiledonies. Degut a que
especies com C. humilis var. cerifera 1 B. eriospatha presenten dormicio (Dickie et
al., 1992; Gonzalez-Benito et al., 2006) 1 no van acumular tocoferols en estat
quiescent, els resultats suggereixen que els tocotrienols podrien estar exercint una
funci6 antioxidant per tal de mantenir la viabilitat de ’embrid durant la dormicid
de llavors de la familia Arecaceae (capitol 1), fet que es va observar més clarament

al capitol 2 (Figura 12).

Si bé els tocotrienols tenen una funcié antioxidant durant I’emmagatzematge,
quiescencia 1 dormicid de les llavors, els tocoferols exerceixen aquesta funcio
durant la germinacio de C. humilis var. humilis (capitol 2). Durant la germinacio
d’aquesta especie es va produir un increment de MDA entre les fases 0 1 I. Aquest
fet es troba associat a I’explosio oxidativa que es genera com a conseqiiencia de la
major disponibilitat d’oxigen a causa del trencament de la coberta i de 1’opercle per
part de I’embrio (Bewley et al., 2013), afavorint processos oxidatius. No obstant,
aquest increment va ser transitori ja que els nivells de MDA s’estabilitzaren i
disminuiren fins a nivells similars als inicials a les fases III 1 IV. Mentre que els

nivells de tocotrienols es van mantenir estables o fins 1 tot van disminuir, la
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reduccio dels nivells de MDA es va correlacionar amb la sintesi de novo de
tocoferols. Aixi doncs, els tocoferols, 1 no els tocotrienols, semblaren ser els
responsables de la proteccid contra la peroxidacid lipidica durant la germinacio

(Figura 12).
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Figura 12. Esquema representatiu de la funcié antioxidant dels tocotrienols i tocoferols durant la
quiescéncia, dormicié i germinacié de C. humilis var. humilis. S’observa I’increment de
mitocondris 1 glioxisomes a mesura que avanca la germinacio. A la fase II s’observen
glioxisomes no del tot diferenciats. ROS, espécies reactives de 1’oxigen; Tt, tocotrienol; 7oc,
tocoferol.

Aquest resultat, tot 1 contrastar amb la funcidé antioxidant exercida pels
tocotrienols a les etapes previes a la germinacid, concorden amb estudis realitzats a
A. thaliana, on es va demostrar que els tocoferols son components essencials per a
protegir als PUFA del efectes deleteris de les ROS durant la germinacid 1
creixement de la plantula (Sattler et al., 2004, 2006; Mene-Saffrané et al., 2010).
El paper protector dels tocoferols a C. humilis var. humilis (capitol 2) s’estaria

exercint a I’embrio, 1’tnica part de la llavor que va acumular tocoferols. Tot 1 aixi,
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no es pot descartar la contribuci6 relativa dels tocotrienols en la proteccid contra la
peroxidacio lipidica, ja que aquests també es trobaven en elevades quantitats a

I’embrid, aixi com una interaccio entre tocoferols 1 tocotrienols.

A TDestudi realitzat a les llavors de C. albidus provinents de la poblacié en
condicions ambientals controlades (capitol 3), també es va observar un possible
paper conjunt de la funci6 antioxidant exercida tant pels tocoferols com
tocotrienols. Si bé els nivells d’a-tocoferol van ser els més elevats, tant les formes
a- 1 B-tocoferol 1 a- 1 B-tocotrienol van augmentar a les llavors de plantes que
mostraven simptomes de senescéncia. D’aquesta manera van mantenir la viabilitat
1 el vigor, assolint la mateixa capacitat germinativa que les llavors provinents

d’individus més joves.

4. Regulacio de la biosintesi de vitamina E

Tal 1 com s’ha observat al capitol 2, durant la germinacido de C. humilis var.
humilis es va produir una sintesi de novo de tocoferols. Per contra, els nivells de
tocotrienols es van mantenir estables o van disminuir en el cas de 1’a-tocotrienol. A
mesura que avanga la germinacid, les variacions en el contingut de vitamina E
suggereixen canvis en la regulacid de la seva sintesi. Degut als canvis dels nivells
d’aquest antioxidant, es va estudiar el possible paper hormonal i redox sobre la
transcripcid de gens implicats en la via de sintesi de la vitamina E. Els resultats
obtinguts es mostren a I’apendix I, i la metodologia emprada es troba recollida a

P’apéndix II.

4.1. Regulacio transcripcional

L’ expressio relativa de la TAT, HPT, HGGT, TC 1 y-TMT es va analitzar durant la
germinacid de C. humilis var. humilis. Els canvis d’expressido geénica son bons
indicadors de la quantitat relativa d’una proteina en un moment determinat, sempre
tenint en compte que altres factors (com poden ser les modificacions post-
transcripcionals o limitacions a nivell ribosomal) poden afectar a la quantitat final

d’aquella proteina 1 la seva activitat. Aixi doncs, les variacions observades en els
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nivells d’expressid juntament amb els canvis en els nivells de vitamina E,
suggereixen una regulacio transcripcional de la sintesi de vitamina E. Mentre que
els nivells de TAT 1 HPT augmentaren, els nivells d’ HGGT 1 y-TMT disminuiren a
mesura que avangava la germinacié. En canvi, els nivells de 7C es van mantenir

estables (Taula 1).

La tirosina és un aminoacid que actua com a regulador de la via de 1’acid
siquimic, inhibint I’arogenat deshidrogenasa (enzim necessari per al pas d’arogenat
a tirosina), 1 la corismat mutasa (enzim necessari per a convertir corismat a
prefenat, Figura 13, DellaPenna, 2005; Zhang et al., 2013). Mitjangant aquesta
regulaci6 s’inhibeix la via metabolica i s’impedeix la formacié d’HGA, un dels dos
substrats indispensables per a la sintesi de vitamina E (Hunter & Cahoon, 2007).
Aixi doncs, I’increment dels nivells d’expressid de la TAT augmentaria el flux de
la ruta biosintética cap a la sintesi d’HPP, el qual posteriorment seria convertit a

HGA, afavorint la sintesi de vitamina E.

Les preniltransferases que es troben presents a les cel-lules vegetals poden
dictar, per si mateixes, si es sintetitzen tocoferols o tocotrienols (Hunter & Cahoon,
2007). D’una banda, 1’augment dels nivells d’HPT suggereix un increment de la
sintesi de tocoferols. A A4. thaliana s’ha observat que I’activitat d’ HPT ¢€s limitant,
1 que la seva sobreexpressio incrementa no només la seva activitat, sind també els
nivells de tocoferols totals a fulles 1 llavors (Collakova & DellaPenna, 20035).
D’altra banda, la disminuci6 dels nivells d’HGGT suggereix una disminucid en la
sintesi de tocotrienols. L’expressio ectopica d’HGGT en fulles d’A. thaliana,
espécie que no conté aquesta preniltransferasa de manera natural, provoca la sintesi
de tocotrienols envers tocoferols a la vegada que incrementa el contingut total de
vitamina E (Cahoon et al., 2003). A més, els canvis en els nivells d’expressio
d’HPT 1 ’HGGT semblen estar relacionats amb la seva localitzacié a la llavor.
Mentre que ’HPT es troba preferentment a ’embrio (Yang et al. 2011), ’HGGT

es localitza majoritariament a I’endosperm (Wu et al., 2000; Yang et al., 2011).
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Via de "acid siquimic Via dels isoprenoides
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Figura 13. Ruta de sintesi de vitamina E 1 dels seus precursors. S’observen els punts de
regulacid negativa exercida per la tirosina. CM, corismat mutasa; ADeH, arogenat
deshidrogenasa, TAT; tirosina aminotransferasa, HPPD, hidroxifenilpiruvat dioxigenasa; /PP,
isopentenil; GGR, geranilgeranil reductasa; HPT, homogentisat preniltransferasa; HGGT,
homogentisat geranilgeranil transferasa; MPBQ MT, 2-metil-6-fitilbenzoquinol metiltransferasa;
TC, tocoferol ciclasa, y-TMT, y- tocoferol metiltransferasa.

A mesura que avanga la germinacio i I’eix embrionari es va desenvolupant, la
disminuci6 dels nivells d’expressi6 d’HGGT poden estar relacionats amb la
degradaci6 de I’endosperm a mesura que 1’haustorium va creixent. D’aquesta
manera, I’increment dels nivells d’HPT, 1 per tant, de tocoferols a nivell de llavor
sencera, es trobarien relacionats amb el creixement de 1’embrid. Tot 1 aixi,
ambdues preniltransferases també s’expressen en diferents quantitats tant a
I’endosperm com a I’embrid (Yang et al. 2011). Malgrat només tenir entre un 40 i
un 50% d’identitat en les seqiiéncies d’aminoacids, I’HPT i ’'HGGT disposen
d’una Ky similar tant per a GGDP com per a PDP, substrats per a la formaci6 de
tocotrienols 1 tocoferols, respectivament (Cahoon et al., 2003; Sadre et al., 2006;
Yang et al., 2011). Per aquest motiu ambdues preniltransferases poden formar tant

tocoferols como tocotrienols (Sadre et al., 2006; Yang et al., 2011). Tot i la seva
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localitzacio tissular especifica, I’HPT podria estar sintetizant tocotrienols degut a

les altes concentracions de tocotrienols presents a I’embrio.

La sintesi dels diferents homolegs de tocoferols 1 tocotrienols es duu a terme
mitjancant els mateixos enzims (Figura 13, Hunter & Cahoon, 2007; Mene-
Saffrané¢ & DellaPenna, 2010). La disminuci6 dels nivells de la y-TMT podria
explicar la disminuci6 dels nivells d’a-tocotrienol, I’homoleg de vitamina E amb
les concentracions més elevades en aquestes llavors. El fet que tots els homolegs
de vitamina E es sintetitzin durant la germinacié d’aquesta especie demostra que
tota la ruta biosintética es troba activa. L’enzim TMT té una baixa activitat a
llavors de moltes especies, rad per la qual contenen principalment homolegs vy
envers homolegs a de vitamina E (Shintani & DellaPenna, 1998). Aquest no ¢s el
cas de C. humilis var. humilis, ja que aquestes llavors contenen principalment o.-
tocotrienol. Aquest fet també es va observar a les llavors de moltes especies de la
familia Arecaceae (capitol 1) aixi com a les llavors de C. albidus (capitols 3 i 4).
Per tant, ’acumulacio de tocotrienols, 1 només de tocoferols durant la germinacio,
sembla estar associada en el cas de C. humilis var. humilis als augments de TAT i

d’HPT.

4.2. Regulacio hormonal

Durant la germinacio es van observar variacions dels nivells hormonals. Mentre
que els nivells de GA4 acid 1-aminociclopropa-1-carboxilic (ACC) 1 JA
augmentaren, 1’acid indol-3-acétic (IAA) 1 el 2-isopentenil adenina (2-iP) van
disminuir les seves concentracions. En canvi, ni ’ABA, el SA ni la resta de
gibberel-lines 1 citocinines analitzades van variar les seves concentracions al llarg
de la germinacio de C. humilis var. humilis (Taula 1). Els increments de GA; 1 JA
podrien estar regulant 1’increment dels nivells d’expressio de la 74T 1 de I’HPT.
Aquests resultats concorden amb els resultats obtinguts préviament als estudis
realitzats per Du et al. (2015), els quals van observar que 1’aplicacié exogena de
GA; augmentava la produccio de tocoferols a les llavors quiescents d’A. thaliana i

Brassica napus. A més Sandorf & Holldnder-Czytko (2002) van observar que el
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JA és requerit per a la regulacio positiva de la TAT a A. thaliana. Increments dels
nivells de JA a la vegada que augmentaven els nivells de vitamina E es van
observar a les llavors de C. albidus de la poblacid que creixia en condicions
ambientals controlades (capitol 3), podent indicar una regulacié hormonal de la
sintesi de vitamina E per part del JA a aquestes llavors. Evidéncies de la funcio de
I’etile sobre la regulacid de la sintesi de vitamina E es troben a diversos estudis
(Falk et al., 2002; Cela et al., 2009b; Singh et al., 2011; Asensi-Fabado et al.,
2012). Tot i els augments d’ACC, son necessaries mesures dels nivells d’etile per a
poder establir una relacié entre la seva concentracid 1 les variacions dels nivells

transcripcionals d’aquests gens.

Expressio genica
HPT HGGT TC y-TMT

Nivells de vitamina E

Taula 1. Resum dels nivells relatius d’expressid genica, aixi com dels nivells hormonals i de
H,0, durant la germinacio de C. humilis var. humilis. Els augments significatius es mostren en
verd, les disminucions en vermell i en gris es mostren els valors que es van mantenir estables.

Els canvis hormonals observats durant la germinacié suggereixen no nomeés
una regulacio transcripcional de la sintesi de vitamina E, sind tamb¢ una regulacio
de la germinacio. El paper de la GA4 en estimular la germinacié s’ha observat a 4.
thaliana (Ogawa et al., 2013), en algunes monocotiledonies (Yamaguchi 2008),
aixi com a la palmera Acrocomia aculeata (Ribeiro et al. 2015). Les GAs
contraresten els efectes de ’ABA (Kucera et al., 2005), el qual es troba implicat en

la inducci6 1 manteniment de la dormicio (Lee ef al., 2010; Nambara et al., 2010) 1
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inhibeixen la germinaci6 (Kucera et al., 2005; Miransari & Smith, 2014). Tot 1
aixi, és la relacio entre ABA 1 GAs el que realment determina 1’habilitat per a
germinar o mantenir la dormicid, no només a través d’un balang entre la sintesi 1 el
catabolisme d’aquestes dues hormones, sind tamb¢ a través dels canvis en la seva
sensibilitat (Kucera ef al., 2005; Cadman et al., 2006; Finch-Savage & Leubner-
Metzger, 2006; Finkelstein et al., 2008). La importancia d’aquest balan¢ s’ha
observat en la germinaci6 d’altres palmeres, com A. aculeata (Bicalho et al., 2015;
Ribeiro et al., 2015) 1 E. guineensis (Jiménez et al., 2008), perd no s’ha observat
durant la germinaci6 de C. humilis var. humilis. L increment dels nivells d’ACC
podrien estimular la germinacid, ja que en algunes especies, com a A. thaliana,
tractaments amb ACC han revertit parcialment els efectes de ’ABA (Ghassemian
et al., 2010). Per altra banda, el paper del JA en la germinacié és controvertit.
Mentre que en algunes especies estimula la germinacid (Bogatek et al. 2002;
Yildiz et al. 2008), en d’altres, la inhibeix (Dave et al. 2011). En el cas especific de
la palmera A. aculeata, increments en els nivells de JA semblen estar associats al

creixement de I’eix vegetatiu (Ribeiro et al., 2015).

Per tant, els augments de GA4 1 JA semblen estar regulant la transcripcio dels
gens implicats en la biosintesi de vitamina E, alhora que també semblen estar
associats a la regulacio de la germinaci6 (Figura 14). El paper de ’etilé sobre la
sintesi de vitamina E durant la germinaci6 d’aquesta especie seria interesant
d’estudiar degut als increments observats als nivells d’ACC, precursor immediat
de I’etile. Una regulacié conjunta per part del JA 1 Detilé sobre la sintesi d’aquest
antioxidant va ser observada a 1’estudi realitzat per Asensi-Fabado ef al. (2002) en
fulles de plantes mutants d’etilé¢ d’A4. thaliana sota condicions d’estrés sali. Tot i
aixi, no es pot excloure una regulaci6 hormonal sobre altres components de la ruta,
aixi com que altres hormones puguin estar exercint aquest paper regulador en altres
estats fisiologics de les llavors. Un exemple podria ser I’ABA, el qual genera
resisténcia a la dessecaci6 a les llavors, en part, induint 1’acumulacio

d’antioxidants (Bewley et al., 2013). Aixi, podria ser que ’ABA o altres
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hormones, tamb¢ tinguessin un paper regulador sobre la sintesi de vitamina E en

llavors.

4.3. Regulacio redox

En un inici, Iacumulaci6 de ROS era considerada exclusivament com un
simptoma d’estres oxidatiu que originava processos deleteris que podien donar lloc
a la mort cel-lular. No obstant, cada cop hi ha més evidéncies sobre les seves
funcions com a molécules senyalitzadores durant el creixement, desenvolupament,
mort cel-lular programada, respostes a estressos biotics 1 abiotics, dormicid 1

germinacio (Gechev et al., 2006; Gomes et al., 2014).

Durant la germinacié de C. humilis var. humilis els nivells de H,O, van
augmentar a la vegada que es va iniciar la sintesi de novo de tocoferols (Taula 1),
suggerint un efecte senyalitzador d’aquesta ROS sobre la sintesi de vitamina E.
L’increment dels nivells de H,0, pot estar regulant 1’augment dels nivells
d’expressio de la TAT 1 de ’HPT. La inducci6 dels nivells d’antioxidants per part
del H,0, ja s’havia observat en D’estudi realitzat per Gechev ef al. (2002). En
aquest estudi, 1’aplicacio exogena de H,0O, a fulles de tabac va provocar un
increment de 1’activitat i dels nivells de catalasa, ascorbat peroxidasa i glutatié. En
I’estudi realitzat per Arrom & Munné-Bosch (2010) ja es va suggerir una possible
induccio dels nivells de tocoferols com a conseqiiéncia dels augments de ROS
durant la senescéncia en tepals de Lilium. Tot 1 aixi, els resultats presentats a
I’apéndix I son el primer estudi que suggereix una regulacidé redox sobre la
transcripcié de la sintesi de vitamina E durant la germinaci6 de llavors d’una
monocotiledonia. En aquest cas, I’increment de H,O, també podria estar regulant
I’augment de JA provinent dels hidroperoxids lipidics generats com a
conseqiiencia de la peroxidacio lipidica (Schaller 2001; Wasternack & Hause,
2013), aixi com tambe¢ podria estar regulant els increments de GA;1 ACC (Figura
14). Aixi doncs, tant si el H,O, actua per si mateix o a través de la modulacio dels

nivells hormonals, la regulacié transcripcional de la vitamina E i1 I’increment dels
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tocoferols es produeix per tal de fer front als estressos que es generen durant la

germinacio.

expressio genica vit E
—> germinacio

Figura 14. Regulaci6 hormonal i1 redox sobre els nivells d’expressioé geénica de vitamina E 1 la
germinacio de C. humilis var. humilis.

L’augment dels nivells de H,O, sembla estar associat a la regulacié de la
germinacid. Les ROS poden realitzar canvis en I’estat redox de diverses proteines
per tal de promoure la degradacid de proteines de reserva (El-Maarouf-Bouteau &
Bailly, 2008, Colville & Kranner, 2010; Rajjou et al., 2012) i poden disminuir la
dormicié mitjancant oxidacions irreversibles a proteines (El-Maarouf-Bouteau &
Bailly, 2008). També afavoreixen la germinacié promovent 1’hidrolitzacié de la
coberta i de I’endosperm (El-Maarouf-Bouteau & Bailly, 2008; Kranner et al.,
2010; Whitaker et al., 2010; Lariguet et al, 2013) 1, de manera indirecta, poden
estar afectant la germinaci6 mitjangant la proteccid contra patogens (Schopfer,
2001; El-Maarouf-Bouteau & Bailly, 2008; Kranner et al., 2010). Una altra forma
de regular la germinacid €s mitjangant el seu paper coordinat amb les hormones.
Els nivells de H,O, poden modular el metabolisme de certes hormones; com ABA,
GA, ZR, SA 1 JA; ja sigui mitjancant la reduccié de la seva sintesi o incrementant
el seu metabolisme (Liu et al., 2010, Barba-Espin et al., 2010, 2011; Bahin ef al.,
2011). Aixi, el H,O, pot estimular la germinacidé (Wang et al., 1998; Meinhard et
al., 2002; Barba-Espin et al., 2010; Ishibashi et al., 2012) i pot disminuir la
dormicié (Oracz et al., 2009; Bahin et al., 2011). A més, I’acumulacié6 de ROS

durant la germinaci6 disminueix els nivells de citocinines 1 d’auxines (Gidrol et al.,
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1994, Barba-Espin et al., 2011), fet que podria explicar perqué aquestes hormones
disminueixen durant la germinaci6 d’aquesta especie. Tal 1 com succeeix a A.
aculeata, el H;O, sembla ser un requeriment per a la germinacio relacionat amb la
senyalitzacio cel-lular (Bicalho ef al. 2015). Per tant, I’augment dels nivells de
H,0,; suggereix un paper regulador d’aquesta ROS, tant per a la sintesi de vitamina

E com per la germinaci6 a C. humilis var. humilis.

5. La vitamina E com a antioxidant i molécula reguladora en llavors

A C. humilis var. humilis, la vitamina E sembla estar actuant com a molécula
reguladora, no només de la seva propia sintesi sind6 també de la germinacio.
Gracies a la seva funcio antioxidant, la vitamina E controla els nivells de ROS 1 la
peroxidacio lipidica (Munné-Bosch & Alegre, 2002); evitant els possibles danys
oxidatius que es generen durant la germinacio. D’aquesta manera els nivells de
ROS es mantenen dins d’un rang critic, I’esmentada finestra oxidativa definida per
Bailly et al. (2008), evitant el seus efectes deleteris. Aquest fet es va observar al
capitol 2, on es va produir una disminucio dels nivells de MDA a mesura que
avancava la germinaci6. Per tant, controlant els nivells de ROS, la vitamina E
controla la seva transcripcid 1 sintesi. A la seva vegada, mitjangant el control de la
seva sintesi, la vitamina E podria exercir un efecte regulador sobre la germinacio
modulant els nivells hormonals 1 de ROS (Figura 15). Jiang et al. (2017) van
suggerir que la vitamina E, en concret els tocoferols, poden estar modulant la
germinacio mitjangant la regulacié de la via de senyalitzaci6 d’ABA. No només la
quantitat de vitamina E, sind0 també la seva composicid, pot exercir un paper
regulador amb possibles funcions senyalitzadores. Exemples del paper dels
tocoferols com a possible molécula senyalitzadora s’han observat als estudis
realitzats per Sattler et al. (2006), els quals suggeriren una modulacio de les
resposta de defensa a través del control dels nivells de la peroxidacié no lipidica.
Aixi mateix, Cela et al. (2011) van suggerir una modulacié de I’expressio dels
nivells d’alguns gens relacionats amb la sintesi, percepcio i senyalitzacio d’etile. A
més, altres estudis suggereixen un paper senyalitzador de la vitamina E en la

modulacio6 de les respostes a estressos biotics en condicions de sequera (Morales et
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al. 2015), aixi com una regulacio de la fotoproteccido i1 defenses quimiques

mitjangant la sintesi de jasmonats (Simancas & Munné-Bosch, 2015).

-
— —
hormones
—> VitE ——
germinacio
emmagatzematge

quiescéncia dormicid

Figura 15. Paper antioxidant i regulador de la vitamina E sobre la seva sintesi i la germinacio.

Aixi doncs, degut al seu paper dual (antioxidant 1 regulador), la vitamina E, 1
més concretament els tocoferols, son essencials durant la germinaci6 de les llavors
(capitols 2, 3 i apendix I). Aquest paper el poden dur a terme, en canvi, tant els
tocoferols com els tocotrienols durant I’emmagatzematge, quiescéncia 1 dormicio
(capitols 1, 2 i 4), mantenint la viabilitat de les llavors en condicions ambientals no

favorables.
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CONCLUSIONS

e L’acumulacié de tocotrienols €és un tret conservat a les llavors de la
familia Arecaceae, on la capacitat d’acumular tocoferols s’ha anat
perdent a diferents géneres al llarg de I’evolucio sense afectar la seva
viabilitat. Aixi doncs, els tocotrienols poden substituir la funcid
antioxidant dels tocoferols durant periodes d’emmagatzematge 1

quiescencia a les llavors d’aquesta familia.

e En condicions ambientals controlades, en les que s’afavoreix el
creixement de les plantes, I’edat de la planta mare afecta a la produccio
de llavors. Increments en el contingut de vitamina E, en concret d’o-
tocoferol 1 d’ABA, JA, SA i1 TAA, mantenen la mateixa capacitat

germinativa en tots els individus de la poblacio.

e En condicions naturals on el creixement de les plantes es troba més
limitat, I’edat de la planta mare no afecta als continguts de vitamina E.
En aquestes condicions, disminucions del namero de llavors produides
per fruit 1 increments de la biomassa d’aquestes son assolits per a

mantenir la capacitat germinativa.

o L’ambient en els que es troben les poblacions de C. albidus determina
els recursos destinats a la produccié de llavors, influenciant la seva
estratégia reproductiva ( vs K). A la seva vegada, I’ambient influencia el
grau de dormicié de les llavors, modulant els nivells de vitamina E 1
d’hormones per tal de mantenir la viabilitat de les llavors durant llargs

periodes de dormicio.

e Mentre que els tocotrienols tenen una funci6 antioxidant durant
I’emmagatzematge, quiescencia i dormicié de C. humilis var. humilis, els

tocoferols exerceixen aquesta funcid durant la germinacié d’aquesta

155



Conclusions

156

especie, sintetitzant-se de novo per tal de protegir a ’embridé de la
peroxidaci6 lipidica. Tot 1 aixi, no es pot descartar una possible

interaccio entre tocoferols 1 tocotrienols.

Els canvis en els nivells d’expressi6 de TAT, HPT, HGGT i y-TMT
indiquen una regulaci6 transcripcional de la sintesi de vitamina E. Una
regulaci6 redox 1 hormonal dels nivells transcripcionals sembla regular la

sintesi de vitamina E durant la germinacié de C. humilis var. humilis.

El peroxid d’hidrogen, ja sigui de manera directa o modulant els nivells
hormonals, influencia la germinaci6. Mitjancant I’increment de
tocoferols, s’impedeix el dany oxidatiu i s’afavoreix el desenvolupament

de la plantula.

Degut al seu paper dual com a antioxidant 1 molecula reguladora, la
vitamina E és essencial durant I’emmagatzematge, quiescencia, dormiciod

1 germinaci6 de C. humilis var. humilis.
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APPENDIX I: Hormonal and redox regulation of vitamin E transcriptional

levels during germination of Chamaerops humilis var. humilis seeds

The de novo synthesis of tocopherols during the germination of Chamaerops
humilis var. humilis seeds (chapter 2) could be related to changes in the redox
status and hormonal contents of these seeds. The vitamin E content, the hormonal
profiling and the hydrogen peroxide (H,0,) levels were analysed in four different
germination phases: 0, I, IIT and IV (Fig. Al). These analyses were conducted at
the University of Barcelona (UB) under the supervision of Dr. Leonor Alegre
Batlle and Dr. Sergi Munné Bosch (see appendix II for methodological

procedures).

The results of the vitamin E amounts confirmed the de novo synthesis of
tocopherols and showed a decrease of a-, B-, y- and 6-tocotrienol contents (Fig.
A2). The hormonal profiling showed that gibberellin, (GA4), jasmonic acid (JA)
and 1-amino-cyclopropane-1-carboxylic acid (ACC) amounts increased, while
contents of indole-3-acetic acid (IAA) and isopentenyladenine (2-iP) decreased
during the germination of C. humilis var. humilis (Fig. A3). Abscisic acid (ABA)
levels remained stable (Fig. A3) and the H,O, content increased during the

germination of this species (Fig. A4).

Phase 0 Phase II Phase III Phase IV

a b c d
“ ¥ 1
J P
ipr :
1cm 1cm 1cm

Fig. A1. Germination phases of Chamaerops humilis var. humilis seeds. a) Non-germinated seed
(phase 0); b) seed with the cotyledonary petiole emerging (phase II); ¢) seed with the primary
radicle and the cotiledonary petiole swelled (phase III); d) Appearance of the plumule from the
longitudinal rift of the cotiledonary petiole (phase I1V). cp, cotyledonary petiole; scp,
swelled cotiledonary petiole; pr, primary root; /r, longitudinal rift; p/, plumule.

185



Apéndix 1

4
T 3
Q
"
2
2
3 2
[
=
[-%
=]
[
e
3 1
0.
0,25
T 0,20 -
[
(7]
o
2 o5
S
[
s
S 0,10 |
Q
ke
&
0,05
0,00 -
90
g 75
[
"
(=
~ 60.
s
3
g 451
B
8 20
3
15 1
0
8
k]
Q
Q
"
(=
2 s
=
s
=
2 4
°
o
e
&

Fig A2. Changes in the levels of a-, B-, y- and 6-tocopherol and a-, B-, y- and o- tocotrienol
during germination of C. humilis var. humilis seeds. Different letters indicate significant
differences between phases of germination (ANOVA, P<0.05). Phase 0: Non-germinated seeds.
Phase II: Emergence of the cotyledonary petiole. Phase III: Swelling of the cotyledonary petiole
and appearance of the radicle. Phase IV: Emergence of the plumule and development of the

radicle.
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Fig. A3. Contents of abscisic acid (ABA), gibberelling (GA4), 1-amino-cyclopropane-1-
carboxylic acid (ACC), jasmonic acid (JA), indole-3-acetic acid (IAA) and 2-isopentenyl
adenine (2-1P) during the germination of C. humilis var. humilis seeds. Different letters indicate
significant differences between phases of germination (ANOVA, P<0.05). Phase 0: Non-
germinated seeds. Phase II: Emergence of the cotyledonary petiole. Phase III: Swelling of the
cotyledonary petiole and appearance of the radicle. Phase IV: Emergence of the plumule and
development of the radicle.
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Fig. A4. H,0, levels during the germination of C. humilis var. humilis. Different letters indicate
significant differences between phases of germination (ANOVA, P<0.05). Phase 0: Non-
germinated seeds. Phase II: Emergence of the cotyledonary petiole. Phase III: Swelling of the
cotyledonary petiole and appearance of the radicle. Phase IV: Emergence of the plumule and
development of the radicle.

Due to the changes in the vitamin E, hormonal and H,O, levels during the
germination of this species, the expression level of some genes of vitamin E
biosynthesis were analysed to unravel how vitamin E biosynthesis is regulated
during the germination of seeds in this species. The expression levels were
analysed under the supervision of Dr. Edgar B. Cahoon at the University of
Nebraska (UNL), Lincoln (USA), from January to July of 2016 (see appendix II

for methological procedures).

TAT and HPT expression levels increased and HGGT and y-TMT expression
levels decreased, while 7C levels remained stable during the germination of C.

humilis var. humilis (Fig. AS).
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Fig. AS. Variations in relative expression levels of TAT, HPT, HGGT, TC and y-TMT during
germination of C. humilis var. humilis seeds. Different letters indicate significant differences
between phases of germination (ANOVA, P<0.05). Phase 0: Non-germinated seeds. Phase II:
Emergence of the cotyledonary petiole. Phase III: Swelling of the cotyledonary petiole and
appearance of the radicle. Phase IV: Emergence of the plumule and development of the radicle.
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APPENDIX II: Methodological procedures

In this appendix the methodology used for the hydrogen peroxide and hormonal
contents determination, as well as RNA extraction, treatment and conversion to
cDNA, primers design, molecular troubleshooting and measurements of the

relative expression levels of some vitamin E genes, are explained in more detail.

1. Hydrogen peroxide and hormonal levels determination

For hydrogen peroxide determination, frozen seeds were crushed using a hammer
and then milled with a mincer (Philips HR 1396 400W) and with a grinder (Taurus
Aromatic 150W). Three replicas of 100 mg for each germination phase were
extracted with 1ml of cold 5% (w/v) trichloroacetic acid (TCA) and a 5% (w/v) of
polyvinylpolypyrrolide (PVPP) was added to remove interfering compounds.
Samples were vortexed, sonicated using a Branson 2510 ultrasonic cleaner for 20
minutes at 4°C and centrifuged at 13,000 rpm for 10 min at 4°C. The supernatant
was recovered, centrifuged and neutralized with Na,CO; 0.2M. Hydrogen peroxide
contents were determined in triplicate by the Ferrous-Orange Xylenol (FOX)
method after 1 hour of stabilization at room temperature in darkness and quantified
at 800 and 550 nm. The extracts were treated with catalase as a negative control for

each sample and incubated with ascorbate oxidase to remove interferences by

ascorbic acid (Queval et al., 2008).

Endogenous concentrations of abscisic acid (ABA), jasmonic acid (JA), the
ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC), salicylic acid
(SA), gibberellins (GAs), auxins and cytokinins of three replicas of 100 mg for
each germination phase, obtained as described for the hydrogen peroxide
determination, were  measured by  ultra-high  performance  liquid
chromatography coupled to electrospray ionization tandem mass spectrometry
(UPLC/ESI-MS/MS), following the method described by Miiller & Munné-

Bosch (2011). Deuterated standards were used as internal standards.
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2. RNA extraction and DNAse treatment

Compared with other vegetal tissues, the RNA extraction of a seed is a complex
procedure. Due to the presence of polyphenols and polysaccharides, which
precipitate with RNA and DNA, different extraction methods and seed amounts
were used to obtain enough RNA amounts with good quality for the genetic assay.
The RNA amounts obtained with the cetyl trimethylammonium bromide (CTAB)
method were very low (29.28 ng/ul), with low ratios A260/230 and A260/280 (less
than 2.0). The extraction method described by Suzuki et al. (2004) gave good RNA
amounts (between 500 and 700 ng/ul) and quality, but only when whole seeds
were used. Thus, total RNA was extracted from whole seeds (between 1.3 and 2g
according the seed size), which were crushed with the aid of a mortar and a pestle
(previously cleaned with chloroform) and liquid nitrogen. The crushed seeds were
separated in two 50 ml oak ridge tubes and 20 vol of the extraction buffer were
added in total, grinding the seeds again with the aid of a tissue grinder. Then, the
tubes were centrifuged at 12,000 g for 5 min at room temperature (RT, Fig. Al,
A). The supernatant was recovered in new tubes and 1 vol of chloroform:
isoamylacohol (CIA; 24:1) was added, mixing by inversion by hand 15 times (Fig.
Al, B) and centrifuged at 12,000 g for 7 min at 4°C. Only the upper phase was
transferred into a new tube to avoid contaminations (Fig. Al, C), and 1 vol of
phenol mixture was added. After mixing and incubating for 3 min at room
temperature, 2 vol of CIA was added and mixed vigorously for 15 sec by hand.
The mixture was centrifuged at 12,000 g for 5 min at 4°C. Only the upper phase
was again transferred into a new tube and 0.6 vol of isopropanol was added (Fig.
Al, D). After mixing and incubating for 10 min at RT and centrifuged at 12,000 g
for 15 min at 4°C, the supernatant was poured and the pellet was washed with 5 ml
of 75% (v/v) ethanol and centrifuged at 12,000 g for 5 min at 4°C twice. The pellet
was air-dried and finally dissolved in 65 ul of RNase-free water. All the steps were
done in a laminar flow cabinet, and no lithium chloride was used because of the

quality of the RNA obtained.
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Fig. A1. RNA extraction procedure. The lines in figures C and D indicate the different phases
obtained during the extraction.

RNA quality and quantity were determined by taking spectrophotometer
readings at 230, 260 and 280 nm (Nanodrop 1000, ThermoFisher Scientific), and
200 ng of RNA were separated on a 0.5% (w/v) agarose gel (Fig. A2, A). The
RNA was then cleaned up using the RNeasy Plant Kit (Qiagen) according to
manufacturer’s protocol and treated with DNase I (Invitrogen) for 30 min at 37°C
inside a column. To confirm the efficiency of the DNase treatment, the RNA was
separated on a 0.5% (w/v) agarose gel (Fig. A2, B). Finally, the extracted RNAs
were kept at -80° C.

genomic DNA

Fig. A2. A) RNA samples from different seeds after the extraction. The genomic DNA and the
28s, 18s and 5s ribosomal RNA are observed. B) RNA samples after the DNase treatment. No
genomic DNA is observed.

3. cDNA synthesis

After the DNase treatment, 1 pug of treated RNA was reverse transcribed to cDNA
with the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s
protocol.

4. Degenerate primers design

Due to the lack of information of the C. humilis var. humilis genome, the primer

sequences were obtained by two distinct methods. One of them was through the
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design of degenerate primers, i.e. primers whose sequences are based in the
sequences of other species. For their design, homolog protein sequences from other
species for the interest genes, especially from monocots and palms, were searched
in GenBank. The sequences were found for HPT, HGGT and MPBQ MT, but the
actin sequence was obtained by conserved nucleotide sequences, instead of protein
sequences, from two palms, Elaeis guineensis and Phoenix dactilyfera (GenBank
accession numbers XM 010938563.1 and XM 008800105.2, respectively) due to
the lack of aminoacid sequences of the protein from this gene. Once the
homologues sequences were obtained for each gene, they were aligned with the
MultAlin interface based on Corpet (1988), and the conserved regions were
selected for the primers design (Fig. A3). Due to the degeneration of genetic code,
more than one codon can codify for the same aminoacid. By using the genetic
code, the aminoacid sequences were converted into codons and the degenerate
nucleotide sequences were designed using the [UPAC nucleotide code, for each

forward and reverse primers of the chosen conserved region (Fig. A4, Table A1).

By this procedure, more than one degenerate primer was designed for each
gene. The length of the PCR product and the melting temperature (Tm) of the
forward and reverse primers were taken into consideration. Once designed, the
primers were analysed with the program Oligo analyser 3.1, which predicts the
capacity of the primer to form dimers with itself (forward-forward) or with the
reverse primer (forward-reverse), blocking the cDNA amplification. Due to HPT
and HGGT sequences are very similar (Fig. A3), with almost any aminoacid
differences in the conserved regions, the same degenerate primers were designed
for both enzymes, using the primers for HPT previously described by Cahoon et al.
(2003).
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barley-HGGT
wheat-HGGT
rice-HGGT
sorghun-HGGT
Eoleifera-HGGT
Eguineensis=-HGGT
wheat-YTE2-1
barley=HPT
rice=HPT
sorghun=HPT
Eoleifera=-HPT
Eguineensis-HPT
Pdactylifera-404HPT
Consensus

barley-HGGT
wheat -HGGT
rice-HGGT
sorghun-HGGT
Eoleifera-HGGT
Eguineensis-HGGT
wheat-¥TE2-1
barley=HPT
rice=HPT
sorghun=HPT
Eoleifera-HPT
Eguineensis=HPT
Pdactylifera=404HPT
Consensus

barley-HGGT
vwheat-HGGT
rice-HGGT
sorghun-HGGT
Eoleifera-HGGT
Eguineensis=-HGGT
wheat-YTE2-1
barley=-HPT
rice-HPT
sorghun=HPT
Eoleifera=-HPT
Eguineensis=HPT
Pdactylifera-404HPT
Consensus

barley-HGGT
wheat -HGGT
rice-HGGT
sorghun-HGGT
Eoleifera-HGGT
Eguineensis-HGGT
wheat-¥TE2-1
barley=-HPT
rice=HPT
sorghun=HPT
Eoleifera-HPT
Eguineensis=HPT
Pdactylifera=404HPT
Consensus

Apeéndix 11

1 10 20 30 40 50 60 70 80 90 100 110 120
HOAYTARRAAGOLL TDTRRGPRC-RARLGT TRLSHTGRFAYEAFAGACQSSATTYHHKF SAISOARRPRRNTKRACSDDY

HOATTARRAA-OLL TDTRRGPRCSRARLGATRLSHPGRFAYEAFAGRCOSSATTYTHRFSAISOATSPRRKARRACSDDO
HOASSARAAARCSATIKPARHOHTYQYOEDKRGSEFRARFGTRKLSHGGKLSYEN----- SALHOCASLTRSIRRAKRAHS
HHQYTSSAATLRPARAYARHALRLSTD-HREGPKIRARF GAHKF SHTETLNAT—=-=——=——--——- SPTKATGRH-HKHS
HAKEEFINTNIRKSEYFSPLPAYLLLCSSSPLSKSQYFSSLLSLPYSSSYLHLLSHEHLSHOAYSYSRF TKCHLPLRDGTRGRGPITGTOGRGGIMKYENLEYQGTRCKSPKFKDIYYDLKHKERPSHYY
HAKEEFINTHIRKSEYFSPLLAYLLLCSSSPLSKSQYFSSLLSLPYSSSYLHLLSHEHLSHOAYSYSRF TKCHLPLRDGTRGRGPITGTOGRGGIMKYEHLEVQGTRCKSPKFKDIYYDLKHKERPSHHY
HDSLRLRPSSLRSAPGAAAAR=---RRDHILPSFCSIORNGKGRYTLSIQASKGP TINHCKKFLDHKYSNHRISHO

HDSLRLRPSSLRSAP=-=--AAR=-==RROHILPSFCSTORNGKGRYSLSTOASKGP TVHPCKKFLDHKYSHHRISHO
HDSLRLRPSLLARRAPGAASLPPLRROHFLPPLCSTHRNGKRPYSLSSORTAOGPSFDACOKFFGHKSSHHRIPHR
HDRLRLRPSLLSRRRPGAAR-~--PRDHFLPPCCSIORNGEGRICF SSORTAGP TLYHHOKFFDHKSSYCRISHO
HDSLLLRPFSLPPRLCCFSS==---RRGCCYPTAYSINGACYTTLRCRYGRSOGCLANHLLRATHGKSTYHGRLHE
HDSLLLRPFSLPPRLCCFSS----RRGCCYPTAYSINGACYTTLRCRVGRSOGCLANHLLRATHGKSTYHGRLHE
HHERSPSFHDSLLLRPFSFPPRLRCFSS----RGGCCYPTAYSINQACKTTSRCRYGRSOG--—-RLYRATHGKSTYHGRLHE
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PALQAGCSEYNHDON---GSHANRLEEIRGDYLKKLRSFYEFCRPHTIFGTIIGITSYSLLPHKSIDDF TYTYLRGYLEALTARLCHNLYYYGLNOLYDIQIDKINKPGLPLASGEFSYATGYFLYLAFL
SALOAGCSKYNRDOH---GYDYNHFEEISQEYSKKLRAF YQFCRPHTIFGTIIGITSYSLLPHKSIDDF TATYLKGYLEALARALCHNIYYYGLHOLYDIOIDKINKPGLPLARGEFSYATGYFLYYTFL
PYLQYRCYAIAGDOH---ESIATEFEEICKEYPAKLGAF YRFCRPHTIFGTIIGITSYSLLPHRSLDDF THKALHGFLEALSSSLCHNIYYVGLHOLYDIOIDKYNKPSLPLASGEFSYATGAYLYLTSL
SYLKYRCHYATHHOH-—-HSHAORFOATGIGIAKILHAFYQFCRPHTIFGTITGITSYSLLPYKSLDDF TLTYLHGYLEALARALCHNIYYYGLHNOLFDIEIDKYHKPILPLASGEFSYPTAYLLYYSFL
RRLTKGCISARSELAYYPEPTDNOSQGLHTAYSKKLDAFYRFSRPHTYIGTIVGIVSYSLLPYOSFADFSPTYFIGLLKALYPAVCHHIYYYGLHOLFDIEIDKYNKPRLPLASGEFSLGTGIYLYFARA
RRLTKGCISARSELAYYPEPTDNOSQGLHTAYSKKLDAFYRFSRPHTYIGTIVGIVSYSLLPYQSLADFSPTYFIGLLKALYPAVCHNIYYYGLNOLFDIEIDKYNKPRLPLASGEFSLGTGIYLYFARA
SINTSAKA-GAOSLOP---ETEAHDPASFHKPTSSSLDAF YRFSRPHTIIGTALSIYSYSLLAYESLSDISPLFLTGLLEAYYAALFHNIYIVGLNOLFDIEIDKYNKPTLPLASGEYSPATGYATYSYFA
SINTSANR-GOSLOP---ETERHDTASFHKPISSSLDAF YRFSRPHTIIGTALSIYSYSLLAYESLSDISPHFLTGLLEAYYAALFHNIYIVGLHOLFDIEIDKYNKPTLPLASGEYSPATGYATYSYFA
PTSSSADASGOPLOS---SAERHDSSSIHKPISSSLDAF YRFSRPHTYIGTALSIYSYSLLAYENLSDYSPLFLTGLLEAYYAALFHNIYIVGLHOLFDIEIDKYNKPTLPLASGEYSPATGYALYSAFA
SLHTSVHASGOOLOS---EPERHDSTTIMRALSSSLDAFYRFSRPHTYIGTALSIVSYSLLAVQSLSDISPLFLTGLLOAYYARLFHNLYIVGLNOLFDIEIDKYNKPTLPLASGEYTPATGYALVSVFA
CSHINATSGDSIESE---PPKAYDSTSAKKSILSSLNAFYRFSRPHTIIGTAISIVSYSLLATEGLSDISPLFVTGLLEAYYAALFHNYYIVGLNOLFDIEIDKYNKPGLPLASGEYSYTTGIAIYSAFA
CSHINATSGDSIESE=--PPKAYDSTSAHKSILSSLNAFYRFSRPHTIIGTAISIYSYSLLATIEGLSDISPLFYTGLLEAYVAALFHNYYIVGLNOLFDIEIDKYNKPGLPLASGEYSYTTGIAIYSAFA
RSPINATSGHSIGSE---PPERYDSTNTHKSILSSFDAF YRFSRPHTYIGT TISIFSYSLLAIKDLSDISPLFVTGLLKAYYARLFHNYYIVGLNOLFDIEIDKYNKPYLPLASGEYSYTTGIALIYSAFA
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IHSFSIGIRSGSAPLHCALIYSFLLGSAYSIEAPFLRHKRHALLAASCILFYRAILYOLAFFAHHOQHYLKRPLARTKSLYFATLFHCCF SAYIALFKDIPDYDGDRDFGIQSLSYRLGPORYYQLCIST
IHSFSIGIHSGSYPLHYALYYSFLLGSAYSIEAPLLRHKRHALLAASCILFYRATLYOLAFFAHHOQHYLKRPLARTKSLYFATLFHCCF SAYIALFKDIPDYDGDRDFGIOSLSYRLGPORYYQLCIST
IHSIAIGIRSKSAPLLCALFISFFLGSAYSYDAPLLRHKRNAFLAASCILFYRAYLYOLAFFAHHOQHYLKRPLAPTKSYYFATLFHCCFSSYIALFKDIPDIDGDRHF GYESLSYRLGPERY YHLCINI
YHSISIGYRSKSAPLHCALLYSFLLGSAYSINYPFLRHKQHAFLAAFCIIFYRAYLYOLAFFAHHOQHYLKRPLAPTRSYYFATCFHCCF SAVIALFKDIPDYDGDRYFGIQSHTYRLGOQRY YRLCYNI
IHSFTHGLASKSPPLLGALLISCFLGSAYSINIPFFRHKQHAFLAASCILCYRAYYYOLAFFIHHORYYLGRPTYLTKPYIFATAFHCFFSAYIALFKDIPDYDGDRYFGIQSFSYRLGOEKYFHFCIKL
THSFTHGLOSKSPPLLGALLISCFLGSAYSIHIPFFRHKQHAFLAASCILCYRAYYYOLAFFTHHORYYLGRP TYLTKPYIFATAFHCFF SAYIALFKOIPDYDGORYFGIQSFSYRLGOEKYFHFCIKL
AHSFGLGHYYESPPLFHALFISFYLGTAYSYHLPYFRHKRSAYYAAL CILAYRAYIVOLAFFLHIOTFYFRRPAVFSKPLIFATAFHTFFSYYIALFKDIPDIEGDRIFGIQSFSYRLGASKYFHTCVGL
AHSFGLGHYVESPPLFHALFISFYLGTAYSYHLPYFRHKRFAYYAALCILAYRAYIVOLAFFLHIOTFYFRRPAVFSKPLIFATAFHTFFSYVIALFKDIPDIEGDRIFGIQSFSYRLGASKYFHACVGL
AHSFGLGHAYGSAPLFLALFTSFILGTAYSTHLPFLRHKRSAYYAALCTLAYRAYIVOLAFFLHIOTFYFRRPAVF TRPLIFATAFHTFFSYYIALFKOTPDTEGDRTFGIKSFSYRL GAKKYFHICVGL
AHSFGLGHAYGSAPLFHALFISFYLGTAYSINLPYLRHKRFAYYAALCILAYRAYIYVOLAFFLHIQTFYFRRPAVFSRPLIFATGFHTFFSYYIALFKOIPDIEGORIFGIRSFSYRL GAKKYFHICYGL
LHSFGYGHYYGSHPLFHALFISFILGTAYSINLPFLRHKRFAYYAALCILAYRAYIYOL AFFLHHOTFYFRRPANFSRPLIFATAFHTFFSYYIALFKOIPDIDGORIFGIOSFSYRLGARRYFHICYSL
LHSFGYGHYYGSHPLFHALFISFILGTAYSINIPFLRHKRFAYYAALCILAYRAYIYOLAFFLHHOTFYFRRPANFSRPLIFATAFHSFFSYYIALFKOIPDIDGORIFGIOSFSYRLGARRYFHICYSL
VHSFCVGHYVESHPLFHALFISFILGTAYSINIPFLRHKRFAVYAAF CILAYRAYIVOLAFFLHHOIFYFMRPANF SRPLIFATAFHSFFSYYIALFKDIPDIDGORIFGIOSFSYRLGAHRYFHICYYL
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LLTAYGRATLYGASSTHLFOKIITYSGHGLLALTLHORAQHFEYENQARYTSFYHF IMKLF YAEYFLIPFVQ
LLTAYLARTYYGASSTHLLOKIITYSGHGLLALTLHORARHLEYEHQARYTSFYHF IHKLFYAEYFLIPFYQ
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LLTAYATAILYGASTSTIYOKIYTYLGHGLLASILHFRAGSIDLOQNKASITSFYHFIMKLFYAEYFLIPFHH
LLTAYATALLYGASTSTIYOKIYTYLGHGLLASILHFRAGSIDLAQNKASITSFYHF IMKLFYRAEYFLIPFHH
LEVAYGYAILHGYTSSSLHSKSLTYYGHAILASILHSSARSIDLTSKAALTSFYHLIMRLFYREYLLIPLYR
LEVYAYGYATLHGATSSSLHSKSITYYGHALLASIL HSCAKSYDLTSKARTTSFYHLIHRLFYAEYLLIPLYR
LEMAYCYATLHGATSACLHSKYATYYGHALLARIL HNRSRSIDLTSKTATTSFYHFIMKLFYREYLLIPLYR
LEMAYSYALLHGATSSSLHSKTYTIAGHSILAGIL HSCARSYDLTSKAATTSFYMFIHKLFYREYLLIPLYR
LEHAYSYANYIGATSSCIHSKLYTYLGHAYLASYLHNRARSLDLNSKAATTSFYNFYHKLFYREYLLIPLYR
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Fig. A3. Alignment of the homologues HPT-HGGT protein sequences of some monocots and
palms found in GenBank. The red aminoacids indicate coincidence for each sequence in each
position (consensus value: 90%), the blue ones represent those aminoacids that are the same in
some sequences but not in all of them (consensus value: 50%), and the black ones shows no
coincidence between species. The primers were designed from the high conserved regions (red

aminoacids) of the sequences.

Second letter Key: TUPAC nucleotide code Base
[ u 11 c I A 1| G ] A Adenine
) Ala = Alanine (A) c Cy
uuu } Phe ucu UAU } = UGU} o u Arg = Arginine (R) ytosine
r G
i 332 32;& Sal 3:;:\ sryop ggﬁ ST::P : Aw = dperone ) 2 :
Asp = Aspartate (D) T (or U) 'Thymine (or Uracil)
uus} Leu ucG UAG STOP || UGG Trp ||G i L
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] m GIn = Glutamine (Q)
cuu ccu CAU } - cGU u Glu = Glutamate (E) Y CorT
gl cuc CCC CAC cec c Gly = Glycine (G) s GorC
. cua( (| cca[P™ || can cea (A ||a| 4
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Fig. A4. From left to right: genetic code, aminoacid abbreviations and the IUPAC nucleotide

code.
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Aminoacid G Y P \Y \Y T
Possible codons GGT TAT CCT GTT GTT ACT
which codify GGC TAC CCC GTC GTC ACC
for the same GGA CCA GTA GTA ACA
aminoacid GGG CCG GTG GTG ACG
Degenerate codon GGN TAY CCN GTN GTN ACN

Table Al. Example of the design of the degenerate nucleotide sequences.

5. Amplification of c¢cDNA with degenerate primers, extraction of the

amplified cDNA, purification and ligation into a pCR-Zero Blunt vector

The amplification of the cDNA was complex due to the presence of polymerase
inhibitors in the RNA samples. The utilization of the Phusion DNA polymerase
(ThermoFisher Scientific) solved this problem. For each reaction, a mix of 4 ul of
5x Phusion HF Buffer + 0.4 ul of dNTPs (10mM) + 1 ul of forward primer
(10uM) + 1 pl of reverse primer (10uM) + 1 pl of template + 0.6 pul of DMSO +
0.2 pl of Phusion DNA Polymerase + X ul of RNase free water were used to
obtain a final volume of 20 pul. The PCR thermal profile was 98°C x 30 sec
followed by 40 cycles of 98°C x 10 sec, 30 sec at a specific melting temperature
(Tm) depending on the primers used, 72°C x 30 sec and 72°C x 10 min for the final
extension reaction. The PCR products were analysed in a 0.5% (w/v) agarose gel.
Due to the unspecificity of the primers for C. humilis var. humilis, multiple bands
were obtained due to unspecific amplifications (Fig. A5, A), hence the RT-PCR
products were used as a template for a second amplification using the same primers
and conditions to reduce the number of the amplifications (Fig. AS, B). These PCR
products were separated in a 2% (w/v) agarose gel for 2 hours for a good
separation of the bands (Fig AS, C). Then, they were cut under a UV light, purified
with a Gel/PCR DNA fragments extraction kit (IBI Scientific), ligated into a pCR-
Zero Blunt vector (Invitrogen) as described in the manufacturer’s protocol and

transformed into Escherichia Coli DH5a cells.
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Fig. AS. A) Bands obtained from the first RT-PCR reactions with degenerate primers.
Unespecific amplifications are shown. B) Result from a second RT-PCR. Few bands were
obtained and the genes of interest appeared more brightly. C) 2% agarose gel. The stars indicate
the PCR products of interest. m= marker.

6. Transformation into competent E. coli cells, extraction and digestion of the

PCR products and sequencing

For the transformation, 50 ul of E. coli cells and 5yl of the PCR product ligated
into the pCR- Zero Blunt vector were placed on ice for 30 min. Then, a heat shock
at 42°C was applied for 45 sec. Afterwards, the tubes were placed on ice for 2 min.
I ml of growth medium Luria Bertani (LB) was added, mixed by inversion and
incubated at 37°C during 1h in a shaker (recovery phase). Finally, the cells grew at
37°C overnight on kanamycin LB plates. Therefore, the plates were kept at 4°C

until further analyses.

The pCR-Zero Blunt vector has a lethal gen, the ccdB (control of cell death),
and resistance to two antibiotics (kanamycin and zeocin, Fig. A6, A). When the
PCR product is ligated into the vector, the lethal gen is inactivated, and due to the
E. coli cells are not resistant to antibiotics, any colony without the vector can grow
in the growth medium (LB) which contains kanamycin. Nevertheless, a 20% of the
colonies that can grow in the medium can contain the vector without the PCR
product inserted. For this reason, once the colonies grew in plates, 10 colonies
were picked and grown in culture tubes with 2 ml of LB and 2 ul of kanamycin in
each tube at 37°C overnight (Fig. A6, B). Therefore, the plasmids of each colony
were extracted by the High-Speed Plasmid Mini Kit Protocol (IBI Scientific), as
described in the manufacturer’s protocol (also known as miniprep). Then, the

vector was digested with EcoRI (ThermoFisher Scientific) as described in the
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manufacturer’s protocol at 37°C for 1 hour, a restriction enzyme that cuts it near
the place where the PCR product has been inserted (Fig. A6 A, C). If the PCR
product had a region for the EcoRI enzyme, it was also cut. Finally, the result of
the digestion was analysed in a 0.5% (w/v) agarose gel, only sequencing the
plasmids with the correct PCR product inserted into the vector. Once the plasmids
were sequenced, their sequences were compared with BLAST to confirm if the
amplified PCR product were the ones of interest. By the degenerate primers design
and the RT-PCR, cloning and sequencing steps, only the sequences for actin, HPT
and MPBQ MT of C. humilis var. humilis were obtained. In addition, the HGGT

sequence from barley was also obtained due to some contamination in the lab.

M13 Rgvorso prming site ﬂl-l
201 CACACAGGAA ACAGCTATGA CFATGATIAC GCCAAGCTAT TTAGGTGACG CGTTAGAATA
GTGIGICCTT TGTCGATACT GETACTAATG CGGTTCGATA ARTCCACIGC GCAATCTTAT
Ah'l »-I-n Au|n| :-;f |—." s:l-l
CTCAAGCTAT GCATCAAGCT TGGTACCGAG CTOGGATCCA CTAGTARACGG CCGCCAGTGT
GAGTTCGATA CGTAGTTCGA ACCATGGCTC GAGCCTAGGT GATCATTIGCC GGCGGTCACA
Esonl ool Pl EesAV

I 1
GCTGGAATTC AGG Product CCTGAATTCT GCAGATA
CGACCTTAAG TCC Blunt PCR GGACTTAAGA CGTCTAT

nel 20l N-Ln-l Al

TCCATCACAC TGGCGGCCGC TCGAGCATGC ATCTAGAGGG CCCAATTO
AGGTAGTGTS ACCGCCGGCG AGCTCGTACG TAGATCTICCC GGGTT

M13 Forweed (-20) prieming ste
GTCG'I‘AT.hC AATTCACTGG CCGTCGTITT A CGTCGT GACTGGGAAA ACCCTGGOGT 470
CAGCAY. G TTAMGYGACC GCCAGCAMA TEITGCAGCA CTGACCCTTT TCGGGACCECA

pCR"-Blunt
3.5kb
Vector (3.5Kb)

PCR product

Comments for pCR™-Blunt
3512 nucleotides

Lac promoterioperator region: bases 95-216
M13 Reverso priming site: bases 205-221
LacZ-alpha ORF: bases 217-570

T7 promoler priming site: bases 400419

M13 Forward (-20) priming site; bases 427-442

Fusion joint: bases 571.579

codB lethal gene ORF: bases 580-882
Kanamycin resistance ORF: bases 1231-2025
Zeocin resistance ORF: bases 2231-2605
pUC origin: bases 2673-3386

Fig. A6. A) pCR- Zero Blunt vector. The sequences, the restriction enzymes and the regions
where the primers M13 and T7 can amplify the vector are shown. B) Picked colonies growing in
a culture tube with LB and kanamycin. C) Result from a digestion with EcoRI. The first band
corresponds to the vector (3.5Kb) and the second one, to the PCR product, in this case, of 700
bp. m=marker; Kb= kilo base.

200



Apéndix II

7. Obtaining the C. humilis var. humilis HGGT sequence

Due to the high aminoacid similarity between the HPT and HGGT protein
sequences, the HPT-HGGT degenerate primers from Cahoon et al. (2003) can
amplify both enzymes in the case they were both present in the cDNA sequence. A
colony PCR was done to find the HGGT sequences by using the M13 primers and
the primers obtained from the barley’s HGGT sequence. First of all, 16 colonies
that grew in the LB plates from the ligation and transformation of the PCR
products obtained from the HPT-HGGT degenerate primers amplification were
selected. Each colony was picked with a tip and placed in single tubes with 70 ul
of RNase free water. After mixing, two drops of each tube were placed in a LB
plate with kanamycin overnight at 37°C and then placed into the fridge (4°C) for
future analysis. The colonies in the tubes were broken at 95°C for 10 min and
centrifuged for 30 sec. Using the supernatant as a template for the PCR, the PCR
reaction was done with the M13 forward and reverse primers to confirm that the
colonies had the PCR product inserted into the vector. In this case, for each
reaction, a mix of 2.5 ul of 10x Buffer (Thermo Scientific + (NH,4),SO4,-MgCl,) +
3 ul of template + 1 pl of M13 forward primer + 1 pl of M13 reverse primer + 1.5
ul of 25mM MgCl, + 0.5 pl of ANTPs (10 mM) + 0.5 ul of Homemade Taq
Polymerase + X ul of RNase free water to a final volume of 25 ul was used. The
PCR thermal profile was 95°C x 2 min followed by 35 cycles of 95°C x 30 sec,
50°C x 30 sec, 72°C x 1 min and 72°C x 10 min. 14 colonies out of the 16 had a
PCR product inside the vector. These 14 colonies were picked from the plate and
used as a template for a new PCR with the primers from the barley’s HGGT
sequence. The procedure and the PCR conditions were the same as for the M13
primers. 12 out of the 14 colonies were amplified; hence, these 12 colonies
contained the HGGT from barley (Fig. A7). From the 2 colonies that were not
amplified, they were purified and digested with EcoRI. Both PCR products were
different and sent to sequence, being only one of them the HGGT sequence from
C. humilis var. humilis. This sequence showed a 93% of similarity with the HGGT

sequence from Elaeis guineensis and Elaeis oleifeira available in the GenBank.
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ve *

m

Fig. A7. Result from the colony PCR using the primers from the barley’s HGGT sequences.12
out of 14 colonies were amplified with these primers. Only two colonies were not amplified
(marked with stars). m=marker.

8. RNASeq

The RNA of two seeds were extracted and sent to an enterprise for sequencing.
Because the RNASeq data had too low coverage to do a transcriptome assembly,
the sequences for the genes of interest were reconstructed by mapping the RNASeq
data to the references sequences of Elaeis guineensis found in GenBank, starting
with a fairly strict similarity score and slowly relaxing it until there was higher
ambiguity and the sequences generated from the strict mapping started changing.
By this procedure, the TAT, HPPD, GGR, y-TMT and TC sequences were obtained,
and the actin, HPT, HGGT and MPBQ MT sequences were confirmed. The
relaxed, moderate and strict sequences for the same genes were aligned and

consensus regions were selected for the primer designs.

9. RNA extraction, DNase treatment and cDNA conversion for the Reverse

transcription quantitative PCR (RT-qPCR)

For gene expression analyses, RNA was extracted as explained previously (section
2. RNA extraction and DNAse treatment), but due to RNA degradation, it was
not cleaned up with the RNeasy Plant Kit (Qiagen). 4 ug of RNA were treated with
6 ul of DNase I (Invitrogen) for 15 minutes at RT, and then 25mM of EDTA were
added and the DNase was inactivated at 65°C for 10 minutes. 1 pg of treated RNA
was then reverse transcribed to cDNA with the iScript cDNA synthesis kit (BIO-
RAD). The conversion with this kit was not very efficient and in many samples the

conversion to cDNA was low, also showing some genomic DNA (Fig. A8, A). The
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SuperScript IV Vilo Master Mix kit (ThermoFisher Scientific) was used according
to the manufacturer’s protocol, which gave much cleaner cDNA than the Bio-Rad
kit used previously with a better conversion from ARN to cDNA (Fig. A8, B). The
efficiency of the conversions was tested by RT-qPCRs using actin as a primer.
This primer binds to the cDNA and also to the genomic DNA. Although the
treatment with DNase, the RNA contained genomic DNA that was not observed in
the gel after the DNase treatment but was amplified in the RT-qPCR reactions.
When the actin primers amplified the genomic DNA, the amplicon length was
bigger than the amplicon obtained from the amplification of the cDNA. If the RNA
was not converted to cDNA, no band appeared. If the sample contained genomic
DNA, a band of 250bp appeared. The samples with cDNA had a band of 150bp
and if the sample was only partially converted and also contained genomic DNA,
double bands appeared (250bp and 150bp). Due to the difficulty of the RNA
extraction from the samples, the removal of the genomic DNA and the conversion
to cDNA, a RT-qPCR with actin primers was always done with the respective —RT
sample to assure the good conversion to cDNA.

A
SRTE" -.-RT -RT -RT -RT -RT RT - =R TR R o0 oK

mEl ElEl:--_------.;ﬂEl -

Fig. A8. Results from a RT-qPCR using actin as a primer. Samples and —RT of some samples
are shown. A) Result from a RT-qPCR using as a template the cDNA converted by the iScript
cDNA synthesis kit (BIO-RAD). The red boxes indicate that the primer amplified genomic
DNA, the blue boxes indicate that the primer amplified genomic DNA and RNA and only 6
samples (the yellow boxes) amplified actin only from the cDNA. B) Result from a RT-qPCR
using as a template the cDNA converted by the SuperScript IV Vilo Master Mix kit
(ThermoFisher Scientific). In this case, except the first sample, the conversion of the other
samples was very efficient, only amplifying actin from the cDNA (yellow boxes). m= marker.

10. Chamaerops humilis var. humilis specific RT-qPCR primers design

Once the specific sequences of the genes of interests were obtained, specific
primers for the RT-qPCR were designed with a length of 120-220 bp and a similar
Tm for each gene (Table A2).
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11. Optimization of RT-qPCR conditions and efficiency of the RT-qPCR

The optimization of the RT-qPCR conditions was done to avoid amplification of
unspecific products. At the end of each RT-qPCR, the PCR products were analysed
in a 3% agarose gel. Once the optimal conditions were confirmed, the efficiency of
the RT-qPCR for each primer was tested. For this, 1/10 dilutions of the cDNA
sample were done and the RT-qPCR was performed for each gene using the diluted
cDNAs as templates. With the RT-qPCR results, a standard curve between the
logyy of the cDNA and the threshold cycle (Ct) was done for each gene and the
slope was calculated, so that the qPCR efficiency was determined with the
ThermoFisher qPCR efficiency calculator, being around a 100% efficient for each

primer.

12. RT-qPCR measurements of Chamaerops humilis var. humilis vitamin E

genes

RT-qPCR was carried out in a Bio-Rad MyiQ iCycler qPCR instrument using 1 pg
of cDNA and SYBR Green was used as the fluorophore in a qPCR supermix
(Qiagen). The thermal profile was: 95°C x 15 min, followed by 45 cycles of 94°C x
15 sec, 60°C x 30 sec, 72°C x 30sec. The PCR products were further analysed by a
dissociation curve program (95°C % 1 min, 60°C x 1 min and 95°C x 15 s) and all
the reactions gave a single peak. All genes were analysed but the levels of GGR,
HPPD and MPBQ MT could not be measured due to the same band amplification
was obtained for both sample and the —RT, meaning that the primer could be

amplifying genomic DNA from the cDNA sample or a mix between the genomic

DNA and the cDNA (Fig. A9). Data for TAT, HGGT, HPT, TC and y-TMT were

27T method. All RT-qPCRs were run in triplicates with

analysed using the
different cDNAs synthesized from three biological replicates for each germination

phase and genes. Actin was used as an internal reference gene.
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Oligonucleotide Oligonucleotide sequence Amplicon length Tm
actin 5’ 5’-GACCCAAATCATGTTTGAGAC-3’ 152 bp 602C
actin 3’ 5’-CATATCCTTCATAGATTGGAAC-3’

TAT5’ 5’-GCTCATATTGAAGCACTGCAAT-3’ 164 bp 602C
TAT 3’ 5’-CAATGACAAAACCTGGAACC-3’
HPPD 5’ 5’-GAGCCAAATCCAAACATATCTG-3’ 165 bp 602C
HPPD 3’ 5’-GACTCCCTGGTAGTAATTCGG-3’
HPT 5’ 5’-GCAATTGTTTCAGCTTTTGCTG-3’ 151 bp 60°C
HPT 3’ 5’-CGACTGCAAATCTCTTCCATCTC-3’
HGGT 5’ 5’-GGGCGACCAATAGTGTTGAC-3’ 178 bp 602C
HGGT 3’ 5’-ACTTGATGCAAAACCAAAACAC-3’
GGR 5’ 5'-GAGGGCGGAGATGTACGTC-3’ 174 bp 602C
GGR 3’ 5’-CTTCCCACCCTCGATCTTGT-3’
MPBQ MT 5’ 5’-GGTGTTCGTCGGCATGGTC-3’ 143 bp 652C
MPBQ MT 3’ 5’-GATGAAGCGCAAGAGGAAGG-3’
TC5’ 5'-GTTGGATAGAGTGGGATGGTG-3’ 166 bp 602C
TC3 5’-CTTCCTCATGCCACCTGC-3’
y-TMT 5’ 5’-GCATATTACCTACCAGCCTG-3’ 170 bp 602C
y-TMT 3’ 5’-CTTCGTAACAGTGATGTGAAAC-3’

Table A2. RT-qPCR primer sequences, amplicon length and Tm for each gene sequence used for
relative quantification of gene expression in Chamaerops humilis var. humilis.

- e e o

HGGT HPT

Fig. A9. A) Amplification of three methodological replicates for HGGT and HPT. The —RT was
not amplified. B) For the GGR, the samples and the —RT showed the band amplified. The same
pattern was observed for HPPD and MPBQ MT.
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