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RESUM

Tots els organismes fotosintétics sén capacos de sintetitzar vitamina E, la qual
s’acumula de forma ubiqua en els teixits vegetals, tant en els fotosintetics com en els
no fotosintétics. Mentre que la vitamina E és un important antioxidant cloroplastic que
respon als estressos ambientals, els jasmonats, hormones derivades de la
peroxidacio lipidica en els cloroplasts, son reguladors essencials de la resposta a
I'estrés biotic. La relacio entre aquestes dues families moleculars juga un paper
important en el control de 'estat redox cloroplastic sota condicions d’estres, el qual
és determinant en la senyalitzacié retrograda. A més, aquesta relacio €s de gran
rellevancia fisiologica donada la implicacié de la vitamina E i dels jasmonats en la
resposta a I'estres abiotic i biotic, respectivament. En aquest treball s’estudia, per una
banda, la preséncia i funcié de la vitamina E en teixits tant fotosintétics com no
fotosintétics en Fragaria x ananassa var. Albion sota condicions controlades d’estres
hidric, planta que ens ofereix una singular varietat de teixits no fotosintetics en el fals
fruit (receptacle i aquenis), i per altra banda, s’estudia la relacio de la vitamina E amb
els jasmonats i la seva implicacio en la interaccio entre la resposta a I'estrés abiotic i
biotic en un arbust mediterrani (Cistus albidus L.) en condicions naturals on
coincideixen diversos estressos abiotics i biotics. Els resultats posen en rellevancia la
universalitat de la vitamina E en teixits fotosintétics i no fotosintétics, tant en plantes
d’interes agronomic com en plantes d’interes ecologic. A més, la relacio entre la
vitamina E i els jasmonats resulta ser bidireccional, essent compatible 'acumulacio
d’ambdos perd amb algunes limitacions. La possible implicacié d’aquesta relacio en
la interaccio entre la resposta a I'estres abiotic i bidtic es discuteix en relacié a I'estudi
de C. albidus sota condicions naturals de convergéncia d’estressos. A meés, es posa
de manifest la relacié d’aquesta espécie amb I'herbivorisme i el parasitisme causat
per Cytinus hypocistis, planta holoparasita que també acumula vitamina E en els seus
teixits no fotosintétics. En conclusio, la vitamina E es troba de forma ubiqua en plantes
(tant en les que realitzen fotosintesi com en plantes holoparasites), s’acumula tant en
teixits fotosintétics com en teixits no fotosintetics, i en conjunt juga un paper

fonamental en la resposta de les plantes a I'estres, tant pel seu paper antioxidant com



per la seva relaci6 amb els jasmonats, la qual cosa pot tenir implicacions

ecofisiologiques en la interaccio entre la resposta a I'estres abiotic i biotic.



ABSTRACT

All the photosynthetic organisms are capable of synthesising vitamin E, which
is accumulated in both photosynthetic and non-photosynthetic tissues. While
vitamin E is an important chloroplastic antioxidant that responds to
environmental stresses, jasmonates, hormones that derive from lipid
peroxidation in chloroplasts, are essential regulators of the response to biotic
stress. The relationship between these molecular families plays a key role in
the control of the chloroplastic redox state under stress conditions, which is a
determinant in retrograde signalling. Furthermore, this relationship is important
from a physiological point of view due to the involvement of vitamin E and
jasmonates in the abiotic and biotic stress response, respectively. In the
present study, the presence and function of vitamin E in both photosynthetic
and non-photosynthetic tissues are studied on the one hand
in Fragaria x Ananassa var. Albion under controlled conditions of drought
stress. This plant offers us a singular variety of non-photosynthetic tissues in
the false fruit (flesh and achenes). On the other hand, the relationship between
vitamin E and jasmonates and its implication in the interaction between the
abiotic and biotic stress responses is studied in a Mediterranean shrub (Cistus
albidus L.) under natural conditions where abiotic and biotic stresses
converge. Results highlight the universality of vitamin E in photosynthetic and
non-photosynthetic tissues, both in plants of agronomical and ecological
interest. Furthermore, the relationship between vitamin E and jasmonates is
bidirectional so their accumulation is compatible but with some limitations. The
possible implication of this relationship in the abiotic and biotic stress response
interaction is discussed in relation to the study of C. albidus under natural
conditions where stresses converge. In addition, the relationship between this
species and herbivory and parasitism caused by Cytinus hypocistis, an
holoparasitic plant that also accumulates vitamin E in its non-photosynthetic
tissues, is highlighted. It is concluded that vitamin E is accumulated widely in
plant tissues, both in photosynthetic and non-photosynthetic plants and

tissues, and it plays a key role in plant stress response, because of its



antioxidant function but also because of its relationship with jasmonates, which
could have ecophysiological implications in the interaction between abiotic and

biotic stress response.
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INTRODUCCIO

1. Lavitamina E

1.1 Distribuci6

La vitamina E es troba en tots els organismes fotosintétics del regne vegetal. Tot i
aixi, no tots els components d’aquesta familia molecular es troben alhora en tots
aquests organismes (Falk i Munné-Bosch, 2010). La familia de la vitamina E esta
formada pels tocoferols i els tocotrienols. Mentre que totes les plantes fotosintétiques
presenten tocoferols, els tocotrienols sén presents només en determinats grups
vegetals sense relacio filogenetica. A més a més, aquests compostos no es troben
sempre als mateixos organs ni teixits. Tant els tocoferols com els tocotrienols es
presenten en quatre homolegs en la natura, a,f,y, 6. Les fulles, els teixits
fotosintetics primordials en les plantes, acumulen principalment tocoferols, sobretot
a-tocoferol. El y-tocoferol es troba en majors concentracions en altres teixits, com
fruits i llavors, que no son teixits fotosinteticament actius, igual que el B—i el
o— tocoferol. Els tocotrienols, en canvi, no es troben en cap teixit fotosintétic madur
sindb que només s’han trobat en organs de reserva, fruits i llavors, en diferents
proporcions entre els homolegs a, B, v, i 8, segons I'especie vegetal (Horvath et al.,
2006).

A nivell taxonomic i tissular doncs, la vitamina E com a conjunt es presenta de
forma ubiqua. A nivell subcel-lular perd, es troba en localitzacions molt concretes
relacionades amb la seva biosintesi i funcio. Especificament es troba als plastidis. De
plastidis n’hi ha de diversos tipus, tots diferenciats a partir del proplast, el precursor
de tots els plastidis (Jarvis i Lopez-Juez, 2013). En aquells teixits que presenten
cloroplasts, els tocoferols es troben a les membranes plastidials, als plastoglobuls, i a
les membranes tilacoidals (Lichtenthaler et al., 1981; Grumbach et al., 1983; Soll et
al., 1985; Fryer et al., 1992; Vidi et al., 2006). Dins d’aquestes membranes, es troben
concretament en la matriu lipidica (Boonnoy et al., 2018). En aquells teixits que

presenten altres tipus de plastidis, els tocoferols i tocotrienols es creu que es troben



en amiloplasts, leucoplasts o cromoplasts, segons el teixit en questié (Munné-Bosch
i Alegre, 2002).

1.2 Estructura i sintesi

La vitamina E és una familia de compostos que es troba dins del grup dels
tococromanols. Els tococromanols sén compostos amfipatics formats per un anell
cromanol amb un grup hidroxil, que és polar, i una cadena lateral hidrocarbonada que
és hidrofobica. Aixi doncs, son molecules amfipatiques que es situen en la interfase
lipid-aquosa de les membranes, tot mantenint la cadena hidrofobica ancorada a les
membranes lipidiques, mentre que I'anell queda a la superficie (Boonnoy et al., 2018).
Segons el grau d’insaturacio de la cadena lateral es diferencien el tocoferols dels

tocotrienols, presentant els primers una cadena totalment saturada, i els segons tres

™

via del shikimat ( Viade |

Wia del metileritrol-fosfat |

A) B)/' \ reciclatge
4 N | delfitol
TAT
o . S
~ CED, i
HPPD ) —
HGA GGEOP — POP <«
| I
G | GrD
vte2
R? o Z o i MGGRO MPBQ
R? —
Tocotrienol @GBQ—@ T_(;\l \MEBQ T TE)
vted / vtel vte3 vtel
o 6 v N DMGGBQ G-tocatrienal DMPE\Q &-tocoferol
Ry CHy CHy H H ™) TC ThT
vted
Ry, CH; H CHy H Vtel ¢ "‘91 vted
ytocotrlenol Brimatniensl y-tocoferol B-tocoferal
TMT THAT
vted vted
o.-tocotrienal ou-focoferaol
L\ =2
Figura 1. Estructura i sintesi de la vitamina E. A) Estructura quimica dels tocoferols i

tocotrienols. B) Via de sintesi dels tocoferols i tocotrienols. DMGGBQ: 2,3-dimetil 1-6-

geranilgeranil-1,4-benzoquinal,

DMPBQ:

2,3-dimetil-6-fitil-1,4-benzoquinona,

GGDP:

geranilgeranil difosfat, GGPS: geranilgeranil difosfat sintasa, HGA: homogentisat, HGGT:
homogentisat geranilgeranil transferasa, HPPD: hidroxifenilpiruvat dioxigenasa, HPT:
homogentisat fitiltransferasa (vte2), MGGBQ: 2-metil 1-6-geranilgeranil-1,4-benzoquinol,
MGGBQ-MT: 2-metil-1-6-gernailgeranil-1,4-benzoquinol metil transferasa (vte3), MPBQ: 2-
metil 1-6-fitil-1,4-benzoquinol, MPBQ-MT: 2-metil 1-6-fitil-1,4-benzoquinol metil transferasa
(vte3), PDP: fitil difosfat, TC: tocoferol ciclasa (vte1), TMT: tocoferol metil transferasa (vte4),

TAT: tirosina aminotransferasa.



insaturacions en els carbonis 3’, 7,1 11" de la cadena lateral (Figura 1A). Els diferent
homolegs trobats a la natura (a, B, y, i 8— tocoferols i tocotrienols) difereixen en el
nombre i la posicid de grups metil en el seu anell aromatic. Aquestes lleugeres
variacions estructurals comporten diferéncies en la seva funcié i acumulacié (Muller

etal., 2010).

Els gens que codifiquen per als enzims de sintesi de vitamina E es troben al genoma
nuclear i els enzims es localitzen dins els plastidis. En primer lloc, la homogentisat
fitiltransferasa (vte2) condensa I'homogentisat, provinent de la via del shikimat, amb
el fitol difosfat per a la sintesi dels tocoferols (Figura 1B). D’altra banda, en la biosintesi
de tocotrienols I'homogentisat geranilgeranil transferasa o la homogentisat
fitiltransferasa condensa 'hnomogentisat amb el geranilgeranil difosfat provinent de la
via del metileritrol fosfat (Yang et al., 2011; Zeng et al., 2020). En aquest pas es
formen el MPBQ per a la sintesi de tocoferols, i el MGGBQ per a la sintesi de
tocotrienols. Per a formar els homolegs y i a, el MPBQ o el MGGBQ sén metilats pels
enzims MPBQ- o MGGBQ-metil transferasa (vte3) i llavors es produeix una ciclacio
catalitzada per la tocoferol ciclasa (vte1) i una metilacié catalitzada per la tocoferol
metil transferasa (vte4). El mateix proceés, pero sense I'actuacio de vte3, dona lloc als
homolegs 6 i 3. A més a mes, també és important la via de reciclatge del fitol provinent
de la degradacio de clorofil-la on participen les quinases fitol quinasa i fitil fosfat
quinasa (vte5 i vteb), que proveeix de fitol difosfat a la via de sintesi de vitamina E
(Valentin et al., 2006; vom Dorp et al., 2015).

1.3 Funcié
1.3.1 Funci6 antioxidant en teixits fotosintétics

La seva especial funcié antioxidant en resposta a l'estrés és la que posa en
rellevancia la importancia de la vitamina E en les plantes. La vitamina E €s un grup
d’antioxidants lipofilics capacos de desactivar fisica i quimicament les espécies
reactives de I'oxigen (ROS), principalment el singlet d’oxigen ('O,) i el radical hidroxil
(OH-). Forma part de la maquinaria de fotoproteccié de les plantes pero el que la fa
realment especial és la seva exclusiva capacitat de frenar la propagacié de la

peroxidacio lipidica. L'a-tocoferol es considera la forma més activa tot i que, malgrat



la seva reduida distribucio, I'a-tocotrienol resulta ser més eficient en diferents models
de membrana (Serbinova et al., 1991; Mdller et al., 2010). El model d’actuacié més
plausible és que, mentre la cua hidrofobica de la molécula es manté en la fase lipidica
de les membranes, el cap polar queda a la superficie, i a partir de rapids moviments
de “flip-flop” en la bicapa lipidica, el cap és capac de desactivar el 'O, 0 els radicals
peroxils lipidics (LOO-) tot cedint un electro en el primer cas, o cedint I'hidrogen del
seu grup hidroxil en el segon. Finalment, la forma de vitamina E oxidada, es recicla
mitjancant I'ascorbat, el qual es reciclara gracies al glutatio (Munné-Bosch i Alegre,
2002; Boonnoy et al., 2018).

1.3.2 Sensor d'estrés i senyalitzacio

La vitamina E participa no només en la resposta sin® també en la senyalitzacié dels
estressos ambientals. Existeix un gran nombre d’exemples de la resposta de Ia
vitamina E als estressos i de la seva crucial participacié en I'aclimatacioé de la planta
(Hasanuzzaman et al., 2014). Concretament, és especialment util com a sensor |
protector d’'estressos ambientals en les plantes que habiten els ecosistemes
mediterranis (Fernandez-Marin et al., 2017), ja que juga un paper important en la
proteccié de la sequera i la alta il-luminacio, condicions caracteristiques d’aquest
clima (Munné-Bosch i Alegre, 2002). A més a més, en alguns casos s’ha associat una
funcio diferencial per a les diferents formes de vitamina E. De forma general, I'a-
tocoferol es manifesta com el més essencial en la proteccio contra diversos estressos
(Munné-Bosch, 2005), pero en alguns casos el y-tocoferol sembla tenir rols especifics

i diferencials, com en el cas de la dessecacio (Abbasi et al., 2007).

A mes, s’ha suggerit recentment la participacioé de la vitamina E en la senyalitzacio
retrograda, del cloroplast cap al nucli, portant a I'aclimatacio sota situacions d’estres.
Com a antioxidant cloroplastic, a través de la modulacié de I'acumulacié de ROS |
d’oxilipines de senyalitzacid, com per exemple els jasmonats, podria influenciar la
informacié redox que emergeix del cloroplast cap al nucli (Munné-Bosch i Alegre,
2002; Miret i Munné-Bosch 2015). Addicionalment, s’ha suggerit que la vitamina E
podria conduir a l'aclimatacié mitjangant la modulacié de l'acumulacié de 3'-

fosfoadenosina 5’-fosfat (un inhibidor d’exoribonucleases implicat en la proteccio de



microRNAs que donen lloc a tolerancia a la calor) fet que modularia I'expressio génica
en el nucli (Fang et al., 2019; Munné-Bosch, 2019). Tot plegat pero, s’ha de mirar
des d’'un punt de vista integratiu, tenint en compte la coordinacié de diversos

mecanismes de senyalitzacio retrograda entre el cloroplast i el nucli.
1.3.3 Possible funcié en teixits no fotosintétics

Els teixits que presenten cloroplasts sempre han estat el focus d’atencié en I'estudi
de la vitamina E, pero aquesta també es troba en teixits vegetals no fotosintetics. En
aquests teixits, 'acumulacio de vitamina E s’ha demostrat principalment en llavors,
perd també en molts fruits i en algunes flors, on jugaria un paper important en el
procés de desenvolupament d’aquests organs, amb una forta relaci6 amb la
degradacio dels cloroplasts que té lloc durant aquest procés (Gramegna et al., 2018;
Mufoz et al., 2018). En les llavors, és essencial per a la longevitat gracies al seu paper
en la prevencio de la peroxidacio lipidica dels lipids que aquesta emmagatzema
(Sattler et al., 2004; Valentin et al., 2006). Tambe en altres teixits no fotosintétics com
el tubercle de la patata (Spychalla i Desborough, 1990), els ndduls i les arrels de
lleguminoses (Soba et al., 2020), les arrels de pastanaga (Luby et al., 2014), o en els
rizomes de Cymodocea nodosa (Munné-Bosch et al.,, 2022), s’ha demostrat
I'acumulacio de vitamina E. En la majoria dels casos, responent a estressos abiotics,
la funcio de la vitamina E en aquests teixits no fotosintétics seria també la proteccio
enfront la peroxidacio lipidica. Encara que alguns gens de sintesi de vitamina E s’han
identificat en alguns dels teixits no fotosintétics esmentats, aquest aspecte sembla

estar encara poc clarificat (Mufioz i Munné-Bosch, 2019).

2. Jasmonats

2.1 Estructura i sintesi

Els jasmonats son fitohormones que es troben en totes les plantes. Son oxilipines
derivades de la peroxidacio lipidica, enzimatica i no enzimatica, de les membranes
cloroplastiques. Sén doncs, acids grassos oxigenats. La forma més coneguda és
I'acid jasmonic (JA), pero s’han identificat més de 30 formes de jasmonats diferents,

ja siguin actives o inactives (Wasternack i Strnad, 2016; Ali i Baek, 2020). EI JA €s un



acid oxo-monocarboxilic que pot donar moltes altres formes de jasmonats mitjancant
la descarboxilacio, la hidroxilacio, I'esterificacio, o la conjugacié amb aminoacids, que
dona com a resultat, entre d’altres, la jasmonoil-isoleucina (JA-lle), la forma més
activa dels jasmonats. La diversitat en la seva estructura comporta implicacions en la
seva activitat. De fet, se sap que I'activitat es pot reduir o incrementar gracies a la
metilacio o la conjugacio, i que el grup keto al C6 del seu anell de ciclopentanona és

essencial per a la seva activitat (Wasternack, 2007).
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Figura 2. Via de sintesi i de senyalitzacio dels jasmonats. L'OPDA es sintetitza al
cloroplast, és transportat al peroxisoma on es transforma en JA el qual és conjugat amb
isoleucina al citoplasma per formar JA-lle. Aquest s’encarrega de la senyalitzacio al
nucli. o-LeA: acid a-linolenic, 13-LOX: lipoxigenasa 13, 13-HPOT: acid 13-
hidroperoxioctadecatrienoic, 26S prot: 26S proteasoma, AOC: al-lé oxid ciclasa, AOS:
allé oxid sintasa, COI1: proteina F-box, Complex SCF: complexe que consisteix en una
quinasa, la proteina cullin1, una proteina F-box i un enzim de conjugacié d’ubiquitina,
JA: acid jasmonic, JA-lle: jasmonoil-isoleucina, JAR1: JA-amino acid sintasa, JAZ:
proteines repressores amb domini jasmonat-zim, MYC2: factor de transcripcio bHLHzip
MYC2, OPC-8: acid 3-oxo-2-(2-pentenil)-ciclopenta-1-octanoic, OPDA: acid cis(+)-12-
oxo-fitodienoic, OPR3: OPDA reductasa 3, PLA1: fosfolipasa Ax.

La sintesi de jasmonats té lloc en tres compartiments cel-lulars diferents.
Concretament els jasmonats deriven de I'acid a-linolénic format a partir dels acids
grassos poliinsaturats de la membrana cloroplastica per I'accio de la fosfolipasa A,
(Figura 2). Tot seguit, I'accio de la lipoxigenasa 13 oxigena 'acid a-linolenic al carboni

13 obtenint aixi un hidroperoxid lipidic. Aquesta peroxidacio lipidica també es pot



donar espontaniament degut a I'accié de les ROS. L’acci6 de la al-lé oxid sintasa
(AOS) forma un oxid al-lé molt inestable que la al-lé oxid ciclasa (AOC) fa servir com
a substrat per formar I'acid cis(+)-12-oxo-fitodienoic (OPDA), considerat el precursor
dels jasmonats (Brash et al., 1988; Hamberg i Fahlstadius, 1990; Song i Brash, 1991).
En aquest punt de la via de sintesi, 'OPDA és transportat del cloroplast cap al
peroxisoma, on la OPDA reductasa 3 redueix 'OPDA. A partir d’aqui, comenca el
procés de B—oxidacio on la cadena lateral pentenil i la molecula és escurgada fins a
obtenir el JA, més concretament el (+)-7-iso-JA (Cruz-Castillo et al., 2004; Koo et al.,
2006). Finalment, al citoplasma, mitjancant la JA-amino sintetasa, el JA es conjuga
amb diferents aminoacids per formar, per exemple, la (+)-7-iso-JA-lle (Westfall et al.,
2012, Figura 2).

2.2 Senyalitzacio

Les formes de jasmonats amb més clara implicacio en la via de senyalitzacio dels
jasmonats son 'OPDA, el JA, la JA-lle, i el metil jasmonat (MeJA). En les plantes
trobem principalment dues vies diferents de senyalitzacio del cloroplast cap al nucli
per part dels jasmonats. Per una banda, la classica via del JA/MeJA/JA-lle (Figura 2),
molt ben caracteritzada a dia d’avui. Es basa en el model de JA-lle com a unic lligand
especific del complex co-receptor SCFC®" mentre que el JA o el MeJA actuen com a
transmissors de la senyal a nivell sistemic (Xu et al., 2002; Thines et al., 2007). Aquest
complex interactua i ubiquitinitza les proteines repressores JAZ, que seran
eliminades al proteosoma, alliberant aixi els factors de transcripcio, com el MYC2,
que activen I'expressio genica de resposta als jasmonats. D’altra banda, 'OPDA ha
demostrat exercir una senyalitzacié independent del COI1 (Taki et al., 2005). La
caracteritzacid d’aquesta via de senyalitzacié pero, resta fragmentada i poc
clarificada. Es creu que pot estar més relacionada amb la senyalitzacio redox per part
de les oxilipines propiament, que forma part de la senyalitzacio per part les espécies
electrofiles reactives (Alméras et al., 2003; Heitz, 2016). Fins i tot s’ha suggerit que
I'OPDA-lle podria jugar un paper en aquesta via alternativa de senyalitzacioé dels

jasmonats (Wasternack i Hause, 2016).



2.3 Funci6

Els jasmonats regulen un gran nombre de processos fisiologics en les plantes. En
coordinacié amb la resta de fitohormones, participen en multitud d’aspectes de la
historia de vida de les plantes. El seu rol principal s’atribueix a la resposta a 'estres
biotic pero el seu paper en la resposta a l'estrés abiotic o en processos del
desenvolupament és també de gran rellevancia (Wasternack, 2007). Des de la
germinacio de llavors fins al desenvolupament d’organs reproductius, el JA, en
coordinacié amb les altres fitohormones, duen a terme una cadena de senyalitzacio
que donara lloc a canvis en I'expressio génica per tal que cada organ de la planta
funcioni en harmonia amb el moment de desenvolupament i la situacio vital on es
troba. A la decada dels 80, els primers processos on es va descriure la implicacio
dels jasmonats van ser la inhibicid del creixement de l'arrel o la promocio de la
senescencia foliar (Ueda i Kato, 1980; Dathe et al., 1981), perd des d’aleshores molts
altres processos com per exemple la formacio d’arrels laterals i adventicies, la
formacié de tricomes, el moviment de les fulles, o el gravitropisme s’han anat afegint

a la llista (Wasternack i Hause, 2013).

Els jasmonats també participen en la xarxa de coordinacio per a donar resposta
als estressos abiotics. La interaccid amb les altres fitohormones és essencial en
aquest aspecte (Per et al., 2018). La implicacié dels jasmonats en la resposta a
estressos abidtics s’ha demostrat en un gran nombre d’ocasions. De forma general
en plantes model, s’ha demostrat que exerceixen un paper protector davant de
condicions de sequera i de salinitat (Savchenko et al., 2014; Zhao et al., 2014),
d’estrés per fred i calor (Sharma i Laxi, 2016), d’estrés per ions metal-lics (Chen et
al., 2021), o d’estrés per rajos UV-B i per 0z6 (Sasaki-Sekimoto et al., 2005). El
mecanisme d’accio dels jasmonats en la resposta a estressos abiotics sembla estar
estretament lligat amb la induccié de sintesi d’antioxidants enzimatics (Cao et al.,
2009; Fedina et al., 2009; Piotrowska et al., 2009; Brossa et al., 2011; Qiu et al.,
2014). Normalment el paper protector davant situacions d’estres abiotic s’atribueix a
la via classica del JA, pero en el cas de la sequera o el xoc térmic s’ha demostrat

també una paper diferencial de 'OPDA en la interaccié amb l'acid abscisic per a la



regulacio de I'obertura estomatica. Tot i aixi, resten molts aspectes per clarificar en

aquest cas sobre el mecanisme d’'accio (Savchenko i Dehesh 2014, Liu i Park, 2021)

Els jasmonats, juntament amb els salicilats, son els principals actors en la defensa
sistemica de les plantes contra I'estrés biotic. Els patdgens necrotrofics, els insectes,
els herbivors, o els microorganismes desencadenen la resisténcia sistemica induida
controlada per la via de senyalitzacié dels jasmonats, que desemboca en I'activacio
de diferents mecanismes de defensa com son la sintesi de substancies toxiques o de
callosa, el priming, o la comunicacié amb plantes veines (Choudhary et al., 2007;
Pieterse et al., 2014). La resposta dels jasmonats a l'estrés biotic ha estat molt
estudiada al llarg de la historia i s’ha aconseguit elucidar el mecanisme d’accio forca
acuradament, posant de manifest el paper fonamental de la JA-lle per a I'execucié de
la resposta (Koo et al., 2009). A més, la translocacié de jasmonats pels vasos
conductors, concretament d’OPDA, o la seva sintesi al llarg d’aquests, suggereix que
la senyal sistemica que activa la resposta €s una molécula de la familia dels jasmonats
(Hause et al., 2003; Schulze et al., 2019; Wang et al., 2020) tot i que alguns autors
apunten a que més aviat la senyal és eléctrica (Maffei et al., 2004; Zimmermann et
al., 2009; Mousavi et al., 2013) i que aquesta despolaritzacié de les membranes és la

que activa la sintesi sistemica de jasmonats (Farmer et al., 2020).
3. Relacié entre la vitamina E i els jasmonats

3.1 Relacié entre les molécules fotoprotectores i la sintesi d’oxilipines

Fa mes de 1000 milions d’anys, I'endosimbiosi entre un protist unicel-lular
heterotrofic i un cianobacteri fotosintétic van donar lloc al cloroplast (McFadden,
2001; Price et al., 2012). Aquest organul cel-lular és el responsable de dur a terme la
fotosintesi i per tant la seva proteccio i comunicacidé amb el nucli cellular és
fonamental. Ja que és un compartiment d’alta activitat energetica, la formacic de ROS
eés molt considerable, sobretot als complexes d’absorcié de la llum i de transport
d’electrons (Pitzschke et al., 2006). També cal tenir en compte que tots els tipus
d’estrés deriven en la formacio de ROS al cloroplast, que a part d’exercir una funcio
de senyalitzacio també poden provocar greus danys (Suzuki et al., 2012). Les plantes

pero, han desenvolupat diversos mecanismes per a reduir el risc de patir danys



fotooxidatius associats a aquestes ROS. Les molecules fotoprotectores que treballen
per a reduir-ne I'acumulacio en sén un de molt important. Un gran exemple son la

vitamina E i els carotenoides.

Les oxilipines s6n molecules senyalitzadores que deriven de la peroxidacio lipidica
de les membranes cloroplastiques produida per I'acumulacio de ROS (principalment
'0,) o de forma enzimatica (Triantaphylides et al., 2008). Els jasmonats o I'acid
malondialdehid son exemples d’aquestes especies electrofiles reactives que
participen en la senyalitzacié retrograda per a una acurada coordinacié dels
processos de desenvolupament i de defensa a I'estrés (Weber et al., 2004; Mufioz i
Munné-Bosch, 2020). D’'una banda, la relacid entre les oxilipines i les molécules
fotoprotectores és doncs aparentment, una relacid d’antagonisme. Mentre les
primeres es formen a partir de la peroxidacié lipidica, les segones s’encarreguen
d’evitar-la, evidenciant un aparent compromis entre les funcions de cadascuna
(Demmig-Adams et al., 2013). D’altra banda pero, s’ha observat que les oxilipines
senyalitzadores indueixen la sintesi d’antioxidants, tant enzimatics com no enzimatics
(Sandorf i Hollander-Czytko, 2002; Sasaki-Sekimoto et al., 2005; Wolucka et al.,
2005; Farooqg et al., 2016).

3.2 Relaci6 entre la vitamina E i els jasmonats

Tant la localitzacié d’aquestes molecules com la seva naturalesa son claus per
entendre la seva relacio. El cloroplast és el focus d’atencid en aquest aspecte. En
primer lloc, la vitamina E i els jasmonats coincideixen a la membrana cloroplastica,
essent els jasmonats oxilipines producte de la peroxidacié lipidica d'aquestes
membranes, on els tococromanols, exercint la seva funcié antioxidant, en redueixen
la preséncia (Figura 3A; Morales i Munné-Bosch, 2015). En segon lloc, convergeixen
als plastoglobuls, que juguen un paper important en 'emmagatzematge i en la via de
reciclatge tant dels tococromanols com dels jasmonats, on s’hi ha localitzat I'enzim
tocoferol ciclasa (vte1) i oxidoreductases que participen en la reduccid dels
tococromanols oxidats, i enzims clau en la formacié de jasmonats com la AOC o la
AOS que formen OPDA a partir dels acids grassos derivats de la membrana (Figura
3B, van Wijk i Kessler, 2007).
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Figura 3. Esquema simplificat de la relacié entre la vitamina E (a-tocoferol) i els jasmonats. A)
Esquema de la relacio als tilacoides. Les linies continues representen senyalitzacions directes
demostrades clarament i les discontinues representen senyalitzacions suggerides. B) Esquema
de la relacié als plastoglobuls. a-Toc: a-tocoferol, a-TR: radical a-tocoferoxil, a-TQ: a-tocoferol
quinona, AOC: al-le oxid ciclasa, AOS: alle oxid sintasa, JA: acid jasmonic, JA-lle: jasmonoail-
isoleucina, LOX: lipoxigenasa, OPDA: acid cis(+)-12-oxo-fitoienoic, PLA1: fosfolipasa A1, ROS:
especies reactives de I'oxigen.

Fa uns vint anys que es va comengar a evidenciar la relacio entre la vitamina E i
els jasmonats en les plantes. Els jasmonats i I'herbivorisme son capacos d’induir la
sintesi de vitamina E (a, i y- tocoferol) en Arabidopsis thaliana estimulant la
transcripcio i I'activitat de I'enzim tirosina aminotransferasa (Lopukhina et al., 2001;
Sandorf i Hollander-Czytko, 2002), que esta involucrat en els primers passos de la
biosintesi de tocoferols i tocotrienols, en la formacié de 'homogentisat (Figura 1B).
També pero, la relacio en la direccio contraria s’ha proposat diverses vegades davant
de resultats d’alteracié dels continguts de jasmonats en mutants deficients en
vitamina E. Aquesta alteracié és complexa ja que no sempre les mateixes formes de
jasmonats es veuen augmentades utilitzant el mateix tipus de mutant sota condicions
d’estrés similars (Munné-Bosch et al., 2007; Simancas i Munné-Bosch, 2015; Allu et
al., 2017).
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Si bé I'estudi en plantes model ens ajuda a comprendre els processos fisioldgics
vegetals de forma controlada, l'estudi en plantes no model, especialment en
condicions naturals, és fonamental per a entendre aquests processos de manera més
holistica, tenint en compte les diferéncies entre espécies i la influencia del gran
nombre de factors que formen part de la historia de vida d'una planta.
Malauradament, la informacio sobre la relacié entre 'acumulacio de vitamina E i els
jasmonats és extremadament escassa en plantes no model en condicions naturals. A
dia d’avui hi ha pocs estudis on es mesurin simultaniament els nivells de jasmonats i
de vitamina E, perd encara menys on s’avalui la seva relacio. Existeixen pero alguns
estudis on s’ha avaluat aquesta correlacié sota condicions naturals. En aquests
estudis, les plantes estudiades en condicions naturals patien estres per sequera, i en
la majoria dels casos es van observar fortes correlacions negatives entre la vitamina
E i els jasmonats (Fleta-Soriano et al., 2015 ; Morales et al., 2015; Cotado i Munné-
Bosch, 2020). Tot i aixi, en condicions naturals encara no s’han observat exemples
de la induccio de la sintesi de vitamina E per part dels jasmonats demostrada en

plantes model
3.3 Implicacions ecofisioldgiques d’aquesta relacioé

Partint de la base que la vitamina E és essencial per a I'aclimatacio de les plantes
a certs tipus d’'estrés abiotic, com la sequera i l'alta irradiacié luminica, i que els
jasmonats ho son per a la defensa contra I'estres biotic, les possibles implicacions
ecofisiologiques de la seva relacio ressalten en condicions naturals on és comu que
convergeixin aquests dos tipus d’estres. Tot i que els estudis esmentats anteriorment
suggereixen que la relacio trobada podria tenir implicacions en el compromis entre la
resposta a I'estres abiotic i bidtic, no hi ha cap estudi on apareguin els dos tipus
d’estrés alhora. A més a més, donat que les correlacions trobades difereixen entre
les diferents formes tant de vitamina E com de jasmonats, i que cada una d’aquestes
formes sembla tenir una funci¢ diferencial (veure subapartats 1.3 i 2.3), les
implicacions d'aquesta relacié podrien tenir diferents vessants. Amb tot, les
evidéncies obtingudes fins al moment semblen indicar una gran complexitat de la
relacio entre la vitamina E i els jasmonats, i, tot i tenint en compte la dificultat

d’estudiar-la de manera comprensiva en plantes no model i en condicions naturals,
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és essencial omplir els buits que existeixen actualment en el coneixement d’aquesta

relacio degut a les importants implicacions que podria tenir en I'ecofisiologia vegetal.

4., Estrés abiodtic i biotic

4 1 Definicié d’estres

L’estres en les plantes va ser definit per primera vegada com “I'estat en el quan les
creixents demandes a les que es veu sotmesa una planta porten a una
desestabilitzacio inicial de les funcions, seguida d’'una normalitzacio i resistencia
millorada, i que “si els limits de tolerancia s’excedeixen aixi com la capacitat
adaptativa és sobrecarregada, pot resultar en danys permanents o fins i tot en la
mort” (Larcher, 1980). Es va observar que l'estrés contenia elements tant
constructius com destructius i es van introduir els conceptes d’“eu-stress”, quan es
tracta d'un estres suau que resulta en efectes positius per la planta, i “distress” quan
I'estrés inhibeix el creixement i promou la senescéncia i la mort (Lichtenthaler 1988).
’estrés es considera abiotic si €s causat per factors ambientals com la irradiacio
solar, la sequera, la temperatura, etc., i bidtic si és causat per un ésser viu, com per

exemple herbivors, patogens, o parasits (Verma et al., 2013).
4.2 Resposta de les plantes a I'estres

En tots els casos, les plantes es serveixen de la coordinacio de dues grans vies de
senyalitzacio, les hormones i les ROS, per a donar una resposta i poder aclimatar-se
a la situacio d’estres (Fujita et al., 2006). Les principals hormones implicades en la
resposta a 'estrés soén I'acid abscisic, I'acid salicilic, el JA, i I'etile. Cada situacio és
diferent segons el tipus d’estres, el grau, i el moment de desenvolupament que visqui
la planta, a més de la seva historia de vida particular. Per tal de respondre adequada
I concretament, la coordinacio de les vies de senyalitzacio aixi com el balang i la
interacci6 de les diferents fitohormones implicades és vital (Rejeb et al., 2014). En
general, trobem tres grans nivells en aquesta resposta que han de ser entesos com
una xarxa de senyalitzacié complexa i altament interconnectada. El primer nivell, que

involucra les ROS, el calci, les fitohormones de resposta a 'estres, i on participen les
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cascades de senyalitzacio de quinases, i un segon nivell on els factors de transcripcio

juguen el seu paper per a modular I'expressio genica al tercer nivell (Figura 4).

Sota una situacié d’estres, els plastidis (com el cloroplast), funcionen com a
principals sensors. Inicialment la senyalitzacié retrograda, altament relacionada amb
I'estat redox plastidial, transmet la senyal dels plastidis cap al nucli. Les principals
senyals que participen en aquesta senyalitzacié son les ROS (Crawford et al., 2018),
el calci (Navazio et al.,, 2020), i alguns metabolits com el B-ciclocitral o la 3'-
fosfoadenosina 5’-fosfat (Jiang i Dehesh, 2021). El paper de les fitohormones en la
resposta a 'estrés és transversal. Les vies de senyalitzacié hormonals poden ser
activades en aquest punt de manera paral-lela com a resposta sistemica primerenca
a l'estres o fins i tot algunes hormones, com els jasmonats, sén en si mateixes
participants clau d’aquesta senyalitzacid retrograda (Liu i Park, 2021). Aquestes
senyals interaccionen amb la xarxa de senyalitzacio citosolica, les quinases, i a partir
de la regulacio de factors de transcripcié es modula I'expressio génica al nucli cel-lular
per a donar resposta local i sistemica a I'estrés (Guo et al., 2016; Mielecki et al.,
2020).

4.3 Interaccid entre estrés abiodtic i bidtic

Mentre que I'acid abscisic €s essencial per a la resposta a 'estrés abiotic (Tuteja,
2007), 'acid salicilic, el JA i I'etilé ho son per a la resposta a I'estres biotic (Yang et
al., 2019). Quan les plantes es veuen sotmeses a una combinacié d’estressos,
abiotics i biotics, la coordinacid de la resposta augmenta en complexitat. Sota
diversos estressos, la resposta de les plantes no és additiva responent a cada un dels
estressos simples alhora, sind que el resultat de la combinacid és unic i altament
complex (Atkinson et al., 2015; Gill et al., 2020). Ho és perqué, a part de tots els
factors que intervenen en la resposta d’una planta a un estrés simple, que en ultima
instancia dona resposta al compromis entre la defensa i el creixement (Zhang et al.,
2020), en aquesta situacié apareix un nou element a tenir en compte, la prioritzacio
0 No entre estressos, inclus de manera diferencial a nivell tissular (Berens et al., 2019;
Saijo i Loo, 2019; Wolinska i Berens, 2019). Aixi doncs, amb infinitat de factors que

afecten a la resposta final de la planta a cada situacié concreta d’estrés, com per

14



exemple el grau d’estrés o I'edat, la regulacié de la interaccio entre I'estres abiotic |

biodtic resulta una matéria altament complexa perd no del tot desconeguda.

La resposta a la combinacié d’estressos abiotics i biotics és un aspecte a tractar
en diversos nivells. En un primer nivell s’interconnecten les vies de senyalitzacio
hormonals i de les ROS que responen a cada tipus d’'estres. A més, interaccionen
ambles cascades de senyalitzacio conduides per les quinases, les MAPK.
Seguidament, tot aixd desemboca en la regulacié de factors de transcripcio, en el cas
de combinacio d’estressos en son exemples els MYC o els WRKY, que donaran lloc
finalment a I'expressio génica de resposta (Figura 4, Fujita et al., 2006; Atkinson et
al., 2015). Amb tot, aquests factors de transcripcio, les cascades de MAPK, les
fitohormones, les ROS, o fins i tot els reguladors del metabolisme de les ROS semblen
ser importants candidats com a punt de convergencia entre la resposta a I'estrés

abiotic i biotic.

oA w%m

[Estres a blo? Estrés blotlc
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\ Quinases J
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&

E Respostaal’estrés

Figura 4. Esquema simplificat de les cascades de senyalitzacié en resposta a 'estres
abiotic i biodtic en les plantes. ABA: acid abscisic, ET: etile, JA: acid jasmonic, SA:
acid salicilic. Adaptat de Fuiita et al.. 2006.
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En esséncia, la resposta final ha de ser Optima per a maximitzar les defenses a
ambdods estressos tant com sigui possible per a sobreviure. Com a sensor d’estres
primari, el cloroplast és un compartiment cel-lular clau en la interaccio entre la
resposta a la convergéncia d’estressos degut al seu paper en la senyalitzacio
retrograda que dona lloc a l'aclimatacié (Anderson et al., 1997; Mufoz i Munné-
Bosch, 2020). Aixi, les xarxes de senyalitzacio redox cloroplastiques son un punt
convergent entre 'estres abiotic i biotic ja que hi interaccionen importants reguladors
del metabolisme de les ROS en situacions de convergencia d’estressos. Les ROS
interaccionen alla amb molécules involucrades amb el seu metabolisme com per
exemple antioxidants com la vitamina E, i les oxilipines, com son els jasmonats, que
deriven de la peroxidacio lipidica que les ROS provoquen (Demmig-Adams et al.,
2013, 2014; Cela et al., 2018; Demmig-Adams et al., 2019). Aixi doncs, la
comprensio de les relacions entre les molécules implicades en aquestes xarxes de
senyalitzacio, ens ajudara indubtablement a descobrir noves claus de la resposta a la

combinacio d’estressos abiotics i biotics.

Les respostes a I'estrés abiotic i biotic utilitzen senyals i vies de senyalitzacio
comunes. Es per aixd que la combinacié d’estressos pot resultar en tolerancia
creuada o en compromis entre la defensa als diferents tipus d’estres. Aixi doncs, el
fet de patir aquests dos tipus d’estres alhora pot derivar en major tolerancia a tots dos
tipus d’estrés o pot resultar en la prioritzacié d’'una de les dues respostes en detriment
de l'altra (Foyer et al., 2016; Berens et al., 2019). A més a més, seguint la teoria de
la defensa Optima, aquest resultat seria teixit-especific, €s a dir que la prioritzacié
seria diferent en els diferents teixits de la planta (Wolinska i Berens, 2019). Multiples
factors afecten al balanc entre les respostes que dona lloc a la prioritzacio o tolerancia
final. Per exemple, el genotip de la planta, I'edat, I'estat del desenvolupament, o la
naturalesa i el grau de I'estrés biotic patit, aixi com la de I'abiotic (Saijo i Loo, 2019).
Amb tot, en condicions naturals on les plantes es veuen exposades a constants
compromisos entre el creixement, la reproduccio, i la defensa, és el compromis i no
la tolerancia creuada entre la defensa als diferents tipus d'estrés el que té

consequéncies ecofisiologiques vitals.
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5. Models d’estudi

5.1 Plantes d’interés agronomic

En I'estudi de plantes d'interes agronomic, al ser plantes extensament estudiades,
partim de I'avantatge d’'una base solida del coneixement de I'especie o del génere i
del seu comportament. Aquestes especies amb gran interes agronomic degut al seu
cultiu per al consum huma, es fan servir sovint com a model de recerca. Aixi, I'interés
economic i social incentiva i genera coneixement sobre una especie vegetal.
D’aquesta manera, alhora d’'estudiar processos fisiologics que hagin estat menys
estudiats en les plantes, sera mes senzill entendre’ls primer en les plantes de les quals
ja disposem de gran quantitat d'informaci¢ que ens ajudara a comprendre millor alld

que estem estudiant.
5.1.1 Fragariax ananassa cv. Albion

Degut al seu sabor, i a l'alt contingut en nutrients essencials i compostos
beneficiosos per a la salut humana, el consum de maduixots és apreciat mundialment.
El cultiu de maduixeres genera actualment una produccié mundial de 9 milions de
tones de mitjana, essent Espanya el tercer productor del mon (Figura 5D, FAO, 2022).
Els principals compostos beneficiosos son antioxidants hidrosolubles com la vitamina
C o els compostos fenolics, principalment les antocianines, pero també ens
proveeixen d’antioxidants liposolubles com la vitamina E (Giamperi et al., 2012,
2014). Fragaria x ananassa és I'espécie de maduixera més cultivada mundialment
degut a la seva superioritat respecte la qualitat del fruit i es fa servir en molts casos
com a model d’estudi ja que, a part de ser la que realment utilitza i consumeix la
societat a nivell mundial avui en dia, és més apte per a I'estudi dels fruits que Fragaria

vesca (Liston et al., 2014; Carvalho et al., 2016; Fierascu et al., 2020).
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Figura 5. Mapa de distribucié dels models d’estudi. A) Fotografia de Fragaria x ananassa
cv. Albion, B) Fotografia de C. albidus, C) Fotografia de C. hypocistis, D) Mapa on es
representa la distribucid mundial del cultiu de Fragaria x ananassa aixi com la distribucio
de C. albidus L., i C. hypocistis L., exceptuant la regié mediterrania que es mostra només
endetallen E) C. albidus L., i F) C. hypocistis L.

El maduixot és un fruit agregat, format pel receptacle floral carnos i pels veritables
fruits anomenats aquenis, que contenen les llavors. Durant el desenvolupament del
fruit agregat, té lloc el procés de degradacid dels cloroplasts, sense conversio a
cromoplasts (plastidis especialitzats en l'acumulacié de carotenoides, Perkins-
Veazie,1995). Aixi doncs, els teixits resultants, el receptacle en els diferents estadis
de maduracié de blanc a vermell, i els aquenis, no contenen clorofil-la i sén teixits no
fotosintétics. El maduixot €s un fruit amb una elevada capacitat antioxidant (Henning
et al.,, 2010). La capacitat antioxidant que pot aportar al consumidor, aixi com el
contingut de compostos antioxidants, esta perd compartimentada en les diferents
parts del fruit agregat i a més a mes depen de la bioaccessibilitat dels diferents teixits.
La contribucio dels aquenis al total del fruit agregat és molt important en quant al
contingut d’antioxidants (un 40%) perd encara més en la capacitat antioxidant,
contribuint en un 80% a la capacitat del fruit agregat sencer abans de ser digerit
(Ariza et al., 2016). Tot i que la composici6 tissular i la contribucio a la capacitat
antioxidant de compostos fenodlics i antocianines és coneguda, la distribucio tissular

de la vitamina E en aquest model no ha estat investigada fins a 'actualitat.
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5.2 Plantes d'interes ecologic

Actualment s’estima que existeixen més de 350.000 especies de plantes al planeta
Terra (Christenhusz i Byng, 2016). L’estudi de plantes d'interés ecologic ens permet
integrar el coneixement adquirit préviament en altres espéecies en un escenari global,
avaluant si un proceés fisiologic succeeix de manera similar en moltes especies
vegetals i és universal en el regne vegetal o és més aviat espécie-especific. A part
d’aixo, en el camp de I'ecofisiologia vegetal hi ha plantes d’interés ecologic que son
especialment Utils per a estudiar determinats aspectes, sobretot si s’estudien en
condicions naturals, ja que ens permeten realitzar estudis des d’'un prisma més
realista, tenint en compte que les plantes estan adaptades al seu habitat i que a la

natura existeixen moltissims factors que afecten a molts processos alhora.

Els ecosistemes mediterranis son valorats mundialment degut a la seva gran
biodiversitat i vulnerabilitat. Ocupant menys del 5% de la superficie terrestre acullen
quasi el 20% de les espécies de plantes vasculars (Cowling et al., 1995). Les especies
vegetals que habiten aquests ecosistemes es caracteritzen per ser esclerofil-les |
resistents a la baixa disponibilitat d'aigua i de nutrients (Sardans i Pefiuelas, 2013).
Malauradament, en I'actualitat aquests ecosistemes ja estan patint les consequéncies
del canvi climatic. Principalment, I'augment en l'aridesa i en les temperatures
amenacen a les comunitats arbustives, que alhora son essencials per pal-liar-ne
I'efecte negatiu ja que confereixen plasticitat a I'ecosistema (Pefuelas et al., 2017;
Rodriguez-Ramirez et al., 2017; IUCN, 2019). A més, és ja un dels ecosistemes
particularment més afectats mundialment per aquest escenari de canvi global en el
quan ens trobem (IPCC, 2022). Es per qué sén ecosistemes de prioritat conservativa
doncs, que les espécies mediterranies sén de gran interes ecologic (Myers et al.,
2000).

5.2.1 Cistus albidus L.

C. albidus és un arbust natiu de la regidé mediterrania. Va aparéixer fa un milio
d’anys durant el Pleistoce quan el clima mediterrani ja estava ben establert (Guzman
et al.,, 2009; Fernandez-Mazuecos i Vargas, 2010). Forma part de la familia

Cistaceae, la qual consisteix en vuit géneres, Cistus, Fumana, Halimium,
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Helianthemum, Hudsonia, Lechea i Tuberaria, tots amb flors hermafrodites,
actinomorfes, i hipogines, amb tres o cinc sepals oposats als pétals (Guzman i
Vargas, 2009). El génere Cistus es divideix en dos grans llinatges, el de flors blanques
i el de flors liles. Es aquest Ultim el que inclou a C. albidus L. Les espécies d’aquests
génere participen en la successié primaria despres d’'un incendi. A meés, presenten
gran plasticitat fenotipica en resposta a la disponibilitat d’aigua i son capagos
d’establir simbiosi micorrizica amb un gran ventall de fongs. Es per aixd que habiten
la majoria d’habitats dels ecosistemes mediterranis (Figura 5, Giovannetti i Fontana,
1982; Roy i Sonié 1992; Grant et al., 2005).

C. albidus és un arbust molt resistent als estressos. Es semi-caducifolii aixo implica
la senescéncia i abscisio foliar d’'una part de les seves fulles en els periodes més
desfavorables (Correia i Ascensao, 2017). Aquesta estratégia, a més d’'un gran
nombre d’adaptacions fisiologiques i de respostes d’aclimatacio, li permeten superar
els periodes d’'estrés tipics del clima mediterrani, caracteritzats per la sequera, I'alta
irradiacio luminica, la temperatura, I'escassetat de nutrients al sol, i pertorbacions
com la pastura i el foc (Correia et al., 1992; Cowling et al., 1995; Cabal et al., 2017;
Rodriguez-Ramirez et al., 2017). La variacio ditrna, estacional, i de desenvolupament
de I'angle foliar li permeten a aquest arbust evitar la fotoinhibicid causada per I'excés
de llum (Pérez-Llorca et al., 2019a). A més, els nivells elevats de vitamina E a les
fulles, aixi com de xantofil-les i antioxidants enzimatics, contribueixen enormement a
I'aclimatacié d’aquest arbust durant els periodes d’estres per sequera o per alta
irradiacio en combinacio amb el fred (Munné-Bosch et al., 2003; Brossa et al., 2015;
Pérez-Llorca et al., 2019a, 2019b). A més a meés, el JA juga un paper clau en la
resposta d’aclimatacié de C. albidus a la sequera regulant els nivells d’antioxidants

enzimatics (Brossa et al., 2015).
5.2.2 Cyftinus hypocistis L.

A vegades ens passa per alt, perd no totes les plantes realitzen la fotosintesi.
Actualment es considera que existeixen mes de 4500 especies de plantes parasites
que habiten en la majoria d’ecosistemes del mon (Westwood et al., 2010). Degut al

seu estil de vida, originat almenys 12 vegades independents al llarg de I'evolucio, les
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plantes parasites presenten nombroses modificacions morfologiques. Principalment
reduccions en molts dels seus organs (Twyford, 2018). Les plantes parasites es
basen en I'adquisicié de recursos, tals com I'aigua, el carboni i els nutrients, del seu
hoste per a la seva supervivencia. Aquests peculiars éssers vegetals es nodreixen
generalment a partir d’'un drgan molt especialitzat anomenat haustori, que és el que
estableix la connexié amb el sistema vascular del seu hoste (Yoshida et al., 2016). La
classificacio d’aquest grup de plantes es basa per una banda en el lloc d’'unié amb
I'hoste, i per altra banda en la capacitat o no de dur a terme la fotosintesi. Mentre que
les plantes hemiparasites disposen de cloroplasts funcionals, les holoparasites no, i
per tant son plantes no fotosintetiques i obligadament parasites, i representen un 10%

del total de plantes parasites (Nickrent, 2002; Wicke et al., 2016).

Nativa de la regié mediterrania, C. hypocistis és una planta holoparasita d’arrel. Es
d'especial importancia en els ecosistemes mediterranis ja que la regido mediterrania
es un dels dos centres de diversificacio del genere juntament amb la Macaronésia.
L’altre és a Sudafrica i Madagascar (Webb, 1964; Visser, 1981). El génere Cytinus
compren vuit espécies. En la regié mediterrania, hi son presents C. hypocistis i C.
ruber (Figura 5C), tot i que la segona és ara considerada C. hypocistis subsp. clusii,
que parasiten arbustos de la familia Cistaceae (de Vega et al., 2008). Es dificil
d’observar ja que el seu cos vegetatiu és endofitic i es desenvolupa dins les arrels de
I'noste, connectant amb els seus vasos conductors a través de I'haustori (de Vega et
al., 2007). Al nivell del sol només emergeixen les inflorescencies, que juntament amb
I'espéecie de I'hoste son el que determinen els cinc grups genétics diferencials de
I'especie C. hypocistis. C. hypocistis subsp. clusii presenta inflorescéncies de colors
entre blanc marfil i rosa i parasita precisament a C. albidus (de Vega et al., 2008).
Aquestes inflorescencies havien estat tradicionalment consumides pels infants a les
comunitats rurals d’Espanya i a part de pel seu enorme interes ecofisiologic, aquesta
especie també ha estat estudiada per a les seves propietats nutricionals i antioxidants
(Tardio et al., 2006; Silva et al., 2019, 2020).

21






OBJECTIUS







Vi.

OBJECTIUS

L'objectiu principal d’aquesta tesi s estudiar la ubiquitat tissular de la vitamina E
en les plantes aixi com la seva relacié amb els jasmonats i la implicacié d’aquesta en

la interaccio entre les respostes a I'estrés abidtic i biotic.
Per tal d’assolir aquest objectiu es van plantejar diversos objectius especifics:

Determinar la preséncia i el perfil de vitamina E en teixits fotosintétics (fulles) i no
fotosintétics (fals fruit) de Fragaria x ananassa cv. Albion en condicions controlades

com a planta que presenta una singular varietat de teixits no fotosintetics

Avaluar la resposta de la vitamina E a I'estres hidric en teixits fotosintétics i no

fotosintétics en el model d’estudi Fragaria x ananassa cv. Albion

Estudiar la relacio de les diferents formes de vitamina E amb els jasmonats en les
fulles de diferents espécies amb especial atencio a I'arbust mediterrani C. albidus L.

en condicions naturals durant I'hivern

Estudiar estacionalment la convergencia d'estressos abiotics i biotics en l'arbust

mediterrani C. albidus L. en condicions naturals

Avaluar la implicacio de la relacio entre la vitamina E i els jasmonats en la interaccio
entre la resposta a 'estrés abiotic i biotic en I'arbust mediterrani C. albidus L. en

condicions naturals

Determinar la presencia i el perfil de vitamina E en la planta holoparasita C. hypocistis

L. com a planta que presenta teixits no fotosintétics singulars
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Barcelona, 25 de maig de 2022

El Dr. Sergi Munné Bosch, com a director de la Tesi Doctoral titulada “Vitamina E: ubiqditat
tissular i relacié6 amb els jasmonats, claus de la interaccié entre la resposta a I'estrés

abiotic i biotic en plantes” presentada per la doctoranda Andrea Casadesus Cabral,

INFORMA sobre el factor d'impacte i la participacié de la doctoranda en cadascun dels articles

inclosos en la memoria d’aquesta Tesi Doctoral

Capitol 1. Article “Differential accumulation of tocochromanols in photosynthetic and non-
photosynthetic tissues of strawberry plants subjected to reiterated water deficit”, publicat a
la revista Plant Physiology and Biochemistry, index d’impacte (2020) de 4.270. En aquest treball
es fa un estudi dels nivells de vitamina E, els quals s6n analitzats per cromatografia liquida d’alta
resolucié (HPLC), en una varietat comercial de maduixots, incloent estudis per analitzar les
variacions en la composicidé i continguts de vitamina E en teixits fotosintétics (fulles) i no
fotosintétics (falsos fruits en diversos estadis de desenvolupament), aixi com en les seves
diferents parts (incloent fruits veritables, els aquenis), tant en etapes productives com no
productives del cultiu. Es descriu de forma original que la vitamina E, i més concretament I'o-
tocoferol, es troba de forma ubiqua en els teixits fotosintétics i no fotosintétics analitzats en
aquesta espécie, i que els aquenis sén una font molt important de vitamina E. La doctoranda ha
realitzat tot el mostreig, les analisis de les mostres, el tractament estadistic i I'elaboracié dels
resultats coordinant tot un equip de treball al laboratori, i a més ha participat en el disseny
experimental i discussid dels resultats, constant per tant com a primera autora del treball. La
doctoranda ha demostrat una gran capacitat de treball individual i en equip, mostres de lideratge,
aixi com un excel-lent maneig en els mostrejos i en I'is de 'HPLC per a les analisis de vitamina
només de resultats d’interés en el camp de la bioquimica i fisiologia vegetal, sind també pel camp

de l'alimentacio.

Capitol 2. Article “Linking jasmonates with vitamin E accumulation in plants: a case study in

the Mediterranean shrub Cistus albidus L.”, publicat a la revista Planta, index d’'impacte (2020)

29



o\
I\VE

=% UNIVERSITAT»:
=l

BARCELONA

o —,
Z | —
=

\

de 4.116. En aquest treball s’examinen les variacions en els continguts endogens de vitamina E,
amb un émfasi especial en la seva possible relaci6 amb 'acumulacié de jasmonats durant tres
hiverns en plantes de C. albidus en el seu habitat natural. Es fan també dos estudis
complementaris, el primer amb discs de fulles per estudiar la relacio inversa, és a dir com els
jasmonats poden afectar I'acumulaci6 de vitamina E, i el segon, un estudi bibliografic
complementari de meta-analisi de dades per elucidar els factors clau de la bidireccionalitat de la
relacié entre jasmonats i vitamina E en totes les espécies vegetals estudiades fins aquell
moment. Cal destacar la importancia de I'estudi en quan a la dificultat d’analitzar diferents els
resultats de diferents aproximacions experimentals (metanalisi, estudi de laboratori amb discs de
fulles, i estudi de camp amb dades acumulades de diversos anys). Es descriu per primera
vegada de forma molt robusta la bidireccionalitat en la relacié entre la vitamina E, un antioxidant
cloroplastic, i els jasmonats, hormones resultants de la peroxidacio lipidica. La doctoranda ha
realitzat tots els mostreig, les analisis de les mostres, el tractament estadistic i I'elaboraci6 dels
resultats, i 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 excel-lents aptituds en l'analisi estadistic i interpretaci6 de les dades en estudis
complementaris perd0 a la vegada molt diferents entre ells. La doctoranda mostra una gran
maduresa cientifica, tant en la part de camp com en la de laboratori, dominant una gran varietat

de know-hows en el camp de I'ecofisiologia vegetal.

Capitol 3. Article “Contrasting seasonal abiotic stress and herbivory incidence in Cistus
albidus L. plants growing in their natural habitat in a Mediterranean mountain”, enviat per a
la seva publicacié a la revista Journal of Arid Environments, index d'impacte (2020) de 2.211. En
aquest treball es descriu, entre altres aspectes, I'estacionalitat en la incidéncia d’estrés abidtic, i
les seves implicacions a nivell fisiologic en fulles, i I'estrés bidtic, concretament per herbivorisme.
Cal destacar I'aproximacié experimental, amb un caire molt més enfocat en I'ambit ecoldgic que
en els anteriors capitols, original i amb un alt valor cientific, ja que es demostra per primera
vegada el grau de coincidéncia d’aquests estressos tant diferents en plantes de C. albidus
creixent en condicions naturals. La doctoranda ha realitzat tots els mostreigs i analisis de les
mostres, ha realitzat el tractament estadistic i 'elaboracié dels resultats, i a més ha participat en
el disseny experimental i discussié dels resultats, constant per tant com a primera autora del

dels resultats en el camp de I'ecologia, a més d’un excel-lent maneig al laboratori.

Capitol 4. Article “Holoparasitic plant-host interaction between Cytinus hypocistis and

Cistus albidus in their natural Mediterranean habitat: a spatiotemporal approach”, enviat
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per a la seva publicacié a la revista Plant Physiology, index d’impacte (2020) de 8.340. En aquest
darrer treball experimental es descriu la importancia de la relacid entre una planta holoparasita i
el seu hoste, aixi com els mecanismes d’accio implicats en la resposta a aquesta interaccio tant a
nivell local (haustori-arrel) com a nivell sistémic (fulles). Cal destacar que s’inclouen diversos
experiments de gran complexitat d’execucié degut a I'aproximacié espaitemporal utilitzada en la
que es combinen estudis de les relacions espaials a nivell d’arrel-haustori de pocs mil-limetres
amb efectes espacials a escala geografica de diversos kilometres, tenint en compte a més a més,
els efectes temporals (estacionals) en la resposta sistemica (en fulles) d’aquesta relacié entre la
planta parasita i 'hoste. La doctoranda ha realitzat tots els mostreigs, les analisis de les mostres,
el tractament estadistic i I'elaboracié dels resultats, i 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 i ha participat també activament en la
redaccio de l'article com en els altres capitols de la tesi. La doctoranda mostra un excel-lent
maneig no només en el camp de la bioquimica i fisiologia vegetal, sin6 també en el camp de

I'ecologia. La doctoranda demostra un excel-lent grau de maduresa cientifica.

Annex 2. Article “Holoparasitic plant-host interactions and their impact on Mediterranean
ecosystems”, publicat a la revista Plant Physiology, factor d'impacte (2020) de 8.340. La
doctoranda escriu la primera versié de l'article de revisié i ajuda a preparar diverses figures,

mostrant una excel-lent maduresa intel-lectual.

I, per que aixi consti als efectes oportuns,

Dr. Sergi Munné Bosch
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Chapter 1. Differential accumulation of tocochromanols in photosynthetic and non-
photosynthetic tissues of strawberry plants subjected to reiterated water deficit.
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Els tococromanols son un grup d’antioxidants liposolubles que inclouen els tocoferols,
els tocotrienals, i el plastocromanol-8. En aquest estudi, es va examinar la possible
acumulacio diferencial de tococromanols als teixits fotosintetics i no fotosintétics
(incloent les fulles i els falsos fruits) de maduixeres (Fragaria x ananassa cv. Albion) i
es va avaluar les seves variacions endogenes en resposta a un deficit hidric reiterat
durant el periode vegetatiu (no productiu) i el periode reproductiu (productiu). A més,
vam avaluar la concentracié de tococromanols als aquenis (fruits veritables) i al
receptacle del maduixot als estadis de color blanc i completament vermell, ambdds
sota condicions optimes i d’estres. Els resultats van mostrar que les fulles acumulaven
majoritariament a-tocoferol, essent presents en baixes quantitats el plastocromanol-
8 i el y-tocoferol. En contrast, els falsos fruits no van acumular plastocromanol-8,
essent el y-tocoferol el major tococromanol als aquenis (fruit veritable) i I'a-tocoferol
al receptacle. Mentre que el contingut d’a-tocoferol a les fulles va augmentar fins a
set vegades després de 12 setmanes d’estres durant el periode productiu, es va
mantenir inalterat durant el periode no productiu. Ni el contingut de plastocromanol-
8 ni el de y-tocoferol va augmentar a les fulles de les plantes estressades. D’entre els
compostos examinats, el receptacle de les maduixes va acumular només a-tocoferol,
tant a I'estadi blanc com al completament vermell. Es conclou que (i) I'a-tocoferol és
el major tococromanol a les fulles, mentre que el y-tocoferol és el major tococromanol
als aquenis, (ii) el deficit hidric reiterat promou I'acumulacio d’'a-tocoferol a les fulles i
de y-tocoferol als fruits, (iii) I'a-tocoferol no només s’acumula als teixits fotosintetics
(fulles i falsos fruits en estadis verds) sin0 que també als teixits no fotosintetics
(receptacle dels falsos fruits als estadis blancs i completament vermell), i (iv) els

aquenis (fruits veritables) del maduixot sén una font extraordinaria de tocoferols.
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ARTICLE INFO ABSTRACT

Keywords: Tocochromanols are a group of lipid-soluble antioxidants that include tocopherols, tocotrienols and
Fragaria x ananassa plastochromanol-8. Here, we examined a putative differential accumulation of tocochromanols in photosynthetic
Rosaceae and non-photosynthetic tissues (including leaves and whole fruits) of strawberry (Fragaria x ananassa cv. Albion)
Strawberries . - . . . . . .

plants and evaluated their endogenous variations in response to a reiterated water deficit during a vegetative
Tocochromanols

(non-productive) and a fruiting (productive) period. In addition, we evaluated the concentration of tocochro-
manols in achenes (true fruits) and flesh of strawberries (whole fruits) at the white and full-red stages both under
y-Tocopherol optimal and stress conditions. Results showed that leaves mainly accumulated o-tocopherol, with
Achene plastochromanol-8 and y-tocopherol being present at low amounts. In contrast, whole fruits did not accumulate
Flesh plastochromanol-8, y-tocopherol being the major tocochromanol in the achenes (true fruit) and a-tocopherol in
the flesh. While a-tocopherol content in leaves increased up to seven-fold after 12 weeks of stress during the
fruiting period, it kept unaltered during the vegetative period. Neither plastochromanol-8 nor y-tocopherol
contents increased in leaves of stressed plants. During the fruiting period, y-tocopherol content increased in
whole fruits of stressed plants (most of it being accumulated in the achenes). Among the compounds examined,
the flesh of strawberries accumulated a-tocopherol only, both at the white and full-red stages. It is concluded that
(i) a-tocopherol is the major tocochromanol in leaves, while y-tocopherol is the major tocochromanol in achenes
(ii) reiterated water deficit promotes the accumulation of a-tocopherol in leaves and y-tocopherol in fruits, (iii)
a-tocopherol not only accumulates in photosynthetic tissues (leaves and whole fruits at green stages), but also in
non-photosynthetic tissues (flesh of whole fruits at the white and full-red stages), and (iv) achenes (true fruits) of
strawberry plants are an extraordinary rich source of tocopherols.

Plastochromanol-8
a-Tocopherol

1. Introduction tocopherol-transfer protein with high specificity for a-tocopherol

(Atkinson et al., 2008; Azzi, 2010). In plants, an a-tocopherol-binding

Tocochromanols are a group of prenyl lipids with antioxidant
properties that include tocopherols, tocotrienols and plastochromanol-8
(PC-8). Tocopherols are amphipathic molecules formed by a chromanol
head and a phytyl chain and depending on the degree and position of
methyl groups in the former four homologues may occur, including the
a-, B-, y- and 8-tocopherols (Munné-Bosch and Alegre, 2002; Atkinson
et al., 2008). y-Tocopherol is the precursor of a-tocopherol, the latter
being considered the principal component of the vitamin E group of
compounds, not only because it has a strong antioxidant activity, but
also because it is transported by the human body by a

protein located in chloroplasts of tomato leaves has recently been
discovered (Bermtudez et al., 2018). This protein may transport
a-tocopherol (probably together with other prenyl lipids) between the
plastid compartments and/or at the interface between chloroplasts and
the endoplasmic reticulum, influencing inter-organelle lipid metabolism
(Bermudez et al., 2018; Munoz and Munné-Bosch, 2019). Contrary to
tocopherols, tocotrienols and PC-8 are not universal in the plant
kingdom (Falk and Munné-Bosch, 2010; Kruk et al., 2014). Plant species,
organ/tissue and growth conditions strongly determine the contents of
tocochromanols in plants, with tocopherols being generally
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predominant in photosynthetic tissues and their contents increasing in
response to a variety of stresses (Munné-Bosch, 2005; Kruk et al., 2014;
Munoz and Munné-Bosch, 2019). Aside from chloroplast plastoglobuli,
where tocochromanols are synthesized and accumulated (Block et al.,
2013), these compounds are found in the chloroplast membrane and in
thylakoids, where they exert an antioxidant role (Kruk et al., 2014;
Munoz and Munné-Bosch, 2019). The antioxidant activity of PC-8 is like
that of y-tocopherol and y-tocotrienol in biological membranes (Siger
et al., 2014) and stronger than that of a-tocopherol in some cases,
particularly in the most hydrophobic environments within the lipid
membrane (Obranovic et al., 2015). The latter may be partly attributed
to the prenyl chain, which is more unsaturated in PC-8 compared to that
of tocopherols and can therefore more efficiently quench singlet oxygen.
All tocochromanols are excellent quenchers and scavengers of singlet
oxygen and other reactive oxygen species, and they play a major role in
inhibiting the propagation of lipid peroxidation in biological mem-
branes (Kruk et al., 2014; Munoz and Munné-Bosch, 2019). However, it
is still poorly understood why some plant species specifically accumu-
late PC-8 and tocotrienols aside from tocopherols in some of their organs
and tissues, and whether the various tocochromanols exert a redundant
antioxidant role in plants.

Water deficit is a major factor limiting crop productivity worldwide.
Plant response to water deficit occurs at multiple scales, from reduced
growth and increased root/shoot ratio at the whole-plant level, to the
activation of stress-related response genes at the molecular level (Hon-
g-bo et al., 2008; Aroca, 2012). The latter leads to the activation of
several redox and antioxidant-related defense pathways that operate at
multiple levels within the cell (Hong-bo et al., 2008; Munné-Bosch et al.,
2013). Antioxidant compounds modulate the extent of reactive oxygen
species accumulation and redox signaling in plants, which is a key
component of stress acclimation (Foyer and Noctor, 2009; Munné-Bosch
et al., 2013). Among various antioxidants, water deficit leads to the
accumulation of tocochromanols (Munné-Bosch, 2005). For instance,
enhanced accumulation of PC-8, a- and y-tocopherols occurs in leaves of
maize plants exposed to reiterated water deficit (Fleta-Soriano and
Munné-Bosch, 2017). Vitamin E accumulation in leaves has also been
shown to occur in several other crops, including tomato (Loyola et al.,
2012), kale (Podda et al., 2019), barley (Marok et al., 2013) and fig trees
(Gjolami et al., 2012). In addition, vitamin E has also been shown to
increase in fruits and/or seeds of plants exposed to water deficit, such as
grapevines (Savoi et al., 2016) and almond trees (Kodad et al., 2018).

Strawberries are widely consumed around the world. Their global
production is more than five militons, being China the first producer
country and Spain the first in exportation (FAO, 2018). Strawberries are
highly appreciated for their organoleptic characteristics and benefits on
human health. Major beneficial phytochemical compounds include
water-soluble antioxidants, such as vitamin C and phenolic compounds,
but lipid-soluble antioxidants, such as vitamin E, are also present
(Giampieri et al., 2012). Strawberries are whole fruits formed by the
fleshy floral receptacle and the true fruits (achenes), and the distribution
of antioxidant compounds within the whole fruits, although still little
explored, is important to understand their benefits. Despite their small
size, achenes contribution to the total antioxidant capacity of straw-
berries has indeed been shown to be very high (Ariza et al., 2016).

The aim of the present study was to shed light on the distribution of
tocochromanols in photosynthetic and non-photosynthetic tissues of
plants using not only leaves but also whole fruits of strawberry plants
(Fragaria x ananassa [Duchesne ex Weston] Duchesne ex Rozier) as an
excellent model to examine whether the various tocochromanols exert a
redundant antioxidant role in plants. With this purpose, we evaluated
the presence of tocochromanols in photosynthetic and non-
photosynthetic tissues of strawberry plants and assessed the influence
of stress conditions, induced by a reiterated water deficit, on the toco-
chromanol content of strawberry leaves and fruits.
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2. Materials and methods
2.1. Growth conditions, treatments and samplings

Forty strawberry plants (Fragaria x ananassa [Duchesne ex Weston]
Duchesne ex Rozier) of the “Albion” variety, which were obtained from
Lurberry (Gipuzkoa, Spain) on March 19th, 2018, were grown each in 3
dm? pots in a greenhouse at the experimental fields of the University of
Barcelona (Barcelona, NE Spain) with a distance between pots of 20 cm,
using a substrate based on 50% of peat, 25% of perlite, 25% of
vermiculite, CaCO3 at 1 g/L and essential micronutrients at 0.05 g/L.
After 3 months of growth, they received a first vernalization treatment
based on 30 days of low temperatures (4 °C) during the night. This first
exposure to low temperatures did not induce flowering, so plants were
still in a vegetative (non-productive) stage. Experiments started one
month later during September 12th, 2018 in the greenhouse by estab-
lishing two irrigation treatments: half of the plants were used as controls
and the other half exposed to water deficit conditions. Control plants
were subjected to daily, constant irrigation with Hoagland nutritive
solution at pot field capacity, according to their evapotranspirative de-
mand, while the water deficit treatment was established by irrigating
plants twice a week (once with 0.5 L of Hoagland solution and once with
tap water).

During the vegetative (non-productive) period, samplings were car-
ried out on September 12% 2018 (week 0, start of the experiment),
September 27" 2018 (week 2), October 11" 2018 (week 4), November
8™ 2018 (week 8) and December 5™ 2018 (week 12). Daily mean tem-
perature in the greenhouse ranged between 16 and 27 °C, decreasing
from the start to the end of the study period, and daily mean relative
humidity ranged between 35 and 80% (Suppl. Fig 1). During the fruiting
(productive) period, samplings were carried out during March 6 2019
(week 0, start of treatments), March 21t 2019 (week 2), April 4™ 2019
(week 4), May 2™ 2019 (week 8) and May 301 2019 (week 12). Daily
mean temperature in the greenhouse ranged between 15 and 24 °C,
increasing from the start to the end of the study period, and daily mean
relative humidity ranged between 30% and 75% (Suppl. Fig. 1). All
samplings were performed at predawn (1 h before sunrise). Between the
end of the vegetative period and the start of the fruiting period, plants
were subjected to low temperatures outdoors during winter receiving a
second vernalization treatment, and all plants were equally watered
with Hoagland solution at pot field capacity. This second exposure to
low temperatures led to reach the minimum required number of low
temperature exposure for vernalization, which induced flowering, so
plants rapidly attained the productive, fruiting stage.

At the start of water deficit treatments, both during the non-
productive and the productive periods, all plants were randomly
selected for establishing control and stress conditions, and 10 randomly
selected plants per treatment were used at each sampling point. Two
young, fully developed leaves were collected at each sampling point.
One of them was immediately frozen in liquid nitrogen and then kept at
—80 °C to be used for subsequent biochemical analyses. The other was
used to determine the maximum efficiency of photosystem II (F,/Fy,) in
situ with a mini-PAM II (Photosynthesis Yield Analyser, Walz, Germany)
and the relative water content [RWC, calculated as 100x(FW-DW)/TW-
DW), where FW is the fresh weight, TW is the turgid weight after 24 h
immersed in water, and DW is the dry weight after drying in the oven at
80 °C]. Furthermore, fruit production was measured once a week during
the productive period to estimate the influence of water deficit on
accumulated fruit production. Accumulated fruit production was esti-
mated as the number of fruits and the FW of all fruits produced per plant
during a period of 12 weeks.

Fruit sampling for biochemical analyses was carried out during the
reproductive stage at week 4 (April 4, 2019). Between three and four
strawberries from each treatment were collected at five different fruit
developmental stages from different individuals, including “small
green” (SG), “big green” (BG), “white type” (WT), “partial red” (PR) and
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Fig. 1. Tocochromanol composition of leaves, achenes and flesh of whole fruits
in strawberry plants. Data are the means + SE of n = 10 individuals for leaves
and n = 6 for achenes and flesh. Results of statistics are shown in the inlets. The
tocochromanol biosynthesis pathway is also shown for reference.

“full red” (FR). Whole fruits were immediately frozen in liquid nitrogen
and then kept at —80 °C to be used for subsequent biochemical analyses.
In addition, we manually separated all the achenes from the flesh of
three WT and three FR strawberries for each treatment to study the
distribution of tocochromanols in the whole fruit. Dissection forceps was
used to collect achenes, which were immediately cleaned with distilled

870

Plant Physiology and Biochemistry 155 (2020) 868-876

water. Achenes and flesh (without achenes) were frozen in liquid ni-
trogen and then kept at —80 °C to be used for biochemical analyses.

2.2. Tocochromanol analyses

Tocochromanol analyses included the four tocopherol homologues,
the four tocotrienol homologues and PC-8. Analyses were performed by
high-performance liquid chromatography (HPLC) using methanolic ex-
tracts as described by Cela et al. (2011). One hundred mg of well
powered fresh leaves were used for the extract, and after repeated
extraction with 300 pl of methanol, the supernatants were pooled and
filtered using a 0.22 pm PTFE filter (Waters, Milford, MA, USA), and
then subsequently injected into the HPLC system (consisting on a Waters
600 controller pump, Waters 714 plus auto-sampler and Jasco FP-1520
fluorescence detector). The mobile phase was a mixture of n-hexane and
1,4-dioxane (95.5:4.5, v/v) at a flow rate of 1.1 mL/min. Tocochroma-
nols were separated on a normal-phase column (Inertsil 100A, 5 pm, 30
x 250 mm, GL Sciences Inc, Japan). Fluorescence detection was at an
excitation wavelength of 295 nm and emission at 330 nm. Standards of
tocopherols (Sigma-Aldrich) and PC-8 (provided by J. Kruk, Jagellonian
University) were used for calibration.

2.3. Photosynthetic pigments analyses

Photosynthetic pigments, including chlorophyll a and b, were
analyzed using UV/Visible spectroscopy of double beam as described by
Olivan and Munné-Bosch (2010). Methanolic extracts were prepared
using 100 mg of well powered fresh leaves and were diluted 1:5 (v/v).
The absorbance was read at 470 nm, 653 nm and 666 nm using a CE
Aquarius UV/Visible Spectrophotometer (Cecyl Instruments Ltd, Cam-
bridge, UK) and pigment concentrations were obtained using the
equations developed by Loyola et al. (2012).

2.4. Statistical analyses

To determine the effect of “treatment” and “time”, multifactorial
analyses of two fixed factors using two-way ANOVA test were per-
formed. Normality and homoscedasticity of residues were checked as
described by Zuur et al. (2009). Correlations between tocochromanols
and chlorophylls content were tested with Pearson’s correlation test. All
results were considered significant when P < 0.05. All statistical tests
were performed using R statistical software (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results and discussion

Tocochromanols are amphipathic molecules found in biological
membranes of a huge diversity of organisms, from cyanobacteria to
angiosperms and humans (Falk and Munné-Bosch, 2010). The capacity
to synthesize tocopherols seems, however, to be restricted to cyano-
bacteria and organisms containing chloroplasts as a holdover from its
algal past, including all organisms pertaining to the plant kingdom or
the malaria parasite (Plasmodium falciparum, Nair and Striepen, 2011;
Sussmann et al., 2017), where tocopherols occur universally. Here we
show a tissue-specific accumulation of various tocochromanol forms in
strawberry plants with tocopherols being accumulated not only in
photosynthetic tissues (leaves) but also in non-photosynthetic tissues
(fruits), while PC-8 accumulates at low amounts in photosynthetic tis-
sues (leaves) only. Among tocochromanols, a-tocopherol was the only
form present in the flesh of fruits at the white and full-red stages, thus
indicating that this was the only form present both in photosynthetic and
non-photosynthetic tissues. While y-tocopherol may play a significant
role as a precursor of a-tocopherol, PC-8 accumulation may exert at best
a minor or redundant antioxidant role in strawberry plants.
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3.1. Differential tocochromanol composition in leaves and fruits

Tocochromanols were found both in photosynthetic tissues (leaves)
and non-photosynthetic tissues (fruits) of strawberry plants. However,
tocochromanol composition strongly differed between tissues. Straw-
berry leaves contained around 175 pg/g fresh weight (FW) of total
tocochromanols under control conditions, being a-tocopherol the most
abundant form (92.3%), followed by y-tocopherol and PC-8 (4.7% and
3.0%, respectively, Fig. 1). True fruits (achenes), which contained 75
ng/g FW of total tocochromanols, that is 43% of the amount found in
leaves, accumulated «, y, and &-tocopherols, but not PC-8. The
a-tocopherol precursor, y-tocopherol, and not the o homologue was the
most abundant form among tocochromanols (67.7% compared to 21.9%
for y- and a-tocopherols, respectively) while §-tocopherol represented
the 10.4%. PC-8 was neither found in the flesh of whole fruits, where
a-tocopherol was the only tocochromanol present (4 ug/g FW, that is 2%
of the amount found in leaves). PC-8 has been shown to occur in various
plant species and plant organs, including both photosynthetic tissues
(leaves) and non-photosynthetic tissues (fruits and seeds, Kruk et al.,
2014). In strawberry plants, PC-8 appears to be present at low amounts
and occurs in photosynthetic tissues only. Interestingly, tocopherol
cyclase (VTE1) uses both plastoquinol-9 and dimethylbenzoquinol to
form PC-8 and y-tocopherol, respectively, and y-tocopherol is the im-
mediate precursor of a-tocopherol (Block et al., 2013). It is likely that a
low specificity of VTE1 for plastoquinol-9 in photosynthetic tissues and
the absence of this substrate in non-photosynthetic tissues may explain
the differential accumulation of PC-8 in leaves and fruits of strawberry
plants. In any case, however, the low amounts of PC-8 in leaves and its
absence in fruits strongly suggest that this tocochromanol plays, if any, a
very minor antioxidant role compared to that exerted by a-tocopherol.
Furthermore, it should be noted that tocotrienols were not found to
occur in either of the tissues examined in the present study, which
supports the contention that a-tocopherol is the most important toco-
chromanol in strawberry plants.

3.2. Influence of stress conditions on tocochromanol composition in leaves

Water stress conditions led to severe reductions in vegetative growth
and yield. Despite both control and stressed plants showed RWC above
80% and F,/Fp, values above 0.75 throughout the study (Fig. 2), thus
indicating absence of photoinhibitory damage to the photosynthetic

Non productive period Productive period
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apparatus (Takahashi and Badger, 2011), vegetative biomass was
reduced by 70% in stressed plants compared to control ones (Fig. 3).
Fruit production was also strongly reduced due to stress conditions, the
accumulated number of fruits and total biomass of fruits per plant being
reduced by 23% and 65%, respectively, in stressed plants compared to
control plants (Fig. 3). Under these conditions, both tocochromanol
content and composition were strongly altered. a-Tocopherol content
increased under stress conditions, in particular during the fruiting
(productive) period, when the amount of this antioxidant reached a
maximum of 700 pg/g FW after 12 weeks of treatment (values two- and
seven-fold higher than those found for control plants at week 12 and the
start of experiments, respectively, Fig. 4). When expressed on a chlo-
rophyll basis, similar differences in tocochromanol content in response
to water deficiency were observed (Fig. 4), since chlorophyll contents
did not differ largely between both plant groups (Fig. 2). a-Tocopherol
content corresponded to 99% of the total tocochromanol content in
leaves of stressed plants at the end of the experiment, thus confirming
that PC-8 played at best a very minor role as an antioxidant in straw-
berry plants, also under stress conditions. This strongly differs from that
observed in other crops exposed to water deficit, such as maize plants, in
which PC-8 increased significantly under water stress (Fleta-Soriano and
Munné-Bosch, 2017). In contrast to what occurs in maize plants, where
PC-8 contents account for more than 25% of the total tocochromanols in
leaves, strawberry plants constitutively accumulated very low amounts
of PC-8 in leaves (3% of total tocochromanols, Fig. 1, with this per-
centage decreasing to <1% under severe stress conditions, Fig. 4). Taken
together, these results confirm that PC-8, contrary to tocopherols, is not
a universal antioxidant in the plant kingdom and suggest that PC-8 may
be redundant to a-tocopherol, at least in all those plant species and or-
gans where both accumulate simultaneously. Finally, it is worth
mentioning that y-tocopherol content in leaves was strongly influenced
by the productive stage of plants, leaves of fruiting plants showing up to
4-fold higher y-tocopherol content than vegetative plants. It is tempting
to speculate that y-tocopherol not only functions as the immediate
precursor of a-tocopherol, but it might be additionally involved in plant
reproduction, as it has been suggested by early studies of tocopherol
function in flowering regulation of Fragaria vesca L. var. semperflorens
(Sironval and El Tannir-Lomba, 1960). Further research is however
needed to explore this possibility, since it is also likely that in this case
y-tocopherol solely serves as a precursor of a-tocopherol and its accu-
mulation in leaves of reproductive plants simply reflects a higher need
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for a-tocopherol biosynthesis (y-tocopherol accumulation acting as a
reservoir of the most active antioxidant a-tocopherol).

3.3. Stress conditions shift tocopherol composition in strawberry fruits

Water deficit not only reduced yield but shifted the tocochromanol
composition of strawberry fruits. Whole fruits of strawberry plants
accumulated tocopherols only (neither PC-8 nor tocotrienols were
found), and the contents of tocopherols were influenced by both stress
conditions and the fruit developmental stage (Fig. 5A). Mature straw-
berries (whole fruits) contained below 10 pg/g FW of total tocochro-
manols under control conditions, that is 6% of the amount found in
leaves, being both o- and y-tocopherols quite abundant but with non-
detectable PC-8 and tocotrienols (<0.01 pg/g FW). a-Tocopherol con-
tent decreased during fruit development, with maximum levels observed
at the early, small green (SG) stage, and minimum levels occurring at full
maturity or full red (FR) stage (Fig. 5). Interestingly, however, not only
ripen fruits contained tocopherols, but also fruits with a completely
white appearance (Fig. 6). At this stage the content of a-tocopherol in
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Fig. 5. Variations in the endogenous contents of tocochromanols in whole
fruits of strawberry plants at various developmental stages under control and
stressed conditions. Data are the means + SE of n = 3—4. Results of statistics are
shown in the inlets. Fruit developmental stages: SG, small green; BG, big green;
DG, de-greening; WT, white; PR, partial red; FR, full red. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

44

873

Plant Physiology and Biochemistry 155 (2020) 868-876

the flesh (with achenes excluded) was ca. 5 pg/g FW, and this homo-
logue was the only tocopherol form found in the flesh at the WT stage,
since y-tocopherol accumulated in the achenes (true fruits) only (Fig. 6).
This is an example of a-tocopherol accumulation in a white, non-
photosynthetic tissue in plants, and although it is not the only
example found in the literature (e.g. tepals of Lilium flowers, Arrom and
Munné-Bosch, 2010), it opens new questions on the metabolic origin of
this tocochromanol in non-photosynthetic tissues (strawberry fruits at
the white and full-red stages). It is possible that part or all of this
a-tocopherol content, which was still quite high in the flesh of whole
fruits at the white stage (around 5 pg/g FW), still remains in the fruit as
part of remnant chloroplast membranes that have been degraded during
fruit ripening. It is interesting to note, however, that the flesh of whole
fruits at a later stage of ripening (full-red stage) kept a-tocopherol
contents above 3 pg/g FW, the contents of this antioxidant not being
significantly affected by the water deficit treatment. Therefore, it is
likely that the flesh of the maturing whole fruit still maintains the ca-
pacity to synthesize tocopherols and specifically accumulates
a-tocopherol, an aspect that requires further investigation.

y-Tocopherol content was not influenced by fruit developmental
stage, but by stress conditions. Fruits from stressed plants contained
more y-tocopherol than fruits from control plants (Fig. 5). However,
these differences were due to water deficit effects on the water content
of fruits, since y-tocopherol content did not differ between fruits of
control plants and stressed plants in the achenes neither at the WT and
FR stages (Fig. 6). In other words, although y-tocopherol content in
whole fruits increased in response to stress conditions, and this is an
interesting observation in terms of food chemistry, this was caused by
the production of smaller and drier fruits in stressed plants compared to
control plants. Furthermore, a strong correlation was found (considering
all tissues studied together) between vitamin E and chlorophyll contents
(Fig. 7). Although this is in agreement with the idea that vitamin E is
synthesized and exerts an antioxidant role mainly in chloroplasts,
therefore highlighting the link between tocochromanols and chloro-
plasts; the presence of a-tocopherol in the flesh of whole fruits at the
white stage poses intriguing questions about the possible extra-
chloroplastic location of vitamin E in plants (Munoz and
Munné-Bosch, 2019).

3.4. Achenes are an extraordinary source of vitamin E

Vitamin E is an essential micronutrient for humans. The recom-
mended intake ranges between 3 and 15 mg per day depending on the
countries and the age but the global intake is in suboptimal levels (Péter
et al., 2015). Its biological role has been largely associated with its
antioxidant properties protecting cell membranes from oxidative dam-
age, but it appears that its beneficial effects may also be due to the
modulation of signal transduction and gene expression, with differential
roles for the a and y vitamers. The major emerging novel functions for
vitamin E described in humans are related with modulation of inflam-
matory processes and with cytoprotection in the liver and in the brain
(Galli et al., 2017; Reboul, 2017). In this sense, it is worth mentioning
that tocopherol contents are very high in true fruits (achenes) of
strawberry plants, especially y-tocopherol. While whole fruits accumu-
late less tocopherols than vitamin E-rich fruits, such as olives, black-
berries, mamey sapote, avocados or kiwis (Food Data Central of USDA),
the true fruit (achenes) of strawberry plants accumulates two-fold
higher amounts of vitamin E than olives on a fresh matter basis (75
ug/g FW vs. 38 pg/g FW, Food Data Central of USDA). These results are
in agreement with other studies, which showed higher antioxidant
content in achenes than flesh, indicating that strawberry achenes are an
important source of bioactive compounds (Ariza et al., 2016). It should
be noted, however, that not all tocopherols occur in the form of the most
active vitamin E, a-tocopherol, but most of it accumulates in the form of
its precursor y-tocopherol, which once ingested cannot be converted to
a-tocopherol in the human body.
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4. Conclusions

Tocochromanols differentially accumulate on strawberry plants
depending on the tissue, growth conditions and developmental stage.
Although vitamin E accumulation strongly correlates with chlorophyll
contents, and hence with chloroplasts, in leaves and fruits, several fac-
tors influence their tocochromanol content and composition.
a-Tocopherol is the major tocochromanol in leaves, while y-tocopherol
is the major tocochromanol in true fruits, achenes representing one of
the fruits with the highest vitamin E contents. Stress conditions promote
the accumulation of tocopherols, but not that of PC-8, shifting the
tocochromanol composition of both leaves and fruits, thus suggesting
PC-8 plays at best a minor antioxidant role in strawberry plants, contrary
to tocopherols. a-Tocopherol not only accumulates in photosynthetic
tissues (at very high amounts in leaves and whole fruits at green stages),
but also in non-photosynthetic tissues (although to a lesser extent, in the
flesh at the white stage), in strawberry plants. Overall, results suggest
that a-tocopherol not only plays a role in photosynthetic tissues but also
in non-photosynthetic tissues of strawberry plants, y-tocopherol may
play a significant role as a precursor of a-tocopherol, and finally PC-8
accumulation may exert at best a minor or redundant antioxidant role
in strawberry plants. Further research is however needed to better un-
derstand the biosynthesis, transport and function of these antioxidants
in plants.
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Mentre la vitamina E és coneguda per les seves propietats antioxidants, estant
involucrada en la resposta de les plantes a I'estres abiotic, els jasmonats estan
generalment relacionats amb la resposta a I'estres biotic en les plantes. Estudiar-los
en plantes no model sota condicions naturals és crucial pel coneixement de la seva
relacio, la qual cosa ajudara a entendre millor els mecanismes i els limits de tolerancia
a l'estrés per implementar millors estrategies de conservacid en ecosistemes
vulnerables. Es va estudiar un arbust tipicament mediterrani, I'estepa blanca (C.
albidus), sota condicions naturals durant tres hiverns i es van analitzar l'a- i y-
tocoferol, i les tres principals formes de jasmonats, 'OPDA, el JA, i la JA-lle. Els
resultats van mostrar que els continguts de JA es correlacionaven positivament amb
I'acumulacio de vitamina E, particularment amb el y-tocoferol, el precursor de I'a-
tocoferol (la forma més activa de vitamina E). Aquest resultat va ser confirmat
mitjancant aplicacions exdgenes de MeJA en discs foliars sota condicions
controlades, on augmentaven els nivells de y-tocoferol amb I'aplicacié de 0.1 mM
MeJA i d'a-tocoferol a 1 mM MeJA. A més a més, una meta-analisi complementaria
amb els treballs préviament publicats va revelar una correlacié positiva entre el JA |
la vitamina E, tot i que aquesta variava segons l'especie i les condicions. Es va
observar pero, una forta correlacio negativa entre els tocoferols totals i 'OPDA (el
precursor del JA localitzat als cloroplasts). Aquest efecte antagonista va ser observat
entre I'a-tocoferol i TOPDA perd no entre el y-tocoferol i TOPDA. Es conclou que (i)
les variacions en els jasmonats i la vitamina E degudes a la variabilitat anual,
interindividual, i de l'orientacié solar, son compatibles amb una regulacié parcial de
I"acumulacio de vitamina E per part dels jasmonats, (ii) la vitamina E podria exercir
també un paper en la modulacio de la biosintesi de 'OPDA, amb un efecte menor, si
n’hi hagués, sobre els altres jasmonats, i (iii) podria existir un compromis entre
I'acumulacio de vitamina E i jasmonats en la regulacié de la resposta a I'estres abiotic

i biotic en les plantes.
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Abstract

Main conclusion Jasmonic acid positively modulates vitamin E accumulation, but the latter can also partly influence
the capacity to accumulate the jasmonic acid precursor, 12-oxo-phytodienoic acid, in white-leaved rockrose (Cistus
albidus 1.) plants growing in their natural habitat. This study suggests a bidirectional link between chloroplastic
antioxidants and lipid peroxidation-derived hormones in plants.

Abstract While vitamin E is well known for its antioxidant properties being involved in plant responses to abiotic stress,
jasmonates are generally related to biotic stress responses in plants. Studying them in non-model plants under natural con-
ditions is crucial for the knowledge on their relationship, which will help us to better understand mechanisms and limits of
stress tolerance to implement better conservation strategies in vulnerable ecosystems. We studied a typical Mediterranean
shrub, white-leaved rockrose (Cistus albidus) under natural conditions during three winters and we analyzed both o and
y-tocopherol, and the three main jasmonates forms 12-oxo-phytodienoic acid (OPDA), jasmonic acid (JA), and jasmonoyl-
isoleucine (JA-Ile). We found that JA contents positively correlated with vitamin E accumulation, most particularly with
y-tocopherol, the precursor of a-tocopherol (the most active vitamin E form). This finding was confirmed by exogenous
application of methyl jasmonate (MeJA) in leaf discs under controlled conditions, which increased y-tocopherol when
applied at 0.1 mM MeJA and a-tocopherol at 1| mM MeJA. Furthermore, a complementary meta-analysis study with previ-
ously published reports revealed a positive correlation between JA and vitamin E, although this relationship turned to be
strongly species specific. A strong negative correlation was observed, however, between total tocopherols and OPDA (a JA
precursor located in chloroplasts). This antagonistic effect was observed between a-tocopherol and OPDA, but not between
y-tocopherol and OPDA. It is concluded that (i) variations in jasmonates and vitamin E due to yearly, inter-individual and
sun orientation-driven variability are compatible with a partial regulation of vitamin E accumulation by jasmonates, (ii)
vitamin E may also exert a role in the modulation of the biosynthesis of OPDA, with a much smaller effect, if any, on other
jasmonates, and (iii) a trade-off in the accumulation of vitamin E and jasmonates might occur in the regulation of biotic and
abiotic stress responses in plants.

Keywords Abiotic stress - a-Tocopherol - y-Tocopherol - Jasmonic acid - Jasmonoyl-isoleucine - 12-oxo-phytodienoic acid -
Sun orientation - Trade-offs
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Introduction

The relationship between vitamin E and jasmonates in
plant stress responses has gained interest throughout the
last decade after the discovery that photoprotective mol-
ecules in the chloroplast may influence oxylipin biosynthe-
sis in plants (see Demmig-Adams et al. 2013, 2014). Both
the regulation of jasmonates by vitamin E and vice versa
have been shown to occur in model plants. On one hand,
the role of jasmonates signalling on vitamin E biosynthesis
has been demonstrated to occur in Arabidopsis thaliana
(Sandorf and Hollidnder-Czytko 2002). The enzyme tyros-
ine aminotransferase (TAT), which is involved in the early
steps of the tocopherol biosynthetic pathway to produce
homogentisate, is induced at the mRNA and protein levels
by methyl jasmonate (MeJA), methyl 12-oxo-phytodienoic
acid (MeOPDA) and wounding (Lopukhina et al. 2001;
Sandorf and Holldnder-Czytko 2002). The induction of
TAT by MeJA occurred earlier and was induced more
strongly than by MeOPDA and wounding. The induction
of TAT by MelJA led to a very large increase in the contents
of a-tocopherol and its precursor, y-tocopherol, thus high-
lighting the importance of including both forms of vitamin
E in the study. In addition, application of MeOPDA and
wounding in mutant plants impaired in JA biosynthesis
did not result in TAT induction, hence indicating that it
is JA and not OPDA the active jasmonate form inducing
TAT. Induction of tocopherols biosynthesis by MeJA was
also observed in cell cultures of Amaranthus caudatus and
in sunflower plants (Gala et al., 2005; Antognoni et al.,
2009). On the other hand, the putative regulatory role of
vitamin E upon jasmonates accumulation and its involve-
ment in cellular signalling was also proposed several years
ago (Munné-Bosch et al. 2007). Under high light and cold
conditions, a vtel mutant of A. thaliana (deficient in both
a- and y-tocopherol biosynthesis) showed two-fold higher
JA contents than the wild type. Results on the same direc-
tion linking vitamin E with jasmonates were also observed
in the vte4 mutant of A. thaliana (deficient in a-tocopherol
but not y-tocopherol) under phosphate starvation, but in
this case OPDA, rather than JA, contents were higher in
the mutant than in the wild type (Simancas and Munné-
Bosch 2015).

Studying the relationship between vitamin E and jas-
monates in mutants of model plants is very useful for
understanding basic plant physiological processes, but
it lacks representativity of what really occurs in nature,
since plants are exposed to a number of different stresses
under natural field conditions. It is in this situation when
compromises between the activation of various defence
responses could emerge. Unfortunately, there are still
few of such studies in non-model plants under natural
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conditions, where specific environments and stress com-
binations may force plants to prioritize between diverse
stress defensive responses. Therefore, it appears difficult
to draw unequivocal conclusions in studies using model
plants under controlled conditions, and separating the
pleiotropic effects from causal relationships in genetically
modified organisms remains challenging, making neces-
sary complementary studies under more realistic field
conditions. Here, we provide a case study that tries to fill
this gap and underline the need for testing new models in
nature, in this case by exploring the putative bidirectional
link between hormones and antioxidants (more specifically
jasmonates and tocopherols, respectively) in plants. Fur-
thermore, meta-analyses studies of experiments performed
under natural conditions may not only help to test the uni-
versality of the bidirectional link between hormones and
antioxidants in the plant kingdom, but also unravel the
limits of laboratory findings obtained in model plants.

While jasmonates are well established as signalling phy-
tohormones in biotic stress responses (namely necrotrophic
pathogens and wounding), vitamin E has recently been
proposed as an environmental stress sensing and signal-
ling compound beyond its antioxidant role in chloroplasts
(Muiioz and Munné-Bosch 2019; Munné-Bosch 2019). The
metabolic framework of the chloroplast in response to stress
implies a complex relationship between these two compound
families. On the one hand, vitamin E (mainly a-tocopherol)
acts as an antioxidant in (physical) quenching and (chemical)
scavenging of reactive oxygen species (ROS), preventing
lipid peroxidation on account of their double bounds in the
phytyl moiety and hydroxyl groups in the chromanol ring
(Falk and Munné-Bosch 2010; Kruk et al. 2014). Therefore,
since jasmonates are oxylipins derived from the lipid peroxi-
dation of chloroplastic membranes, an accumulation of vita-
min E in response to abiotic stress could reduce jasmonates
contents compromising the biotic stress response (Morales
and Munné-Bosch 2015). In addition to this key relation-
ship with jasmonates, vitamin E may play another pivotal
role in stress sensing and signalling. It has been suggested
that vitamin E could promote stress acclimation by retro-
grade signalling from chloroplast to nuclei and alter gene
expression through accumulation of 3’-phosphoadenosine
5'-phosphate, an inhibitor of exoribonucleases, to protect
microRNAs from degradation (Mufioz and Munné-Bosch
2019; Munné-Bosch 2019).

Diverse functions on stress responses have been asso-
ciated with different forms of vitamin E and jasmonates.
a-Tocopherol generally plays a more essential role than
y-tocopherol against several abiotic stresses (see Munné-
Bosch 2005), even though y-tocopherol is the precursor of
a-tocopherol and appears to have some relevance under cer-
tain stresses only, such as desiccation tolerance (Abbasi et al.
2007). However, it has also been reported that they could be
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interchangeable in the response to water stress in A. thali-
ana (Cela et al. 2011). In addition, under biotic stress, and
highlighting the relationship with jasmonates, differential
tocopherol accumulation (with mutants preferentially accu-
mulating either a- or y-tocopherol) leads to altered suscep-
tibility to Botrytis cinerea (Cela et al. 2018). It is generally
accepted that JA and OPDA are independent messengers and
control different sets of jasmonate-responsive genes, and that
JA-Ile is the most bioactive form in the jasmonate signalling
pathway, at least in the model plant A. thaliana (Wasternack
and Hause 2013), although some results suggest that this
might not always be the case in non-model plants (Cotado
et al. 2018). In addition to the biotic stress response, this
pathway has been related with a number of abiotic stress
responses such as salt or water stress and, in crosstalk with
other phytohormone and plant growth regulators, is involved
in developmental processes such as root growth or germina-
tion (Wasternack and Hause 2013; Per et al. 2018). OPDA
has been described to be a regulator of redox homeostasis in
Arabidopsis, tendril coiling, fertility, embryo development,
or seed germination inhibition (Wasternack and Hause 2013;
Maynard et al. 2018). Furthermore, each jasmonates form
seems to have its own role in the biotic stress response. JA,
OPDA and JA-Ile present a different kinetic profile, differ-
ent abundance patterns and, the OPDA signalling pathway
has been proved to be independent from JA after wound-
ing (Taki et al. 2005; Heitz 2016). Thus, it is likely that
the relationship between the different forms of vitamin E
and jasmonates could be different and may have different
implications on plant performance under natural conditions.

Cistus albidus is an endemic shrub that is adapted to Med-
iterranean-type ecosystems since the Pleistocene and now
occupies most of the habitats of these ecosystems (Guzméan
et al. 2009). Plant biodiversity in Mediterranean-type eco-
systems is driven by climatic factors such as drought, high
temperatures and high light conditions in addition to the
nutrient scarcity of soils and common perturbations as fire
and grazing (Cowling et al. 1995; Cabal et al. 2017; Rod-
riguez-Ramirez et al. 2017). C. albidus success lies in their
participation in primary succession after a fire event and
their high phenotypic plasticity in response to water avail-
ability (Roy and Sonié 1992; Grant et al. 2005). Vitamin E
has been demonstrated to be involved in the response of this
plant species to drought and high light stress (Munné-Bosch
et al. 2003; Olivan and Munné-Bosch 2010) and jasmonates
are well accepted to be involved in its biotic response as
grazing (Pieterse et al. 2014). In addition, Mediterranean
climate provides specific environmental conditions which
are useful to assess the relationship between vitamin E
and jasmonates. Winter and summer are the most stress-
ful seasons (Loreto and Bongi 1989; Oliveira and Pefiuelas
2002; Martinez-Ferri et al. 2004; Silva-Cancino et al. 2011;
Morales et al. 2016), given that temperatures may eventually

lead to freezing in winter and reach values above 35 °C in
some cases in summer, while rainfalls are usually gathered
in spring and autumn (K6ppen 1936). Thus, the aim of the
current study was to clarify the relationship between the
different forms of vitamin E and jasmonates in non-model
plants studying this relationship in a Mediterranean shrub,
Cistus albidus growing under natural field conditions.

Materials and methods

We studied a natural population of Cistus albidus growing
under natural conditions at the Montserrat Natural Park,
Spain (41.586N 1.830E, 1100 m.a.s.1.) during three consecu-
tive winters (2018, 2019 and 2020). We randomly selected
70 individuals the first winter and 100 on the second and
third winters. In order to study the effect of microhabitat,
half of the selected individuals were growing in the east-
oriented mountainside, while the other half were oriented to
the west. Environmental data including solar radiation, tem-
perature, relative humidity and precipitation were obtained
with a weather station from the Meteorological Service of
Catalonia (MeteoCat) situated at 916 m. a.s.l. at Monistrol
de Montserrat (NE Spain). Furthermore, temperature and
relative humidity were registered in each mountainside with
a portable thermohygrometer (DO9847 Multifunction Meter,
Delta Ohm, Padova, Italy).

Samplings

All samplings were performed under Mediterranean winter
conditions (Fig. 1a), always at midday on sunny, clear days
on the 22nd of March 2018, 11th of March 2019 and 11th
of March 2020. The first year was characterized by a rainy
winter with cold weather, with a daily mean temperature
of 4.5 °C during the previous month before sampling; the
second year was characterized by milder temperatures but
very scarce rainfall (total accumulated precipitation during
the previous month before sampling was 2.4 mm); and the
third year was intermediate, with a daily mean temperature
of 9.1 °C, relative humidity of 67.1% and an accumulated
precipitation of 8.1 mm during the previous month of sam-
pling during winter. During the sampling days, temperature
and relative humidity differed in each mountainside only
very slightly, registering a very low relative humidity in the
east-oriented side during 2018 (Fig. 1b). One apical fully
developed leaf of shoots (on the third node) was sampled and
used for leaf hydration and chlorophyll fluorescence meas-
urements (F,/F,,). Two equivalent leaves (of another shoot
but equally apical, fully developed and from the third node)
were collected, immediately frozen in liquid nitrogen and
kept at — 80°C until biochemical analyses in the laboratory,
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which included the analysis of endogenous contents of jas-
monates, vitamin E and chlorophylls.

Chlorophyll fluorescence and leaf hydration
Maximum efficiency of photosystem II (F/F,,) was meas-
ured with a fluorimeter Mini-PAM II (Photosynthesis yield
analyser, Walz, Germany) in leaves sampled and adapted to
dark conditions for 1 h. Leaf hydration (H) was calculated
using the following formula (H=FW-DW/DW) based on
the FW, measured with a precision scale on the sampling

day, and the DW, measured after dying the leaf in the oven
at 65 °C (Munné-Bosch et al. 2003).

Jasmonates analyses
Extraction and UPLC/ESI-MS/MS analysis of jasmonates,

including OPDA, JA and JA-Ile, were performed as
described by Miiller and Munné-Bosch (2011). An initial
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Feb - Mar 2019 Feb - Mar 2020

Date (Day)

East West East West East
12.0+1.7 17.1+11 15.9+0.6 25.5+0.6 25923
17.1+0.1 39.5+0.8 395+1.5 26.2+1.7 273133

extraction was performed using 100 mg of well-powdered
fresh leaf in 500 pL of pure methanol. After adding the deu-
terium-labelled internal standards, the mixture was vortexed,
ultra-sonicated for 30 min (Branson 2510 ultrasonic cleaner,
Bransonic, Danbury, CT, USA), vortexed again and centri-
fuged at 4 °C for 10 min at 600g. The supernatant was col-
lected, and two re-extractions of the pellet were performed to
obtain a volume of the final extract (made of pooled super-
natants) of 1 mL. After filtration using a 0.22 m PTFE filter
(Phenomenex, Torrance, CA, USA), the extract was injected
into the UPLC/ESI-MS/MS system and jasmonates were
analyzed using the negative ion mode as described by Miiller
and Munné-Bosch (2011).

Vitamin E analyses
Vitamin E analyses included the two major tocopherol

homologues, a-tocopherol and y-tocopherol. Extractions
were performed as above, and samples were analyzed
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by high-performance liquid chromatography (HPLC) as
described by Cela et al. (2011). The extract was filtered
using a 0.22 m PTFE filter (Phenomenex) and injected into
the HPLC system (consisting on a Waters 600 controller
pump, a Waters 714 plus auto-sampler and a Jasco FP-1520
fluorescence detector). The mobile phase was a mixture of
n-hexane and 1,4-dioxane (95.5:4.5, v/v) at a flow rate of
0.7 mL/min. Tocopherol homologues were separated on a
normal-phase column (Inertsil 100A, 5 pp, 30X 250 mm,
GL Sciences, Torrance, CA, USA). Fluorescence detection
was at an excitation wavelength of 295 nm and emission
at 330 nm. Standards of a-tocopherol and y-tocopherol
(Sigma—Aldrich) were used for quantification.

Chlorophyll content

Chlorophyll a and b were quantified as described by Olivan
and Munné-Bosch (2010). 100 pL of the methanolic extract,
which was obtained as described before, were diluted 1/10
(v:v) with pure methanol and absorbance was read at
470 nm, 653 nm and 666 nm with a UV/Visible double beam
CE Aquarius spectrophotometer (Cecyl Instruments Ltd,
Cambridge, UK). To quantify pigment concentrations the
equations of Lichtenthaler and Wellburn (1983) were used.

Statistical analyses

A two-way ANOVA was used to determine the effect of “ori-
entation” and “year”. Multiple comparisons were tested with
the Tukey’s post hoc test. All differences were considered
significant when P <0.05. Normality and homoscedasticity
of residues were checked as described by Zuur et al. (2009).
All statistical tests were performed using R statistical soft-
ware (R Foundation for Statistical Computing, Vienna,
Austria).

Exogenous application experiment

For the study of exogenous JA application under laboratory
conditions, leaf discs of 0.8 cm diameter (five replicates per
treatment and time point of measurement, each replicate
consisting in a Petri dish with 15 discs obtained from dif-
ferent leaves and plants randomly) were obtained from C.
albidus plants growing in the Experimental Fields of the
Faculty of Biology at the University of Barcelona (Barce-
lona, NE Spain) during November 10th, 2020. Discs were
obtained from leaves and immediately immersed in a 10 mM
potassium phosphate buffer (pH = 6) solution containing the
corresponding MeJA concentration and exposed at 21 °C,
12 h:12 h photoperiod (light:darkness), photosynthetically-
active photon flux density of 110 pmol m~2 s~! and 60%
relative humidity during the experiment in a Sanyo versa-
tile environmental test chamber (Sanyo, Osaka, Japan). For

MelJA treatments, discs were treated with either 1 mM or
0.1 mM of MeJA solution, containing 0.01% ethanol and
0.1% Tween-20 (Sigma-Aldrich, Darmstadt, Germany).
Control discs were treated with distilled water containing
0.01% ethanol and 0.1% Tween-20. Before and at 2, 4, 6, 24
and 48 h of applications, discs were collected, immersed in
liquid nitrogen and then stored at — 80 °C for further analy-
sis of vitamin E and chlorophyll contents, which were per-
formed as described before. Furthermore, we obtained the
DNA sequence of the negative strand on JBrowse database
(jbrowse.arabidopsis.org) of the genes involved in tocoph-
erol biosynthesis in A. thaliana to search for possible jas-
monate responsive elements in their promoter region. We
tried to identify the open reading frame (ORF) including the
promoter region, the first start codon (ATG) and the exons
using data available in the same database, and in the success-
ful cases, we searched for jasmonate responsive elements
described in other studies (Suppl. Table S1).

Meta-analysis study

We used Scopus database to search for relevant studies on
the link between jasmonates and vitamin E by checking all
published articles containing the words: (“tocopherol” OR
“vitamin E”) AND “jasmonic acid”, (“tocopherol” OR “vita-
min E”) AND “jasmonate*”, (“tocopherol” OR “vitamin
E”) AND “JA”, (“tocopherol” OR “vitamin E”’) AND “oxy-
ilipin*”, (“tocopherol” OR “vitamin E”) AND “OPDA”,
(“tocopherol” OR “vitamin E””) AND ““12-oxo-phytodienoic
acid”, (“tocopherol” OR “vitamin E”) AND “jasmonoyl”.
We did not include any filter on publication period coverage,
but included articles written in English only. A total number
of 74 articles were found following these criteria (see the
flow diagram in Suppl. Fig. S1, which was prepared accord-
ing to the methodology described by Moher et al. 2009).

As eligibility criteria, we considered high quality data
if: (i) the raw data of a-tocopherol and JA contents were
available on a dry matter basis, instead of using results on
a fresh weight basis to prevent a bias due to different water
contents, (ii) presented individual values, not mean of a
group, as a better approach for the pairwise comparison of
the contents of a-tocopherol and JA, and (iii) studies were
performed in natural field conditions or under greenhouse,
growth chambers or laboratory controlled conditions, but
always using leaves, not in cell cultures, since the latter are
not always representative or comparable. After applying the
aforementioned eligibility criteria, 11 articles could be used
for a quantitative analysis of the data (Suppl. Fig. S1 and
Suppl. Table S2).

To perform the regression analysis, we pooled all data
together (from 1340 individuals), quantified the correlation
between a-tocopherol and JA contents by Spearman’s rank
correlation test and fitted a proper regression model when
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the correlation between the two variables was not lineal.
Since data were from different species and environmental
conditions, we tested the effect of both factors on the con-
tents of tocopherols and JA applying one-way ANOVA using
a GLS model. The model was validated visually by checking
the normality and homoscedasticity (Zuur et al. 2009). The
correlation between a-tocopherol and JA was then assessed
in each category of “conditions’ and “species” separately by
Spearman’s rank correlation test. For the evaluation of the
effect sizes in each study we used Spearman’s correlation
coefficient (p) since in meta-analysis, when the association
between two variables is of interest, Pearson’s correlation
coefficient (r) is commonly used as an effect-size measure
but Spearman’s coefficient is equal to Pearson’s when n > 90,
as occur in our study (Rosenberg et al. 2013). All the results
were considered significant when P <0.05 and all statisti-
cal analysis were performed using R statistic software (R
Development Core Team 2018).

Results

Vitamin E accumulation correlates positively with JA
but negatively with OPDA

Under Mediterranean winter conditions, plants were exposed
to low daily mean temperatures and precipitation was scarce,
most particularly during 2019 (Fig. 1). However, the popu-
lation of C. albidus studied did not present photoinhibition
in any of the three winters (2018, 2019 and 2020, Fig. 2)
showing F\/F,, values above 0.75. Low total chlorophyll
content was found during the winter of 2019, with values
being strongly influenced by sun orientation, East-oriented

plants showing 50% higher values than West-oriented ones.
Leaf hydration was also the lowest during the winter of
2019, although sun orientation did not affect this parameter.
Vitamin E contents, expressed as total tocopherols (y- plus
a-tocopherol), fluctuated from 400 to 700 pg/g DW, being
a-tocopherol the most abundant form and the only homo-
logue affected by sun orientation (Fig. 3a). y-Tocopherol
content was under 10 pg/g DW in winters of 2018 and 2020
but above 20 pg/g DW in the winter of 2019. We observed
a-tocopherol contents close to 400 pg/g DW in winters of
2018 and 2020, but values reached up to 600 pg/g DW in the
winter of 2019. In this winter, East-oriented plants showed
25% lower contents of a-tocopherol than West-oriented
ones, leading to significant differences in total tocophe-
rols content (Fig. 3a). Jasmonates contents also fluctuated
through the three winters and between sun orientations
(Fig. 3b). We found strong differences in OPDA contents in
2018 and 2019 winters depending on sun orientation. While
East-oriented plants displayed values around 1200 ng/g DW
during the winter of 2018, plants growing in West orienta-
tion showed contents of 100 ng/g DW only. Minimum con-
tents of OPDA were found during winter 2019, but with
90% higher values in East-oriented plants compared to
West-oriented ones. OPDA contents ranged between 700
and 800 ng/g DW during the winter of 2020, with no dif-
ferences between sun orientations. JA contents showed a
similar pattern in response to sun orientations. We observed
higher contents of JA in the East orientation in 2018 (68%)
and 2019 (70%) winters but no differences were observed
in 2020. In addition, contents of JA were higher in 2019
than in the other winters, being above 200 ng/g DW this
year but below this value in the other winters. Finally, JA-Ile
showed the most pronounced difference through different
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Fig.2 Physiological status of the Cistus albidus population trough
the three winters classified by sun orientation of the growing site.
Maximum efficiency of photosystem II (Fv/Fm), total chlorophyll
content (mg/g DW) and leaf hydration (g H,O/g DW) are shown.
Data are mean of n=35+SE for 2018 and n=50+SE for 2019 and
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2020. P values of two-ways ANOVA are in the inlets and P val-
ues > 0,05 were considered no significant (NS). Different letters rep-
resent differences between years and asterisk represent differences
between sun orientation groups of the same year
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Fig.3 Foliar vitamin E and jasmonates contents of the Cistus albi-
dus population trough the three winters classified by sun orientation
of the growing site. a Total tocopherols (y and a), y-tocopherol and
a-tocopherol contents expressed in pg/g DW. b 12-oxo-phytodienoic
(OPDA), jasmonic acid (JA) and jasmonoyl-isoleucine (JA-Ile) con-
tents expressed in ng/g DW. Data are mean of n=35+SE for 2018

years. While JA-Ile contents ranged between 30 and 50 ng/g
DW during the winter of 2018, values kept under 5 ng/g DW
with no differences between orientations during the winters
of 2019 and 2020 (Fig. 3b).

In the case of C. albidus under natural Mediterranean
winter conditions, we found a negative correlation between
accumulation of vitamin E and OPDA but a positive one
between JA and vitamin E (Fig. 4). While the relation-
ship between JA and either a-tocopherol or total tocophe-
rols followed a very slight positive correlation (p=0.15,
P=0.016, and p=0.17, P=0.008, respectively, Fig. 4b), a
stronger linear positive correlation was found between JA
and y-tocopherol (p=0.39, P<0.001, Fig. 4a). The latter
correlation fitted even better with a peak function showing
the maximum peak and subsequent decay at a JA concentra-
tion of 250 ng/g DW (Fig. 4a). In contrast, total tocopherols
negatively correlated with OPDA (Fig. 4c). This negative
correlation, even if not that strong, was also found between
each form of vitamin E and OPDA Fig. 4b). No significant
correlation was found between either a-tocopherol or total

and n=50+SE for 2019 and 2020. P values of two-ways ANOVA
are in the inlets and P values> 0,05 were considered no significant
(NS). Different letters represent differences between years and aster-
isk represent differences between sun orientation groups of the same
year

tocopherols and JA-Ile, although we found a slight nega-
tive correlation fitted with a hyperbolic decay function for
y-tocopherol and JA-Ile (R=0.2, P<0.001, Fig. 4b).

The positive correlation between vitamin E and JA
accumulation is strongly species specific

We found a positive correlation between JA and a-tocopherol
contents when all data from all species examined from the
literature survey were pooled together. While a linear cor-
relation was significant, a logarithmic function fitted even
better to the data (Fig. 5). Given that plants analyzed in the
studies used for the meta-analysis were subjected to dif-
ferent experimental conditions such as “controlled condi-
tions” (including studies both in growth chambers and in
greenhouses) and “natural conditions” (all of them obtained
under field conditions), we examined this variable as a
potential factor and indeed observed an effect on the con-
tent of both a-tocopherol (P <0.001) and JA (P <0.001).
When each condition evaluated separately, the correlation
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Fig.4 Data of the Cistus albidus population during the three winters.
a Spearman’s linear correlation between y-tocopherol and JA and the
same data fitted with a peak function, f=y0+a*exp(— 0,5*(In(x/x 0)
/b)"2). b Table of linear (showing Spearman’s coefficient p) and non-
linear (showing correlation coefficient R) correlations between both
forms of vitamin E (o and y-tocopherol) and all forms of jasmonates
analyzed (12-oxo-phytodienoic acid: OPDA, jasmonic acid: JA, and
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Fig.5 Correlation between a-tocopherol and jasmonic acid (JA)
when all data of the analysis were pooled. a Linear correlation. b
Data transformed to logarithm, f=if [x>0; y0+a*In(abs(x)); 0].
Spearman’s correlation coefficient is represented as “p” and correla-

was very weak (p=0.17, P<0.001) even with logarithmic
function in experiments performed under controlled condi-
tions. However, the correlation observed was stronger under
natural conditions, in particular when data was log trans-
formed (Fig. 6). The effect of “species” on the content of
a-tocopherol and JA was found to be significant (P <0.001)
with a strong variability of results depending on the species
and number of individuals included in the analyses (Suppl.
Table S3). Unfortunately, studies found in the literature sur-
vey did not allow to perform a similar test between vitamin
E and the JA precursor, OPDA, since the latter has not been
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included in previous studies dealing with vitamin E in plants
growing under natural field conditions.

Influence of exogenous jasmonates application
on tocopherol contents

To test whether a and y-tocopherol contents may be modu-
lated by JA, methyl jasmonate (MeJA) at two different con-
centrations was applied to leaf discs under laboratory condi-
tions. While MeJA applied at low concentrations (0.1 mM)
caused a significant increase of y-tocopherol contents, which
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Fig.6 Correlation between a-tocopherol and jasmonic acid (JA)
when only the data from individuals under natural conditions were
pooled. (left) linear correlation and (right) data transformed to loga-
rithm, f=if [x>0; y0+ a*In(abs(x)); 0]. Spearman’s correlation coef-

peaked at 48 h of treatment; MeJA at high concentrations
(I mM) had the opposite effect, causing a reduction by
65% in y-tocopherol content relative to the control (Fig. 7).
Indeed, the highest concentrations of MeJA had a negative
impact on the contents of y-tocopherol, which decreased
from 22 to 8 g/g DW at 48 h of treatment, but increased
a-tocopherol contents from 130 to 200 pg/g DW, leading
to a slight increase in total tocopherol contents (Fig. 7).
These differences due to MeJA treatments were particularly
observed when tocopherols were expressed on a chloro-
phyll basis, with increases in total tocopherols due to the
y-tocopherol increase at 0.1 mM MelJA, and with increases
in total tocopherols due to a-tocopherol increases at | mM
MelJA (Fig. 8). Therefore, a dose-dependent effect was found
between exogenous MeJA applications and the contents of
v- and a-tocopherols in C. albidus leaf discs. Interestingly,
we found a jasmonate responsive element in the promoter
region of two of the tocopherol biosynthesis genes examined
in the A. thaliana sequence database: tocopherol cyclase
(TC or VTEL1) and y-tocopherol methyl transferase (TMT or
VTEA4, see Suppl. Figs. S2 and S3 for complete sequences).
Specifically, we found the same G-box like element in the
promoter regions of the two genes: 5'-CACGTT-3' that is the
relative sequence in the negative DNA strand from 5'-AAC
GTG-3' of the positive DNA strand described to be a jas-
monate responsive element in the VSP1 gene in A. thaliana
(Guerineau et al., 2003).

Discussion

The relationship between vitamin E and jasmonates has been
considered of physiological relevance due to the implication
of this group of chloroplastic antioxidants and oxylipins on
abiotic and biotic stress responses (Deming-Adams et al.,

* Urtica dioica

*  Pinus sylvestris

« Saxifraga longifolia
+ Vellozia gigantea

R=0.56 P<0.001

1 2 3

Log JA (ng/g DW)

ficient is represented as “p” and correlation coefficient of non-linear
correlation is represented as “R”. P values of statistical test are in the
inlets and P values> 0,05 were considered not significant (NS). n is
the number of individuals used in the analysis

2013). Both abiotic and biotic stresses converge in ROS
production in the chloroplast and ROS enhance both anti-
oxidants and oxylipins production. In addition, biotic stress
induces enzymatic lipid peroxidation, leading to the forma-
tion of several oxylipins, including jasmonates (Farmer and
Mueller 2013; Alché 2019; Muiioz and Munné-Bosch 2020).
Even though the relationship between the antioxidant system
and oxylipins is generally well accepted, the bidirectional
link between them and its biological significance is not well
established yet. On the one hand, oxylipin messenger com-
pounds, including OPDA, JA and MeJA, have been dem-
onstrated to induce antioxidant production, including both
enzymatic antioxidants, such as superoxide dismutase and
ascorbate peroxidase, and non-enzymatic, low-molecular-
weight antioxidant compounds, such as vitamin E, vitamin
C and glutathione (Sandorf and Holldnder-Czytko 2002;
Sasaki-Sekimoto et al. 2005; Wolucka et al. 2005; Farooq
et al. 2016). These findings highlight the importance of
oxylipins signaling under stressful situations, in such a
way that a positive feedback between antioxidants and lipid
peroxidation-derived compounds contribute to maintain an
adequate cellular redox homeostasis under stress. On the
other hand, the accumulation of some antioxidants and
photoprotectants have shown to be in apparent compromise
with that of non-enzymatically and enzymatically derived
oxylipins, such as OPDA and JA (see Deming-Adams et al.
2013; Ayala et al. 2014), which suggests some limitations
in the response of the antioxidant system and jasmonate
signaling pathway under stressful situations, so that an anti-
oxidant overproduction under abiotic stress might result
in reduced defenses against biotic stress mediated by jas-
monates. These relationships are of importance in plants
living in ecosystems where abiotic stress is imperative, such
as in the Mediterranean-type ecosystems, where drought,
high light and extreme temperatures have forced plants to
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Fig.7 Influence of JA applications on chlorophyll and tocopherol
contents, including chlorophyll a+b, total tocopherols, a-tocopherol
and y-tocopherol contents in C. albidus leaf discs. MeJA was applied
directly on foliar discs and both pigment and tocopherol contents
measured just prior to application (0 h) and after 2 h, 4 h, 6 h, 24 h

adapt to persistent stressful situations. Furthermore, vita-
min E appears to be a good sensor of abiotic stresses in
plants contributing to chloroplast-to-nucleus retrograde
signaling, besides its well-known role in photoprotection
in chloroplasts (Munné-Bosch 2019; Mufioz and Munné-
Bosch 2019). Aside from influencing the accumulation of
lipid hydroperoxides, which are used as a precursor for jas-
monate biosynthesis, it has been shown that vitamin E can
inhibit LOX activity (Lebold and Traber 2014; Jiang 2017),
although it is still unknown whether or not this effect may
also be exerted in 13-LOX, which catalyzes the first step in
OPDA biosynthesis (Farmer and Mueller 2013). The rela-
tionship between vitamin E and jasmonates might therefore
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and 48 h. Data shows the mean+SE of n=5 discs, which were
obtained from different leaves (each from a different plant). Differ-
ences were analyzed by two-way ANOVA (P <0.05). NS not signifi-
cant

be crucial in better understanding the biology of plants liv-
ing in their natural habitat, since several abiotic stresses can
occur concomitantly to a number of biotic perturbations.
Jasmonic acid, as a phytohormone, is required in low
concentrations to exert its signalling role, while OPDA, as
a JA precursor, is generally found at higher concentrations.
However, each form of jasmonates seems to play its own
role, since JA, OPDA and JA-Ile generally present a spe-
cific kinetic profile and the OPDA signalling pathway has
proved to be independent from JA under wounding (Taki
et al. 2005; Heitz 2016). In the present study, we found a
relationship between jasmonates and vitamin E in the study
of the Mediterranean shrub C. albidus under natural field
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Fig. 8 Influence of JA applications on tocopherol contents per unit
of chlorophyll a+b, including the total tocopherols, a-tocopherol
and y-tocopherol per Chl ratio in C. albidus leaf discs. Data shows
the mean + SE of n=5 discs, as described for Fig. 7. Differences were
analyzed by two-way ANOVA (P<0.05). NS not significant. Chl,
chlorophyll a+b

conditions, in the experiment using leaf discs of C. albidus
under controlled laboratory conditions, and in the analysis
of data from other species where the positive correlation
between JA and tocopherols was stronger under natural than
under controlled conditions. Exogenous application of MeJA
increased the contents of either y or a-tocopherol, depending
on the concentration applied. This result was supported by
sequence analysis of tocopherol biosynthesis genes, which
revealed jasmonate responsive elements in VTE1 and VTE4
of A. thaliana, the two latter steps in a-tocopherol biosyn-
thesis (Fig. 9). Furthermore, a positive correlation was found
between JA and tocopherols in C. albidus plants growing
under natural field conditions, the correlation being more
significant between JA and y-tocopherol than between JA
and a-tocopherol. Furthermore, the correlation between
JA and y-tocopherol decayed after JA concentrations of
250 ng/g DW. Furthermore, a negative correlation between
the production of vitamin E and the accumulation of OPDA
occurred in C. albidus plants growing under natural condi-
tions. Accordingly, another study found a negative correla-
tion between a-tocopherol and linolenic acid (a fatty acid
used in the biosynthesis of OPDA) in A. ordosiea under
salt stress, while JA correlated positively with a-tocopherol
(Chen et al. 2017). A key point to understand this relation-
ship [between vitamin E and the capability to synthetize jas-
monates (OPDA)] could be the elevated demand of OPDA
for jasmonates biosynthesis, compared to lower concentra-
tions required for JA signaling and the fact that both vita-
min E and OPDA are localized in the chloroplast, while
JA and JA-Ile are found outside the chloroplasts (Mufioz
and Munné-Bosch 2020). This finding may have important
implications in our understanding of the crosstalk between
biotic and abiotic stress responses (Deming-Adams et al.
2013; Morales and Munné-Bosch 2015). While vitamin E
is an important antioxidant in the scavenging of ROS and
it is the only antioxidant capable of preventing the propa-
gation of lipid peroxidation in chloroplasts in response to
abiotic stresses, playing therefore an essential function
in photoprotection and in plants response to a number of
abiotic stresses (Falk and Munné-Bosch 2010; Kruk et al.
2014), jasmonates demand may particularly increase under
biotic stress (Heyer et al. 2018). Although vitamin E content
increases with abiotic stress and vitamin E accumulation
influences OPDA contents, results suggest that the activation
of defence responses triggered by JA and JA-Ile are still pos-
sible under these conditions, not only because vitamin E is
only influencing the overall oxylipin production and not the
enzymes downstream of OPDA in JA and JA-Ile biosynthe-
sis, but also because OPDA is needed at very low amounts
to activate a hormonal action through the biosynthesis of
the jasmonates JA and JA-Ile. In other words, even when
vitamin E is present at high concentrations in chloroplasts,
a relatively small fraction of OPDA can lead to very large
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Fig.9 Simplified scheme of tocopherols biosynthesis in plants. The
sequence with the jasmonates responsive element in the promoter
regions of TC and TMT are shown. Stars represent genes in which
we found jasmonates responsive elements in their promoter region
in A.thaliana in accordance to the sequence database (see materials
and methods for details). CLDI chlorophyll dephytylase, DMPBQ
dimethylphytylbenzoquinol, G3P glyceraldehyde-3P, GGDP gera-
nylgeranyl diphosphate, GGDR geranylgeranyl diphosphate reduc-

increases in JA and JA-Ile, because (i) these enzymatic reac-
tions do not appear to be under control of vitamin E, and (ii)
the latter are found and play a hormonal role at much lower
concentration compared to OPDA.

During Mediterranean winters, photoinhibition is fre-
quent due to relatively low temperatures and high solar
irradiance concomitant with drought (Oliveira and Pefiue-
las 2002; Martinez-Ferri et al. 2004; Morales et al. 2016).
Despite the presence of these conditions during our study,
the population of C. albidus did not present winter photoin-
hibition. It is known that vitamin E is an efficient antioxidant
mechanism to avoid this photoinhibition (Falk and Munné-
Bosch 2010; Kruk et al. 2014) and we observed a-tocopherol
contents above 370 pg/g DW and low levels of chlorophylls
indicating that the population was facing abiotic stress at
the same time efficiently preventing photoinhibitory damage
(Olivan and Munné-Bosch 2010; Pérez-Llorca et al. 2019).
Furthermore, although not quantified in our study, the C.
albidus population could be exposed to biotic stress since
after the observation of elevated contents of OPDA (around
1200 ng/g DW) and, at lower level, JA-Ile (about 60 ng/g
DW), we recorded high presence of herbivory damage in the
population and we observed the presence of herbivores such
as goats and caterpillars during the study (data not shown).
In addition, the sun orientation in the growing site strongly
affected jasmonate contents, which is in accordance with
another study where herbivory induced jasmonates content,
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tase, GGPS geranylgeranyl diphosphate synthase, HPPD hydroxy-
phenylpyruvate dioxygenase, HPT homogentisate phytyl transferase,
MEP methylerythritol phosphate, MPBQ methylphytylbenzoquinol,
MPBQ-MT MPBQ methyltransferase, PDP phytyl diphosphate, PEP
phosphoenolpyruvate, PK phytyl kinase, PPH pheophytin pheophor-
bide hydrolase, PPK phytyl phosphate kinase, TAT tyrosine ami-
notransferase, 7C tocopherol cyclase, TMT tocopherol methyltrans-
ferase

and these differed between Asclepias syriaca individuals
exposed to sun or shade (Agrawal et al. 2012). Thus, in
regard to diverse functions suggested for the different forms
of jasmonates (see Taki et al. 2005; Wasternack and Hause
2013; Heitz 2016; Maynard et al. 2018; Per et al. 2018) and
the difference in concentration required for each function
(Taki et al. 2005; Heitz 2016), the relationship of vitamin E
with JA and OPDA observed in this study could have eco-
physiological implications in C. albidus when facing com-
bined abiotic and biotic stress, which usually converge in the
Mediterranean winter, mainly due to the negative correlation
between vitamin E accumulation and the jasmonates biosyn-
thesis capability represented by OPDA.

Taking together, the results of the relationship between
jasmonates and vitamin E from the C. albidus study under
natural conditions and those from the literature survey
showed that the relationship between jasmonates and vita-
min E could be positive or negative depending on the form
and the demanded concentration. These compounds are
closely related with both biotic and abiotic stresses since all
stresses derive in ROS formation in chloroplasts (see Huang
et al. 2019) and ROS induce both vitamin E and oxylipins
production, so vitamin E and jasmonates are fully related
with the redox state of the chloroplast and the cell. As prod-
ucts derived from lipid peroxidation of chloroplastic mem-
branes, oxylipins reflect the redox state of the cell under
stressful conditions (Gollan et al. 2015; Maynard et al. 2018;
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Muioz and Munné-Bosch 2020; Unal et al., 2020), so as
signals derived of the redox balance of the chloroplast and
being influenced by the accumulation of tocopherols, the
bidirectional link between vitamin E and jasmonates may
be seen as an essential part of a robust network of com-
pounds determining the redox biology of the cell, together
with ROS and reactive electrophile species (RES) involved
in the retrograde and systemic stress signaling (Suzuki et al.
2012; Dietz et al. 2019; Muifioz and Munné-Bosch 2020).
This supports the contention that vitamin E plays a role in
stress sensing and signalling by modulating not only ROS
accumulation (Maruta et al. 2016) but also by influencing
the accumulation of oxylipins, including OPDA (Fig. 10a).
The relationship between vitamin E and JA accumulation
(positive correlation) and between vitamin E accumulation
and the capability to synthetize jasmonates (OPDA, negative

Fig. 10 a Schematic representa- (a)
tion of the model suggested in
the current study and simplified
table of the most representa-
tive linear correlations found
between vitamin E (one of each
forms or total tocopherols) in C.
albidus during three consecutive
winters. Mediterranean environ-
mental conditions such as high
light, extreme temperatures and
drought produce abiotic stress
to C. albidus, while typical
perturbations of Mediterranean-
type ecosystems such as wound-
ing infringes biotic stress to
them. Abiotic and biotic stress
converge in reactive oxygen
species (ROS) formation in the
chloroplast which induces both
vitamin E (vit. E) and jas-
monates (JAs) production. The
relationship between vitamin E
and jasmonates accumulation (b)

High light
Extreme temp
Drought

Abiotic stress

Vitamin E

correlation) leads to a fine-tune regulated network for coor-
dinated plant stress response (Fig. 10b). However, further
investigation is needed to better understand this complex
network as well as the relationship between both forms of
vitamin E and JA-Ile. In addition, it would be interesting to
add the other elements that could be involved in this net-
work. For instance, the G-box like elements found in VTE1
and VTE4 genes of A. thaliana (see Suppl. Figs. S2 and S3)
are responsive to both jasmonates and ethylene (Memelink
2009) and previous studies have shown a role for ethylene
signaling in the modulation of tocopherol biosynthesis genes
(Cela et al. 2009).

It is concluded that there is a negative correlation between
vitamin E and OPDA accumulation in C. albidus under natu-
ral Mediterranean winter, but a positive one between JA and
a-tocopherol, both in C. albidus under natural conditions

Biotic stress

Wounding

P

(5]

)
oS

VitE JAs

accumulation accumulation

STRESS RESPONSE

OPDA A IA-le
037 039 NS

(negative with OPDA and posi-

tive with JA) leads to a fine-tune

regulated network for coordi- [
nated plant stress response. It

is suggested that vitamin E-jas-

monates play a major role in the

regulation of biotic and abiotic

stress responses and their cross-

talk in plants. b Schematic and

simplified representation of the

metabolic framework of vitamin :
E and jasmonates in response to N

~ Excess light

a-Toc

Chloroplast

Polyunsaturated fatty acids (PUFAs)

LOX

ROS /}iﬂ peroxidatio&

Biotic stress
Peroxisome

OPDA — &= A

——» JA-lle

stresses. ROS: reactive oxygen
species, a-toc: a-tocopherol,
OPDA: 12-oxo-phytodienoic
acid, JA jasmonic acid, JA-Ile
jasmonoyl-isoleucine

“, Stressresponse %

Nuclei

¥ Y . TATexpression

@ Springer
65



36 Page140f16

Planta (2021) 253:36

and in all data extracted from the literature survey. The rela-
tionship between vitamin E and jasmonates did depend on
the jasmonate form, the concentration and the conditions
of the studies, therefore suggesting different implications
of this relationship in the response of plants to combined
abiotic and biotic stresses and highlighting the importance
of analyzing more than just one jasmonate and vitamin E
form in ecophysiological studies. It is suggested that both
vitamin E and jasmonates, and more specifically its bidirec-
tional link, are central players of the regulation of biotic and
abiotic stress responses in plants.
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Les arees muntanyoses del clima mediterrani es caracteritzen per les dures
condicions d’estrés abidtic per les plantes. La sequera, lalta irradiancia, i les
temperatures extremes son els principals factors abidtics que modulen la biodiversitat
arbustiva en aquestes arees. Tot i aixi, la possible influéncia addicional de
I'nerbivorisme sobre aquestes comunitats arbustives és poc coneguda. Es va estudiar
la incidencia dels estressos abiotic i bidtic en un arbust mediterrani representatiu, C.
albidus, creixent en condicions naturals, posant émfasis en I'aparicié estacional de
I'estres abidtic i I'nerbivorisme, aixi com la possible influencia de 'orientacié solar de
la vessant de creixement i de I'edat de la planta sobre la resposta a I'estres. Es va
observar fotoinhibicio a principis d’estiu coincidint amb la combinaci¢ de condicions
de sequera, alta irradiancia, i altres temperatures (per sobre els 35°C al juliol). Durant
aquest periode, els individus creixent en la vessant est van experimentar major
depressio en I'eficiencia del PSIl que els que creixien a la vessant oest. En I'orientacio
est també es va observar una lleugera reduccié en el contingut hidric foliar al final de
I'estiu. Tot i aix0, en 'orientacio est els danys causats per herbivorisme, principalment
per les cabres, foren menors en comparacio a 'orientacio oest durant I'hivern. L'edat
de la planta no va influenciar la pressié d’herbivorisme ni la resposta a I'estrés abiotic.
Es conclou que C. albidus és un arbust altament tolerant tant a I'estrés abiotic com
biotic en les arees muntanyoses mediterranies, mostrant Unicament una lleugera

fotoinhibicio a principis d’estiu i lleus simptomes d’herbivorisme a I'hivern.
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ABSTRACT

Mediterranean climate mountain areas are characterized by stressful abiotic conditions for
plants. Drought, high light, and extreme temperature are the main abiotic factors driving
shrub biodiversity in these areas. Little is known, however, to what extent herbivory may
additionally influence these shrub communities. We studied the incidence of abiotic and
biotic stresses in a Mediterranean representative shrub, Cistus albidus, growing under
natural conditions, with an emphasis on the seasonal occurrence of abiotic stress and
herbivory, as well as the possible influence of sun orientation of the growing site, and plant
ageing on the stress response. Photoinhibition occurred during early summer coinciding
with a combination of drought, high light, and high temperatures (above 35C° in July).
East-oriented individuals experienced greater depressions in PSII efficiency than west-
oriented ones during this period. East orientation also slightly reduced leaf water content
during late summer. However, east orientation reduced herbivory-related damage during
winter, particularly from goats. Plant age neither influenced herbivory pressure nor the
stress response to abiotic stress factors. It is concluded that C. albidus is a highly tolerant
shrub to both abiotic and biotic stress factors in Mediterranean mountain areas, showing
only a slight photoinhibition during early summer and mild symptoms of herbivory attack

in winter.

Keywords. age-related changes; Cistus albidus L.; herbivory; multiple stresses; seasonal

variations; sun orientation
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1. Introduction

Plant response to the environment is a complex process tiggered by a combination of
climatic variables and both abiotic and biotic factors converge in space and time to finely
modulate plant life. Mediterranean stressful seasons are usually summer and winter due to
extreme temperatures, elevated solar irradiance, and drought. Typical Mediterranean
climate (Csa in the Koppen classification, Koppen, 1936) is temperate, characterized by
dry summers (with less than 30 mm in the driest month) and relatively low temperatures
during winter (although they can reach below 0°C as elevation and distance from the sea
increase). In Mediterranean-type ecosystems, aside from drought, high light, and extreme
temperatures, major pressure factors for plant diversity also include herbivory and common

perturbations such as fire.

Shrubland communities’ biodiversity is crucial to confer plasticity to these vulnerable
ecosystems to alleviate the negative effects of climate change, such as increased water
scarcity (Cowling et al., 1995; Cabal et al., 2017; Rodriguez-Ramirez et al., 2017). Cistus
albidus 1s considered an ancient and well-adapted shrub of these ecosystems. It presents a
plethora of adaptations to common stresses of Mediterranean-type ecosystems. As an
obligate seeder, it is involved in the primary succession after a fire event (Roy and Sonié,
1992) and various of its features, such as its semi-deciduous strategy, its high phenotypic
plasticity to water scarcity, and several morphological and physiological acclimation
responses, allow this shrub to overcome stressful seasons (Correia et al., 1992; Grant et al.,
2005; Correia and Ascensdo, 2017; Oliveira and Penuelas, 2000; 2004, Munné-Bosch et
al., 2003; Pérez-Llorca et al., 2019).

Plant ageing at the organism level has garnered great interest in the last decades, but it
is still a quite enigmatic biological process. Several unsolved questions remain, such as its
relationship with the senescence of single organs, mechanisms of senescence avoidance at
the organism level, or the potential of plants to attain near immortality (Thomas 2002; 2013;
Munné-Bosch 2020; Cannon et al., 2022). Plant ageing is associated with several metabolic
and physiological changes that occur with time, many of them associated with plant
maturity and increased size that may not necessarily lead to senescence (i.e., increased
mortality as plants age), including changes in leaf morphology, changes in redox

homeostasis, reductions in photosynthetic rates or alterations in the plant reproductive
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strategy (Thomas 2013; Mencuccini and Munné-Bosch, 2018; Munné-Bosch 2007, 2020).
Although molecular mechanisms remain relatively unknown, it has been shown that the
mechanisms underlying the response of plants to abiotic stresses change as plant ages
(Rankenberg et al., 2021). On the other hand, plant age-related effects on susceptibility to
pathogen infection have also been described in some plant species, commonly reducing the
susceptibility to pathogen infection as plant ages, which is named age-related resistance
(Kus et al., 2002; Barton and Koricheva, 2010; Yang et al., 2020). In C. albidus, plant
ageing has been shown to affect reproductive traits such as flower bud vigour, flower
production, rates of embryo abortion, and seed vigour, showing that ageing does not
negatively influence overall fecundity through compensatory effects (Ofate and Munné-
Bosch, 2010; Miiller et al., 2014). However, as it occurs with other perennials, very little is
still known about age-related changes in plant response to both abiotic and biotic stress

factors in this plant species.

Here, we aimed at studying the response of C. albidus to abiotic and biotic stresses under
natural conditions in a Mediterranean mountain area, with an emphasis on the occurrence
of abiotic stress and herbivory in relation to seasonal environmental variations, sun
orientation of the growing site, and plant ageing. We hypothesized that herbivory may
superimpose to abiotic stress factors and negatively impact plant performance under natural

conditions, being the effects more evident as plants aged.

2. Methods

2.1. Study site, experimental design, and samplings

The study was performed from May to December 2019 in a natural population of Cistus
albidus growing at 1100 m.a.s.l. under natural conditions in Montserrat Natural Park
(Spain, 41.586N 1.830E). We randomly selected 100 individuals of the population, 50
growing on the east-facing slope and 50 of them on the west-facing slope of the
mountainside. Monitoring of environmental data was provided by a weather station from
the Meteorological Service of Catalonia (MeteoCat) situated on a south-facing slope at 916
m.a.s.l. at Monistrol de Montserrat (NE Spain). The temperature and relative humidity of
each mountainside were recorded during the sampling days using a portable

thermohygrometer (DO9847 Multifunction Meter, Delta Ohm, Padova, Italy, Fig. 1).
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Samplings were performed on 27" May, 22" July, 30" September, and 23" December
2019. Environmental conditions were typical of Mediterranean mountain areas. Monthly
mean temperatures during winter ranged between 5-10°C with lowest daily minimum
temperature close to 0°C, while in summer the monthly average was over 20°C, with highest
daily maximum temperatures occasionally above 30°C. During the period of study, most of
the rainfall was recorded in autumn while September was the driest month with a total
accumulated precipitation of 33 mm (Fig. 1). All samplings were performed at midday on
sunny, clear days, except during 30™ September, when little high clouds occurred. From a
phenological perspective, we observed flowering in May while fruiting and major leaf

shedding occurred in July.

2.2. Abiotic stress markers

Two fully expanded, sun-exposed, and undamaged apical leaves were sampled for each
individual and sampling time to study abiotic stress markers. One of these leaves was used
for leaf water content and chlorophyll fluorescence measurements, while the other was
immediately frozen in liquid nitrogen and kept at -80°C until analysis for chlorophylls. Leaf
hydration and relative water content of leaves were measured as described by Munné-
Bosch et al. (2003) based on fresh weight, turgid weight (after 24h of soaking the leaf in
distilled water), and dry weight (after drying the leaf in the oven at 65°C to constant weight).
Maximum efficiency of photosystem II (Fv/Fm), which was used as an indicator of
photoinhibition, was measured based on chlorophyll fluorescence measured using a
fluorimeter Mini-PAM II (Photosyntesis yield analyser, Walz, Germany) after 1h of dark
adaptation of leaves. For estimation of chlorophyll contents, 50 mg of leaf were extracted
in 500 pl of methanol containing 0.01% butylated hydroxytoluene using ultrasonication for
30 min (Branson 2510 ultrasonic cleaner, Bransonic, Danbury, CT, USA). The extract was
centrifugated at 13000 rpm at 4°C, and the supernatant was collected. This process was
repeated twice with 250 ul of solvent. Absorbance was read at 470 nm, 653 nm, 666 nm,
and 750 nm using a UV/Visible double beam CE Aquarius spectrophotometer (Cecyl
Instruments Ltd, Cambridge, UK) and chlorophyll @ and b contents were estimated using

the equations described by Lichtenthaler and Wellburn (1983).

2.3. Biotic stress markers

76



Each plant was meticulously examined for herbivore pressure. Photographs of all damaged
leaves were taken to subsequently count and classify insect-damaged and goat-damaged
leaves. The type of damage was easily identified by the marks left on leaves. Then, the total
number of affected leaves per individual was counted and the percentage of affected leaves

estimated.

2.4. Plant ageing

Plant height and trunk perimeter were measured in all individuals, and plant age estimated
as described by Siles et al. (2017). Furthermore, two fully expanded, sun-exposed, and
undamaged apical leaves were sampled for each individual and sampling time to study
oxidative stress indicators as additional potential plant ageing markers. For the
measurement of these additional markers (vitamin E and lipid hydroperoxides), leaves were
immediately frozen in liquid nitrogen and kept at -80°C until biochemical analyses. Vitamin
E analysis was performed by HPLC as described by Cela et al. (2011) using a normal-phase
column (Inertsil 100A, 5 pp, 30 x 250 mm, GL Sciences, Torrance, CA, USA) and
fluorescence detection at an excitation wavelength of 295 nm and emission at 330 nm.
Standards of a-tocopherol and y-tocopherol (Sigma—Aldrich) were used for quantification.
Lipid peroxidation was estimated by measuring the amounts of lipid hydroperoxides using

the FOX assay as described by Bou et al. (2008).

2.5. Statistical analyses

A two-way ANOVA was used to determine the effect of “orientation” or “age” and “time”
using the GLS model to deal with the heterogeneity of data. Multiple comparisons were
tested with Tukey’s post hoc test. All differences were considered significant when P <
0.05. Normality and homoscedasticity of residues were checked as described by Zuur et al.
(2009). Correlation analyses were performed using Spearman’s rank correlation test. All
statistical tests were performed using R statistical software (R Foundation for Statistical

Computing, Vienna, Austria).
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3. Results and discussion

3.1. East orientation increases abiotic stress during summer

It is known that seasonality strongly affects the stress susceptibility of native flora in
Mediterranean-type ecosystems, with summer and winter being the main stressful seasons
throughout the year. Although summer drought is becoming more common in the
Mediterranean region under the current global change scenario and this condition triggers
potential damage to the photosynthetic apparatus (Werner et al., 1999; Oliveira and
Penuelas, 2001; Munné-Bosch et al., 2003; Grant et al., 2005; Jubany-Mari et al., 2009;
Alderotti et al., 2020), how microclimatic conditions, such as sun orientation, influence
plant stress responses is still little explored. Photoinhibition to the photosynthetic
apparatus, as indicated by reductions in the Fv/Fm ratio, occurred in C. albidus plants during
the summer (July), in parallel with reductions in leaf water and chlorophyll contents, but
this photoinhibition was particularly observed in East-oriented plants, concomitant with
reductions in the chlorophyll a/b ratio (Fig. 2). The asymmetry in microclimatic conditions
during summer might have resulted in more stressful conditions in plants on the east-facing
versus the west-facing slope. Given that the chlorophyll a/b ratio, but not total chlorophyll
or leaf water contents differed between East and West individuals, it is likely that these
slight variations may be more triggered by differences in incident light than by changes in
air temperatures. However, interpretation of any mechanisms responsible for different
levels of PSII efficiency, or whether depressions in PSII efficiency are consequential to the
plant, requires additional measures. Different levels of PSII efficiency might indeed be
attributed to different causes, including (i) different ratios of PSI to PSII and the relative
contribution of fluorescence emitted from the chlorophyll associated with each group of
centres, (ii) state transitions, (iii) chloroplast movements (positioning of chloroplasts for
maximum exposure to incident light versus minimum exposure to incident light along
different sides of the mesophyll cells), (iv) engagement of zeaxanthin (and antheraxanthin)
in photoprotective energy dissipation, (v) transient inactivation of PSII centres, or (vi)
disassembly of PSII centres (Demmig-Adams and Adams, 2018; Malnog, 2018). Many of
these may occur when the source to sink ratio of the plant increases (i.e., when the rate of
photosynthesis is downregulated as the supply of photosynthate exceeds the needs of the
plant, such as when plants cease to grow in response to drought and high temperature,

Adams III et al., 2013). When this is the case, reductions in PSII efficiency are an
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appropriate, regulatory response of the photosynthetic apparatus to the source-sink
imbalance and may not be considered as a damage. Since all data were collected at midday,
it could be that the greater level of depression in PSII efficiency in plants on the east-facing
slope resulted from the fact that the plants were receiving direct sunlight all morning long
(since the sun rises in the east) whereas the plants on the west-facing slope would only
receive the greatest level of direct sunlight as the sun set in the west in the later afternoon.
Further research is therefore needed to understand the underlying causes triggering such
sun orientation differences in photoinhibition in C. albidus plants growing in their natural

habitat.

3.2. East orientation reduces herbivory pressure during winter

Herbivory modulates shrub dynamics in Mediterranean ecosystems by exerting pressure
under specific species, individuals, and tissues. While maximum abiotic stress was suffered
in summer, maximum herbivory pressure was observed in winter, including both insect and
wild goat herbivory (Fig. 3). We observed hole feeding and margin feeding behaviour,
commonly attributed to Coleoptera, Orthoptera, Lepidoptera and Hymenoptera (Carvalho
et al., 2014). Although it is well known that insect herbivory in Mediterranean-type
shrublands ecosystems is driven by seasonality and leaf phenology, little or nothing is
known about insect herbivory in Cistus species. It has been demonstrated that plant stress
can affect selectivity by insect herbivores as well as the nutritional value and secondary
compounds accumulation (Meyer et al., 2006; Staley et al., 2006; Ribeiro-Neto et al.,
2012). In addition, the semi-deciduous strategy of Cistus albidus could also affect
herbivory susceptibility since leaf shedding has been proven to reduce herbivory pressure
in evergreen shrubs and trees with large variation in leaf retention (Karban, 2007, 2008).
Selective seasonal herbivory by goats have been registered in Cistus spp. Goats have great
seasonal adaptability in Mediterranean ecosystems selecting particular plant species,
mostly woody species, in each season, probably depending on the nutritional aspects such
as the crude protein percentage, bit mass, nitrogen and secondary compounds, or trichome
density, and not necessarily depending on the availability (Papachristou, 2000; Molina-
Montenegro et al., 2006; Mancilla-Leyton et al., 2012, 2013, 2014; Chebli et al., 2020). It
is known that winter leaves of Cistus albidus are richer in nitrogen than summer leaves, so
it might be related to the selection of this species particularly in winter by goats (Correia et

al., 1992).
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3.3. Plant ageing does not increase stress sensitivity

Plant ageing has been demonstrated to influence stress susceptibility and response in
several species (Rankenberg et al., 2021). However, very few studies have been performed
in Mediterranean shrubs growing in their natural habitat, except for one study performed
in C. albidus plants showing that plant shrinkage under natural conditions is an effective
strategy to prevent the tear and wear of aging and that plants develop compensatory
mechanisms at the reproduction level (including changes in flowering, fruit and seed
production) that prevent senescence in terms of seed yield and viability (Miiller et al.,
2014). Other studies in the congener C. clusii under semi-controlled conditions have shown
that as plants increase in size and mature they respond differently to stress, both in terms
of foliar ABA accumulation and response to photo-oxidative stress (Munné-Bosch and
Lalueza, 2007). The present study shows no effects of plant ageing in stress sensitivity by
comparing mature plants of different ages; plant aging neither negatively affecting the plant
response to abiotic nor to biotic stress in any of the variables studied (Fig. 4). The average
trunk diameter of the studied population was 5.4 cm, which corresponded to an average age
of 10.6 years. Therefore, we selected two groups for analyses, one below and the other
above this average, so that as the oldest individual was 17 years old, two groups with ages
5-10 years and 11-17 years were compared. Neither the herbivory pressure nor the abiotic
stress markers differed on plants from these age groups (Fig. 4), thus indicating a similar
stress sensitivity. Indeed, Spearman rank’s correlation analyses (considering plant age as a
continuous independent variable in the X axis and using no age groups) confirmed that

plant ageing did not have any significant effect on any of the studied parameters (P>0.05).

4. Conclusion

It is concluded that C. albidus was a highly tolerant shrub to both abiotic and biotic
stresses in Mediterranean mountain areas, showing only a slight photoinhibition during
early summer and mild symptoms of herbivory attack in winter. Furthermore, seasonal and
sun orientation driven variability revealed an antagonistic relationship between the
occurrence of abiotic stress and herbivory-induced damage, and plant ageing did not
negatively influence the plant stress response (neither to abiotic stress factors nor
herbivory). Therefore, we rejected the hypothesis that herbivory may superimpose to

abiotic stress factors and negatively impact plant performance under natural conditions, and
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that these effects are more evident as plants age. Indeed, results show the extraordinary
capacity of this plant species to adapt to Mediterranean climatic conditions in mountain

arcas.
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FIGURE LEGENDS

Fig. 1. Environmental conditions in the Montserrat mountains during the experimental
period. (a) Air temperatures and relative humidity during the measurement days comparing
the two sun orientations, and (b) mean daily temperatures and relative humidity, together
with precipitation, recorded at the closest meterorological station (see material and methods

for details). Arrows in days of measurement.

Fig. 2. Abiotic stress markers in leaves of the Cistus albidus population during the year of
study as affected by sun orientation of the growing site. (a) Maximum efficiency of
photosystem II photochemistry (Fv/Fm), (b) relative water content (RWC), (c) hydration
(H), (d) chlorophyll a/b ratio (mg/mg) and (e) total chlorophyll content. Data are mean of
n=50+SE. P values of two-ways ANOVA are in the inlets and P values > 0,05 were
considered not significant (NS). Different letters represent differences between seasons and

asterisk represents differences between sun orientation groups of the season.

Fig. 3. Herbivory damage recorded during the study as affected by sun orientation of the
growing site and expressed as (a) the number of leaves affected by herbivory, (b)
percentage of herbivory-damaged leaves from total leaves of the plant and (c) the number
of leaves affected by goats or insects. Data are mean of n=504+SE. P values of two-way
ANOVAs are in the inlets and P values > 0,05 were considered not significant (NS).
Different letters represent differences between seasons and asterisks represent differences

between sun orientation.

Fig. 4. Influence of plant age on abiotic stress markers and herbivory damage during the
study. (a) Individual main stem perimeter distribution of the population studied. Population
mean and percent deviation are in the inlet. (b) Herbivory damage of the Cistus albidus
population during the study as influenced by the season and age groups, expressed as the
percentage of damaged leaves. P values of two-way ANOVA are in the inlets (P>0,05 were
considered not significant [NS]). Different letters represent differences between seasons
and asterisks represent differences between age groups. (c) Results of the two-way
ANOVAs for each variable studied with factors “Time” and “Age”. Data are mean of n=

48+SE for 5-10 years old group and n= 50+SE for 11-17 years old group.
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Figure 4
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Els ecosistemes mediterranis representen una oportunitat unica per a estudiar les
interaccions planta holoparasita-hoste. Es van estudiar les senyals hormonals locals i
sistémiques que participen en la relacio entre I'arbust dominant C. albidus i la planta
holoparasita d’arrel C. hypocistis al seu habitat natural. Es van examinar la interaccié
(i) a nivell local, mesurant el perfil hormonal de la zona d'interaccio entre la planta
holoparasita i I'noste, composta de teixits no fotosintétics ('arrel de C. albidus i
I'naustori de C. hypocistis), i (i) a nivell sistemic, examinant el perfil hormonal
juntament amb I'estat fisiologic de les fulles de plantes parasitades i no parasitades.
A meés, es va explorar com les variacions temporals (efectes estacionals) i la
localitzacié geografica (efectes poblacionals i microclimatics) influenciaven la
resposta sistemica hormonal i fisiologica de les fulles, mesurant tres poblacions a la
primavera i a I'estiu. Els resultats aporten pistes sobre 'estres local causat pel parasit
i les relacions font-embornal del sistema, principalment influenciades per les
citocinines. A més, els jasmonats van activar una resposta de defensa a les fulles,
molt lluny del punt d’infeccio. El parasitisme no va tenir cap impacte negatiu important
sobre I'hoste, almenys tal i com indiquen els marcadors d’estrés fisiologic a les fulles.
Inclus es van observar alguns efectes compensatoris (augments en el contingut de
clorofil-les), tot i que només durant les suaus condicions ambientals de la primavera.
Es conclou que (i) les citocinines i els jasmonats juguen un rol important a nivell local
I sistémic, respectivament, en la resposta hormonal de C. albidus enfront I'estres
biotic causat per C. hypocistis creixent al seu habitat natural, i (ii) que les
aproximacions espaitemporals son essencials per examinar les interaccions planta

holoparasita-hoste en condicions naturals.
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Abstract

Mediterranean-type ecosystems provide a unique and challenging opportunity to study
holoparasitic plant-host interactions. We studied local and systemic hormonal signals
underpinning the relationship between the dominant shrub Cistus albidus and the root
holoparasitic plant Cytinus hypocistis in their natural habitat. We examined the interaction
(1) locally, by measuring the hormonal profiling of the interaction zone between the
holoparasitic plant and the host, composed of non-photosynthetic tissues (C. albidus root
and C. hypocistis haustorium), and (ii) systemically, by examining the hormonal profiling,
together with the physiological status, of leaves from infected and uninfected plants.
Furthermore, we explored how temporal variation (seasonal effects) and geographical
location (microclimatic and population effects) influenced the systemic hormonal and
physiological response of leaves by measuring three populations in spring and summer.
Results shed light on parasite-caused local stress and the source-sink relations of this

system, mainly influenced by cytokinins. Jasmonates triggered a defense response in

97



leaves, far from the infection point. Parasitism did not have any major negative impact on
the host, as indicated by physiological stress markers in leaves. Rather, some compensatory
effects were observed (increased chlorophyll contents), although these occurred under the
mildest environmental conditions of spring only. We conclude that (i) cytokinins and
jasmonates play a major role at the local and systemic level, respectively, in the hormonal
response of C. albidus to the biotic stress caused by C. hypocistis growing in their natural
habitat, and that spatiotemporal approaches are essential to examine holoparasitic host-

plant interactions in the field.

Keywords: biotic stress, Cistus albidus, Cytinus hypocistis, holoparasitism, jasmonates,

trade-off, non-photosynthetic tissues, phytohormones.
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INTRODUCTION

After billions of years of plant evolution, some plants have lost the capacity to transform
sunlight into energy. These are the holoparasitic plants (Westwood et al., 2010). By taking
water, carbon, and nutrients from their host, holoparasitic plants can negatively impact the
ecophysiology of the shrub community in natural Mediterranean ecosystems, so that they
can directly cause productivity and reproductive output losses in the host in the short term.
However, in the long term they can indirectly increase biodiversity by altering the balance
between competitively dominant species and subordinate species, among other positive
effects (Press and Phoenix, 2005; Casadesus and Munné-Bosch, 2021; T¢sitel et al., 2021).
In Mediterranean-type ecosystems, there is an ancient relationship between the
competitively dominant shrubs of the Cistaceae family and the widely-distributed and
paradigmatic root holoparasitic genus Cytinus. This genus is composed of eight species, of
which C. hypocistis and C. ruber (now considered C. hypocistis subsp. clusii) are present
in the Mediterranean region. They show extreme morphological modifications. Their
vegetive body is reduced to an endophytic structure that develops inside the host’s roots
and is connected by a continuous vessel called the haustorium (de Vega et al., 2007). Sturdy
inflorescences (monoecious in the Mediterranean region) emerge at soil level. The color of
the inflorescence and the host species determine five different genetic races of C. hypocistis
haustorium (de Vega et al., 2008). For instance, C. hypocistis subsp. clusii, with ivory-
white to pink flowers, parasitizes Cistus albidus, representing a unique and challenging
opportunity to study holoparasitic plant-host interactions in Mediterranean-type

ecosystems (Casadesus and Munné-Bosch, 2021).

Phytohormones are vital regulators of physiological processes in plants, and they
are crucial players in holoparasitic plant-host interaction. Jasmonic acid (JA) and salicylic

acid (SA) are known to participate in the biotic stress response at systemic level, but they
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have also been suggested to be involved in the host defense response in the initial stages of
holoparasite infection (Gutjahr and Paszkowski, 2009; Torres-Vera et al., 2016). The
function of abscisic acid (ABA) in plants is mainly related to halting growth in response to
abiotic stress and regulating stomatal closure in response to drought, but it has been
proposed that it is also involved in host defense in the early stages of holoparasitic plant
infection (Tuteja, 2007; Torres-Vera et al., 2016). In addition, other phytohormones such
as strigolactones, auxins, gibberellins, and cytokinins, are involved in processes related to
seed germination, haustorium induction, and source-sink relations in this fascinating
interaction between parasitic plants and their hosts. Unfortunately, however, very little is
still known on the hormonal signals modulating holoparasitic plant-host interaction in
Mediterranean-type ecosystems, most specifically in studies performed in plants growing

in their natural habitat (see Casadestis and Munné-Bosch, 2021).

Vitamin E is an important set of lipophilic antioxidants synthesized in plastids
which can prevent lipid peroxidation of membranes and of quenching and scavenging ROS
in response to stress. This vitamin, which includes a, 3, 3, Y- tocopherols and tocotrienols,
is synthetized by all photosynthetic organisms. Its function is attributed to the double bonds
in the phytyl moiety and hydroxyl groups in the chromanol ring, and a difference in the
position and saturation of the hydrophobic chain is what determines the different
homologues (Falk and Munné-Bosch, 2010). a-Tocopherol, the main form of vitamin E,
has been demonstrated to be one of the most highly responsive antioxidants to
environmental change in several representative Mediterranean plants, including C. albidus,
and it is therefore a useful stress marker (Fernandez-Marin et al., 2017). Indeed, the
accumulation of vitamin E (a-tocopherol) is a common response to abiotic stress,
especially in Mediterranean plants. Beyond its photoprotective and antioxidant role in the

chloroplast (Krieger-Liszkay and Trebst, 2006; Havaux et al., 2015; Kumar et al., 2021),
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vitamin E has been proposed to participate in stress sensing and signaling, probably due to
its modulation of lipid peroxidation in thylakoid membranes, acting in cooperation with
other retrograde signaling effectors, and especially due to its modulation of signaling
oxylipins such as jasmonates (Mufioz and Munné-Bosch, 2019; Casadesus et al., 2021),
thus playing a potential role in holoparasitic plant-host interactions. In recent years, the
bidirectional relationship of the chloroplast-derived oxylipin jasmonates with the
chloroplastic antioxidant vitamin E has also been proposed to be central in the regulation
of biotic and abiotic stress response in plants (Demmig-Adams et al., 2013, 2014; Mufioz
and Munné-Bosch, 2019; Casadesus et al., 2021), but this relationship has still not been
examined in holoparasitic plant-host interactions. Although vitamin E function is generally
studied in photosynthetic tissues, no studies have focused thus far on the possible role of
tocopherols in holoparasitic plants. Among vitamin E compounds, tocotrienols have also
been studied in non-photosynthetic tissues such as seeds, fruits, flowers, and tubers, where
they probably protect the stored lipids and membranes from oxidation (see Falk and
Munné-Bosch, 2010; Mufioz and Munné-Bosch, 2019). However, the synthesis and
function of vitamin E in non-chloroplastic tissues that contain other plastid types remain

poorly known.

Controlling the spread of parasitic plants in natural ecosystems requires
understanding the interaction between parasites and hosts. Although several studies have
identified several factors and processes underlying holoparasitic plant-host interactions,
knowledge of the mechanisms underlying the interactions between host and parasitic
plants, specifically at the interface between the two organisms, is still relatively limited,
most particularly under field conditions (Jhu et al., 2022; Munné-Bosch, 2022). In the
present study, we aimed at better understanding the local and systemic stress responses

occurring in C. albidus L. in response to the holoparasitic plant C. hypocistis L. in spring
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and summer in plants growing in their natural habitat, paying particular attention to the role
of phytohormones and the putative relationship between vitamin E and jasmonates.
Additionally, we aimed to compare the hormonal signals involved in the systemic
physiological response of photosynthetic tissues (leaves) of host plants upon infection to
those involved in the local biochemical interaction between the holoparasitic plant and the
host, analyzing the non-photosynthetic tissues involved in the points of contact between

them (including host roots and parasite haustorium).
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Results

Vitamin E and phytohormones in non-photosynthetic tissues involved in the host-

holoparasite interaction

We studied differences in phytohormone levels between leaves (photosynthetic tissues) and
in the interaction zone between the holoparasitic plant and the host (non-photosynthetic
tissues), the later to assess the response at local level. A differential phytohormone profile
was observed between C. albidus leaves and roots and C. hypocistis haustorium (Figure 1,
Suppl. Figs. 1-6). Non-photosynthetic tissues at the parasite-host interaction zone, and
most particularly the haustorium, contained higher content of active cytokinin, 2-
1sopentenyl adenine (Figure 1) and ABA (Suppl. Fig. 4), but trans-zeatin (t-Z) type
cytokinins were the only ones affected by parasitism. The active cytokinin #-Z and its
precursor #-ZR increased in the root when the holoparasite was present. Furthermore, -ZR
content was significantly higher in the basal than the apical haustorium, showing values of

78 and 13 ng/g dry weight (DW), respectively (Figure 1).

We used vitamin E as a stress marker to assess holoparasitic plant-host interaction
at the local level. On average, a-tocopherol showed levels of between 17 and 27 nug/g DW
in the three parts studied of C. albidus root (distal, medial, and proximal to the holoparasite
vegetative body). These concentrations were about 92-95% lower than the lowest
concentration found in leaves, but the content of a-tocopherol in C. albidus roots was
affected by parasitism, increasing when the root holoparasite was present and thus
indicating local stress in roots (Figure 2). However, malondialdehyde (MDA) contents, an
indicator of the extent of lipid peroxidation, did not increase in roots of infected plants
compared to non-infected ones. In contrast to the vitamin E profile of C. albidus leaves, y-

tocopherol was not found in roots. Neither leaves nor roots contained 3 and d—tocopherols
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and a, B, O, y-tocotrienols. A completely different vitamin E profile was found in the
haustorium. In this non-photosynthetic tissue, we found trace (non-quantifiable) amounts
of a-tocopherol and y-tocotrienol (<0.5 png/g DW) in both basal and apical haustorium. y-
Tocopherol was not found, but a-tocotrienol was present in the highest concentration of all

vitamin E homologues in this tissue (6 g/g DW on average, Figure 2).

Holoparasitism by C. hypocistis increased jasmonate content but did not negatively

affect leaf physiology of C. albidus growing in their natural habitat

We studied differences in various physiological stress markers and phytohormone levels in
leaves of one hundred plants (half infected and half uninfected) growing in Catalonia (NE
Spain) to assess the temporal (seasonal) variations in the plant response at systemic level.
Environmental conditions during the days of measurement, which were typically
Mediterranean, revealed significant increases in air temperature from spring to summer,
reaching temperatures up to 37°C at midday in July. Environmental conditions, in terms of
average temperature, relative humidity and solar radiation impacting on plants, did not
differ between uninfected and infected plants (Suppl. Table 1). A significant increase in
the contents of 12-oxo-phytodienoic acid (OPDA), the precursor of JA and jasmonoyl-
isoleucine (JA-Ile), was observed in infected relative to uninfected plants during spring,
while the JA-Ile (the main bioactive form of jasmonates) leaf content of infected shrubs
increased during the summer only, reaching values of 1300 ng/g DW (Figure 3). Contents
of cytokinins (Suppl. Fig. 7), gibberellins (Suppl. Fig. 8) and auxin (Suppl. Fig. 9) in
leaves of Cistus albidus plants during the study were not influenced by parasitism, except
for an interaction between parasitism and season in ABA contents, which revealed that this
hormone increases more in infected that uninfected shrubs during summer (Figure 3). This

systemic response at the foliar level was paralleled with enhanced contents of vitamin E in
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infected shrubs, and most notably in y-tocopherol, which increased 3-fold in regard to
uninfected shrubs, despite the extent of lipid peroxidation kept unaltered (Figure 4).
Despite the stress caused on plants, parasitism did not negatively affect any of the other
physiological stress markers in leaves (including leaf water and pigment content, maximum
efficiency of PSII and extent of lipid peroxidation), neither during spring nor summer
(Figure 4, Suppl. Fig. 10). Rather, it slightly improved leaf hydration and total
chlorophylls contents during spring. These compensatory effects were observed during the

milder conditions of spring, but not during summer (Figure 4).

Microclimatic and population-related effects on systemic signals and impact of

holoparasitism

Population and microclimatic effects on C. albidus response to the parasite was examined
by comparing the environmental conditions, hormonal profiling, and physiological status
of leaves in three populations located in Catalonia (NE Spain, Table 1), two of them in the
coast and the other one more distant geographically (Suppl. Fig. 11). Climatic conditions
were typically Mediterranean in the three populations, with the northernmost population
(population 2) showing highest levels of infection (Suppl. Fig. 11). This population was
also the one most exposed to drought, as indicated by monthly accumulated precipitation
(Suppl. Figs. 12-15). No differences were observed from a phenological perspective, with

flowering in May and fruiting in July in the three studied populations.

The three populations seemed to tolerate parasitism very well both during spring
and summer but showed some differences in the mechanisms underlying plant response to
a combination of biotic (holoparasitism) and abiotic stress (summer drought). While
populations 2 and 3 seemed to be the ones showing strongest compensatory mechanisms in

terms of enhanced chlorophyll contents in leaves during spring (Figure 5), they were also

105



the ones showing more stress in infected plants during the summer, as indicated by
enhanced contents of y-tocopherol in population 3 (Figure 6) and of ABA contents in
population 2 (Figure 7). Furthermore, in population 3 we did not observe an increase in
the JA-Ile (the main bioactive form of jasmonates) leaf content of infected shrubs in
summer as we did in the other two populations, in which a 5-fold increase was observed in

JA-Ile leaf content of infected shrubs, reaching values of 1600 ng/g DW (Figure 8).
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Discussion

A crucial cytokinin role in the host-holoparasite interaction at the local level

Source-sink relations are crucial in holoparasitic plant-host interaction, and the master
regulators of these kinds of relationship are cytokinins. Of all the growth-related
phytohormones studied in C. albidus root (cytokinin, auxin, gibberellin, ABA, SA and
jasmonates), a parasitism effect was only found in the #-Z type cytokinins. Cytokinins are
mobile adenine derivates synthesized in shoots and roots and translocated systemically in
long-distance transport through the vascular system. Specifically, the #-Z type cytokinins
are mainly synthetized in roots and translocated root-to-shoot by the ABC transporter
ABCGI14 (Lacombe and Achard, 2016). Apart from their functions in cell division and
differentiation and leaf senescence, they are essential in parasitic plant-host interaction.
Their importance is highlighted not only by their involvement in haustorium induction, but
also by their effect on host root morphology and their regulation of source-sink relations in
plants (Spallek et al., 2017; Casadesus and Munné-Bosch, 2021; Mclntyre et al., 2021).
Lacking photosynthesis, holoparasitic plants depend on the host for carbon, water,
nutrients, and photoassimilates, acting as an extra sink for the host. Host photosynthesis
can be stimulated by this extra demand, but this compensatory response is limited (Watling
and Press, 2001). Cytokinins positively affect plant photosynthesis and stomatal opening,
but they exert transcriptional regulation in several genes encoding invertases and
transporters involved in the source-sink transport of sucrose and amino acids (Acharya and
Assmann, 2009; Mclntyre et al., 2021). In addition, it has been suggested that the cytokinin
composition profile in the parasite Cuscuta japonica may facilitate source-sink relations
with the host, highlighting the possible different roles of each type of cytokinin in parasitic
plant-host interaction (Furuhashi et al., 2014). Overall, our results suggest that the cytokinin

profile in the interaction tissues (both the host root and the parasite haustorium),
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specifically the #-Z type cytokinin, may have an important function in source-sink relations

in the C. albidus-C. hypocistis interaction.

Vitamin E is involved in the holoparasite plant-host interaction at the local level

Vitamin E has been extensively studied in photosynthetic tissues, but less is known about
vitamin E in non-photosynthetic tissues and even less in non-photosynthetic plants. This is
the first time that vitamin E has been detected in C. albidus roots and in the haustorium of
an achlorophyllous holoparasitic plant, and that their levels have been shown to be affected
in roots of any plant species by parasitism. The fact that key enzymes in vitamin E
biosynthesis are all localized in the plastids or plastoglobuli renders vitamin E synthesis in
non-photosynthetic tissues or its transport through the phloem a matter of debate
(Bermudez et al., 2018; Mufioz and Munné-Bosch, 2019). a-Tocopherol has been
determined in similar amounts in roots of other species affected by abiotic stress and
developmental stage (Luby et al., 2014; Soba et al., 2020), but no studies have been
performed in biotic stress conditions induced by parasitism. Our results suggest that vitamin
E is involved in the host-holoparasite interaction at the local level in roots. The presence of
vitamin E (a-tocotrienol) in the haustorium of C. hypocistis sheds some light into some
questions. Although the plastid genome of C. hypocistis shows a strong reduction compared
to its photosynthetic relatives (Roquet et al., 2016, see also Wicke et al., 2013), this
holoparasitic plant is capable of synthesizing vitamin E. Even so, a completely different
vitamin E profile was found in the haustorium compared with the host root (a-tocotrienol
instead of a-tocopherol), and no tocotrienol was found in host roots evidencing that the
non-green holoparasitic plant C. hypocistis keeps its own metabolic machinery to
synthetize vitamin E. Furthermore, the parasite induced c-tocopherol synthesis in the host

root, thus showing that vitamin E elicitation by the host is triggered by biotic stress. Vitamin
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E could exert a protective function here in response to stress, as indicated by MDA levels
in roots, which did not differ between infected and uninfected plants. We can also speculate
that it possibly acts to facilitate sucrose transport between the source (host) and the sink
(parasite), as has been proposed for Cuscuta spp. (van der Kooij et al., 2005). Taken
together, these findings highlight the involvement of vitamin E in the holoparasitic plant-
host interaction. In addition, they strongly suggest that the non-photosynthetic plant C.
hypocistis is capable of synthetizing its own vitamin E, although further research is required

to unravel its function there and why it accumulates a-tocotrienol instead of a-tocopherol.

Systemic signals involved in host defense and foliar physiological status

An evaluation of the temporal (seasonal) influence on the holoparasitic plant-host
interaction focused on systemic effects (including hormonal profiling analyses and a
characterization of the foliar physiological status) revealed a major involvement of
jasmonates in holoparasitic plant-host interactions with a marked seasonal effect. While the
jasmonate precursor OPDA increased in infected plants in spring, the active jasmonate form
JA-Ile increased in response to holoparasitism during the summer, thus confirming the
major defensive role hormones plays in holoparasitic plant-host interaction, but also
highlighting the importance of studying hormone dynamics under more realistic natural
conditions (Nguyen et al., 2016). Jasmonates have been proposed as a point of convergence
between biotic and abiotic stress responses, such as MYC or WRKY TFs, MAPK cascades,
and ROS or master regulators of the ROS metabolism (Atkinson and Urwin, 2012;
Atkinson et al., 2014), and in this respect, the chloroplast (where jasmonates are initially
synthesized in leaves) is an essential site since this is where sunlight is transformed into
energy. As such, jasmonates can be considered a primary sensor of environmental changes
that, by retrograde signaling, leads to acclimation (Mufioz and Munné-Bosch, 2019).

Therefore, jasmonates are reliable signals that host plants have evolved to respond to
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holoparasitic plants, as it occurs with other hormones that play a key role also in the parasite

and play a role in host specificity (Bouwmeester et al., 2021).

Aside from jasmonates, we also found an increase in ABA contents in infected
compared to uninfected plants during the summer, thus suggesting ABA may be triggering
defence signals together with jasmonates in the host response to the holoparasitic plant
during the most stressful conditions of summer. To shed more light into this question, we
examined population- and microclimatic-related effects by comparing the hormonal
profiling and foliar physiological status of three populations. Interestingly, most striking
differences were observed in population 2, which was the one more exposed to drought
stress and the only one showing significant increases in ABA during summer in infected
plants, and population 3, which was the one found at the highest altitude and the only one
showing significant, albeit very slight reductions in the Fv/Fm ratio and enhanced foliar -
tocopherol contents in infected plants during the summer. Enhanced ABA contents in
population 2 and slightly lower Fv/Fm ratio together with enhanced foliar y-tocopherol
contents in population 3 suggest an increased abiotic stress in these populations compared
to population 1 and, most importantly, indicate that the host defense response is modulated
by population and microclimatic factors. Indeed, as is well known, drought stress and
higher altitudes accentuate the abiotic stresses affecting Mediterranean shrubs, and C.
albidus 1s no exception. Indeed, drought shapes all Mediterranean-type ecosystems and
altitude is a pivotal factor for segregation of species of this genus (Garcia-Plazaola et al.,
2000; Al-Qura’n 2007). Intriguingly, parasitism also seemed to positively affect
populations 2 and 3 during spring, where infected individuals presented higher H and Chl
a+b values. In line with the host quality hypothesis, this could be the result of parasite
selection of the best host, which has greater access to resources such as water, or the result

of the cross-tolerance phenomenon (Watson 2000; Foyer et al., 2016). Conversely,
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parasitism negatively influenced the highest population in summer (when the individuals
were also subject to abiotic stress), as discussed before. Thus, the impact of parasitism on
the host was clearly accentuated by drought and by increasing altitude, where a trade-off

between abiotic and biotic stress appeared under a stress combination scenario.

In addition, the infected individuals of population 3 showed elevated vitamin E
content in summer. The importance of the relationship between vitamin E and jasmonates
has been repeatedly highlighted in the last decade (Demmig-Adams et al., 2013, 2014;
Muifioz and Munné-Bosch, 2019; Casadesus et al., 2021). At least in the case of C. albidus,
this relationship is bidirectional. While JA could favor vitamin E accumulation in leaves, a
negative correlation has been found between foliar vitamin E and the capacity to synthetize
jasmonates, seen as the precursor OPDA, as we observed in the current study (Suppl. Figs.
16 and 17, Casadesus et al., 2021). In the current situation, the trade-off between abiotic
stress (summer) and biotic stress (parasitism) that emerged in the highest population, could
be mediated in part by the negative relationship between vitamin E, as an abiotic stress
response element, and jasmonates, as an element of the biotic stress response. Taken
together, our results suggest that the relationship between vitamin E and jasmonates may
form part of a robust network regulating the interaction of biotic and abiotic stress
responses and could have important implications for plant performance in C. albidus under

natural Mediterranean conditions.
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Conclusions

We conclude that for our understanding of phytohormones especially, but also vitamin E,
in the response of Mediterranean shrubs to holoparasitic plants, despite their difficulties
and limitations, studies can only be performed through the lens of the complexity of the
spatiotemporal interactions in their natural Mediterranean habitat. Results suggest that
while cytokinins play a crucial role locally in the interaction between the host and the
holoparasite under natural conditions, probably related to source-sink relations, jasmonates
are essential in the host response at the systemic level. Furthermore, we have determined
the presence of vitamin E in the non-photosynthetic tissues of the system studied, which is
a striking evolutionary finding that raises several outstanding questions. Furthermore, we
have also shown that hormonal response and physiological status of the host is modulated
by population- and microclimatic-related effects. Overall, our results shed new light on our
understating of holoparasitic plant-host interaction in natural Mediterranean-type
ecosystems, which may ultimately help better manage the biodiversity of these unique

ecological communities.
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Materials and methods

Plant material, experimental design and growth conditions

All experiments were performed in Cistus albidus L. growing under natural Mediterranean
conditions in Catalonia (NE Spain) during 2021. We performed three subsets of
experiments, including (1) spatial evaluation of the holoparasitic plant-host interaction:
local effects, (2) temporal (seasonal) evaluation of the holoparasitic plant-host interaction:
systemic effects, and (3) spatial evaluation of the geographical (microclimatic and
population-related) effects on systemic signals. In all experiments, when C. hypocistis
inflorescences were visible in spring, we meticulously dug the rhizosphere zone of plants
to ensure that roots of the host plant were infected by the underground holoparasitic plant
and then randomly selected infected and uninfected individuals, which were situated at
least 1 km away from the infected plants (we established a safe distance from the infected

individuals and meticulously searched for the parasitic plant to ensure its absence).

For the spatial evaluation of the holoparasitic plant-host interaction, including local
effects at the root-haustorium interface (experiment 1), the study was performed in C.
albidus growing under natural Mediterranean conditions in the Natural Park of Montgri 1
les Illes Medes (Catalonia, NE Spain). We selected individuals that were all of a similar
height and perimeter in order to eliminate age and size effects, and we sampled roots,
including three parts of the C. albidus root of all infected and uninfected individuals and
haustorium of the holoparasitic plant, including two parts of the haustorium of C. hypocistis
L. that were infecting C. albidus. For tissue zonation studies, samples were taken from
zones proximal, medial, and distal to the holoparasitic plant (equivalent parts of the root
were sampled in uninfected individuals), and haustorium samples were divided into basal

(the physical contact zone between the host root and the parasite) and apical zones. Samples
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were taken on 4" May and immediately frozen in liquid nitrogen and maintained at -80°C
until performing biochemical (hormonal profiling, vitamin E and lipid peroxidation)
analysis. As this experiment included destructive analyses in roots, these plants were not

used for the other two experiments.

For the evaluation of the temporal (seasonal) influence on the holoparasitic plant-
host interaction (experiment 2), which was focused on systemic effects (including
hormonal profiling analyses and a characterization of the foliar physiological status through
the evaluation of stress markers), the study was performed by taking samples both during
spring (May) and summer (July) from approximately 100 C. albidus individuals (half
infected with C. hypocistis and half uninfected) from natural populations growing under
Mediterranean conditions in Natural Parks of Catalonia (NE Spain). The monitoring of
temperature and relative humidity of each zone on sampling days using a portable thermo-
hygrometer (DO9847 Multifunction Meter, Delta Ohm, Padova, Italy) allowed us to
exclude environmental differences between infected and uninfected plants. We selected
individuals that were all of a similar height and perimeter in order to eliminate age and size

effects.

For the study of the microclimatic and population-related effects on systemic
signals (experiment 3), samples that were taken from May to July 2021 in the previous
experiment from three different populations of C. albidus growing under natural
Mediterranean conditions were selected. We took samples from 15 infected plants and 15
uninfected plants from each of the three selected populations, the first growing in the
Natural Park of Montgri i les Illes Medes (Population 1, at 55-113 m.a.s.l.), the second a
bit northern but also in the coast in the Natural Park of Cap de Creus (Population 2, at 340-
530 m.a.s.l.), and the third with a more continental location in Catalonia in the Natural Park

of Sant Lloreng¢ del Munt i I’Obac (Population 3, at 792-911 m.a.s.l.). The temperature and
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relative humidity of each zone were recorded on sampling days using a portable thermo-
hygrometer (DO9847 Multifunction Meter, Delta Ohm, Padova, Italy). Monitoring of
climate data was provided by weather stations near the populations studied (Meteorological
Service of Catalonia; MeteoCat). Again, individuals were all of a similar height and

perimeter in order to eliminate age and size effects.

For experiments 2 and 3, samplings were performed on 4" May and 21 July 2021
in population 1, 27" May and 22" July in population 2, and 26" May and 20" July in
population 3 by collecting fully developed, sun-exposed, and undamaged apical leaves
from C. albidus individuals. Leaves were sampled on clear, sunny days at midday (at
maximum incident daily solar radiation), and immediately frozen in liquid nitrogen and
maintained at -80°C until performing biochemical (hormonal profiling, vitamin E and lipid

peroxidation) analysis.

Biochemical analyses

A methanolic extract was always used as the starting point for all biochemical analyses
including hormonal profiling analysis and determination of chlorophylls and vitamin E.
This extract was obtained using 100 mg of well-powdered fresh leaf in 500 pl of methanol
with 0.01% butylated hydroxytoluene (BHT) to avoid the oxidation of compounds. For
roots, it was obtained using 50 mg of well-powered fresh tissue in 500 pl of methanol with
0.01% BHT, and for haustorium, using 50 mg of well-powered freeze-dried tissue in 500
ul of methanol with 0.01% BHT. This was vortexed before and after ultrasonication for 30
minutes (Branson 2510 ultrasonic cleaner, Bransonic, Danbury, CT, USA), centrifugated
at 13000 rpm at 4°C, and the supernatant was collected. This process was repeated twice
with 500 ul of solvent for leaves and 250 ul for roots and haustorium, until obtaining a final

volume of extract of 1.5 mL and 1 mL, respectively.
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Hormonal profiling

Phytohormone profiling included analyses of jasmonates, more specifically OPDA, JA and
JA-Ile; salicylic acid (SA), ABA, cytokinins, including #-Z, t-ZR, isopentenyladenosine and
isopentenyladenine; gibberellins, including GA4 and GA7; and auxin, indole-3-acetic acid.
The extraction process was performed as explained above, but deuterium-labeled internal
standards were added (Olchemim, Olomouc, Czech Republic) before vortexing. The
extract was injected into the UHPLC/ESI-MS/MS system after filtration using a 0.22 um
PTFE filter (Phenomenex, Torrance, CA, USA), and hormones were analyzed using the

positive and the negative ion mode as described by Miiller and Munné-Bosch (2011).

Physiological stress markers

Maximum efficiency of photosystem II (Fv/Fm) was measured in leaves based on
chlorophyll fluorescence using a fluorimeter Mini-PAM II (Photosynthesis yield analyzer,
Walz, Germany) after 1 h adaptation of leaves to dark. Relative leaf water content and leaf

hydration were measured as described by Munné-Bosch et al. (2003).

For chlorophyll analysis, 100 pl of leaf extract as obtained before was then diluted
1/10 (v/v) with pure methanol and absorbance was read at 470 nm, 653 nm, 666 nm, and
750 nm using a UV/Visible double beam CE Aquarius spectrophotometer (Cecil
Instruments Ltd, Cambridge, UK). To quantify chlorophyll a and b content of samples, we

used the equations described by Lichtenthaler and Wellburn (1983).

For vitamin E analysis in leaves, roots and haustoria, including o, B, y, o-
tocopherols and o, 3, y, 0-tocotrienols, the methanolic extracts obtained as described before
were used and separation and quantification by HPLC were performed as described by Cela
et al. (2011) after filtration using a 0.22 um PTFE filter (Phenomenex, Torrance, CA,

USA). This was then injected into the HPLC system (consisting of a Waters 600 controller
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pump, a Waters 714 plus auto-sampler, and a Jasco FP-1520 fluorescence detector). The
mobile phase was a mixture of n-hexane and 1,4-dioxane (95.5:4.5, v/v) at a flow rate of
0.7 mL/min. Tocopherol homologues were separated in a normal-phase column (Inertsil
100A, 5 pp, 30 x 250 mm, GL Sciences, Torrance, CA, USA). Fluorescence was detected
at an excitation wavelength of 295 nm and emission at 330 nm. Standards of all homologues

analyzed (Sigma—Aldrich) were used for quantification.

For determining the MDA content in leaves, roots and haustoria, the thiobarbituric
acid (TBA)-reactive substances assay, was used as in Hodges et al. (1999). In brief, samples
were extracted with 80 % (v/v) ethanol containing 0.01 % (w/v) BHT, then vortexed for 20
s and exposed to ultrasonication for 30 min (Bransonic ultrasonic bath 2800) and then
vortexed again for 20 s and exposed to ultrasonication for 15 min. After a centrifugation
process at room temperature for 10 min at 13000rpm, the supernatant was recovered, and
the pellet re-extracted twice using the same procedure to final volume of 3 mL. Then, two
tubes for sample were used: (a) -TBA, with 1 mL extract + 1 mL 20 % trichloroacetic acid
(w/v) with 0.01 % BHT (w/v) and (b) +TBA, with 1 mL extract + 1 mL 20 % trichloroacetic
acid (w/v), 0.01 % BHT (w/v) and 0.65 % thiobarbutiric acid (w/v). Tubes were incubated
at 95 °C for 25 min. Subsequently, the reaction was stopped by maintaining them at 4 °C
for 10 min. After centrifugation at 1091 g at room temperature for 5 min, MDA content in
samples were analyzed by spectrophotometry and quantified using the equations developed

by Hodges et al. (1999).

Statistical analysis

A two-way ANOVA was performed to determine the effect of “Season” and “Parasitism”
in leaves using the LM model to deal with data heterogeneity, and the GLS model for

“Tissue” and “Parasitism” in roots using the GLS model to deal with data heterogeneity.
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The effect of “Tissue” in haustoria was analyzed using a one-way ANOVA. A three-way
ANOVA was performed to determine the effect of “Season”, “Population” and
“Parasitism” in leaves using the LM model to deal with data heterogeneity. Multiple
comparisons were tested with Tukey’s post hoc test. All differences were considered
significant when P < 0.05. Normality and homoscedasticity of residues were checked as
described by Zuur et al. (2009). Correlation analyses were performed using Spearman’s
rank correlation test. All statistical tests were performed using R statistical software (R

Foundation for Statistical Computing, Vienna, Austria).
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Table 1. Results of three-way ANOV As for each of the studied parameters to evaluate the
possible effect of geographical location (population), aside from seasonal (season) and
holoparasitic plant (parasite) effects. Interactions between factors are also considered. See
in materials and methods for details of the experimental design. P values are shown when

differences were significant (P<0.05). NS denotes non-significant differences (P>0.05).

Season | Season x | Parasite x | Season x
Variabl | Seaso | Parasit X Populatio | Populatio | Parasite x
e n e Population | Parasite n n Population
RWC <0.001 NS <0.001 NS <0.001 NS NS
H <0.001 | <0.001 <0.001 NS <0.001 <0.001 0,002
Chla+b |<0.001 | <0.001 <0.001 0,001 NS <0.001 NS
Chla/b NS NS NS NS NS NS NS
Fu/Fm 0,0101 NS <0.001 NS NS 0,004 NS
a-Toc |<0.001 NS <0.001 NS 0,034 <0.001 0,004
y-Toc <0.001| 0,008 NS <0.001 NS 0,029 NS
o-
Toc/Chl | <0.001 NS <0.001 NS <0.001 0,038 NS
V-
Toc/Chl | <0.001| 0,018 NS 0,003 NS NS NS
MDA NS NS NS NS NS NS NS
OPDA | <0.001| 0,021 0,002 NS NS 0,002 0,001
JA 0,042 NS NS NS NS NS 0,022
JA-lle NS <0.001 NS 0,017 NS NS NS
ABA NS NS 0,007 0,021 NS NS NS
SA 0,006 NS NS NS NS NS NS
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FIGURE LEGENDS

Figure 1. Comparison of cytokinin content (A-D) between host leaves and non-
photosynthetic tissues (roots and haustorium) forming the interaction zone between Cistus
albidus and Cytinus hypocistis under natural conditions, (F-I) distal, medial, and proximal
root, and (K-M) basal and apical haustorium. (E,J,0) Photographs of tissues analyzed.
Data are the mean of n= 15+SE. P values of two- or one-way ANOVA are given in the
insets and P values < 0.05 were considered significant. Different letters represent
differences between tissues. (-7, trans-zeatin, (-ZR, trans-zeatin riboside; 2iP, 2-

isopentenyl adenine; IPA, isopentenyl adenosine; NS, non-significant.

Figure 2. Comparison of vitamin E content and extent of lipid peroxidation, estimated as
malondialdehyde accumulation (A-D) between host leaves and non-photosynthetic tissues
(roots and haustorium) forming the interaction zone between Cistus albidus and Cytinus
hypocistis under natural conditions, (E,F) distal, medial, and proximal root, and (H,I) basal
and apical haustorium. (G) Chemical formula of vitamin E compounds found in the tissues
analyzed. Data are the mean of n= 15£SE. P values of two- or one-way ANOVA are given
in the insets and P values < 0.05 were considered significant. Different letters represent
differences between tissues. a-Toc, a-tocopherol; y-Toc, y-tocopherol; o-TT, a-
tocotrienol; Vit. E, total vitamin E; MDA, malondialdehyde; NS, non-significant; ND, not

detected.

Figure 3. Jasmonates, abscisic acid and salicylic acid content in leaves of Cistus albidus
plants during the study, as influenced by season and parasitism. (A) 12-oxo-phytedienoic
acid (OPDA, ng/g DW), (B) jasmonic acid (JA, ng/g DW), (C) jasmonoyl isoleucine (JA-
Ile, ng/g DW), (D) abscisic acid (ABA, ng/g DW), and (E) salicylic acid (SA, ng/g DW).

Data are the mean of n= 50+SE. P values for two-way ANOVA are given in the insets and
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P values > 0.05 were considered non-significant (NS). Different letters represent
differences between seasons and differences between infected and uninfected groups in the

same S€ason.

Figure 4. Foliar physiological status of Cistus albidus plants during the study, as influenced
by season and parasitism. (A) leaf relative water content (RWC), (B) leaf hydration (H),
(C) total chlorophyll content (Chl a+b), (D) chlorophyll (Chl) a/b ratio, (E) maximum
efficiency of photosystem II (Fv/Fm), (F) a-tocopherol (ng/g DW), (G) y-tocopherol (ng/g
DW), (H) malondialdehyde contents, an indicator of lipid peroxidation (MDA, unmol/ g
DW). Data are the mean of n= 50+SE. P values for two-way ANOVA are given in the
insets and P values < 0.05 were considered significant. Different letters represent
significant differences between seasons and differences between infected and uninfected

groups in the same season. NS, non-significant.

Figure 5. Physiological parameters of leaves in which the three natural Cistus albidus
populations differed during the study, as influenced by season and parasitism. (A) Leaf
hydration (H), (B) total chlorophyll (Chl at+b), and (C) maximum efficiency of PSII
(Fv/Fm). Data are the mean of n= 15£SE. P values for two-way ANOVA are given in the
insets and P values > 0.05 were considered non-significant (NS). Different letters represent
differences between seasons and differences between infected and uninfected groups in the

same S€ason.

Figure 6. Vitamin E content of leaves in the three natural Cistus albidus populations during
the study, as influenced by season and parasitism. (A) o-Tocopherol (ng/g DW), and (B)
y-tocopherol (png/g DW). Data are the mean of n= 15£SE. P values for two-way ANOVA

are given in the insets and P values > 0.05 were considered non-significant (NS). Different
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letters represent differences between seasons and differences between infected and

uninfected groups in the same season.

Figure 7. Abscisic acid (ABA) content of leaves in the three natural Cistus albidus
populations during the study, as influenced by season and parasitism. Data are the mean of
n= 15£SE. P values for two-way ANOVA are given in the insets and P values > 0.05 were
considered non-significant (NS). Different letters represent differences between seasons

and differences between infected and uninfected groups in the same season.

Figure 8. Jasmonate content of leaves in the three natural Cistus albidus populations during
the study, as influenced by season and parasitism. (A) 12-oxo-phytodienoic acid (OPDA),
(B) jasmonic acid (JA), and (C) jasmonoyl isoleucine (JA-Ile), all expressed as ng/g DW.
Data are the mean of n= 15+SE. P values for two-way ANOVA are given in the insets and
P values > 0.05 were considered non-significant (NS). Different letters represent
differences between seasons and differences between infected and uninfected groups in the

same S€ason.
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Figure 5
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Figure 7

ABA (nglg DW)

134

Population 1 Population 2 Population 3

2500
[ Uninfected Season NS Season NS
sgop - 1 Infected i Parasitism P=0.040_ Parasitism N2
Season NS Interaction P=0.014 Interaction NS
1500 4 Parasitism NS | 1 _

Interaction NS b
1000 - ab 5 E 1
f’“"'ﬁﬁi"i‘"‘"ﬂiﬁ'
[:I Ii T T |:E|I T T

Spring Summer

Season

Spring Summer

Season

Spring Summer

Season



Figure 8
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SUPPORTING INFORMATION

Suppl. Table 1. Environmental conditions prevailing at midday during the days of
measurement in spring (May) and summer (July) 2021. The average and standard error
(SE) is shown. No significant differences were found between environmental conditions in
which uninfected and infected plants were grown either during spring or summer (Student’s

t-test, P>0.05).

T RH PAR
Spring  Parasitism | (°C) (%0) (mmol/m2-s)
Uninfected | 31.0 28| 326 54 1966 68
Infected 277 16| 350 33 1932 96
Summer
Uninfected | 369 25| 309 36 2025 45
Infected 370 08| 306 35 2008 11
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Suppl. Fig. 1. Schematic view of the detection of infection by Cytinus hypocistis in Cistus

albidus shrubs under natural conditions. C.albidus root is highlighted in yellow.

137



Suppl. Fig. 2. Schematic view of all tissues sampled in the study. 1: distal root, 2: medial

root, 3: proximal root, 4: basal haustorium, 5: apical haustorium, 6: host leaf.
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Suppl. Fig. 3. Comparison of jasmonate content (A-C) between host leaves and non-

photosynthetic tissues (roots and haustorium) forming the interaction zone between Cistus

albidus and Cytinus hypocistis under natural conditions, (D-F) distal, medial, and proximal

root, and (G-I) basal and apical haustorium. Data are the mean of n= 15+SE. P values of

two- or one-way ANOVA are given in the insets and P values < 0.05 were considered

significant. Different letters represent differences between tissues. OPDA. 12-oxo-

phytodienoic acid; JA, jasmonic acid; JA-Ile, jasmonoyl isoleucine; NS, non-significant.
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Suppl. Fig. 4. Comparison of abscisic acid (ABA) and salicylic acid (SA) content (A, B)

between host leaves and non-photosynthetic tissues (roots and haustorium) forming the

interaction zone between Cistus albidus and Cytinus hypocistis under natural conditions,

(C, D) distal, medial, and proximal root, and (E, F) basal and apical haustorium. Data are

the mean of n= 15£SE. P values of two- or one-way ANOVA are given in the insets and P

values < 0.05 were considered significant. Different letters represent differences between

tissues. NS, non-significant.
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Suppl. Fig. 5. Comparison of gibberellin content (A, B) between host leaves and non-
photosynthetic tissues (roots and haustorium) forming the interaction zone between Cistus
albidus and Cytinus hypocistis under natural conditions, (C,D) distal, medial, and proximal
root, and (E,F) basal and apical haustorium. Data are the mean of n= 15+SE. P values of
two- or one-way ANOVA are given in the insets and P values < 0.05 were considered
significant. Different letters represent differences between tissues. GA4, gibberellin 4; GA7,

gibberellin 7; NS, non-significant.
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Suppl. Fig. 6. Comparison of auxin, indole-3-acetic acid (IAA) content (A) between host
leaves and non-photosynthetic tissues (roots and haustorium) forming the interaction zone
between Cistus albidus and Cytinus hypocistis under natural conditions, (B) distal, medial,
and proximal root, and (C) basal and apical haustorium. Data are the mean of n= 15+SE. P
values of two- or one-way ANOVA are given in the insets and P values < 0.05 were

considered significant. Different letters represent differences between tissues. NS, non-

significant.
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Suppl. Fig. 7. Cytokinin content in leaves of Cistus albidus plants during the study, as
influenced by season and parasitism. (A) ¢-zeatin (¢-Z, ng/g DW), (B) t-zeatin riboside (¢-
ZR, ng/g DW), (C) isopentenyl adenosine (IPA, ng/g DW), and (D) isopentenyl adenine
(2iP, ng/g DW). Data are the mean of n= 50+SE. P values for two-way ANOVA are given
in the insets and P values > 0.05 were considered non-significant (NS). Different letters
represent differences between seasons and between infected and uninfected groups in the

same S€ason
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Suppl. Fig. 8. Gibberellin content in leaves of Cistus albidus plants during the study, as
influenced by season and parasitism. (A) Gibberellin 4 (GA4, ng/g DW), and (B)
Gibberellin 7 (GA7, ng/g DW). Data are the mean of n= 50£SE. P values for two-way

ANOVA are given in the insets and P values > 0.05 were considered non-significant (NS).
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Suppl. Fig. 9. Auxin (indole-3-acetic acid, IAA) content in leaves of Cistus albidus plants
during the study, as influenced by season and parasitism. Data are the mean of n= 50+SE.
P values for two-way ANOVA are given in the insets and P values > 0.05 were considered

non-significant (NS).
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Suppl. Fig. 10. Malondialdehyde (MDA) content, an indicator of the extent of lipid
peroxidation, in leaves of the three studied populations of Cistus albidus during the study,
as influenced by season and parasitism. Data are the mean of n= 50+SE. P values for two-
way ANOVA are given in the insets and P values > 0.05 were considered non-significant
(NS). Different letters represent differences between seasons and between infected and

uninfected groups in the same season.

Population 1 Population 2 Population 3
100
@ Uninfected Season NS Season P=0.001
E go | HEEE Infected il Parasitism NS Parasitism NS
0 Season NS Interaction NS a Interaction NS
D o Parasitism NS
=] Interaction NS T
= ab
£ 40 1 - .
< : b
. I [
Spring Summer Spring Summer Spring Summer
Season Season Season

146



Suppl. Fig. 11. Geolocation and main characteristics of the three natural populations

studied. Coordinates, altitude, and mean of holoparasitic inflorescences per plant are

shown.

Zone Coordinates Altitude Maan of
holoparasitic
infloresc. per

plant
POPULATION {Infected)
1 42.058658, 113 mas.l 5+0.6
Santa Caterina 3127343
(Montgri) (Uninfected) 85 m.as.l
42.067029.3.11
24663
POPULATION (Infected)
2 42.3283515,3.1 520 mas.l 9,342,1
Sant Pere de 58358
Rodes (Cap de (Uninfected)
Creus) 42.3298132,3.1 340 ma.s.l
354422
POPULATION (Infected)
3 41.7231897,2.1 911 m.asl 35406
Sant Julia 154007
d'Uixols (Sant {Uninfected) 792 m.as.l
Lloreng del 41.7322072,2.1
Munt i I'Obac) 108477
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Suppl. Fig. 12. Climatic data for population 1, situated in the Natural Park of Montgri 1
les Illes Medes, at 55-113 m.a.s.l. The weather station was located at Torroella de Montgri
(approximately 7 km from the population studied). Sampling dates are indicated by an
arrow on the x axis. Photographs show the infected zone of Cistus albidus, the root

holoparasitic plant Cytinus hypocistis, and the uninfected zone (from the right to the left).
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Suppl. Fig. 13. Climatic data for population 2, situated in the Natural Park of Cap de
Creus, at 340-530 m.a.s.l. The weather station was located at Portbou (approximately 25
km from the population studied). Sampling dates are indicated by an arrow on the x axis.
Photographs show the infected zone of Cistus albidus, the root holoparasitic plant Cytinus

hypocistis, and the uninfected zone (from the right to the left).
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Suppl. Fig. 14. Climatic data for population 3, situated in the Natural Park of Sant Lloreng
del Munt I I’Obac, at 792-911 m.a.s.l. The weather station was located at Sant Lloreng
Savall (approximately 9 km from the population studied). Sampling dates are indicated by
an arrow on the x axis. Photographs show the infected zone of Cistus albidus, the root

holoparasitic plant Cytinus hypocistis, and the uninfected zone (from the right to the left).
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Suppl. Fig. 15. Photograph of the geographical location and sampled individuals, together
with the climatic data recorded during sampling in each study area. (A-C) Population 1,
(D-F) Population 2, and (G-I) Population 3. Distance between infected (I) and uninfected
(U) individuals under natural conditions is shown. Temperature (°C), relative humidity (%),

and photosynthetic active radiation (PAR, pmol/m?-s) are also shown.

B Spring Parasitism | T2C RH% PAR (pmolfm2-s)
Populationl Uninfected |27,03 41,13 2030,00
Populationl Infected |28,44 37,56 189¢,00

Summer
Populationl Uninfected |41,60 27,10 2030,00
Populationl Infected |[36,23 34,93 1995,00

Spring Parasitism | T2C RH% PAR (pmol/m2-s)

Population2 Uninfected |36,40 22,67 2038,33

Population 2 Infected 30,00 28,37 2113,33
Summer

Population2 Uninfected (33,10 38,10 2100,00

Population 2  Infected |36,20 33,13 1998,33

2,5%km
Sant Julia (W) ¢ H Spring Parasitism | T2C RH% PAR (pmol/m2-s)

Population 3 Uninfected |29,50 33,95 1829,38

Population3  Infected |24,53 38,93 1788,33
Summer

Population 3 Uninfected |35,85 27,50 1545,00

Population 3 Infected 38,65 23,75 2030,00
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Suppl. Fig. 16. Spearman’s rank correlation between vitamin E and jasmonates in all
photosynthetic and non-photosynthetic tissues. Data have been log transformed to better fit
the model. (A) a-tocopherol (nug/g DW) and 12-oxo-phytodienoic acid (OPDA, ng/g DW)
correlation, (B) a-tocopherol (ng/g DW) and jasmonic acid (JA, ng/g DW) correlation, (C)
o-tocopherol (ng/g DW) and jasmonoyl isoleucine (JA-Ile, ng/g DW) correlation, (D)
vitamin E (a-tocopherol + y-tocopherol, pg/g DW) and 12-oxo-phytodienoic acid (OPDA,
ng/g DW) correlation, (E) vitamin E (a-tocopherol + y-tocopherol, pg/g DW) and jasmonic
acid (JA, ng/g DW) correlation, (F) vitamin E (a-tocopherol + y-tocopherol, pg/g DW) and
jasmonoyl isoleucine (JA-Ile, ng/g DW) correlation. All data are considered (N=300). P
values for the Spearman’s rank correlation test and correlation coefficient (p) are given in
the insets and P values > 0.05 were considered non-significant (NS). Different colors

represent different tissues explained in the legend.
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Suppl. Fig. 17. Spearman’s rank correlation between vitamin E and jasmonates in leaves.
Data have been log transformed to better fit the model. (A) a-tocopherol (ug/g DW) and
12-oxo-phytodienoic acid (OPDA, ng/g DW) correlation, (B) a-tocopherol (nug/g DW) and
jasmonic acid (JA, ng/g DW) correlation, (C) a-tocopherol (ug/g DW) and jasmonoyl
isoleucine (JA-Ile, ng/g DW) correlation, (D) y-tocopherol (png/g DW) and 12-oxo-
phytodienoic acid (OPDA, ng/g DW) correlation, (E) y-tocopherol (ug/g DW) and
jasmonic acid (JA, ng/g DW) correlation, and (F) y-tocopherol (ng/g DW) and jasmonoyl
isoleucine (JA-Ile, ng/g DW) correlation. Only leaf data are considered (N=180). P values
for the Spearman’s rank correlation test and correlation coefficient (p) are in the inlets and

P values > 0.05 were considered non-significant (NS). Different colors represent different

tissues explained in the legend.
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DISCUSSIO







DISCUSSIO

1. La universalitat de la vitamina E en plantes

La vitamina E es troba de forma ubiqua en tots els teixits vegetals, tant en els
fotosintétics com en els no fotosintétics. D’origen cianobacteric, la vitamina E ha anat
augmentant els seus nivells progressivament en I'evolucié des de les algues verdes
fins a les angiospermes (Sattler et al., 2003; Esteban et al., 2009). La majoria dels
teixits vegetals acumulen 'a-tocoferol com a forma principal de vitamina E (Munné-
Bosch, 2007) tal i com hem observat en aquesta tesi (Figura 6), perd també existeixen
teixits que acumulen tocotrienols en comptes de tocoferols (Figura 6, Siles et al.,
2013). El solid coneixement sobre la localitzacio de l'a-tocoferol al cloroplast
(Lichtenthaler et al., 1981; Grumbach et al., 1983; Soll et al., 1985; Fryer et al., 1992;
Vidi et al., 2006), fa evident la preséncia de vitamina E als teixits fotosintétics on actua
com a potent molecula fotoprotectora, com per exemple 'a-tocoferol a les fulles de

C. albidus, que en contenen entre 100 i 1000 pg/g de pes sec (Capitol 2, Figura 6).

Fulla C. albidus Fals fruit Fragaria x Arrel C. albidus Haustori
ananassa [ C. hypocistis

.DLTOC. 'yTDc. &Toc o-TT

. . . . .

Figura 6. La ubiquitat tissular de la vitamina E. Es representen els continguts de vitamina E en
els diferents teixits analitzats en la present tesi. a-toc: a-tocoferol, y-toc: y-tocoferol, 3-toc: 8-
tocoferol, o-TT: a-tocotrienol.

Als teixits no fotosintétics, la presencia d’aquesta familia d’antioxidants lipofilics

resulta més complexa degut a la interconversio i degradacié de plastidis. Quan es
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tracta de teixits que contenen cromoplasts, plastidis derivats de la transformacié dels
cloroplasts, la sintesi de vitamina E esta fortament relacionada amb la degradacio de
la clorofil-la que té lloc durant el procés de maduracio del fruit, que a traves de la via
de reciclatge del fitol, proporciona fitil difosfat a la via de sintesi de la vitamina E
(Almeida et al., 2016). Un cop format el cromoplast, aquest manté intacte el genoma
plastidial del cloroplast aixi com la capacitat de sintesi de vitamina E a les membranes,
principalment d’a-tocoferol degut a la ressaltada preséncia de y-tocoferol metil

transferasa (Arango i Heise, 1998; Barsan et al., 2010; Egea et al., 2010).

La interconversio i degradacié dels plastidis juga un paper clau en els processos
de desenvolupament de les plantes i és clau per a entendre la distribucié de la
vitamina E. Aquests processos son tals com la maduracio de fruits, de llavors, la
germinacio o la senescencia. La preséncia i sintesi de la vitamina E en teixits que
contenen plastidis no fotosintetics roman encara poc clarificada a excepcio del cas
dels cromoplasts. Tot i aixi, s’ha demostrat la presencia i abundancia majoritaria d’a.-
tocoferol en teixits d’aquestes caracteristiques com és el cas del maduixot al Capitol
1, a les arrels de C. albidus al Capitol 4, o en altres espécies en fruits, tubercles,
noduls, rizomes, flors i llavors (Spychalla i Desborough, 1990; Valentin et al., 2006;
Luby et al., 2014; Soba et al., 2020; Munné-Bosch et al., 2022). En aquests teixits, la
vitamina E es localitza possiblement en plastidis com amiloplasts o leucoplasts
(Munné-Bosch i Alegre, 2002), tot i que la determinacio exacta de vitamina E en
aquests plastidis en concret encara resta pendent. La funcié que aquesta vitamina E
exerceix en aquestes localitzacions no cloroplastiques tampoc ha pogut ser

investigada en profunditat de moment.

Els aquenis son fruits que contenen una sola llavor envoltada pel pericarpi
(Simpson, 2010). Els aquenis son una gran font d’antioxidants, que contribueixen en
un 40% al contingut total d’antioxidants dels maduixots (Ariza et al., 2016). En el cas
de fruits com el maduixot, la preséncia de vitamina E als aquenis (els veritables fruits)
esta probablement relacionada amb el fet de que aquests contenen les llavors, tot i
que la vitamina E també es podria trobar al pericarpi. Normalment les llavors
acumulen, en I'endosperma o sin6 en I'embrid, grans concentracions de vitamina E,

y-tocoferol i tocotrienols, més que a-tocoferol (Falk i Munné-Bosch, 2010; Mufoz i
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Munné-Bosch, 2019), tot i que hi ha espécies on l'a-tocoferol és la forma
predominant, i altres que només acumulen tocotrienols (Siles et al., 2013). Al
pericarpi d’altres fruits no climatérics com el cas de l'oliva, s’ha determinat la
presencia majoritaria d’a-tocoferol en estadis d’abséncia de cloroplast tot i que hi ha
discordances sobre la preséncia de cromoplast (Muzzalupo et al., 2011; Roca i
Minguez-Mosquera 2001; Butowt et al., 2003). Al Capitol 1 hem vist que als aquenis
del maduixot, la forma majoritaria és el y-tocoferol (50 ug/g de pes fresc), tot i que

també presenta a-tocoferol i 5-tocotrienol (Figura 6).

La presencia de vitamina E en maduixots es podria atribuir a plastidis derivats de
la degradacio del cloroplast. Durant la maduracio del maduixot es duu a terme la
degradacio dels cloroplasts perd no la conversié a cromoplasts (Perkins-Veazie,
1995). En el cas dels aquenis analitzats al Capitol 1, les llavors que atresoren podrien
contenir eoplasts (plastidis no fotosintétics derivats de la desdiferenciacio del
cloroplast) tal i com contenen les llavors de plantes model (Allorent et al., 2013).
Normalment els eoplasts contenen molécules procedents de I'estat metabolicament
actiu anterior, com podria ser el cas de la vitamina E. Aquests eoplasts, es
diferenciaran a cloroplasts o amiloplasts durant la germinacio i el desenvolupament
primerenc (Demarsy et al., 2012), i tornarien a sintetitzar vitamina E de novo en
aquestes noves situacions de sobreabundancia de ROS (Siles et al., 2015, 2018). El
tipus de plastidi present al pericarpi dels aquenis €s més complicat de suggerir ja que
la singularitat d’aquest fruit fa dificil la generalitzacio en base a fruits similars pero en
tot cas serien leucoplasts (absencia de pigments). En el cas del receptacle, que no
conté cromoplasts, trobem unicament a-tocoferol (en concentracions al voltant de 5
ug/g de pes fresc) en I'estadi totalment blanc, que és el que segueix a I'estadi verd.
Aixi, podria tractar-se també d’a-tocoferol present en romanents de cloroplasts que
va disminuint al llarg de la maduracié com veiem al Capitol 1 perd que encara és

present en I'Ultim estadi de maduracio, el completament vermell (Figura 6).

Als teixits no fotosintétics la vitamina E juga un paper essencial en la limitacio de la
peroxidacio lipidica. Aquesta funcio pren rellevancia en aquests teixits ja que en
aquest escenari la formacié de ROS no esta acoblada a la fotosintesi sind a la

peroxidacio de les membranes lipidiques. La funcio de la vitamina E en fruits que no
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contenen cromoplasts com el maduixot, no ha pogut ser estudiada especificament
encara, tot i que es podria suggerir que frena la peroxidacio lipidica ja que és la funcio
que fa de la vitamina E un antioxidant singular. Tot i aixi, en el cas de les llavors dels
aquenis analitzats la funcio podria ser més clara. S’ha demostrat en plantes model
que la vitamina E és vital per a la longevitat de les llavors. Al ser teixits
d’emmagatzematge de lipids, que en el moment de la germinacio es re-mobilitzaran
rapidament proporcionant una font de carboni, la vitamina E, especialment els
tocoferols, son clau en la prevencio de la peroxidacio lipidica no enzimatica durant la
germinacio, i els estadis primerencs del desenvolupament de la llavor (Sattler et al.,
2004; Méne-Saffrané et al., 2010).

En el cas de les arrels, la presencia de vitamina E (principalment a-tocoferol)
atribuida als amiloplasts pot estar relacionada amb la limitacié de la peroxidacio
lipidica en resposta a l'estrés. Per exemple, en arrels de soja i alfals, el contingut d’a.-
tocoferol, I'unic tococromanol present en aquests teixits, respon a I'estrés hidric
(Soba et al. 2020). En altres teixits lleugerament semblants com podrien ser els
rizomes, en aquest cas de Cymodocea nodosa, les conclusions son similars; la
vitamina E, concretament I'a-tocoferol actua en la proteccio de la peroxidacio lipidica
davant d’estressos ambientals (Munné-Bosch et al., 2022). En el cas de les arrels de
C. albidus infectades per la planta holoparasita C. hypocistis analitzades al Capitol 4,
on I'a-tocoferol representa el 100% dels tococromanols (Figura 6), també sembla ser
que I'a-tocoferol, trobat en concentracions que van de 5 a 95 ug/g de pes sec, podria
tenir un paper en la interaccio entre la planta parasita i I'hoste, en la limitacio de la
peroxidacio lipidica que es donaria durant aquesta relacio tal i com es dona en les

situacions d’estres biotic.

La vitamina E perd, no és exclusiva dels organismes fotosintétics. Més enlla de
determinar la preséncia de vitamina E en teixits no fotosintétics, al Capitol 4 se n’ha
demostrat la preséncia en plantes no fotosintétiques. A més d’algunes espécies
d’holoparasites del génere Cuscuta (van der Kooij et al., 2000, 2005), on s’ha
determinat la presencia de vitamina E (tocoferols), se n’ha determinat la preséncia i
proposat la sintesi, concretament d’a-tocoferol, en el protist Plasmodium falciparum,

el parasit causant de la malaria en humans, que la sintetitzaria en un plastidi no
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fotosintetic homoleg al cloroplast anomenat apicoplast (Sussmann et al., 2011,
2017). Totiaixi, els gens de sintesi de vitamina E no han estat identificats. L'apicoplast
és un plastidi vestigial que presenten la majoria de parasits del filum Apicomplexa, i
es creu que va ser originat per endosimbiosi secundaria, entre un eucariota (que
havia adquirit ja un plastidi per endosimbiosi primaria amb un procariota similar als
cianobacteris) i una alga (Lim i McFadden, 2010). Es essencial per a la vida del parasit
i les principals funcions que se li atribueixen son la biosintesi d’acids grassos i
d’isoprenoides (McFadden, 2011).

En I'haustori de C. hypocistis es va determinar la preséncia de vitamina E, essent
I'a-tocotrienol qui representava el 100% de la vitamina E determinada, amb
concentracions entre 3 i 10 ug/g de pes sec (Figura 6). Els resultats indiquen que
aquesta planta no fotosintetica és capac de sintetitzar vitamina E. Aquesta idea és
suportada pel fet que les arrels de la planta hoste d’on C. hypocistis adquireix tots els
recursos nomes presenten a—tocoferol i les fulles o i y-tocoferol, que no son
precursors de l'a-tocotrienol present en I'haustori de la planta holoparasita. En
diverses especies del génere de plantes holoparasites Cuscuta, s’ha determinat la
presencia de vitamina E (tocoferols) en les tiges tant en les espécies fotosintetiques
que disposen de cloroplast com en les no fotosintétiques amb plastidis ameboides
amb estructures vesiculars (van der Kooij et al., 2000, 2005). Ni la quantitat ni el perfil
de tococromanols guardava relacié amb la capacitat fotosintética i en general el y-
tocoferol era el més abundant. Els autors suggereixen que podria ser degut a la
pérdua de la tocoferol metil transferasa (que transforma el y en a-tocoferol), potser

deguda a la relaxada pressio de seleccio en la funcio antioxidant de I'a-tocoferol.

Els tocotrienols en les plantes es troben als teixits i organs no fotosintetics (Horvath
et al., 2006). Orobanche crenata presenta tocotrienols a les llavors (Genovese et al.,
2020) pero la preséncia de tocotrienols en I'haustori d’'una planta holoparasita és la
primera vegada que es demostra. C. hypocistis acumula a-tocotrienol i no acumula
tocoferols, al contrari que altres espécies de plantes no fotosintetiques del génere de
plantes parasites de tija Cuscuta (van der Kooijj et al., 2000, 2005). En aquest sentit,
la funcié de I'a-tocotrienol trobat a I'haustori de C. hypocistis podria ser compatible

amb la proteccid de les membranes bioldgiques perd potser també amb funcions

161



especifiques i diferencials dels tocotrienols respecte els tocoferols, de moment
desconegudes (Falk i Munné-Bosch, 2010), ja que I'haustori de C. hypocistis
presenta nivells indetectables del producte de la peroxidacio lipidica, el
malondialdehid (Figura 2| del Capitol 4).

En quant a la localitzacio subcel-lular de la vitamina E present en I'haustori de C.
hypocistis es proposa que és plastidial. El tipus de plastidi en el que estaria no queda
tant clar. El genoma plastidial de C. hypocistis presenta extremades reduccions degut
a la pérdua de la capacitat fotosintética i es creu que aquest fet és el resultat de la
relaxada pressio de seleccid per a conservar el plastidi adquirit dels seus parents
fotosintetics, degut al seu estil de vida holoparasitic (Roquet et al., 2016). Tenint en
compte que C. hypocistis presenta amiloplasts (Mangenot i Mangenot, 1968; Severi
et al., 1980), aixi com Cuscuta europea (Svubova et al., 2013, 2017), podriem
suggerir que la vitamina E en I'haustori de C. hypocistis podria trobar-se dins de

plastidis del tipus amiloplasts.

En resum, es demostra que la vitamina E es presenta de forma ubiqua en les
plantes (tant en les que realitzen fotosintesi com en plantes holoparasites), i
s’acumula tant en teixits fotosintétics com en teixits no fotosintetics. La localitzacio
subcelul-lar de la vitamina E sembla ser plastidial ja que aquests teixits presenten
plastidis com amiloplasts i les evidéncies de la localitzacid extraplastidial de la
vitamina E son molt escasses [en vacuoles de fulles de blat (Rautenkranz et al., 1994),
en membranes microsomals de les arrels de soja (Caro i Puntarulo, 1996) i en cossos
lipidics de les llavors de gira-sol (Fisk et al., 2006)]. Com a mecanisme de
fotoproteccio, és clau als teixits fotosintetics com les fulles. A més, la proteccio davant
la peroxidacio lipidica que exerceix aquesta vitamina E sembla ser també clau als
teixits no fotosintétics com els fruits i les arrels. Tot i aixi, la seva funcié en plantes no

fotosintetiques requereix futures investigacions.
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2. La relacio bidireccional entre la vitamina E i els jasmonats en

plantes

La importancia de la relacid entre la vitamina E i els jasmonats resideix
principalment a les fulles, els teixits fotosintétics principals de les plantes. Al Capitol 2
es demostra que aquesta relacio resulta ser bidireccional, és a dir, tant la regulacio
dels nivells de vitamina E per part dels jasmonats com viceversa sembla coexistir en
les fulles. Aquesta direcci6 varia en funcio de I'espécie analitzada, les condicions a
les quals es troben sotmeses les plantes o la dosi de les formes de vitamina E i de
jasmonats analitzades (Figura 7A, B). Generalment la relacio entre el JA i la vitamina
E és positiva mentre que el precursor dels jasmonats, 'OPDA, presenta una relacioé
negativa o antagonica amb la vitamina E. Al Capitol 4, on es va analitzar aquesta
relacio en teixits fotosintetics i no fotosintetics de diferents models vegetals, es posa
en rellevancia les limitacions que aquesta relacio bidireccional podria suposar en les
fulles. A l'analitzar tots els teixits alhora (fotosintétics i no fotosintetics), la relacio
positiva entre jasmonats i vitamina E es dibuixava fragmentada per teixits,
exemplificant que les fulles presenten majors nivells de vitamina E i també de
jasmonats en comparacio als altres teixits analitzats (Figures Supl.16 i 17 del Capitol
4) i, tenint en compte també els resultats del Capitol 2, i que el cloroplast és essencial
en la senyalitzaci6 retrograda enfront als estressos, és en aquests teixits fotosintétics

on sorgeix la importancia de la bidireccionalitat.

Les correlacions positives més robustes es donen principalment entre el JA i la
vitamina E, tant a- com y-tocoferol (el precursor de I'a), perd no entre 'OPDA i la
vitamina E (Figura 7A, B). Aquesta vessant positiva de la relacid suggereix una
regulacié genica dels nivells de vitamina E per part dels jasmonats. Els resultats
concorden amb la idea d’'una regulacié genica ja que el JA és la hormona
multifuncional central en la via de senyalitzacié dels jasmonats que regula la
transcripcid de gran nombre de gens en resposta a l'estres, principal perd no
unicament biotic (Xu et al., 2002; Thines et al., 2007). Cal tenir en compte que les
analisis correlatives no sén proves irrefutables d’aquesta relacio perd si que son

potents indicadors. A més, els resultats d'aquestes analisis presenten elevada
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variabilitat degut a la implicacio del JA en diversos processos vegetals i la seva
interaccié amb les altres fitohormones, perd no per aixd hem d’obviar les pistes que
ens donen les robustes correlacions com les que hem observat al llarg d’aquesta tesi,

sobretot al Capitol 2.

Alguns gens implicats en la sintesi de vitamina E presenten elements de resposta
als jasmonats. La induccioé de la sintesi de vitamina E per part dels jasmonats
demostrada al Capitol 2 amb aplicacions de MeJA en discs foliars de C. albidus i la
presencia d’elements de resposta als jasmonats en la sequencia génica de la
tocoferol ciclasa i la tocoferol metil transferasa en A. thaliana, estan d’acord amb

altres estudis on s’ha demostrat que els jasmonats indueixen la transcripcié de gens

A} Exemples de correlacions JA-vitamina E B) Exemples de correlacions OPDA-vitamina E
Teixit Forma R P-valor Teixit FormaitE R P-valor
WitE
Fulles Calbidus(C2)  y-toc 0.45  <0,001 Fulles Calhidus  a-tocky-toc -0.37 <0,001
(CZ)
Fulles1l espécies o-toc 0.46 <0,001
(c2) Fulles C.albidus o-toc -0.33 =<0,001
(C3)
Fulles 4 espécies sota  o-toc 0.58 <0.001
condicions naturals Fulles Coalbidus v-toc -0.23 <0001
(C3) (c4)
a0 afih D)
O Mels T MeQPDA
- o S e~
Enzims sintesi WitE

4

Peroxidacia

lipidica

(s 4

OPDA

FT m} Oxilipines (JAs)
[G-box ] GTC [Tt ] | S '

Figura 7. La relacio bidireccional entre la vitamina E i els jasmonats en les plantes. A) Exemples
de correlacions entre JA i diferents formes de vitamina E trobades en aquesta tesi. Vit.E:
vitamina E. B) Exemples de correlacions entre OPDA i vitamina E trobades en aquesta tesi. C)
Model d'interaccio positiva entre els jasmonats i la vitamina E: la via de senyalitzacio dels
jasmonats, induida per I'aplicacié de MeJA o MeOPDA, i conduida per JA, a partir de la unid
de factors de transcripcio (FT) a elements de resposta als jasmonats, indueix la transcripcio
de gens que codifiquen per enzims implicats en la sintesi de vitamina E com la tirosina
aminotransferasa (TAT) i possiblement la tocoferol ciclasa (TC) i la tocoferol metil transferasa
(TMT). D) Model d’interacciod negativa entre els jasmonats i la vitamina E: la vitamina E
(principalment a-tocoferol) desactiva les ROS i frena la peroxidacio lipidica de les membranes
cloroplastiques, procés que deriva en una menor formacid d’oxilipines com és 'OPDA, el
precursor dels altres jasmonats. LOX: lipoxigenasa, PLA: fosfolipasa 1.
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que codifiquen per enzims involucrats en la sintesi de vitamina E com la tirosina
aminotransferasa i la tocoferol metil transferasa (Lopukhina et al., 2001; Sandorf i
Hollander-Czytko, 2002; Saini et al., 2014). L’activacié de la via de senyalitzacio dels
jasmonats per part del MeJA (o el MeOPDA) que donaria lloc a tal resposta és deguda
a l'actuacié del JA i no de 'OPDA, que iniciaria la cascada de senyalitzacié per a
regular la transcripcio genica, probablement amb I'actuacio de JA-lle seguint la via
classica de senyalitzacio dels jasmonats (Figura 7C, Sandorf i Hoéllander-Czytko,
2002; Siles et al., 2018).

La relacio antagonica entre la vitamina E i el precursor dels jasmonats, 'OPDA,
reflecteix una relaci¢ fisicoquimica comprensible entre oxilipines i antioxidants
cloroplastics. En aquest cas s’han observat durant la tesi fortes correlacions negatives
entre 'OPDA i la principal forma de vitamina E, a- tocoferol aixi com el seu precursor
el y-tocoferol (Figura 7A, B). De tots els teixits analitzats en els diferents capitols
aquesta relacio només es pot avaluar de forma robusta en les fulles de C. albidus dels
diferents capitols ja que disposem en total de 850 mostres foliars en condicions
naturals. A part de trobar aquesta correlacio negativa en cadascun dels Capitols 2,
3, i 4, analitzant totes les mostres alhora es revela que en les fulles d’aquesta especie
sota condicions naturals, la relacié antagonica entre 'OPDA i la vitamina E és la que
pren meés importancia (Taula 1). No de forma tant clara com en el cas de la inducci6
de la sintesi de tocoferols per part del JA, pero si que s’ha demostrat en plantes model
que deficiencies en vitamina E comporten alteracions en els nivells de jasmonats
(Munné-Bosch et al., 2007; Simancas i Munné-Bosch, 2015; Allu et al., 2017).

OPDA JA JA-lle
c-loc -0034 (P=000013 NS MS
v-T0C -0038 (P=0.001) 011 (P=0.001) C11 (P=0.0013

Vitamina E total -0.35 (P<0.001) MS MS

Taula 1. Analisis correlatives (test d’Spearman) entre la vitamina E i els jasmonats de totes les
mostres foliars de C. albidus que formen part de la present tesi (N=850). Es mostra el coeficient
de correlacio lineal i entre paréntesis el P valor. NS: no significatiu.
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L’OPDA com a precursor dels jasmonats és una oxilipina derivada de la
peroxidacio lipidica de les membranes del cloroplast, succés que la vitamina E limita
(Figura 7D). Principalment és l'a-tocoferol el que participa d’aquesta manera en
I'nomeostasi redox cloroplastica (Munneé-Bosch, 2007). Ancorat a la matriu lipidica
de les membranes cloroplastiques i tilacoidals, tot cedint I'hidrogen del seu grup
hidroxil i mitjancant moviments de “flip-flop”, I'a-tocoferol desactiva els radicals
peroxils lipidics evitant aixi la propagacié de la peroxidacio lipidica (Munné-Bosch i
Alegre, 2002; Boonnoy et al., 2018). De forma directa, aquest és el model a través
del qual la vitamina E redueix els nivells d’oxilipines, entre elles 'OPDA i, per tant, de
jasmonats. D’aquesta manera modula la senyal redox que emergeix del cloroplast
cap al nucli en la senyalitzacio retrograda involucrada en el procés d’'aclimatacié als

estressos.

A banda d’aquesta relacio estrictament fisicoquimica perd, no podem descartar
una possible regulacié genica per part de 'a-tocoferol sobre la produccio d’oxilipines,
I per tant de jasmonats. Aquesta regulacid geéenica es podria donar sobre la
lipoxigenasa 13, I'enzim implicat en els primers passos de la biosintesi d’'OPDA. Les
lipoxigenases son una superfamilia d’enzims que catalitzen la oxidacié dels acids
grassos, presents en plantes, fongs i animals. D’acord amb la regioespecificitat de la
reaccio d'oxidacio lipidica que catalitzen, es classifiquen en les lipoxigenases 5, 8, 9,
10, 12, 131 15 (Viswanath et al., 2020). S’ha demostrat in vitro en la lipoxigenasa 5
aillada de tubercles de patata, que la vitamina E, en concret 'a-tocoferol, inhibia la
seva activitat (Lebold i Traber, 2014).

L'aspecte dosi-depenent d’aquesta relacid bidireccional té implicacions
conceptuals a nivell de funcionament hormonal i homeostasi redox. Aquesta dosi-
dependéncia s’ha observat al Capitol 2 principalment, on tant les analisis correlatives
com les aplicacions de MeJA reflectien que, per una banda, els jasmonats
(especialment el JA) indueixen la sintesi de tocoferols de forma dosi-depenent i no
sempre en una relacio lineal, fet que és coherent amb el funcionament normal d’'una
hormona, que actua en baixes dosis i de forma dosi-depenent (Davies, 2010). De fet,
les correlacions entre vitamina E i JA s’adapten millor a una funcio logaritmica,

indicant que I'augment de vitamina E degut a la senyalitzacio dels jasmonats €s molt
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significatiu al principi de la corba d’augment de JA i a mesura que augmenta la dosis
de JA l'augment de vitamina E que representa en proporcié va disminuint. Per altra
banda, la vitamina E (especialment 'a-tocoferol) frena la sintesi de jasmonats (OPDA)
de forma més lineal, de manera que quan altes dosis d’'OPDA son requerides per a la
sintesi de jasmonats, es fa evident I'antagonisme des del prisma de la homeostasi

redox cloroplastica.

En resum, s’ha demostrat que la relacio entre vitamina E i jasmonats és dosi-
depenent i bidireccional en C. albidus. Essent positiva o sinérgica entre la vitamina E
i el JA en diverses espécies, i negativa o antagonica amb 'OPDA en C. albidus sota
condicions naturals, es suggereix que €s igual en totes les plantes en general. Aixi
doncs, la induccio¢ de sintesi de tocoferols per part dels jasmonats en les plantes seria
regulada genéticament i de forma dosi-depenent per a evitar danys oxidatius i
mantenir un correcte estat redox cloroplastic durant situacions d'estrés. D’altra
banda, la regulacié dels nivells de jasmonats per part de la vitamina E respon a la
naturalesa antioxidant de la vitamina E, que modula els nivells d’oxilipines i jasmonats
reaccionant amb els radicals lipidics. A més, la regulacic génica dels nivells
d’oxilipines i jasmonats per part de la vitamina E no es pot descartar. Amb tot, els
jasmonats com a hormones vegetals regulen un gran nombre de respostes en les
plantes, entre elles la sintesi de tocoferols, i, la vitamina E, principalment I'a-tocoferol,
com a antioxidant cloroplastic participa en la regulacioé redox cloroplastica modelant
els nivells d’oxilipines i jasmonats i, per tant, modelant la senyal redox que emergira

del cloroplast per participar en la senyalitzacio retrograda per a I'aclimatacio a I'estrés.

3. Implicacions fisiologiques de la relacié entre la vitamina E i els

jasmonats en condicions naturals amb combinacio d’estressos

Vivint en un ambient permanentment canviant, les plantes perceben, integren i
responen als factors abiotics i bidtics ajustant constantment la seva fisiologia i
metabolisme per tal d’optimitzar el creixement, la reproduccio i la defensa. Les
principals molecules reguladores essencials d’aquesta orquestra de processos son
les fitohormones (Davies, 2010). A grans trets, en el creixement i la reproduccio hi

participen mes aviat les auxines, citocinines i gibberel-lines, mentre que la defensa als
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estressos es coordina mitjancant I'acid abscisic, I'etile, I'acid salicilic i els jasmonats.
En el context de la defensa als estressos, les interaccions d’aquestes hormones amb
altres reguladors essencials de les plantes com les ROS o amb els reguladors
d’aquestes ROS, per exemple els antioxidants, sén també crucials per a la resposta
(Fujita et al., 2006; Atkinson et al., 2015).

Generalment la vitamina E respon a I'estrés abiotic i els jasmonats al biotic. Per
tant, tenint en compte la bidireccionalitat de la seva relacio, en condicions d’estres
abiotic on augmentés la vitamina E, la capacitat de defensa contra estressos biotics
es veuria limitada (suggerit per Demmig-Adams et al., 2013), i en condicions d’estrés
biotic els jasmonats induirien un augment de vitamina E (es podria suggerir en base
als resultats de Sandorf i Hollander-Czytko, 2002). Tot i aixi, de moment no s’ha pogut
estudiar sota combinacio d’estressos per poder avaluar les implicacions reals
d'aquesta relacié. Algunes de les principals condicions ambientals que solen causar
augments de vitamina E en les plantes, especialment d’a-tocoferol, son I'excés de
llum, la sequera, i les temperatures extremes (Hasanuzzaman et al., 2014). Se sap
que I'herbivorisme, el parasitisme, i els microorganismes beneficiosos, com per
exemple els fongs micorrizics, son factors biotics que activen la resposta dels
jasmonats (Choudhary et al., 2007; Pieterse et al., 2014), tot i que l'estudi en
condicions naturals €s complicat i de moment encara no s’ha pogut estudiar en
profunditat. Aixi doncs, tenint en compte que la relacié entre vitamina E i jasmonats
és bidireccional de manera simultania, segons l'escenari en el que ens trobem
prevaldra una de les dues direccions, i el resultat de la relacié antagonica o sinergica
entre aquestes dues families moleculars, tindra implicacions fisioldgiques contraries
(Figura 8).

Les consequencies fisiologiques de la relacid entre vitamina E i jasmonats
dependran de la forma molecular afectada. En el cas de la vitamina E, ambdues
formes (a i y) presenten la mateixa relacié6 amb cada forma de jasmonats (positiva
amb el JA i negativa amb 'OPDA). A més, el y-tocoferol é€s precursor de I'a i, si bé
presenten algunes funcions diferencials (Abbasi et al., 2007), l'a-tocoferol es el
principal antioxidant cloroplastic i element de resposta a 'estrés abiotic i les funcions

d’ambdues formes son sinergiques en relacio a I'estat redox i a la defensa a I'estrés
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abiotic. En el cas dels jasmonats, les implicacions de la relacio amb la vitamina E
difereixen més ja que el JA és una hormona multifuncional de resposta a diversos
processos de desenvolupament, estres biotic perd també abiodtic. En canvi, TOPDA

tot i ser el precursor dels jasmonats, té un paper de senyalitzacié hormonal diferencial

Compromis Tolerdncia crevada

YWitamina E
Yitamina E

1A

Elevada
irradiacio

Fongs micortizics
{organismes
beneficiosos)

Temp. extremes Parasitisme

Figura 8. Esquema simplificat de les possibles implicacions fisiologiques de la relacié entre
la vitamina E i els jasmonats en condicions naturals amb combinacié d’estressos. Alguns
factors abiotics promouen I'acumulacio de vitamina E, i aix0 podria portar un compromis
entre 'acumulacio de vitamina E i de jasmonats (OPDA). Alguns factors biotics promouen
'acumulacio de jasmonats, que podria resultar en tolerancia creuada degut a la induccié
de la sintesi de vitamina E per part dels jasmonats (JAs). JA: acid jasmonic, OPDA: acid
cis(+)-12-oxo-fitodienoic, Temp: temperatures.

al JA i relacionat amb la senyalitzacio retrograda de les espécies reactives electrofiles

davant de situacions d’estres (Almeéras et al., 2003; Taki et al., 2005; Heitz, 2016).

La relacio sinergica entre el JA i la vitamina E podria contribuir a la tolerancia
creuada entre les defenses d’estres abiotic i bidtic. En nombroses ocasions s’ha
observat el fenomen de tolerancia creuada, de manera que I'activacio del sistema de
defensa a I'estrés biotic involucra una xarxa de vies de resposta a I'estrés que resulta

en major tolerancia a I'estrés abiotic o viceversa (Foyer et al., 2016), degut a la gran
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matriu d’interaccions que es donen entre els elements dels diferents nivells que
actuen en la resposta als estressos (Figura 4). Per exemple, més enlla de les
interaccions propiament hormonals i les multiples funcions de cada hormona, les
quitinases enddgenes (enzims hidrolitics de defensa a fongs i animals exoesquelétics)
induides per elicitors biotics com el MeJA o els fongs patdogens, contribueixen a la
tolerancia a I'estres biotic perd també a estressos abiotics com la sequera. Aixi doncs,
sota situacions d’estres biotic on la resposta de jasmonats s’activa, la induccié de la
sintesi de vitamina E (que forma part del sistema de resposta i defensa a l'estrés

abiotic) per part del JA podria comportar tolerancia creuada.

La via de senyalitzacio dels jasmonats activada sota condicions d’estres biotic pot
augmentar la sintesi de vitamina E, contribuint aixi a la tolerancia a I'estrés abiotic. Tot
i que de moment no hi ha estudis en condicions naturals que exemplifiquin la relacié
positiva entre el JA i la vitamina E demostrada en plantes modelien C. albidus (Capitol
2) si que s’ha demostrat que els jasmonats, que coordinen la resposta a I'estrés biotic,
son capacos d'induir la sintesi d’antioxidants, entre ells la vitamina E com s’ha vist al
Capitol 2 (Sandorf i Hollander-Czytko, 2002; Sasaki-Sekimoto et al., 2005; Wolucka
et al., 2005; Farooq et al., 2016), que les condicions d’estrés biotic promouen el
sistema antioxidant (Reyes i Cisneros-Zevallos, 2003; Biswas et al., 2020), com la
vitamina E (Sandorf i Hollander-Czytko, 2002), i que els antioxidants com la vitamina
E sén essencials per a la defensa a I'estrés abiotic (Munné-Bosch, 2007). Amb tot,
tot indica que en condicions d’estres biotic, I'activacié de la via de senyalitzacio dels
jasmonats pot incloure com a resposta la sintesi d’antioxidants com la vitamina E, i
que aix0 podria resultar en una major tolerancia a I'estres abiotic, com sembla ocorrer
al Capitol 4, on els arbustos de C. albidus sota combinacié de parasitisme i estrés
abiotic mostren majors nivells de jasmonats (JA-lle) i de vitamina E que els individus
no parasitats, i es mostren tolerants als dos tipus d’estres (Figures 3 i 4 del Capitol
4).

La relacio antagonica entre la vitamina E i 'OPDA es dona en condicions naturals.
Especialment en les plantes dels ecosistemes mediterranis, I'a-tocoferol respon als
estressos abiotics de manera clara (Fernandez-Marin et al., 2017) i contribueix a la

tolerancia a gran varietat d’estressos abiotics (Munne-Bosch, 2005). Hi ha alguns
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exemples d’aquesta relacié antagonica entre la vitamina E i la capacitat de sintesi de
jasmonats en condicions naturals. A part de la forta correlacié negativa que s’ha
observat als Capitols 2, 3 (Annex |) i 4 entre la vitamina E (ambdos a i y-tocoferol) i la
capacitat de sintesi de jasmonats (OPDA), amb coeficients de correlacié d’'Spearman
d’entre -0.22 1 -0.37, també en el cas de la planta pirenaica Saxifraga longifolia es va
observar aquesta relacié entre 'a-tocoferol per unitat de clorofil-la i el JA amb una R
de -0.45 (TOPDA no va ser analitzat, Cotado i Munné-Bosch, 2020), i en la planta
tropical Vellozia gigantea entre 'OPDA i I'a i y-tocoferol (R= -0.31 i R= -0.23

respectivament, Morales et al., 2015).

La relacioé antagonica entre la vitamina E i la capacitat de sintesi de jasmonats
(OPDA) podria contribuir a un possible compromis entre la defensa a I'estres abiotic
i biotic en les plantes. Es sabut que 'augment de vitamina E forma part de la defensa
de les plantes enfront I'estres abiotic i que els jasmonats son crucials en la defensa a
l'estrés biotic. Es per aixd que s’ha proposat diverses vegades que la relacio
antagonica entre aquestes families moleculars pot resultar en un compromis entre els
dos tipus de defensa. Es a dir, un augment de vitamina E davant d’un estrés abiotic
podria resultar en major susceptibilitat davant d’un estres biotic degut a la limitacio de
sintesi de jasmonats causada per aquesta vitamina E (Demmig-Adams et al., 2013,
Morales et al., 2015; Cotado i Munné-Bosch, 2020). Malauradament, de moment no
hi ha estudis que ho demostrin de forma directa ja que aquesta relacié només explica
una part del possible compromis i forma part d’'una extensa xarxa d’interaccions en

el marc de la convergéncia d’estressos que encara resta poc clarificada.

En escenaris de convergéencia d’estressos, el resultat de la relacié bidireccional
entre la vitamina E i els jasmonats podria contribuir doncs al compromis o a la
tolerancia creuada entre les defenses a I'estrés abiotic i biotic. En la natura és molt
comu que els estressos abiotics i biotics es donin simultaniament. En un escenari
d’aquestes caracteristiques, la prioritzacié o no de la defensa a un dels dos tipus
d’estres es determinant en la resposta. Per una banda, sabem que les plantes quan
es veuen sotmeses a diversos tipus d’estrés simultaniament poden tolerar-los alhora.
Aquesta tolerancia és creuada en el sentit que la resposta a una situacio d’estressos

combinats no és la suma de les respostes a cada un dels estressos simples i per tant
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€s una resposta combinada, comuna, no dues respostes paral-leles (Kissoudis et al.,
2014). D’altra banda també sabem que en determinats escenaris, les plantes han de
prioritzar la defensa a un tipus d’estres en detriment de I'altre degut als compromisos

existents entre els elements de resposta (Ariga et al., 2017; Berens et al., 2019).

El resultat de la interaccio entre la resposta a I'estrés abiotic i bidtic dependra de
la naturalesa i el grau dels estressos, de I'edat, o de I'estat de desenvolupament de la
planta (Saijo i Loo, 2019). Fins i tot en una mateixa espécie en condicions similars de
combinacio d’estressos es poden observar diferents respostes. Per exemple, al
Capitol 4, on treballem amb C. albidus, especie en la qual hem determinat la relacio
bidireccional entre la vitamina E i els jasmonats, podem observar tolerancia creuada
a l'estiu, on les plantes sotmeses a estrés abiotic i bidtic mostren un augment de
jasmonats (JA-lle) i de vitamina E (y-tocoferol) que resulta en tolerancia a I'estrés
abiotic i també al biotic, suggerint aixi que la relacié sinérgica entre vitamina E i

jasmonats podria contribuir a la tolerancia creuada (Figures 3 i 4 del Capitol 4).

Si ens fixem perd en l'efecte geografic (microclimatic i poblacional), podem
observar en la poblacié 3 (creixent a major altitud) una resposta diferent. Les plantes
parasitades es mostren més estressades i amb nivells més elevats de vitamina E en
comparacio a les no parasitades. En aquesta poblacié en concret, 'augment de
jasmonats (JA-lle) no es produeix en resposta a la combinacié d’estressos, suggerint
que en determinats escenaris la relacid antagonica entre vitamina E i jasmonats
podria contribuir al compromis entre la defensa a I'estres abiotic i biotic, ja que el
major augment de vitamina E en resposta a I'estrés abiotic degut a 'altitud (comparat
amb les altres dues poblacions) podria contribuir a la limitacid en la sintesi de
jasmonats resultant aixi en major susceptibilitat al parasitisme (Figures 5, 6, i 8 del
Capitol 4).

Tot aix0 doncs, s’ha d’entendre de manera integrativa, tenint en compte que la
relacio entre la vitamina E i els jasmonats es dona simultaniament de forma
bidireccional. A més, aquesta relacio forma part d’'una gran xarxa d’interaccions que
coordinen la resposta combinada a I'estres abiotic i bidtic, que depen de diversos

factors a més de les interaccions entre els elements que conformen aquesta xarxa.
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Aixi doncs, el fet que el paragraf anterior pugui semblar contradictori en primera
instancia, la relacio entre la vitamina E i els jasmonats podria contribuir en la interaccio
entre la resposta a I'estrés abiotic i biotic en les plantes en diferents direccions donat
que la relacio és bidireccional i per tant, es pot donar una induccio en la sintesi de
vitamina E per part dels jasmonats, i/o una limitacio en 'acumulacié de jasmonats per
part de I'acci6 de la vitamina E, depenent de diversos factors com per exemple el

grau d’estres.

En resum, la relacié que s’ha demostrat entre vitamina E i jasmonats podria tenir
implicacions ecofisiologiques importants en la resposta de les plantes a estressos
convergents ja que generalment la vitamina E respon a I'estrés abiotic i els jasmonats
al bidtic i s’ha vist que ambdds responen a la combinacido d’estressos. Les
consequeéncies fisiologiques de la relacié entre vitamina E i jasmonats dependran de
la forma molecular afectada. D’una banda, la relaci6 sinérgica entre el JA i la vitamina
E podria contribuir a la tolerancia creuada entre les defenses d’estrés abiotic i biotic
ja que la via de senyalitzacio dels jasmonats, en general activada sota condicions
d’'estres biotic, pot augmentar la sintesi de vitamina E contribuint aixi a la tolerancia a
I'estrés abiotic. D’altra banda, la relacié antagonica entre la vitamina E i TOPDA, que
es dona en condicions naturals, podria contribuir al compromis entre la defensa a
I'estres abiotic i bidtic en les plantes. En escenaris de convergéncia d’estressos el
resultat de la relacio bidireccional entre la vitamina E i els jasmonats podria contribuir
doncs a compromis o tolerancia creuada entre les defenses a I'estres abiotic i biotic
segons la naturalesa i el grau dels estressos, de l'edat, o de lestat de

desenvolupament.

4. Relaci6 entre l'estrées abidtic i I'herbivorisme en arbustos

mediterranis

Els arbustos que habiten els ecosistemes mediterranis conviuen amb dures
condicions ambientals i amb diversitat d’animals herbivors. Tot i que aquests
arbustos, com és el cas de C. albidus, solen ser molt resistents als tipics estressos
abiotics que pateixen en aquests habitats, com son la sequera, 'alta irradiacio solar,

0 la pobresa de nutrients al sol, aquests factors amenacen la seva supervivencia
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(Pefiuelas et al., 2007; Sardans i Pefuelas, 2013). Els tipus d’herbivorisme més
comuns en condicions naturals son causats per insectes, petits mamifers i per
ungulats salvatges o de pastura, com les cabres (Hodar i Zamora, 2004; Focardi i
Tinelli, 2005; Miranda et al., 2011). A més a més, els incendis causen un gran impacte
en les comunitats mediterranies i sobre els patrons d’herbivorisme (Torre i Diaz,

2004).

Tant els estressos abidtics com I'herbivorisme causen grans modificacions en la
comunitat arbustiva. En els ecosistemes mediterranis, les epoques d’estres, com
I'estiu o I'hivern, modulen la diversitat de la comunitat arbustiva ja que tenen
consequéncies sobre el creixement i productivitat vegetal (Pefiuelas et al., 2007).
L’herbivorisme també causa grans modificacions en aquestes comunitats dels
ecosistemes mediterranis. Per exemple, les especies dels ecosistemes mediterranis
sbn més o menys tolerants a I'herbivorisme i aquesta diferéncia provoca canvis en
I'estructura de I'ecosistema i fins i tot en la susceptibilitat de la comunitat a les plantes
invasores (Prieur-Richard et al., 2002; Focardi i Tinelli, 2005). Tot i aixi, les plantes
mediterranies poden generar una compensacio o sobre-compensacio de la perdua
de biomassa produida per I'nerbivorisme. Sobretot en el cas de la pastura en zones
naturals ja que les plantes en aquests ecosistemes han evolucionat sota una gran
pressid d’herbivorisme des del Pleistocé (Papanastasis, 1998; Bartolomé et al.,
2019).

Tot i la malaurada escassetat d'estudis sobre I'herbivorisme als ecosistemes
mediterranis, la selectivitat per part dels herbivors €s un aspecte clau. Al Capitol 3
veiem que I'herbivorisme es dona principalment a I'hivern, i que esta relacionat amb
la hidratacio foliar (P<0.001, R=0.32). Els herbivors, com insectes i cabres, més enlla
de seleccionar interespecificament la seva dieta vegetal, seleccionen de forma
intraespecifica i intraindividual segons I'estacio de I'any (Papachristou, 2000; Miranda
et al., 2011; Mancilla-Leyton et al., 2012, 2013; Chebli et al., 2020), I'estres de les
plantes de les quals s’alimenten (Meyer et al., 2006; Staley et al., 2006; Ribeiro-Neto
et al.,, 2012), aspectes nutricionals (Mancilla-Leyton et al., 2014), segons
I'acumulacio de compostos secundaris (Massei et al., 2000) i la densitat de tricomes

(Molina-Montenegro et al., 2006). Les espécies del genere Cistus presenten diverses
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caracteristigues que poden afectar la susceptibilitat a patir herbivorisme a nivell
individual. Per exemple, la preséncia de tricomes foliars (Gulz et al., 1996; Dalin et al.,
2008), I'estrategia semi-caducifolia (Karban, 2007, 2008), o el contingut de nitrogen
foliar (Chebli et al., 2020), que varia estacionalment en C. albidus, incrementant a
I'nivern (Correia et al., 1992).

La resposta fisiologica de les plantes als principals estressos abidtics als
ecosistemes mediterranis en condicions naturals es basa en la proteccio del sistema
fotosintetic. En general, les plantes mediterranies es serveixen de diferents
mecanismes de fotoproteccio, com la vitamina E i els carotenoides, principalment les
xantofil-les (Fernandez-Marin et al., 2017; Pérez-Llorca et al., 2019b). També la
inclinacio de I'angle foliar €s important (Oliveira i Pefuelas, 2000, 2002; Pérez-Llorca
et al., 2019a), o la modificaci6 de l'area foliar (Munné-Bosch et al., 2003).
L’acumulacié d’antioxidants enzimatics i de proteines de xoc térmic (Brossa et al.,
2015), o I'increment del contingut de nitrogen foliar (Oliveira i Pefiuelas, 2004), igual
que tots els mecanismes esmentats, serveixen per reforgar i protegir la maquinaria
fotosintetica que pateix danys davant dels estressos abiotics més comuns, com son
la sequera o I'excés de radiacié solar, i la principal hormona que participa en la
coordinacié de la resposta als estressos abiotics en condicions naturals mediterranies

és I'acid abscisic (Brossa et al., 2015, Pérez-Llorca et al., 2019b).

La resposta a I'herbivorisme es basa en la sintesi de substancies toxiques i en
barreres mecaniques. Per fer front a I'herbivorisme, les plantes dels ecosistemes
mediterranis solen produir metabolits secundaris de forma constitutiva i induida.
Sobretot compostos fenolics, com per exemple els tanins, que presenten efectes
inhibidors sobre els enzims digestius dels herbivors, o efectes insecticides (Bartolomé
et al., 2019; Singh et al., 2021; Rodriguez-Romero et al., 2022). També és important
la densitat de tricomes foliars com a barreres mecaniques sobretot per als insectes
(Ogran et al., 2019), o la densitat, mida i gruix de les fulles, i les caracteristiques de
la cuticula (Massei et al., 2000). La produccié d’alcaloides pot jugar un paper de
defensa enfront I'herbivorisme tot i que també pot generar major impacte degut a
I'nabituacio dels herbivors i a la naturalesa addictiva d’alguns tipus d’alcaloides (Adler
et al., 2001; Wink, 2018; De-la-Cruz et al., 2020; Zhou et al., 2022).
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La resposta model a I'herbivorisme es basa en la via de senyalitzacio de jasmonats.
L’herbivorisme indueix la produccio d’oxilipines, 'TOPDA com a precursor a nivell local,
el JA com a intermediari de la senyal i la JA-lle com a executor, ambdds a nivell local
i també sistémic, amb una dinamica i cinética diferent per a cada forma (Koo et al.,
2009; Heitz et al., 2016; Heyer et al., 2018; Vega-Murnoz et al., 2020), tot i que la
resposta varia segons el tipus d’herbivorisme (Rodriguez-Romero et al., 2022). En
condicions naturals s’ha pogut demostrar que les aplicacions de MeJA incrementen
I'expressio de gens relacionats amb la defensa a I'herbivorisme en nabius (Fonseca
et al., 2019), que la simulacid d’herbivorisme augmenta els nivells de JA i JA-lle en
pollancres tant en les fulles afectades com en les adjacents (Boeckler et al., 2013), i
que les plantes mutants de tabac deficients en jasmonats cultivades en condicions
naturals, patien major dany per herbivorisme comparades amb les control, aixi com

presentaven menors nivells de I'alcaloide principal, la nicotina (Machado et al., 2016).

La resposta sistemica a I'herbivorisme en C. albidus sota condicions naturals
podria implicar 'acumulacid d’OPDA (Figura 9A). Al Capitol 3, on vam estudiar

I'estacionalitat de I'herbivorisme en una poblacié natural de C. albidus creixent a

A)Respostaal’herbivorisme B) Convergéncia d'estressos C) Possibles implicacions
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Figura 9. Relacid entre I'estrés abiotic i I’herbivorisme en arbustos mediterranis. A)
La resposta a I'herbivorisme en C. albidus en condicions naturals sembla implicar
I’'acumulacié d’OPDA. B) En condicions naturals hi pot haver convergéncia d’estressos
pero pot ser que els maxims punts d’estrés no coincideixin. C) La correlacié negativa
entre la vitamina E i I'OPDA suggereix que sota condicions de convergencia
d’estressos en els seus punts maxims hi podria haver un compromis entre la resposta
a I'estres abiotic per part de I'a-tocoferol i la resposta a I’herbivorisme per part de
I’ODPA.
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elevada altitud, vam observar que, tot i estar afectats per I'orientacié del microhabitat
de creixement (vessant est o0 oest de la muntanya), i per I'estacionalitat (Figura 2 de
I’Annex 1), els nivells d'OPDA augmentaven en resposta sistemica a I'nerbivorisme en
les fulles no danyades ja que presentaven una correlacié significativa amb
I'nerbivorisme, aixi com ho feien fortament les relacions OPDA/JA-lle i JA/JA-lle que
indiquen major acumulacié d’OPDA o JA en comparacio amb JA-lle (Figura 3Ai B de
I’Annex I, Figura 9A). Aixi doncs, aquests resultats podrien suggerir que I'acumulacio
del precursor dels jasmonats OPDA, i no de JA-lle, podria formar part de la resposta
sistemica induida per I'herbivorisme en les fulles no danyades de C. albidus, traduint-
se en una reserva de precursors per a la rapida formacio de JA i JA-lle (Glauser et

al., 2009). Tot i aixi, aquest aspecte requereix futures investigacions.

La convergencia d’estressos abiotics amb [I'herbivorisme en els arbustos
mediterranis es dona perd no en els maxims punts d’estres (Figura 9B). Si bé és cert
que en condicions naturals en els ecosistemes mediterranis €s comu patir estressos
abiotics, i que la preséncia d’herbivors és molt probable que es sumi a tal condicio
d’'estres, I'adaptacié i coevolucio de plantes i herbivors interaccionant amb 'escenari
ambiental, pot permetre que no coincideixin en els punts maxims d’estres com hem
vist al Capitol 3 a causa de I'estacionalitat i I'orientacié solar del microhabitat de
creixement. Sigui d’acord amb la hipotesi de 'estres o la del vigor, que intenten
explicar la selectivitat dels herbivors segons I'estres o el vigor de les plantes de les
quals s’alimenten (White, 1984; Price, 1991), els herbivors seleccionen les plantes
que es mengen, i les plantes també presenten estratégies per a evitar ser
constantment consumides, com per exemple la sintesi de substancies toxiques
(Bartolomé et al., 2019; Singh et al., 2021; Rodriguez-Romero et al., 2022). Aquesta
coevolucio interacciona a més amb 'escenari ambiental, geografic i estacional on es
dona, derivant aixi en la coincidéncia o no dels punts maxims d’estres per a les

plantes.

La relacié antagonica entre la vitamina E i els jasmonats suggereix possibles
implicacions fisiologiques en condicions de convergencia dels punts maxims d’estres
abiotic i herbivorisme (Figura 9C). Tot i no coincidir els punts maxims d’estrés al

Capitol 3, les plantes pateixen d’estrés abiotic a I'hivern, mentre estan essent
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consumides pels herbivors. Aixi doncs, les plantes responen a la combinacio
d’estressos. En aquest context, la forta correlacié negativa entre la vitamina E i els
jasmonats (Figura 1 de ’Annex |), la possible implicacio de I'acumulacio d’'OPDA com
a part de la resposta sistemica a I'herbivorisme, i la implicacié de la vitamina E en la
tolerancia a estressos abiotics, suggereixen que la relacio antagonica entre elements
del sistema de defensa a I'estres abiotic (a-tocoferol) i a I'herbivorisme (capacitat de
sintesi de jasmonats: OPDA) podria contribuir a un possible compromis entre la

defensa a I'estrés abiotic i biotic potser si els estressos fossin més extremats.

Addicionalment, I'edat no afecta a la susceptibilitat de patir herbivorisme en C.
albidus sota condicions naturals. Al contrari de I'esperat, al Capitol 3 es va observar
que I'edat no exercia cap efecte sobre I'herbivorisme ni sobre gairebé cap dels
parametres de resposta a 'estrés estudiats (Taula 1 de 'Annex |, Figura 4 del Capitol
3). En nombroses ocasions s’ha demostrat la influencia de I'edat de la planta en la
susceptibilitat i resposta a I'estrés tot i que els estudis en condicions naturals son
escassos de moment. En C. albidus s’ha observat que I'edat influeix en termes
reproductius a partir dels 8 anys (Muller et al., 2014). En concret, la reduccio en la
mida de les plantes és una estratégia per a evadir els efectes de I'envelliment en
termes de viabilitat de les llavors. En C. clusii, en condicions semi-controlades, es va
observar que la maduresa de les plantes afectava els nivells d’estrés oxidatiu |
antioxidants de les fulles (Munné-Bosch i Lalueza, 2007). Al Capitol 3, on s’estudien
plantes madures de diferents edats es suggereix que en C. albidus en condicions
naturals, I'edat no afecta a la susceptibilitat a I'nerbivorisme ni a la resposta a I'estrés

a partir dels 5 anys d’edat.

En resum, l'estrés abiotic i I'herbivorisme poden coincidir en els ecosistemes
mediterranis perd no sempre ho fan en el punt maxim d’estrés. En el cas d'estudi
present, no coincideixen els maxims punts d'estres degut a l'estacionalitat i a
I'orientacio solar del microhabitat, i I'nerbivorisme afecta només un 3% de les fulles
en C. albidus en condicions naturals, un arbust que ja és molt tolerant als estressos
abiotics com la sequera. A mes, es demostra que I'edat de la planta no comporta una
major susceptibilitat de patir herbivorisme. La resposta de C. albidus a I'herbivorisme

sota condicions naturals podria implicar una acumulacio sistémica de jasmonats
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(OPDA) en les fulles no afectades per I'herbivorisme perd aquest aspecte requereix
futures investigacions. Amb tot, la relacid antagonica entre la vitamina E i els
jasmonats suggereix possibles implicacions fisiologiques en condicions de
convergéncia dels punts maxims d’estrés abiotic i herbivorisme si els estressos fossin

més extremats perd no en la situacio estudiada.

5. Interaccions planta holoparasita-hoste en  ecosistemes

mediterranis

Les plantes parasites juguen un gran paper als ecosistemes mediterranis degut a
la seva amplia distribucio. Son plantes que habiten en la majoria d’ecosistemes del
planeta Terra, tant als naturals com als agronomics (Westwood et al., 2010). El seu
estil de vida parasitari ha evolucionat fins al punt de perdre la capacitat fotosintética
en al cas de les plantes holoparasites (Nickrent, 2002). Als ecosistemes mediterranis,
les especies holoparasites més abundants als camps de cultiu son dels generes
Orobanche i Phelipanche mentre que als entorns naturals el génere Cytinus €s dels
meés coneguts i ampliament distribuits (Figura 10). Als ecosistemes agronomics
mediterranis les plantes holoparasites causen pérdues de fins al 90% de produccio
mentre que als ecosistemes naturals, a part de causar efectes negatius en termes de
produccio, tambe poden tenir un impacte positiu a llarg termini com es descriu en

'Annex II.

Les plantes holoparasites causen efectes negatius sobre la comunitat vegetal als
ecosistemes mediterranis naturals (es recullen en I’Annex Il). La consequéncia directa
meés evident de I'estil de vida parasitari €s la reduccio de la supervivéncia de la planta
hoste. En la majoria dels casos la reduccio de la biomassa i I'impacte sobre la fisiologia
de I'hoste en son els motius principals (Press i Phoenix, 2005). Els impactes negatius
a nivell ecosistemic depenen en gran part del rang d’hostes del parasit i de la seleccio
d’aquests hostes. En el cas de C. hypocistis, es tracta d’'una espécie generalista,
perque pot parasitar diferents especies de la familia Cistaceae, pero és especialista
a nivell local. Selecciona un petit conjunt d’espécies hoste d’entre un gran nombre
d’especies a les quals pot parasitar, independentment de I'abundancia (Thorogood i

Hiscock, 2007). De fet, coincidint amb aquesta especialitzacio, s’han identificat cinc
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races genéetiques diferents en C. hypocistis segons I'espéecie a la qual parasita (de
Vega et al., 2008). A meés, el dany causat per part de la planta parasita pot variar en

funcio de I'especie d’hoste i de les condicions ambientals i disponibilitat de recursos.

By
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Figura 10. Distribuci¢ de les principals especies de plantes holoparasites en ecosistemes
mediterranis.

Les plantes holoparasites poden afectar positivament els ecosistemes naturals
mediterranis (es recull en 'Annex IlI). Resulta comprensible que les plantes
holoparasites puguin incrementar la diversitat vegetal als ecosistemes mediterranis
mitjangant el parasitisme sobre espécies competitivament dominants i promovent
d'aquesta manera I'abundancia de les espéecies subordinades. De la mateixa manera,
també podria reduir-la si es parasita a les espécies subordinades (Press i Phoenix,
2005; Tésitel et al., 2021). En aquest sentit, tal i com s’ha demostrat en plantes
hemiparasites en ecosistemes mediterranis, també podrien afectar la zonacié vegetal
(Bardgett et al., 2006; Griebel et al., 2017; Mellado i Zamora, 2017). Les plantes
parasites poden influir en la disponibilitat de nitrogen i el cicle de nutrients degut a
I'alteracio de la qualitat i quantitat de recursos del sol, principalment en consequéncia
a la notable riquesa de nutrients que presenten els teixits de les plantes parasites que
retornen al sol. Tot i aixi, resten molts aspectes per a clarificar a nivell d’ecosistema
(Quested, 2008; Tesitel et al., 2021).
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Les plantes holoparasites també interaccionen amb altres nivells trofics influint aixi
en I'ecosistema. Per exemple, C. hypocistis es troba associat amb el seu hoste i amb
fongs micorrizics alhora (de Vega et al., 2010). A part de I'afectacio del parasit en les
relacions biotiques de I'hoste (herbivors, pol-linitzadors o fongs micorrizics), també la
seva propia interaccio amb els pol-linitzadors com insectes o mamifers (de Vega et
al., 2009) pot afectar altres especies de l'ecosistema. A més, recentment s’ha
demostrat en Cuscuta australis, holoparasita perd de tija, que les plantes que
parasiten diversos hostes alhora, poden transmetre senyals sistemics d’'un hoste a
I'altre, incloent senyals sistémics d’alarma enfront als herbivors o a l'estres sali
generant un efecte de priming, que en el cas de I'herbivorisme és dependent de la via
de senyalitzacio dels jasmonats (Hettenhausen et al., 2017; Li et al., 2020). També
s’ha demostrat que les plantes parasites tenen la capacitat de frenar la colonitzacio

de les plantes invasores debilitant la seva supervivencia (T€Sitel et al., 2021).

El flux de substancies entre planta holoparasita i hoste és la base de les seves
interaccions. Les plantes parasites poden adquirir els recursos tant del xilema (aigua
i nutrients) com del floema (foto-assimilats) de I'hoste. En general, es produeix
mitjangant un flux en massa (Té&Sitel et al., 2010; Okubamichael et al., 2011; Lo Gullo
et al., 2012), tot i que no sempre és aixi. En Cytinus per exemple, no es produeix un
flux massiu sin6 que 'adquisicié de substancies és reduida i es duu a terme a partir
de les cel-lules parenquimatiques de la planta parasita contigles als vasos de I'hoste
(Thalouarn et al., 1986; de Vega et al., 2007). En el sistema Cistus-Cytinus, les
substancies majoritariament transferides de I'hoste al parasit son la sacarosa, el
glutamat i 'aspartat (Thalouarn et al., 1986). Les proteines també son translocades
de I'hoste a les plantes holoparasites (Aly et al., 2011). A més, el flux d’altres
substancies com fitohormones, tals com I'auxina o les citocinines, resulta clau per al
correcte desenvolupament de les plantes parasites (Ishida et al., 2016; Goyet et al.,
2017; Wakatake et al., 2020). Fins i tot s’ha demostrat la transferencia de micro-ARNs
que interfereixen amb I’ARNm de I'hoste per a silenciar gens relacionats amb la
senyalitzacié hormonal, el desenvolupament, el funcionament del floema o la defensa

de I'noste. Addicionalment, el flux d’ARNmM s’ha evidenciat també en sentit contrari i
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sembla derivar en la traduccié de proteines en la planta parasita (Clarke et al., 2019;
Park et al., 2022).

Les interaccions planta holoparasita-hoste poden ser compatibles o incompatibles.
La compatibilitat implica I'exit en I'establiment de la connexio vascular entre la planta
parasita i I'hoste i s’associa a una manca de resposta defensiva, mentre que la
incompatibilitat s’entén com a resisténcia de la planta hoste, evitant la invasio del
parasit. Tot i aixi, el resultat de la interaccid no sembla ser una questio dicotomica
sind més aviat una suma de diversos factors, que potser depenen dels llindars entre
els diferents mecanismes de defensa de la planta hoste (Kaiser et al., 2015; Saucet i
Shirasu, 2016). De moment, s’ha descrit que la resposta de defensa de I'hoste a les
plantes parasites mostra similituds amb la resposta als herbivors i als patdogens,
principalment en quant a 'acumulacié de JA i d’acid salicilic (Dos Santos et al., 2003;
Letousey et al., 2007; Torres-Vera et al., 2016), la resposta de tipus hipersensible
(Runyon et al., 2010), I'alliberament de compostos volatils o la densitat de tricomes
(Gutjahr and Paszkowski, 2009). Tot i aixi encara resten molts aspectes per a

determinar.

En resum, les plantes parasites juguen un paper molt important als ecosistemes
mediterranis degut a la seva amplia distribucio i son plantes que habiten en la majoria
d'ecosistemes del planeta Terra, tant als naturals com als agronomics. Les plantes
holoparasites causen efectes negatius perd tambe poden afectar positivament la
comunitat vegetal als ecosistemes mediterranis naturals. A més, també interaccionen
amb altres nivells trofics influint aixi en I'ecosistema. El flux de substancies entre planta
holoparasita i hoste és la base de les seves interaccions i el dialeg planta holoparasita-

hoste pot resultar en una relacio compatible o incompatible.
6. Establiment del parasitisme: efectes locals

Els sistemes parasit-hoste son dinamics i els resultats de la co-adaptacid no
sempre son contraris al mutualisme. Els parasits viuen a expenses dels seus hostes
i, per tant, les relacions duradores afavoreixen la longevitat del parasit. En
consequeéncia, la seleccio natural afavoriria a aquells parasits que fossin menys

agressius ja que la relacio amb el seu hoste seria més longeva. Existeixen alguns
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exemples on la relacio entre parasits i hostes s’assembla més al mutualisme que al
parasitisme (Gomez 1994, Jarosz i Davelos, 1995; de Vega, 2007). En el cas de les
plantes holoparasites, les perennes, més que les anuals, son les que mantenen
relacions duradores amb els seus hostes, com és el cas de C. hypocistis. A més, s’ha
vist al Capitol 4 que de forma general el parasitisme no només no causava efectes
fisiologics negatius a curt termini sobre I'hoste, sind que a la primavera s’observaven
fins i tot mecanismes de compensacio (augment en el contingut de clorofil-les). A
meés, €s una planta que mostra una forta especialitzacio segons I'espécie hoste i que
manté poc flux de substancies amb I'individu parasitat (Thalouarn et al., 1986; de
Vega et al., 2008).

Les plantes parasites estableixen diferents tipus de contacte amb els vasos
conductors del seu hoste. En general les plantes parasites formen connexions entre
els seus vasos conductors i els de I'hoste (generalment les hemiparasites només amb
el xilema i les holoparasites també amb el floema) a través de I'haustori per poder
adquirir tots els recursos necessaris per a la seva supervivencia (Irving i Cameron,
2009). Aquesta connexid permet el moviment de substancies tant per la via
apoplastica com simplastica (LeBlanc et al., 2012; Mitsumasu et al., 2015; Kurotani
et al., 2020; Fischer et al., 2021). Els sistemes endofitics de les plantes holoparasites
es poden desenvolupar en diferents zones entre els vasos conductors i el cambium
vascular. En el cas de C. hypocistis, el sistema endofitic €s complex. Presenta xilema
i floema completament diferenciats i la connexié amb els vasos de I'hoste no és
directa sind que es basa en cel-lules parenquimatiques especialitzades que podrien
actuar com a ceél-lules de transferéncia formant un continu apoplastic entre les

cél-lules del parasit i les de I'hoste (de Vega et al., 2007).

El flux de molécules especialitzades és basic per a I'establiment de la relacio entre
la planta parasita i I'hoste (Figura 11). Inicialment, les estrigolactones secretades per
I'arrel del potencial hoste sén clau per a la germinacio de la majoria de plantes
holoparasites. Llavors, la inducci6 de la formacio de I'haustori es basa normalment en
la percepcio de metabdlits secundaris coneguts com a factors inductors d’haustori
com per exemple flavonoides i quinones (Saucet i Shirasu, 2016). En aquest moment

la planta parasita secreta molécules efectores per a I'establiment definitiu, que es
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donara si I'hoste no genera una resposta de defensa i rebuig. La produccio i
translocacio d’auxines i citocinines €s vital pel correcte creixement i desenvolupament
de I'naustori (Wakatake et al., 2020). Les citocinines a més també estan relacionades
amb I'agressivitat de la planta parasita (Goyet et al., 2017). A més, també l'intercanvi
de RNA sembla exercir un paper important en la (in)compatibilitat de la relacié entre
la planta parasita i 'hoste (Clarke et al 2019). En el sistema Cistus-Cytinus pero, de
moment no hi ha informacio sobre el flux de molécules especialitzades en les etapes

inicials de I'establiment de la relacio.

Les citocinines juguen un paper important en el funcionament del sistema planta
parasita-hoste. Son essencials per al desenvolupament i les relacions font-embornal
de les plantes (Roitsch i Ehnel3, 2000; Werner et al., 2001; Schaller et al., 2015).
Existeixen dos tipus de citocinines, les de tipus iP, que contenen una cadena lateral

isopentenil N, i les de tipus t-Z, que contenen aquesta cadena lateral isopentenil

Haustori
holoparasita

ttZ Htz 1tz
4 t-ZR % tZR * tZR
4 a-Toc fo-Toc fa-Toc

Induccio de la formacid de I'haustori, iniciacid, |
desenvolupament Arrel hoste

Desenvolupament de la relacid parasita-hoste

Figura 11. Establiment de mutualismes: efectes locals. Esquema del sistema planta
holoparasita-hoste i les seves interaccions a nivell local. En requadres grocs es mostren el
resultats obtinguts al Capitol 4 en analitzar les etapes tardanes de la relacio Cistus-Cytinus i
en canvi dins dels ellipses es mostren interaccions en els estadis inicials que han estat
descrites en altres estudis. a-Toc: a-tocoferol, a-TT: a—tocotrienol, Aux: auxines, CKs:
citocinines, FIH: factors inductors d’haustori, RNA: ARN, SL: estrigolactones, t-Z: trans-
zeatina, t-ZR: ribosid de trans-zeatina.
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hidroxilada. El transport de citocinines de tipus iP es dona pel floema, dels teixits
fotosintétics cap a les arrels de les plantes, mentre que les del tipus t-Z es transporten
en sentit contrari pel xilema (Kieber i Schaller, 2018). En les relacions planta
holoparasita-hoste, les citocinines del tipus t-Z causen la hipertrofia de l'arrel de
I'noste en el lloc d’'unié amb I'haustori. A més, els efectes que causen en el creixement
de I'hoste suggereixen la seva forta influéncia als balangos font-embornal de I'hoste
durant el parasitisme (Furuhashi et al., 2014; Spallek et al., 2017, 2018). En aquests
estudis I'increment de citocinines de tipus t-Z es produeix tant en I'hoste com en el

parasit a nivell local.

Al estudiar un sistema de parasitisme en etapes mes tardanes, 'augment tant de
t-zeatina com del seu ribosid (el seu precursor) a I'arrel dels individus de C. albidus
parasitats per C. hypocistis que es va demostrar al Capitol 4, aixi com I'augment
diferencial del ribosid en la part de basal de 'haustori de C. hypocistis (Figura 11),
avalen la seva implicacid en aspectes mes enlla de I'establiment de la relacio,
possiblement en les relacions font-embornal del sistema sencer ja que les dues
formes exerceixen funcions senyalitzadores (Keshishian et al., 2015; Osugi et al.,
2017). A més, el gradient en I'acumulacio de 2-isopentenil adenina, una citocinina
activa del tipus iP, des d’elevats nivells en 'haustori de la planta parasita fins a molt
baixos nivells en la fulla de I'hoste, passant per nivells mitjans en l'arrel, juntament
amb el gradient contrari per al seu precursor, I'isopentenil adenosina, suggereixen el
classic transport de citocinines de tipus iP que es dona en les plantes des de les parts
vegetatives fins a les arrels pel floema, i aixi reforcen la idea que les citocinines juguen

un paper en les relacions font-embornal del sistema planta holoparasita-hoste.

El paper de la vitamina E a nivell local en la interaccio planta holoparasita-hoste
podria estar relacionat amb la seva caracteristica funcio antioxidant. D’una banda, la
funcié antioxidant enfront la peroxidacio lipidica que la vitamina E exerceix en els
teixits no fotosintétics que conformen la zona d’interaccié entre la planta holoparasita
i 'hoste (haustori i arrel) observada al Capitol 4, sembla ésser raonable donat que en
aquesta zona s’ha determinat en altres especies, del génere Orobanche i Cuscuta,
que les ROS i la peroxidacio lipidica juguen un paper important en el reconeixement

de I'hoste per part del parasit i I'establiment, i en la resistencia al parasit per part de
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I'noste (Keyes et al., 2007; Abbes et al., 2020; Shabbaj et al., 2021). D’aquesta
manera, la vitamina E formaria part del sistema antioxidant que actua al voltant de la

interacci6 planta holoparasita-hoste.

En resum, els resultats indiquen que a nivell local les citocinines i la vitamina E
juguen un paper important en el sistema C. albidus-C. hypocistis en condicions
naturals. Els sistemes parasit-hoste son dinamics i els resultat de la co-adaptacié no
sempre son estrictament contraris al mutualisme. Les plantes parasites estableixen
diferents tipus de contacte amb els vasos conductors del seu hoste per tal de dur a
terme I'adquisicio de recursos i el flux de molécules especialitzades, que és basic per
al'establiment de la relacio entre la planta parasita i 'hoste. A nivell local, en el sistema
C. albidus-C. hypocistis el paper de les citocinines podria estar relacionat amb les
relacions font-embornal del sistema, i la vitamina E formaria part principalment del

sistema antioxidant amb la seva accio de reduir la peroxidacio lipidica.
7. Tolerancia al parasitisme: efectes sistemics

L’establiment i consolidacio de la relacio entre les plantes parasites i els seus
hostes va més enlla del focus de contacte. Aquesta relacid, en el cas de les
holoparasites perennes que estableixen relacions duradores amb el seu hoste, és
exitosa si la planta hoste és tolerant al parasitisme. La tolerancia al parasitisme
s’entén com la capacitat de la planta hoste per a conviure amb el parasit reduint les
consequeéencies d’aquest sobre la seva supervivencia (Strauss i Agrawal, 1999;
Koskela et al., 2002). Aquesta convivencia requereix la resposta de la planta hoste
per tal de coordinar els mecanismes d’aclimatacio que li permetran sobreviure a I'atac
com per exemple la compensacid de les afectacions en I'activitat fotosintética,
I'alteracio del desenvolupament per a la inversio de recursos en la reproduccio en
comptes del creixement, i la resposta hormonal, especialment per part dels jasmonats
tot i que encara resten molts aspectes a determinar d’aquesta resposta (Gutjahr i
Paszkowski, 2009; Pagan i Garcia-Arenal, 2018). A més, la tolerancia a
I'noloparasitisme presenta variacio genetica i esta sotmesa a la seleccio natural i als
compromisos amb el cost per a I'éxit reproductor de la planta (Koskela et al., 2002;

Pagan i Garcia-Arenal, 2018).
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Els efectes sistémics de la relacié planta holoparasita-hoste estan relacionats amb
el procés basic de la vida vegetal, la fotosintesi (Figura 12). Les plantes holoparasites,
al ser un embornal extra de foto-assimilats de I'noste, generalment generen una
estimulacio de la fotosintesi en I'hoste justificada per les interaccions font-embornal
(Watling i Press, 2001) tal i com s’observa al Capitol 4 a la primavera, quan els
individus de C. albidus parasitats per C. hypocistis mostren major contingut de
clorofil-les que els no parasitats. Tot i aixi, aquest mecanisme de compensacio pot
estar limitat pel nombre i mida de les plantes parasites i pot variar amb I'especie. De
la mateixa manera, també poden estimular I'absorcié d'aigua per part de les fulles i la
tija de I'hoste (Clayson et al., 2014), fet que explicaria la major hidratacié foliar
observada al Capitol 4 en els individus infectats durant la primavera. A més,
I'associacio tri-trofica que s’estableix entre Cistus-fongs micorrizics-Cytinus (de Vega
et al., 2010) podria influir en aquest balan¢ hidric del sistema. Tot i aixi, s’hauria

d’estudiar en major profunditat.

El parasitisme també pot provocar efectes positius mes enlla de I'hoste com a
individu (Figura 12). A nivell de comunitat ecosistémica les plantes parasites
contribueixen a les interaccions trofiqgues amb altres elements biotics de I'ecosistema
com herbivors, pol-linitzadors, fongs micorrizics, o plantes invasores (de Vega et al.,
2009, 2010; Tésitel et al., 2021), tal i com hem vist en I'apartat 5 d’aquesta discussio.
A més, conformen una xarxa inter-especifica de comunicacio ja que quan parasiten
més d’'un hoste alhora sén capaces de transmetre senyals sistemiques d’alarma
enfront a estressos entre els seus hostes, un aspecte que s’ha demostrat en
holoparasites de tija perd no d’'arrel (Hettenhausen et al., 2017; Li et al., 2020). També
hem vist en 'apartat esmentat que poden influir en la qualitat del sol (Quested, 2008;
Tésitel et al., 2021). Amb tot, les plantes parasites modelen I'estructura i diversitat de
les comunitats vegetals dels ecosistemes mediterranis (Press i Phoenix, 2005;
Bardgett et al., 2006; Griebel et al., 2017; Mellado i Zamora, 2017). Tenint en compte
la vessant positiva dels efectes de les plantes parasites, pren sentit I'avantatge que
podria suposar per a les plantes hoste ésser tolerants al parasitisme en determinades

situacions.
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Figura 12. Tolerancia al parasitisme: efectes sistemics. Esquema simplificat del
sistema Cistus-Cytinus per exemplificar els efectes sistémics descrits en les
interaccions entre les plantes parasites i els seus hostes en general. El requadre
taronja amb linia discontinua indica els efectes positius que s’han observat al
Capitol 4.

Embornal

La tolerancia a les plantes parasites s’ha estudiat de moment en un nombre reduit
de sistemes. Els estudis existents inclouen els sistemes Urtica dioica-Cuscuta
europaea (holoparasita de tija, Koskela et al., 2002), Echinopsis chilensis-Tristerix
aphyllus (holoparasita de tija, Medel, 2001), i Hordeum vulgare-Rhnianthus minor |
R.angustifolius (hemiparasites d’arrel, Rowntree et al., 2011). En aquests estudis
s’observa la tolerancia al parasitisme a partir de compensacions en el nombre de
ramificacions o en la inversio en la biomassa reproductiva i la produccié de llavors.
En estudis de tolerancia als patdgens es fan servir també altres marcadors com per
exemple el contingut de clorofil-les o els simptomes de la infeccio (Pagan i Garcia-
Arenal, 2018). En el sistema C. albidus-C. hypocistis (holoparasita d’arrel), la

tolerancia al parasitisme s’ha observat al Capitol 4, on en condicions naturals sense

188



combinacio d’estressos (primavera), en general les plantes no presenten afectacions
fisiologiques degudes al parasitisme i fins i tot s’‘observen mecanismes de
compensacio. Tot i que encara no es coneix la resposta molecular d’aquesta
tolerancia, la implicacio dels jasmonats en la resistencia és clara. En aquest estudi, la
tolerancia podria estar coordinada pels jasmonats, en concret 'OPDA (Figura 3 del
Capitol 4).

En resum, C. albidus és capac de tolerar el parasitisme per part de C. hypocistis
en condicions naturals durant la primavera (i I'estiu). L’establiment i consolidacio de
la relacié entre les plantes parasites i els seus hostes va mes enlla del focus de
contacte. A nivell sistémic els arbustos parasitats no presenten simptomes d’afectacio
fisiologica a curt termini i fins i tot mostren mecanismes de compensacio. Els efectes
sistemics del parasitisme estan relacionats amb I'estimulacié de la fotosintesi i el
parasitisme també pot provocar efectes positius més enlla de I'hoste com a individu.
A diferencia de la resposta molecular de resisténcia a les plantes parasites, que esta
essent caracteritzada i es basa en la resposta hormonal de 'acid salicilic i el JA, en
els casos on s’ha estudiat la tolerancia encara no s’ha pogut determinar la resposta
molecular i per tant no se sap com és aquesta resposta molecular i hormonal de
tolerancia en les relacions duradores entre plantes holoparasites i els seus hostes.
Tot i aixi, és possible que 'OPDA jugui un paper important en aquesta resposta de

tolerancia.

8. Efecte de la combinaci6 d’estressos

Les plantes sotmeses a combinacio d’estressos abiotics i parasitisme en condicions
naturals poden manifestar tolerancia creuada o compromis entre les respostes de
defensa (Figura 13). Tal i com s’ha esmentat en I'apartat 3, ens referim a tolerancia
creuada quan les plantes sotmeses a diversos tipus d’estressos simultanis poden
tolerar-los alhora mitjangant una resposta combinada. Contrariament, ens referim a
compromis quan la defensa a un tipus d’estrés és en detriment de 'altra. En aquest
sentit, al Capitol 4 on individus de C. albidus creixent en condicions naturals es veuen
sotmesos a estres abiodtic i parasitisme simultaniament a 'estiu, observem el fenomen

de tolerancia creuada de forma general. Tot i aixi, I'efecte del microclima i de la

189



poblacié posa de manifest una tolerancia creuada més accentuada en la poblaci6 2
(creixent entre 340-530 m.s.n.m), on el fet de patir parasitisme resulta en una major
tolerancia a 'estres abiotic (major hidratacio foliar), resultats que estan d’acord amb
altres exemples de tolerancia creuada entre estressos biotics, com el parasitisme, |
estressos abiotics com la sequera (Evans i Borowicz, 2015; Foyer et al., 2016). En la

poblacio 3, en canvi, observem el contrari.

La combinacié d’estressos impulsa la resposta de tolerancia creuada. La tolerancia
creuada al parasitisme i a I'estrés abiotic en relacions planta holoparasita-hoste ben
establertes es fa evident sota condicions de convergencia d’estressos. Com s’ha
comentat en I'apartat anterior, la tolerancia al parasitisme té sentit en les relacions
planta parasita-hoste ben establertes, duradores. Malauradament, no s’ha pogut
estudiar la convergéncia d’estressos fins a dia d’avui. Al Capitol 4 observem una
solida resposta hormonal al parasitisme a I'estiu, sota convergencia d’estressos. Aixo
indica que a l'estiu, mentre el parasit encara viu en la seva forma meés extensa

(sistema endofitic + inflorescencies) i fenologicament es troba en el moment de
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Figura 13. Efecte de la combinacid d’estressos. Esquema del model proposat per a la
resposta observada en la present tesi en C. albidus sota condicions naturals de
convergencia d’estressos (abiotic i parasitisme). ABA: acid abscisic, JAs: jasmonats, Vit.E:
vitamina E.

190



fructificacio i maduracio de llavors, i els hostes estan patint estrés abiotic causat per
sequera, alta irradiacié i temperatures elevades, el parasitisme suposa un estrés

afegit per a I'hoste, que és capag o no de tolerar i compensar els seus efectes.

La resposta a la combinacié d’estres abiotic i parasitisme que dona lloc a la
tolerancia creuada implica I'acumulacio de JA-lle a nivell sistémic. Ho veiem al Capitol
4 (Figura 3). Tot i que fins ara es coneix la implicacio del JA en la resposta a les
plantes parasites, no s’ha descrit el rol de la JA-lle especificament. Tenint en compte
les similituds entre la resposta al parasitisme i a I'herbivorisme esmentades en
I'apartat 5, podriem suposar que I'augment de JA-lle observat representa I'activacio
de la via classica de senyalitzacid dels jasmonats enfront el parasitisme, que
culminaria en la senyalitzacio al nucli cel-lular per part de la JA-lle per a una adequada
aclimatacio a I'estrés. Aquesta resposta per part dels jasmonats podria estar mediant
accions de defensa a les infeccions per plantes parasites com per exemple la
produccid de metabolits secundaris (Smith et al., 2009) o I'acumulacio de tilosa per
a obstruir els vasos conductors de contacte (Calvin, 1997; de Vega et al., 2007;

Lesniewska et al., 2017).

La tolerancia creuada podria estar coordinada per la interaccio entre I'acid abscisic
i els jasmonats. La implicacio de la interaccio entre aquestes hormones en el fenomen
de tolerancia creuada ja ha estat descrita anteriorment (Ramegowda i Senthil-Kumar,
2015; Nejat i Mantri, 2017; Zagorchev et al., 2021). En aquest context, I'acid abscisic
podria influir en els fluxos hidrics de tot el sistema planta holoparasita-hoste (Jiang et
al., 2004, 2010) i els jasmonats en la produccio de defenses contra I'estrés biotic. A
mes, els jasmonats també guarden relacio amb la tolerancia a l'estrés abiotic,
principalment la sequera, com en el cas de C. albidus (Brossa et al., 2015), i I'acid
abscisic també esta relacionat amb la defensa al parasitisme (Torres-Vera et al.,
2016). D’acord amb aquests estudis, al Capitol 4, on els individus parasitats
manifesten tolerancia creuada s’observa un augment significatiu d’acid abscisic
(Figura 3 del Capitol 4), a més de I'esmentat augment de JA-lle a I'estiu. Amb tot, la
interaccid entre l'acid abscisic i la JA-lle podria estar coordinant la resposta

combinada al parasitisme i a I'estrées abiotic resultant en tolerancia creuada.
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La implicacio de la interaccio dels jasmonats i I'acid abscisic en la tolerancia
creuada s’observa especialment sota condicions d’estrés hidric. Al Capitol 4 es va
estudiar com els efectes geografics (del microclima i de la poblacid) modulaven la
resposta hormonal i I'estat fisiologic de C. albidus en condicions naturals sota
combinacio d'estressos. La poblacio 2, que es veu sotmesa a estrés abiotic a I'estiu
igual que les altres dues poblacions, creix en condicions especialment seques. Es la
poblacid que pateix major grau d’estres hidric a I'estiu, i €s en la que s'observa
I'augment d’acid abscisic (Figures 5 i 7 del Capitol 4), en acord amb el seu paper
central en resposta a aquest estres (Takahashi et al., 2020), observat també a nivell
general (Figura 3 del Capitol 4). També s’hi observa 'augment de JA-lle. A més a
meés, en aquesta poblacio, el fenomen de tolerancia creuada s’expressa fins al punt
que les plantes sotmeses al parasitisme es mostren lleugerament més tolerants a
I'estrés hidric que les no parasitades. Aixi doncs, es reforca el paper modulador de
I'acid abscisic sobre els fluxos hidrics de tot el sistema planta holoparasita-hoste
(Jiang et al., 2004, 2010) en interaccié amb els jasmonats per a coordinar la

tolerancia creuada sota situacions de combinacio d’'estres hidric i parasitisme.

La vitamina E també participa en la resposta combinada a I'estrés abiotic i biotic.
Al Capitol 4 veiem que sota combinacid d’estressos, els arbustos presenten un
augment en els nivells de vitamina E a nivell sistemic. Participant d’aquesta manera a
la limitacid de la peroxidacio lipidica de les membranes, tipica de les situacions
d’estres, funcié primordial de la vitamina E (Figura 4 del Capitol 4). S’ha descrit que
la via de senyalitzacio de jasmonats pot activar la sintesi de vitamina E en situacions
d’estrés biotic simulat (Sandorf i Hollander-Czytko, 2002). La induccid per part de
I'acid abscisic també ha estat demostrada (Ghassemian et al., 2008). Aixi doncs, en
el cas d’estudi que ens atén, la sintesi de vitamina E per a la reduccio de la peroxidacio
lipidica en resposta a la combinacio d’estres abiotic i bidtic podria estar coordinada
per la interaccio amb les fitohormones que participen de la resposta a la combinacié

d’'estressos, I'acid abscisic i els jasmonats.

En situacions concretes també es pot donar un compromis entre les defenses a
I'estrés abiotic i bidtic. En la poblacié 3 del Capitol 4, que és la que es troba a major

altitud (792-911 m.s.n.m), observem un possible compromis entre la tolerancia a
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I'estres abiotic i el parasitisme a l'estiu degut a l'altitud. Les plantes sotmeses a
parasitisme i a estrés abiotic simultaniament no expressen aquesta resposta de
tolerancia que s’observa en les altres dues poblacions que creixen a menor altitud, |
presenten un estat fisiologic pitjor que les plantes no parasitades (afectacions en
I'eficiencia maxima del fotosistema Il i augment dels nivells de vitamina E: Figures 5 i
6 del Capitol 4). Tal i com succeeix en altres casos en situacions de convergencia
d’estressos en condicions naturals (Ramegowda i Senthil-Kumar, 2015; Teshome et
al., 2020), el fet de patir estres abiotic i generar tolerancia a aquest, pot provocar un
augment en la susceptibilitat de patir estres biotic ja que en limita la potencial
tolerancia. Aquest possible compromis podria ser degut a l'altitud ja que imposaria
major grau d’estrés abiotic a causa de, per exemple, I'excés de llum i la major amplitud

termica a l'estiu (13°C en comparacio a 8-11°C en les altres dues poblacions).

L'absencia en I'acumulacio de JA-lle resulta en una lleugera major susceptibilitat
al parasitisme. A la poblacié 3 del Capitol 4 veiem que, a diferéncia de les altres dues
poblacions que mostren tolerancia, els individus parasitats no mostren un augment
de JA-lle i presenten pitjor estat fisiologic que els no parasitats a 'estiu. Hi ha alguns
exemples on I'estres abiotic incrementa la susceptibilitat al parasitisme (Demirbas et
al., 2013; Flake i Weisberg, 2019). Tot i que manca el mecanisme hormonal, hem vist
en els paragrafs anteriors que I'acumulacié de JA-lle esta implicada en la tolerancia
creuada de C. albidus al parasitisme de C. hypocistis en combinacié amb estres
abiotic. Les causes d’aquesta absencia en I'acumulacio de JA-lle en els individus
parasitats no es fan evidents en aquest estudi exceptuant la relacié negativa que
existeix en aquesta especie entre la vitamina E (que augmenta molt significativament
en els individus esmentats) i la capacitat de sintesi dels jasmonats, 'OPDA (Figura
suplementaria 17 del Capitol 4), que podria donar explicacié a una part d’aquesta
absencia d’acumulacié. Amb tot, s’enforteix la idea que la JA-lle coordina la tolerancia
al parasitisme per part de plantes holoparasites en condicions naturals de combinacio

d’estressos, almenys en el cas de C. albidus.

En resum, les plantes de C. albidus sotmeses a combinacio d’'estressos abiotics i
parasitisme en condicions naturals manifesten tolerancia creuada perd en certes

situacions poden manifestar compromis entre les respostes de defensa. La
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combinacio d'estressos impulsa la resposta de tolerancia creuada en relacions planta
holoparasita-hoste ben establertes com la de C. albidus-C. hypocistis. La resposta a
la combinacio d’estrés abiotic i parasitisme que dona lloc a la tolerancia creuada en
C. albidus en condicions naturals implica 'acumulacié de JA-lle a nivell sistémic i
I'absencia en la seva acumulacio resulta en una lleugera major susceptibilitat al
parasitisme. A més, la tolerancia creuada podria estar coordinada per la interaccio
entre 'acid abscisic i els jasmonats, i la vitamina E també participa en aquesta
resposta limitant la peroxidacio lipidica. Finalment, es suggereix que la relacio entre
la vitamina E i els jasmonats podria tenir implicacions en la resposta a la combinacio
d’estressos abiodtic i biodtic, tant per la vessant sinérgica de la relaci¢ en el fenomen

de tolerancia creuada com per la vessant antagonica en el fenomen de compromis.
9. Limits del parasitisme a nivell d’ecosistema

Com és sabut les plantes parasites causen danys als seus hostes i podrien suposar
una amenaga en els ecosistemes naturals tal i com ho suposen en els agricoles. Tot
i aixi, hi ha diversos factors que limiten el parasitisme a nivell d’ecosistema i ajuden a
mantenir un equilibri adequat i funcional entre els efectes positius i negatius que les

plantes parasites exerceixen sobre 'ecosistema que les acull (Figura 14).

L’especificitat interespecifica és un dels principals aspectes que modula la
distribucio de les plantes parasites. Les plantes parasites poden afectar un gran
ventall d’especies i es consideren generalistes tot i que un gran nombre d’especies
de plantes parasites sbn més aviat especialistes ja que mostren un alt grau de
preferencia per a un nombre reduit d’hostes de totes les espécies que potencialment
podrien ser-ho. En alguns casos resulta en subdivisions genétiques dins d’una
mateixa espécie (Barkman et al., 2017), com és el cas de C. hypocistis (Thorogood i
Hiscock, 2007; de Vega et al., 2008). Aixi, la distribucié dels hostes preferits influencia
la distribucio de les plantes parasites. També la densitat d’hostes té un gran efecte
sobre el rang d’expansié de les plantes parasites, fet que ha estat estudiat en la
holoparasita d’arrel E. virginiana en hostes arboris (Tsai i Manos, 2010). La
biodiversitat en la comunitat hoste sembla afavorir I'establiment i/o influir en

I'especificitat de les plantes hemiparasites (Joshi et al., 2000; Kavanagh i Burns,
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2012). A més, el desacoblament entre la fenologia de la planta holoparasita C.
indecora i els seus hostes aixi com la mida i la duracio (perenne o anual) dels hostes
també limita la distribucio d’aquestes plantes holoparasites (Marquardt i Pennings,
2010).

Factors que afecten el parasitisme a nivelld’ecosistema

Especificitatintra-especifica Especificitatinterespecifica

Qualitat de'hoste Distribucio de I'hoste

Densitat de I'hoste

o Biodiversitaten|a comunitat hoste
Factors bidtics .
Desacoblament fenologic

Herbivorisme

Plantesinvasores Factors abidtics

Parasitisme no vegetal v Factors geografics

Parasitisme vegetal Factors ambiertals

Autoparasitisme . Estres abidtic
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Impacte huma b

( E.: ‘ Explotacié de I'hoste

Figura 14. Limits del parasitisme a nivell d’ecosistema. Esquema representatiu dels factors
que afecten el parasitisme a nivell d’ecosistema.

L’especificitat intraespecifica també afecta la distribucio de les plantes parasites.
La hipotesi de la qualitat de I'hoste prediu que les plantes parasites es desenvolupen
preferencialment en aquells hostes de major qualitat (Watson, 2009). La qualitat de
I'noste és entesa com a un major acces a recursos com l'aigua i els nutrients aixi com
el vigor de la planta (Evans i Borovicz, 2015). Paral-lelament, I'estrés abiotic per se
també pot afectar i limitar el parasitisme aixi com factors geografics i ambientals com
la temperatura i l'altitud que en determinen també el rang d’habitabilitat (Zamora i
Mellado, 2019; Zagorchev et al., 2021). En general, les condicions ambientals
adverses solen causar davallades en les poblacions de plantes parasites degut a
I'efecte d’aquestes condicions sobre els hostes o sobre la seva propia germinacio, tot
I que per contrapartida diverses especies de plantes parasites s’han adaptat a viure
en ambients estressants, per exemple molt arids o salins (Frost et al., 2003; Press i
Phoenix, 2005; Demirbas et al., 2013; Teshome, 2020; Zagorchev et al.,2021).
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Aixi doncs, la distribucio i supervivencia de les plantes holoparasites dependra de
la interaccid entre la seleccio de I'hoste i les condicions ambientals, tal i com
observem al Capitol 4, on 'altitud i les condicions ambientals, especialment el réegim
hidric, afecten tant la distribucié de C. hypocistis com el grau de parasitisme que
exerceix als seus hostes (en referencia al nombre d'inflorescencies de la planta

parasita per hoste, Figura suplementaria 11 del Capitol 4).

Els factors biotics també afecten la distribucid de les plantes parasites.
L’herbivorisme, sobre I'hoste, sobre la propia planta parasita, i la interaccio tri-trofica,
afecta la distribucio interconnectada dels tres nivells trofics implicats segons el tipus
d’herbivor i I'espéecie hoste (Marvier, 1996; Rowntree et al., 2014), la mida i génere
de la planta parasita (Goto et al., 2012), la resposta hormonal i quimica de la planta
hoste (Cuevas-Reyes et al., 2017; Tjiurutue et al., 2017), la transferéncia de
metabolits secundaris (Haan et al., 2018), o I'efecte de priming (Zhuang et al., 2018),
tot i que les generalitzacions son complicades. La invasio de 'ecosistema per plantes
exotiques redueix la presencia de plantes parasites mitjancant el desplacament de
les especies hoste (Marvier i Smith, 1997) tot i que en alguns casos les plantes
parasites son capaces d’adoptar les noves plantes com a hostes (TéSitel et al., 2021).
Al Capitol 4 perd, no es van observar espécies de plantes exotiques en cap de les
tres poblacions estudiades. A més, la infeccio de I'hoste per part d’'altres parasits no
vegetals sembla limitar I'exit d’especies hemiparasites com R. serotinus (Puustinen et
al., 2001) i fins i tot en alguns casos s’han observat limitacions degudes
I'autoparasitisme i al parasitisme vegetal sobre les plantes parasites (Krasylenko et
al., 2012).

L'explotacié de I'hoste per part de la planta parasita modela la distribucio
d’ambdues espécies. Es comu que mitjancant la sobreexplotacié de I'hoste les
plantes parasites perjudiquin la supervivencia de les plantes hoste (Mellado i Zamora,
2017). Les plantes holoparasites perennes perd, que extreuen tots els recursos
necessaris per a la seva supervivencia de la planta hoste, surten perjudicades si duen
a terme una sobreexplotacio de I'hoste ja que de la supervivencia de I'hoste en depén
la seva. Es per aixd que generalment no es donen exemples de sobreexplotacid de

'noste per part d’especies de plantes holoparasites en ecosistemes naturals, al
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contrari que en el cas d’algunes plantes hemiparasites (Spurrier i Smith, 2007;
Mellado i Zamora, 2017). A més, s’ha suggerit que les plantes holoparasites podrien
haver desenvolupat estratégies per evitar la sobreexplotacio de I'hoste. Per exemple
en el cas de C. hypocistis s’ha suggerit que la seva propia associacid amb fongs
micorrizics podria contribuir a evitar la sobreexplotacié de I'hoste (de Vega et al.,

2010), tot i que és un aspecte que requereix futures investigacions.

L'ésser huma, com en la totalitat dels ecosistemes, també té un impacte sobre
I'expansio de les plantes parasites. La destruccié d’habitats i I'explotacio d’algunes
espécies per a interessos humans com l'alimentacié o la medicina, perjudica les
poblacions de plantes parasites (Marvier i Smith, 1997; TéSitel et al., 2021). Tot i aixi,
als Estats Units es va observar que algunes especies de plantes hemiparasites
estaven adaptades i es veien afavorides per a les pertorbacions humanes,
incrementant la mida de les seves poblacions en parcs urbans i arees residencials
(Nickrent, 2002). A més, tal i com s’explica en I'’Annex Il, hi ha diversos géneres de
plantes holoparasites que habiten els ecosistemes agricoles, com per exemple les
espécies del génere Orobanche, i la gestié de control de les plantes parasites no
sembla contrarestar rotundament la seva expansio. Aixi doncs, I'activitat humana

promou en gran mesura I'expansio d’aquests generes cultivant els seus hostes.

Als ecosistemes mediterranis les pertorbacions com la preséncia humana,
I'nerbivorisme, i els incendis, podrien afavorir la preséncia de C. hypocistis. Al Capitol
4, la zona de la poblacié 2, a Sant Pere de Rodes (Cap de Creus), la poblacié de
plantes parasites era la més extensa i densa de I'estudi i les plantes hoste mostraven
major nombre d’inflorescéncies de la planta parasita de mitjana. En aquesta zona hi
ha una carretera amb gran afluéncia de vehicles motoritzats, aixi com diversos camins
amb accés pels vianants, i a més, els incendis hi sén molt frequents (Gencat 2022).
En la zona de la poblacio 1, a Santa Caterina (Montgri), la poblacié de parasites era
extensa perd0 amb menor densitat que en la zona 1, aixi com també era menor el
nombre d’inflorescéncies per hoste. En aquesta zona era destacable la presencia de
zones pertorbades per un incendi al 2004 (Gencat 2022), que estaven en procés de
successio secundaria. També hi havia camins per on circulaven vehicles motoritzats

I caminants. A més a més, s’hi va observar pastura d’'ungulats. La zona de la poblacio
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3 en canvi, era de dificil accés inclus per a caminants. Aquesta poblacio, situada en
la major altitud (792-911 m.s.n.m), era de mida reduida i mostrava baix nombre
d’inflorescéncies per a cada planta hoste (Figura suplementaria 11 del Capitol 4 i

observacions personals).

Amb tot, degut a I'especificitat inter i intraespecifica de les plantes parasites, els
factors que més limiten el parasitisme a nivell d’ecosistema son la distribucio i densitat
dels hostes aixi com les condicions ambientals, que a part d’afectar directament la
supervivéncia de les plantes parasites, afecten la qualitat i la supervivéencia dels
hostes modulant aixi la de les plantes parasites. Els factors biotics com I'herbivorisme
I altres parasits, siguin sobre I'hoste o sobre la propia planta parasita, també modelen
la seva distribucié. La sobreexplotacio de I'hoste en canvi, no és un factor determinant
en el cas de les plantes holoparasites ja que manca de significat biologic i I'activitat
humana, meés que limitar el parasitisme sembla promoure’l. Als ecosistemes
mediterranis les pertorbacions com la preséncia humana, I'herbivorisme i els incendis,

podrien afavorir la preséncia de C. hypocistis.
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CONCLUSIONS







Vi.

CONCLUSIONS

La vitamina E es presenta de forma ubiqua en les plantes (tant en les que realitzen
fotosintesi com en plantes holoparasites), i s’acumula tant en teixits fotosintetics com

en teixits no fotosintétics.

Els teixits fotosintetics (fulles) i no fotosintétics (fals fruit) de Fragaria x ananassa cv.
Albion en condicions semi-controlades contenen vitamina E, concretament a- i y-
tocoferol a les fulles, a-, y-, i 8-tocoferol als aquenis, i a-tocoferol al receptacle. La
forma majoritaria del fals fruit és I'a-tocoferol tot i que les proporcions canvien en
funcio del teixit, essent el y-tocoferol la forma majoritaria als aquenis i I'a-tocoferol la

unica forma present al receptacle.

La vitamina E respon a I'estrés hidric en el model d’estudi Fragaria x ananassa cv.
Albion durant el periode productiu. Concretament, I'a-tocoferol, respon als teixits

fotosintétics (fulles), perd no als teixits no fotosintétics (fals fruit).

Les arrels de C. albidus presenten vitamina E. En concret, a-tocoferol en un 100%.
En canvi, I'naustori de la planta holoparasita C. hypocistis presenta un 100% d’a-
tocotrienol, la qual cosa suggereix que aquesta vitamina E és sintetitzada per la planta

no fotosintetica.

La relacio entre vitamina E i jasmonats és bidireccional i dosi-depenent en les plantes,
essent positiva o sinérgica entre la vitamina E (ambdos a- i y-tocoferol) i el JA en
diverses espécies, i negativa o antagonica amb 'OPDA en C. albidus i altres espécies

sota condicions naturals.

La relacio entre la vitamina E i els jasmonats podria tenir implicacions en la resposta
a la combinacio d’estressos abiotics i biotics tant per la vessant sinergica de la relacio
en el fenomen de tolerancia creuada com per la vessant antagonica en el fenomen

de compromis.
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Vil

viii.

Xi.

L’estrés abiotic i I'herbivorisme poden coincidir en els ecosistemes mediterranis pero
no sempre ho fan en el punt maxim d’estres, com és el cas d’aquest estudi degut a
I'estacionalitat i a I'orientacio solar del microhabitat. A més, I'edat de la planta no
representa una major susceptibilitat de patir herbivorisme en C. albidus en condicions

naturals.

A nivell local, en el sistema C. albidus-C. hypocistis en condicions naturals les
citocinines presents en I'arrel de I'hoste i en I'haustori de la planta parasita juguen un
paper important en aquesta interaccid, probablement relacionat amb les relacions

font-embornal del sistema

A nivelllocal, en el sistema C. albidus-C. hypocistis en condicions naturals, la vitamina
E present en I'arrel de I'hoste forma part del sistema antioxidant, reduint la peroxidacio

lipidica.

C.albidus és capac de tolerar el parasitisme per part de C. hypocistis en condicions
naturals. A nivell sistemic els arbustos parasitats no presenten simptomes d’afectacio

fisiologica a curt termini i fins i tot mostren alguns mecanismes de compensacio.

Les plantes de C. albidus sotmeses a combinacié d’estressos abiodtics i parasitisme
en condicions naturals poden manifestar tolerancia creuada o compromis entre les
respostes de defensa en situacions concretes. La resposta a la combinacié
d’estressos que dona lloc a la tolerancia en C. albidus en condicions naturals implica

I'acumulacio de JA-lle, aixi com d’acid abscisic i de vitamina E.
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ANNEXOS







ANNEX |

Resposta de Cistus albidus L. a I'herbivorisme en condicions

naturals

Annex |, complementari al Capitol 3. Contrast estacional en la incidéncia de I'estres
abidtic i I'nerbivorisme en plantes de Cistus albidus L. creixent en el seu habitat

natural en una muntanya mediterrania
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En aquest annex s’han analitzat els continguts de vitamina E i de jasmonats de les
mostres foliars de C. albidus en condicions naturals mediterranies del Capitol 3. Les
fulles analitzades de les plantes amb danys per herbivorisme no mostraven danys per
herbivorisme i per tant son comparables a la resta de mostres analitzades al Capitol
3.

A partir d’extraccions metanoliques es van realitzar les diferents analisis
bioguimiques. 100 mg de material vegetal congelat i completament triturat es van
diluir en 500 ul de metanol pur 100%. Després de passar-ho pel vortex (TopMix
FB15024 Fisher Scientific) per facilitar la disrupcio cel-lular, es van aplicar ultrasons
durant 30 minuts amb el sonicador (Branson 2510). Seguidament es va centrifugar
I'extracte durant 10 minuts a 1300rpm (Jouan MR 1822) i es va recuperar el
sobrenedant. Per tal de no alterar la composicié de I'extracte, el sobrenadant es va
guardar a 4°C en condicions de foscor. Aquest procés es va repetir dues vegades
mes (dues re-extraccions) i finalment, es van recol-lectar els tres sobrenadants
recuperats durant el procés d’extraccio i es van enrasar amb metanol fins a un volum
de 1.5 ml. Amb aquests extractes es van realitzar les analisis de tococromanols i les

analisis hormonals.

Les formes de a- i y-tocoferols es van analitzar amb la técnica de cromatografia
liquida d’alta resolucié (HPLC) tal i com descriuen Cela et al. (2011). Es van injectar
300 pl de cada extracte a I'equip d’HPLC (Waters 600 controller pump, Waters 714
plus auto-sampler i Jasco FP-1520 fluorescence detector). Es va utilitzar una mescla
d’'n-hexa i 1,4-dioxa (95.5: 4.5, v/v) com a solvent, a un flux de 0.7 ml/minut. Els
diferents tococromanols es van separar en una columna de fase normal (Intersil 100A,
5 um, 30 x 250mm, GL Sciences Inc, Japan). La deteccio per fluorescéncia es va
realitzar a una longitud d’'ona d’excitacio de 295 nm i d’emissié de 330 nm. Els

estandards d’ a- i y-tocoferol (Sigma-Aldrich) es van utilitzar pel calibratge.

El perfil de jasmonats, incloent el JA, el seu precursor (OPDA) i la forma amino-
conjugada JA-lle, a més de l'acid abscisic, i I'acid salicilic, es van quantificar

mitjangant la cromatografia liquida acoblada a espectrometria de masses de
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ionitzacio per electroesprai en tandem (UHPLC/ESI-MS/MS) com descriuen Muller i

Munné-Bosch (2011). Totes les hormones analitzades es van analitzar mitjangant

el mode per a ions negatius. 100 yl de I'extracte amb els estandards de les
hormones deuterades (afegits des del principi del procés d’extraccio) es van filtrar
utilitzant filtres hidrofobics de 0.22 pym PTFE (Waters, milford, MA, USA) i es van
injectar a I'equip de UHPLC/ESI-MS/MS.

Les analisis estadistiques es van realitzar mitjangant 'TANOVA de tres factors per a
determinar I'efecte de I'edat, l'orientacio i de I'estacionalitat utilitzant un model GLS
per a tractar amb la heterogeneitat de les dades, TANOVA de dos factors per a
determinar l'efecte de I'orientacio i de I'estacionalitat utilitzant el mateix model, i
I'TANOVA d’un factor es fa utilitzar per a avaluar I'efecte de la categoria d’herbivorisme
sobre els nivells de jasmonats. Les comparacions multiples van ser testades amb el
test de Tukey HSD. Totes les diferéncies es van considerar significatives quant P <
0.05. La normalitat i homoscedasticitat dels residus es van revisar segons descriu
Zuur et al. (2009). Les analisis correlatives es van realitzar mitjangant el test de
correlacions de Spearman. Tots els tests estadistics es van realitzar utilitzant el

software estadistic R (R Foundation for Statistical Computing, Vienna, Austria).
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Taula 1. Resultats de TANOVA de tres factors analitzant I'efecte de I'edat sobre

tots els parametres estudiats. Es mostren els p-valors. NS: no significatiu: P-

valor >0.05.
Edat x

Edat x Edat x  Estacionalitat Estacionalitat

Variable Edat Estacionalitat Orientacié Estacionalitat Orientacié  x Orientacié x Orientacio
Herb_total NS P<0,001 NS NS NS P=0,003 NS
Fv/Fm NS P<0,001 NS NS NS P<0,001 NS
RWC NS P<0,001 NS NS NS P<0,001 NS
H NS P<0,001 NS NS NS P=0,007 NS
Chl a/b NS P<0,001 NS NS NS P<0,001 NS
Chl a+b NS P<0,001 NS NS NS NS NS
o-Toc NS P<0,001 P=0,024 NS NS P<0,001 NS
a-Toc/Chl NS P<0,001 NS NS P=10,040 P<0,001 NS
¥-Toc NS P<0,001 P<0,001 NS NS NS NS
v-Toc/Chl NS P<0,001 P<0,001 NS P=0,020 NS NS
vit.E NS P<0,001 P=0,019 NS NS P<0,001 NS
vit.E/Chl NS P<0,001 NS NS P=10,040 P<0,001 NS
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Figura 1. Correlacions entre els continguts de vitamina E i de jasmonats en les fulles de C. albidus
en condicions naturals al llarg d’'un any (n=400). Les dades han estat transformades a logaritme
per tal d’aconseguir el millor ajust de la correlacio.
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Figura 2. Nivells de jasmonats (OPDA, JA, JA-lle) expressats en ng/g pes sec en les fulles de C.
albidus en condicions naturals al llarg de les diferents estacions de I'any. La meitat de la poblacio
creixia en la vesant est (n=50) de la muntanya i I'altra meitat a I'oest (n=50). Els resultats son la
mitjana de n=50+error estandard. Els P valors de TANOVA de dos factors son a les cantonades
i els P valors > de 0,05 es consideren no significatius. Les diferents lletres representen diferéncies
entre estacions i els asteriscs representen diferencies entre els grups de cada vessant de la
muntanya en cada estacio.
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Contingut hidric relatiu 0.29 0.32 0.32
Hidratacia foliar 0.35 0.39 0.26 0.39
y-Toc (mg/g P5) -0.22 -0.27 -0.13 -0.27
y-Toe/Clorof. (mg/g) -0.23 -0,27 -0,20 -0.27
OFDA (ng/g DW) 0.25 0.26 0.26
ABA (ng/z DW) -0.20 -0.13
54 (ng/g DW) -0.26 -0.28 -0.27
OPDASIA (ng/ng) 0.20 0.21 0.23
OPDASIA-Ile (ng/ng) 0.49 0.51 0.23 0.51
1a/1aqlle (ng/ng) 045 0.48 0.24 0.46

Figura 3. La resposta a I'nerbivorisme en les fulles de C. albidus en condicions naturals al llarg
d’'un any. A) Nivells dOPDA de les fulles no afectades segons les diferents categories
d’herbivorisme a nivell de planta expressats en ng/g pes sec per tal d’exemplificar la resposta
a I'nerbivorisme. Les plantes estan classificades en grups segons el grau d’herbivorisme |
sense tenir en compte en quina estacio de I'any ni en quina vessant es trobaven. Els resultats
son la mitjana de: 0 fulles afectades per herbivorisme n=33+error estandard, 1 fulla afectada
n=53+error estandard, de 2 a 5 fulles afectades n=149+error estandard, de 6 a 10 fulles
afectades n=76+error estandard, més de 10 fulles afectades n=79+error estandard. Es mostra
el resultat de TANOVA d’un factor, considerant no significatiu P>0.05. B) Taula de correlacions
de I'herbivorisme amb tots els parametres mesurats al Capitol 3. Només es mostren les
correlacions amb P<0.001 en el test de correlacions d’Spearman. El coeficient de correlacio
es mostra escrit dins els quadrats, verds per a les correlacions positives i vermells per a les
negatives.
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Tot i que la fotosintesi és essencial per sustentar la vida a la Terra, no totes les plantes
utilitzen la llum del Sol per sintetitzar nutrients a partir del didoxid de carboni i I'aigua.
Les plantes holoparasites, les quals son importants tant als ecosistemes agricoles
com als naturals, depenen d’altres plantes per aconseguir nutrients. Les fitohormones
son crucials en les interaccions planta holoparasita-hoste, des de la germinacio de
les llavors fins a la senescéncia, no només perque actuen com a reguladores del
creixement i el desenvolupament, sind tambeé pel seu rol central en la regulacio de la
fotosintesi de I'hoste i les relacions font-embornal entre I'hoste i la planta holoparasita.
Es compila i discuteix aqui el coneixement actual sobre I'impacte i I'ecofisiologia de
les plantes holoparasites (com les espéecies de frares, Orobanche sp. i Phelipanche
sp.) que infecten cultius de dicotiledonies econdmicament importants als ecosistemes
agricoles mediterranis (llegums [Fabaceae], girasols [Helianthus sp.], 0 tomaqueres
[Solanum lycopersicum]). També es ressalta el rol de les interaccions planta
holoparasita-hoste (tal com la que hi ha entre C. hypocistis i diversos arbustos del
génere Cistus) en la modulacio dels ecosistemes mediterranis naturals. També es
disctueix el rol de les fitohormones en el control de les interaccions planta-hoste, els
factors abiotics en el parasitisme, i la importancia biologica dels bancs de llavors
naturals i com es regulen la dormicio i la germinacié. Les plantes holoparasites son
organismes unics, i enriquir el nostre coneixement de la seva interaccié amb els
hostes com a models d’estudi ens ajudara a gestionar millor les plantes parasites, tant

en ecosistemes agricoles com naturals.
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Abstract

Although photosynthesis is essential to sustain life on Earth, not all plants use sunlight to synthesize nutrients from carbon dioxide
and water. Holoparasitic plants, which are important in agricultural and natural ecosystems, are dependent on other plants for
nutrients. Phytohormones are crucial in holoparasitic plant—host interactions, from seed germination to senescence, not only be-
cause they act as growth and developmental regulators, but also because of their central role in the regulation of host photosynthesis
and source-sink relations between the host and the holoparasitic plant. Here, we compile and discuss current knowledge on the im-
pact and ecophysiology of holoparasitic plants (such as the broomrapes Orobanche sp. and Phelipanche sp.) that infest economically
important dicotyledonous crops in Mediterranean agroecosystems (legumes [Fabaceae], sunflowers [Helianthus sp.], or tomato
[Solanum lycopersicum] plants). We also highlight the role of holoparasitic plant—host interactions (such as those between Cytinus
hypocistis and various shrubs of the genus Cistus) in shaping natural Mediterranean ecosystems. The roles of phytohormones in con-
trolling plant—host interactions, abiotic factors in parasitism, and the biological significance of natural seed banks and how dormancy
and germination are regulated, will all be discussed. Holoparasitic plants are unique organisms; improving our understanding of their
interaction with hosts as study models will help us to better manage parasitic plants, both in agricultural and natural ecosystems.

Introduction ADVANCES

® Mediterranean ecosystems represent unique
environments to study holoparasitic plant-host
interactions

® Holoparasitic plants cause severe reductions in
productivity, but can also exert positive effects
on diversity in natural ecosystems

® A bidirectional flux of phytohormones occurs
in holoparasitic plant-host interactions

® The establishment of seed banks is essential for
the success of both Orobanche and Cytinus
infection in Mediterranean ecosystems

Mediterranean-type climate ecosystems, with generally
warm, dry summers, and wet, mild winters, are characterized
by a great diversity in vegetation and occupy large natural
vegetation areas in different regions of the world (from the
well-known chaparral and woodlands ecoregion of California
to the sclerophyll forests in south Australia, including the
Chilean matorral, the Western Cape of South Africa and the
Mediterranean  basin). Indeed, a  comparison  of
Mediterranean-type climate ecosystems in different parts of
the world not only allows a test for ecological convergence,
but also helps in understanding key ecophysiological and
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population processes (Kalin Arroyo et al, 1995, Rundel,
2019). Furthermore, the declining water balance due to
global change has been documented for several
Mediterranean natural and agricultural ecosystems in the
last decades, to the extreme that in certain North African
countries, where rainfed agriculture represents more than
90% of total agricultural land, climate change may result in
surface water reductions of more than 35% (Skuras and
Psaltopoulos, 2012). Both agricultural and natural
Mediterranean ecosystems are subject to similar abiotic fac-
tors that shape holoparasitic plant—host interactions in
these unique environments and improving our understand-
ing of these interactions can undoubtedly help us manage
parasitic plants better both in natural and agricultural
ecosystems.About 1% of angiosperms are parasitic plants
(Press et al,, 1999; Twyford, 2018; Nickrent, 2020). Both agro-
ecosystems and natural ecosystems are shaped by biotic and
abiotic factors that modulate the growth and development
of organisms that form them. The interaction between holo-
parasitic plants (see definitions in Glossary Box) and their
hosts indirectly but strongly affects the interactions of the
host with other elements of these ecosystems. These include
other plant species which are important competitors with
parasitic  plants, pollinators, herbivores, mycorrhizae,
nitrogen-fixing microorganisms, and other species that live
in contact with the host plant such as insects, as well as
other parasitic organisms (Bouwmeester et al,, 2007; Bennett
and Bever, 2007; Cahill et al,, 2008; Zhuang et al,, 2018). The
study of holoparasites and the interactions with their hosts
is therefore essential not only to understand better the deli-
cate balance of Mediterranean ecosystems, a major source
of global biodiversity, but also in the search for alternatives
to improve crop management and reduce the yield losses
due to holoparasitic plants that currently occur in
Mediterranean agroecosystems (Runyon et al., 2009).
Parasitic plants have evolved independently at least 12
times in angiosperms (Twyford, 2018), and they can be
found in almost every ecosystem (Westwood et al, 2010).
Since they lack photosynthesis capability, holoparasitic
plants obtain all their water, carbon, and nutrients from
their hosts, through a basic connective structure: the haus-
torium. As parasitic plants evolved from autotrophic ances-
tors, they conserve most of the characteristic features of
those plants at the cellular level, such as cell walls and plas-
tids (Clarke et al, 2019); but, in contrast to hemiparasites,
holoparasites show extensive reductions in their plastid ge-
nome and have lost the capacity to perform photosynthesis
(Bungard, 2004; McNeal et al, 2007; Cusimano and Wicke,
2016; Roquet et al, 2016). It has been proposed that the
plastid genome in holoparasites could have come from their
host through kleptoplasty (Krause, 2015). Despite chloro-
plasts in holoparasitic plants have experienced genome
downsizing and gene loss/pseudogenization, these organisms
conserve several of the basic features of autotrophic plants
at the genetic, biochemical, and physiological levels, and re-
spond to chemical and tactile signals, volatile organic
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compounds (VOCs), light, or hormone secretion from the
host (Clarke et al, 2019). So holoparasitic plants, which are
relatively easy to manipulate (at least compared to several
animal parasites), provide a very interesting model through
which to study interactions between organisms, which is es-
sential to understand some aspects of basic biology better,
as well as allowing us to understanding better their impact
on natural and agroecosystems.

Although some aspects of the impact of holoparasitic
plants on agriculture and natural ecosystems, including
insights into their evolution, have been reviewed earlier (
Bungard, 2004 de Vega et al, 2008, 2009, 2010; Runyon
et al, 2009; Roquet et al, 2016), there has been no compara-
tive analysis of parasitic plant—host interactions in
Mediterranean ecosystems to date. Here, we aim to go be-
yond a descriptive analysis of holoparasitic plant—host inter-
actions by discussing these plant—plant interactions at the
physiological level (including both ecological and molecular
aspects), as central shapers of productivity in both agricul-
tural and natural Mediterranean ecosystems. We will not
only discuss recent advances in our understanding of the
holoparasitic plant-host interactions, but we will also focus
on the role of phytohormones in controlling plant—host
interactions and the biological significance of natural seed
banks together with how dormancy and germination are
regulated in these ecosystems. This knowledge has impor-
tant applications, not only in agronomy and agri-food bio-
technology for improving yields and the quality of produce,
but also in environmental management.

Productivity loss in Mediterranean
ecosystems

The presence of parasitic plants reduces the aboveground
biomass of plant communities, changes the structure of the
associated microbial communities, and enhances soil nutri-
ent cycling (resulting, among other effects, in an increased
rate of nitrogen mineralization) in both agricultural and nat-
ural Mediterranean ecosystems (Quested, 2008; Li et al,
2014). Indeed, the nitrogen content of the host strongly
affects the performance of holoparasites in both natural set-
tings and agroecosystems, so that nitrogen fertilization in
agroecosystems has generally been shown to reduce the se-
verity of parasitic infestation due to an improvement of
host vigor (Jeschke and Hilpert, 1997; Shen et al, 2013). Far
more nitrogen is usually available in Mediterranean agroeco-
systems than in natural ecosystems, due to the crop fertiliza-
tion treatments (Velthof et al, 2011), and this may have a
strong impact on holoparasitic infestations. This human ac-
tivity that makes more nitrogen available in natural ecosys-
tems can also affect the spread of holoparasites, thus
influencing the composition of plant communities within
the current framework of global change (Pennings and
Simpson, 2008).
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Figure 1 Occurrence of holoparasites in Mediterranean ecosystems. A, Global distribution of Orobanche species and Cytinus hypocistis. B,
Graphical representation of the impact of holoparasitic plants on agricultural and natural Mediterranean ecosystems. C, Photographs showing
three examples of broomrapes, including O. crenata, O. ramosa and O. minor, which are typical from Mediterranean agroecosystems. D,
Photograph of Cytinus hypocistis, which occurs naturally in the Mediterranean basin.

Impact of holoparasitic plants on Mediterranean
agroecosystems

Parasitic plants pose a serious problem for agronomy that
affects many parts of the world, due to the limited manage-
ment tools that are available to control them, and
Mediterranean-type ecosystems are not an exception. The
most important parasitic plants in agriculture all over the
globe are witchweed (Striga spp.), dodder (Cuscuta spp.),
and broomrapes (Orobanche spp. and Phelipanche spp.).
Striga spp. are root hemiparasites, which cause major prob-
lems for cereal production in resource-limited agriculture, as
occurs in several areas of Africa (Scholes and Press, 2008). In
contrast, Cuscuta spp. are holoparasites that attach them-
selves to the shoots of host plants, such as sugar beet (Beta
vulgaris), onion (Allium cepa), citrus (Rutaceae), or forage
legumes, among other crops, causing severe losses, mainly in
Asia (Albert et al, 2008; Runyon et al, 2009), although they
are widely distributed around the world (Dawson et al,
1994; Holm et al, 1997, Martincova et al, 2019). Orobanche
spp. and Phelipanche spp. are holoparasites that infest the
roots of their host, including legumes, tomato, potato
(Solanum tuberosum), sunflowers, and other important
crops around the world (Parker and Riches, 1993; Parker,
2009), including several agroecosystems with a
Mediterranean climate (or Mediterranean-type ecosystems,
not only in the Mediterranean basin, but also in California,
Chile, and Australia; Figure 1).

Parasitic plants cause yield losses ranging from 7% to 90%
in Mediterranean agroecosystems (Sauerborn, 1991; Ennami
et al, 2017, 2020). In Mediterranean agriculture, it has been
estimated that some holoparasitic plants such as Orobanche
spp. infest 16 million hectares, with an impact on yields of

20%-100% (Parker, 2009). However, the current status of in-
festation is difficult to assess due to farmers deciding to
abandon traditional varieties of crops when they suffer infes-
tations (Westwood et al., 2010). Broomrapes are widely dis-
tributed across the Mediterranean region (Figure 1A) and
affect important crops in different ways. The most negative
influence of bean broomrape (O. crenata) is on faba bean
(Vicia faba) cultivars; but pea (Pisum spp.), lentil (Lens escu-
lenta), vetch (Vicia sativa), chickpea (Cicer arietinum), and
carrot (Daucus carota), among others, may also be severely
affected. It has been estimated that 4 million Ha of legumes
could be at risk in the Mediterranean region (reviewed by
Parker, 2009). Orobanche foetida also parasitizes faba beans,
as well as vetch and chickpea, but with less effect than O.
crenata; while O. cumana parasitizing sunflowers has been a
serious problem for centuries. O. cernua infests most
Solanaceae crops, including tomato, tobacco (Nicotiana
tabacum), pepper (Capsicum annuum), and eggplant
(Solanum melongena; Mohamed et al, 2006; Parker, 2009).
Tomato, potato, and tobacco plants are also affected by O.
ramosa (syn. Phelipanche ramosa), with reported losses to
tomato production of up to 80% (Diaz et al, 2006).
Orobanche aegyptiaca (syn. P. aegyptiaca) shares most hosts
with O. ramosa (syn. P. ramosa) in addition of rapeseeds
(Brassica napus) and cucurbits (Cucurbitaceae). Finally, O.
minor is the Orobanche species that causes the least losses,
affecting clovers Trifolium spp.) and alfalfa (Medicago sativa;
Parker and Riches, 1993; Parker, 2009).

Key physiological traits of the parasite—host connection
make host damage inevitable. Once the haustoria (the vas-
cular system connecting the parasitic plant and the host) is
formed, parasitic plants start to receive nourishment from
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host-derived nutrients. The phloem connection with the
host allows broomrapes to take advantage of nutrients, water,
carbon and reduced nitrogen, as holoparasites act as a pow-
erful sink for the host (Joel et al, 2007; Pielach et al, 2014). In
addition, key biological traits contribute to the success of the
parasite. By producing a very large number of seeds, which
are small and light, the parasite can achieve great dispersion.
Furthermore, hard seeds with water-impermeable coatings
(Bouman and Meyer, 1994; Delavault, 2015) helps them retain
germination capability for several years, and the need for host
root exudates before germination assists the formation of a
reserve or “seed bank” in the soil. In addition, rapid fixation
to host roots, the synchronization of the parasite life cycle
with that of the host, and the notable independence from
environmental factors of this interaction at initial stages also
contribute to parasite success (Gibot-Leclerc et al, 2012).
Eventually, after successful establishment of parasitization, the
impact of holoparasitic plants on photosynthetic perfor-
mance together with the hormonal imbalance produced in
the host result in severe growth reductions in the crop
(Watling and Press, 2001; Zhuang et al, 2018; Figure 1B).
Despite not always being successful, several strategies have
been developed to reduce the impact of holoparasitic plants
on Mediterranean agroecosystems (Box 1).

Impact of holoparasitic plants on natural
Mediterranean ecosystems

Parasitic plants are present in most natural plant communi-
ties and play an important role in Mediterranean ecosys-
tems (Musselman and Press, 1995; Press and Phoenix, 2005;
Groom and Lamont, 2015). In the Mediterranean basin, the
root holoparasitic genus Cytinus, with a wide distribution in
the Mediterranean basin (Figure 1A), parasitizes endemic
Mediterranean shrubs belonging to the Cistaceae family,
such as several species of the genus Cistus, Halimium,
Helianthemum, and Fumana. In contrast to what occurs in
agroecosystems, in natural systems not only do they have
direct negative effects on productivity, reducing host growth,
and reproduction output in the short term, but their effects
on the ecosystem properties are also indirect and may be
positive in the long term (Seel and Press, 1996; Davies and
Graves, 2000; Neto et al, 2017). By taking water, carbon, and
nutrients from their host, holoparasitic plants can alter the
competitive balance between species, altering their composi-
tion and eventually increasing the diversity of the ecosys-
tems (Figure 1B). Indeed, holoparasites reduce the growth of
competitively dominant species thus allowing a wider pool
of species to grow. It has been proposed that the impact of
holoparasitic plants on ecosystems depends on the virulence
of the parasitic plant, which in turn is influenced by both
environmental conditions and the specificity of the holopar-
asitic plant-host interaction (Gibson and Watkinson, 1991,
1992; Pennings and Callaway 2002).

Holoparasitic ~ plants  have

Mediterranean  ecosystems aside

effects  on
reducing  host

countless
from
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productivity and reproductive output (de Vega et al, 2010).
In the Mediterranean region, Cytinus parasitizing endemic
Mediterranean shrubs belonging to the Cistaceae family are
abundant. The genetic differentiation of Cytinus has evolved
as a result of selective pressure imposed by their host and,
despite the classification of Cytinus species being quite con-
troversial due to their morphological similarity, five different
genetic groups have been described (de Vega et al, 2008).
Following the classification sensu de Vega et al. (2008),
Cytinus species with ivory-white and pink flowers parasitizing
white-leaved rockrose (Cistus albidus) would correspond to C.
hypocitis subsp. clusii or C. ruber, and C. hypocitis subsp.
hypocistis would correspond to yellow flowered Cytinus, one
group parasitizing gum rockrose (C. ladanifer), and the other
Montpellier cistus (C. monspeliensis), C. populifolius, and sage-
leaved rockrose (C. salvifolius). Yellow flowered Cytinus that
parasitizes Halimium sect. Chrysorhodion, would correspond
to C. hypocitis subsp. macaranthus, and those that parasitize
Halimium, Helianthemum and Fumana would correspond to
C. hypocitis subsp. lutescens. In general, holoparasitic plants
may cause reductions in plant community biomass in the
short term, but they can modulate diversity, heterogeneity,
and productivity in both directions in the long term: increas-
ing or reducing them, depending on whether the chosen
host is competitively dominant or subordinate. Cytinus hypo-
cistis modulates the ecophysiology of various shrubs of the
genus Cistus in natural Mediterranean ecosystems, and these
shrubs are competitively dominant and perform an essential
role in post-fire succession (Roy and Sonié, 1992; Montes
et al, 2004). Therefore, infestation by these holoparasitic
plants leads to a decrease in productivity in the short-term
during post-fire succession, but also to an increase in diversity
in the long term by altering water and nutrient resources in
the soil and making other plants more competitive with the
dominant Cistus sp. shrubs. Additionally, they can affect vege-
tation zonation by altering the competitiveness of species: an
aspect that has been studied in hemiparasitic plants from
the Mediterranean region (Bardgett et al,, 2006; Mellado and
Zamora, 2017; Griebel et al, 2017), but not in Cytinus. By
interacting with other trophic levels, holoparasitic plants can
also have an impact on the biotic framework of the ecosys-
tem. For instance, the associations among Cytinus hypocitis,
their host plants (including Cistus albidus, C. ladanifer, C. sal-
vifolius, Halimimum halimifolium, and H. ocymoides) and my-
corrhizal fungi can be very important in terms of maintaining
biodiversity and ecosystem functioning (de Vega et al, 2010;
Correia and Ascensao, 2017). Moreover, their interaction with
pollinators such as ants, flies, or mammals (depending on
their distribution) can contribute to seed dispersal from the
host (seeds of Cistus shrubs are usually dispersed by mam-
mals) or other species inhabiting the same ecosystem. Finally,
the influence of holoparasitic plants on mycorrhiza can alter
the activity of soil microbes and consequently the balance of
fungi/bacteria via the input of their nutrient-rich litter to the
soil, thus contributing to nutrient cycling: an aspect that
deserves further study.
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Box 1. Strategies to reduce the impact of holoparasitic plants on Mediterranean agroecosystems

Phytosanitary measures to preventing a lasting seed bank are necessary to deal with broomrapes. Suicidal ger-
mination (A) caused by adding synthetic strigolactones (SLs) is a potential control mechanism (Habimana et al.,
2014; Zwanenburg et al, 2016).Adding SL deactivators (B) is also a means to deal with broomrapes at later
stages. The effectiveness of these treatments is limited by the continuous germination of parasites throughout
the season, and their direct host connection; but in some cases, they have been developed and applied with the
desired selectivity and efficacy (Zwanenburg et al,, 2016).

Rotation with nonhost crops is commonly advised, but not always possible. As an alternative, intercropping
(C) with oat has been shown to reduce legume infestation by O. crenata; significant control is achieved in faba
bean, pea, lentil, and chickling pea when intercropped with fenugreek; and faba bean and pea benefit from inter-
cropping with berseem clover. Inhibition of host seed germination by allelochemicals released by roots of the sec-
ond crop may be the mechanism for infection reduction (Fernandez-Aparicio et al., 2016).

Soil solarization has shown usefulness in controlling seed banks, since broomrape seeds die at around 48-57°C
when imbibed (Mauromicale et al, 2005). This technique is improved when combined with biocontrol strate-
gies (D).

The fly Phytomyza orobanchia is reportedly host-specific for Orobanche spp., thus it helps to reduce reproductive
output and seed dispersal (Abu-Shall and Ragheb, 2014; Bayram and Cikman, 2016).
Alternatively, fungi can be bioherbicides: one Fusarium species used alone or in combination with others can attack the
parasite in any season and reduce their seed bank and physiological performance (Shabana et al, 2003; Aybeke, 2017).
Inoculation with compatible Rhizobium can reduce host exudates, preventing parasite attachment and growth in
pea (Mabrouk et al, 2006).

Genomic strategies are arousing interest as tools for more sustainable agriculture. While genes resistant against
specific varieties of O. cumana have been used in breeding programs (Molinero-Ruiz et al,, 2009), the constant
evolution of these holoparasitic plants highlights the need for more sustainable resistance (E). Conservation of
crop wild relatives offering sources of resistance to support breeding programs will help to achieve this goal
(Seiler, 2019).

Mathematical modeling of both seed bank dynamics and competition between parasites and hosts, including in-
teraction studies between variables such as genotype, environment, and management (F), may be effective in de-
veloping strategies to control broomrape and assess consequences (Grenz et al,, 2005, 2006).

A Suicidal germination B SLs deactivators C Intercropping

- * :.__’_- = 5;% - éa;zi %%ggé;é

. Hostcrop
SLs Host
oy
-1 - et EpsSis = o Slse =

Orobanche
seeds

D Solarization + Biocontrol
N4

-
i
i
% : Resistant host Susceptible host Resistant host
n : papara X papapara = papaara
Orobanch. N : § ‘1, §
rabanche
EaEsas gl R\’
< 1
O 4
1
i
I
1
1
1
I
1
1
i

FIIERIY I ey,
AR

F Mathematical modeling strategies

! 1 1
! 1 1
| I 1 21—

' : : RI=0.96
1 1 1

Genotype 2 Consequences &
* i Environment = 35 strategies
489C-57°C & Perform, @ Perform. 4§ Root Management E
(seed death) i tepn 4 sond ZighE
output bank (SLs) Observed

261



1330 | PLANT PHYSIOLOGY 2021: 185; 1325-1338

Although the holoparasites Orobanche spp. are well
known in agroecosystems, they also inhabit natural
Mediterranean ecosystems (Schneeweiss, 2007). While O. cer-
nua L. is most frequently observed parasitizing species of the
genus Artemisia in natural ecosystems on the Iberian
Peninsula, it has also been found infesting Launaea lanifera
in ecological niches that are quite arid and degraded at alti-
tudes between 0 and 1,500 m as.l. In contrast, O. cumana,
which spread widely across the Iberian Peninsula with the
introduction of sunflower cultivars, has not been observed
in a natural context; thus, this species only seems to be
adapted to cultivated land niches (Pujadas-Salva and
Velasco, 2000). Meanwhile, O. lutea has been reported to be
able to grow in polluted soils and even reduces the content
of toxic metals in the host, so that the latter increases its
photosynthetic rate relative to noninfested plants. This sug-
gests an attenuation role of the parasitic plant when the
host is faced with soil metal toxicity (Turnau et al., 2018).

Holoparasitic plant-host interactions

Interactions between holoparasitic plants and their hosts in
Mediterranean ecosystems (either natural or agroecosystems)
in which the parasites benefit while the hosts are harmed oc-
cur at every stage of the relationship. The first interplay
occurs in identification of the host, which in most cases leads
to parasite germination. It has been demonstrated that holo-
parasitic plants respond to light and chemical signals when
locating their host, and germinate in response to strigolac-
tones (Runyon et al, 2006, Furuhasi et al, 2011).
Communication continues through haustorium development,
when hautorium-inducing factors (flavonoids, phenolic acids,
quinones, cytokinins, and cyclohexene oxides) play a major
role in haustorium initiation; while auxin production and cy-
tokinin translocation allow for its correct growth and devel-
opment (Ishida et al, 2016; Goyet et al, 2017; Clarke et al,
2019). The exchange of microRNAs between holoparasitic
plants and their hosts appears to function as interference sig-
nals directed at mRNA, such as mRNA related with auxin
receptors, development regulators, pathogen defense, and
phloem function in the host, as a way to increase parasite fit-
ness. This aspect has been shown to occur in broomrapes
(Clarke et al, 2019) but still requires examination in Cytinus.
Given that phytohormones regulate several processes in plant
development and defense, in-depth understanding of their
implication in holoparasitic plant—host interactions in both
agricultural and natural Mediterranean ecosystems will help
us manage holoparasitic plants better.

Impact of phytohormones on parasitic plant-host
interactions

Strigolactones are the best-known phytohormones involved
in holoparasitic plant—host interactions in Mediterranean
ecosystems. Strigolactones are tricyclic lactones connected
with a butyrolactone group by an enol ether bridge, in
which their biological activity resides (Zwanenburg et al,
2016). In general, their physiological and ecological relevance
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stems from their function as promoters of growth and hy-
phal branching in arbuscular mycorrhizal fungi, as inhibitors
of shoot branching, and as stimulators of parasitic plant ger-
mination (Lopez-Réez et al, 2008). Released from the host
root into the soil at a very low concentration, strigolactones
are thought to form a covalent bond with their receptors,
which induces parasitic plant germination (Zwanenburg
et al, 2008; Ruyter-Spira et al,, 2013). Indeed, a unique com-
bination of strigolactones has been shown to contribute to
the host specificity of broomrape germination (Fernandez-
Aparicio et al, 2011).

Auxin and cytokinins play several roles in holoparasitic
plant-host interactions. Not only do auxin and cytokinins
play a major role in root architecture, cell division, differenti-
ation, and elongation, as well as in the leaf, flower, vascular,
and fruit development of the host (Ljung 2013), but auxin
has also been shown to be involved in broomrapes germina-
tion (Slavov et al, 2004). The flow of auxin from the para-
sitic plant to the host is involved in the formation of a
continuous vessel connecting them (Aloni, 2015). Indeed,
changes in auxin transport or disturbance of the auxin re-
sponse has been shown to prevent infection by broomrapes,
highlighting the fact that auxin plays a major role in parasite
performance (Bar-Nun et al,, 2008). Cytokinins not only reg-
ulate cell proliferation and differentiation in apical meris-
tems, thereby promoting shoot growth and inhibiting root
growth in the host (Werner et al,, 2001; Schaller et al, 2015),
but they also play a major role in source-sink relationships
(Roitsch and Ehnef3, 2000), which are essential in holopara-
sitic plant—host interactions. Cytokinins have been shown to
be involved in haustorium induction in holoparasites, in
some cases as a result of a signaling pathway initiated by
the perception of light and contact signals received during
recognition of the host, such as a low red:far red ratio, or
mechanical stimulation (Furuhasi et al,, 2011). For O. ramosa
(syn. P. ramosa), it has been shown that cytokinins present
in the common rape host root exudates induce the expres-
sion of cytokinin-responsive genes (RESPONSE REGULATOR
5 [PrRR5], CYTOKININ OXIDASE 2 [PrCKX2], CYTOKININ
OXIDASE 4 [PrCKX4], and ZINC FINGER PROTEIN 6 [PrZFP6])
in the parasite and play a major role in both induction of
haustorium formation and an increase of parasite aggressive-
ness (Goyet et al, 2017).

Other phytohormones involved in holoparasitic plant-
host interactions are the typical stress-related hormones jas-
monic acid, salicylic acid, and abscisic acid (ABA). The in-
volvement of jasmonic acid and salicylic acid in host defense
response against broomrapes at initial stages of the holopar-
asitic plant-host interaction has been reported in several
studies (reviewed by Gutjahr and Paszkowski, 2009; see also
Torres-Vera et al, 2016). In addition, given the observed en-
hanced expression of ABA biosynthetic (LeNCED1) and re-
sponsive genes (Le4) in the tomato host roots, it has been
proposed that this phytohormone is involved in host de-
fense response at early stages of the infection between O.
ramosa and tomato plants (Torres-Vera et al., 2016).
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Since complex crosstalk occurs between phytohormones,
and each phytohormone can mediate different responses
depending on the plant species and the prevailing environ-
mental conditions, it is necessary to study hormonal
responses in the holoparasitic plant—host system through in-
tegrating what occurs in the whole ecosystem to understand
better the role of phytohormones in both agricultural and
natural Mediterranean ecosystems (Figure 2). This is not
only important to understand better how these interactions
occur at the physiological level in natural ecosystems, but
also to arrive at better management of holoparasitic plants
in  Mediterranean agroecosystems. Specifically, important
points of control in Mediterranean agroecosystems include
strigolactones, to produce suicidal germination and thereby
control seed banks (Habimana et al, 2014; Zwanenburg
et al, 2016, see also Box 1). Other hormonal approaches
with potential application also cover ABA and auxins, for
preventing germination (Slavov et al, 2004); cytokinins,
which prevent parasite and host connection once the para-
sitic plant has germinated (Furuhasi et al, 2014; Goyet et al,,

2017); and salicylic acid, and to a lesser extent jasmonic
acid, involved in resistance against parasites (Buschmann
et al, 2005; Yoder and Scholes, 2010).

Impact of phytohormones on photosynthesis in the
host

Holoparasites represent an extra sink for photosynthates in
the host. Although in most cases the holoparasites enhance
the host photosynthesis rate, this compensation effect is
limited and a constraint on the number and size of parasites
infecting a host can emerge. Furthermore, in most cases,
this source—sink relationship benefits the parasite rather
than the host (Watling and Press, 2001). It has been
reported that infection by O. ramosa causes upregulation of
ABA biosynthesis and signaling in tomato roots (Torres-Vera
et al, 2016). ABA is known to regulate guard cells, promot-
ing stomatal closure (Acharya and Assmann, 2009), so we
might expect that photosynthesis could be reduced as a
stress response to the holoparasite, as it has been recently
shown in red clover-O. minor host—parasite interaction
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(Jokinen and Irving, 2019). However, it has been reported
that holoparasitic plant—host systems can partly compensate
for this, or even maintain productivity, by greater leaf area
and by delaying leaf senescence in response to the extra de-
mand for carbon by the holoparasite (Hibberd et al., 1998).
So ABA increases in the host root in response to the O.
ramosa do not entail negative effects of the parasite, but
positive effects, most likely related to an improved root:
shoot ratio in the host, which may improve vegetative
growth and delay senescence in the long term.

It has been shown that auxin flows from parasitic plants
to their hosts (Aloni, 2015). The link between auxins and
photosynthesis has been reported to involve leaf venation,
since altered auxin homeostasis affects leaf hydraulic con-
ductance and leaf gas exchange (McAdam et al, 2017).
Furthermore, it has also been shown that an auxin-
responsive factor in tomato (AUXIN RESPONSE FACTOR 6A
[SIARF6A]) regulates chlorophyll content and chloroplast
development, which result in improved photosynthesis
(Yuan et al, 2019). The significance of the auxin flow to the
host has also been related to haustorial development and
the formation of continuous vessels connecting parasite and
host (Bar-Nun et al., 2008; Aloni, 2015; Ishida et al., 2016). It
may also play a role in the improvement of host photosyn-
thesis, given the benefit that this represents for the holopar-
asite. In addition, increased cytokinin contents have been
reported in both holoparasitic plant and host during infec-
tion (Furuhasi et al, 2014); and translocation of cytokinins
from the parasite to the host has been shown to cause
changes in host architecture (Watling and Press, 2001).
Moreover, cytokinins are involved in source-sink relation-
ships, and so alterations in host cytokinin levels may have
an impact on photosynthesis at the whole-plant level
(Acharya and Assmann, 2009).

Altered salicylic acid and jasmonic acid contents have
been reported in tomato during the initial stages of O.
ramosa infection (Torres-Vera et al, 2016). Also, changes in
superoxide dismutase activity have been reported in the
host during enhanced reactive oxygen species (ROS) produc-
tion due to broomrapes infection. ROS detoxification
seemed to be related to host resistance to holoparasites
(Demirbas and Acar, 2008). Since both salicylic acid and jas-
monic acid have been reported to improve antioxidant
mechanisms under various plant stress conditions (Sirhindi
et al, 2015; Bali et al, 2018), both phytohormones could
also be involved, together with ABA, in alleviation of photo-
inhibition and improvement of photosynthesis in the holo-
parasite—host system. This aspect requires further study in
Mediterranean ecosystems, particularly in the Cytinus-Cistus
system, which is still poorly understood in this respect.
Another aspect that requires more research is the critical
lack of information on the selection pressures that may be
acting on the holoparasite. For example, is the use of each
hormone (such as salicylic acid) selected for in the parasite,
or are these passively being used? Further investigations are
needed to shed light on this question, and more specifically
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to identify putative genes that might be under selection
pressure.

Natural seed banks: dormancy versus
germination

The establishment of persistent seed banks and an efficient
control of seed dormancy and germination are essential for
the success of holoparasitic plants in Mediterranean natural
and agroecosystems. Indeed, understanding the dynamics of
the seed bank has been shown to be crucial to solving the
problem of broomrapes infestations in these agroecosystems.
Most Orobanche seeds present physiological dormancy
(Fernandez-Aparicio et al., 2016); studies of O. ramosa seeds
have revealed seasonal physiological dormancy. While the
short-term seed mortality was about 4%-7% per year, seed
dormancy was observed to be synchronized with the host
cycle, since low seed dormancy was recorded in the period
when their host seeds were set in the ground, but high dor-
mancy in the period between the appearance of host seeds
in the soil. This means that O. ramosa is able to infect its
host early in its development (Pointurier et al, 2019;
Figure 3A). However, intraspecific variability has been dem-
onstrated. In another population of O. ramosa, opportunistic
behavior has been suggested. The population showed a
shorter dormancy cycle, with quicker and massive spontane-
ous germination, probably making them able to parasitize
both winter and summer crops (Pointurier et al,, 2019).
Germination of broomrapes is a two-step process involv-
ing a conditioning period that allows a proper response to
germination stimulants, followed by biochemical stimulation
of germination (Lechat et al, 2015; Figure 3B). The wake
from seed dormancy in O. ramosa requires a minimum of 4
d conditioning at 21°C for water to enter and imbibition to
occur (Mauromicale et al,, 2005; Lechat et al, 2012). On the
first day, ABA seed content decreases sharply (Lechat et al,
2015), protein synthesis occurs, and alternative oxidase activ-
ity increases as does respiration (Bar-Nun et al, 2003). The
ABA decrease has been shown to be mediated by the activa-
tion of CYP707A1 (an ABA catabolic gene) by a strigolac-
tone analog (GR 24), but it can only occur after the
conditioning period, with a few exceptions (Plakhine et al,
2009; Lechat et al, 2012). However, the acquisition of strigo-
lactone sensitivity during the conditioning period is not only
mediated by the ABA content, but also by the DNA methyl-
ation status (Lechat et al, 2015; Figure 3B). Under typical
Mediterranean conditions, such as a temperature of 20°C,
responsiveness to strigolactones increases with the duration
of the conditioning period, becoming optimal after 2-3
weeks. However, when conditioned at sub-optimal tempera-
tures, a secondary dormancy may occur. Similar require-
ments for the conditioning period and for entrance to
secondary dormancy have been shown for several species of
the genus, including O. crenata, O. cumana, O. aegyptiaca,
and O. minor; and it has been shown that the gibberellin ef-
fect of promoting seed germination is species specific
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strated in Orobanche, C, seed dispersion in Cytinus by beetles. ABA: abscisic acid, AOX: alternative oxidase, GAs: gibberellins, SLs: strigolactones.

(Kebreab and Murdoch 1999; Matusova et al, 2004; Moral
et al, 2015; Ye et al, 2017; Figure 3B). Oxygen tension and
water potential also influence the seed germination of
broomrapes, so their distribution across the globe is limited
by factors governing soil conditions. These requirements
make germination of this species possible in all
Mediterranean climate areas (Gibot-Leclerc et al, 2004
Grenz et al,, 2006). Taken together, the physiological mecha-
nisms involved in the control of seed dormancy and germi-
nation in broomrapes have important agronomic
implications in Mediterranean agroecosystems (Grenz et al,
2005, 2006). Good examples include the use of catch crops,
species grown between the cultivation of main crops when
seed dormancy of broomrapes is low (Pointurier et al,
2019); trap crops, which induce holoparasite germination
without being parasitized (Rubiales et al.,, 2009); or gibberel-
lins, which help retain high sensitivity in seeds for efficient
suicidal germination strategies (Ye et al, 2017). Soil solariza-
tion (Mauromicale et al, 2005), biocontrol strategies
(Mabrouk et al, 2006; Abu-Shall and Ragheb, 2014; Bayram
and Cikman, 2016), and bioherbicides (Shabana et al., 2003;
Aybeke, 2017) have also shown usefulness in controlling hol-
oparasite seed banks. Finally, genomic strategies (Molinero-
Ruiz et al, 2009; Seiler 2019) and mathematical modeling
(Grenz et al, 2005, 2006) may also be very useful tools to
achieve a more sustainable agriculture in seed bank manage-
ment (Box 1).

Knowledge of the mechanisms of seed dispersal and ger-
mination adopted by species occurring in natural

Mediterranean ecosystems, such as Cytinus, is also useful
for better management of holoparasitic plants in both agri-
cultural and natural ecosystems. Cytinus produce fruit that
give rise to a large amount of dust-like seeds with a rigid
thick coat. These are consumed by beetle species, as well
as rodents, ants and lagomorphs that defecate intact and
viable seeds far away from the parent plant, although seed
dispersal by Cytinus hypocistis in Mediterranean ecosystems
has mainly been associated with endozoochory by beetles
(de Vega et al, 2011). Beetles can be considered an efficient
seed dispersal agent given that, contrary to other fruit-
consuming species, they are likely to leave the seeds, once
eaten, near to host roots, underground (Figure 3C). This
mutualistic relationship between the holoparasitic plant
and the beetle has been shown to be limited by the distri-
bution and population size of beetles, which in turn is
influenced by environmental and ecological factors such as
soil type, or by the presence of other consumers of Cytinus
fruits such as wood mice (de Vega et al, 2011). However,
the seed dispersal area seems to be fairly small due to the
reduced mobility of this insect, which on the one hand
may be contributing to the small size populations of C.
hypocistis, but on the other hand may ensure the place-
ment of the seeds in areas where their host is present (de
Vega et al, 2008, 2011; Figure 3C). Although the germina-
tion requirements of C. hypocistis seeds remain unknown,
the knowledge acquired to date of the germination of
other holoparasitic species may lead to the discovery of
similar physiological mechanisms that allow the control
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Box 2. Schematic representation of holoparasitic plant—pollinators interaction through the release of VOCs in
Mediterranean ecosystems. VOCs play a key role both in insect pollination of Orobanche (A) and mammal- and
ant-pollination of Cytinus (B)
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Glossary Box
Haustorium: a slender projection from the root of a parasitic plant enabling the parasite to penetrate the tissues
of its host and absorb nutrients from it.
Hemiparasitic plants: plants that possess chlorophylls and are capable of photosynthesis but that obtain part of
nutrients and water from a host plant.
Holoparasitic plants: plants that are not capable of photosynthesis and obtain all nutrients and water from a
host plant.
Hormonal crosstalk: interaction between phytohormones in the regulation of a physiological process.
Host range: collection of hosts that a parasite can use.
Phytohormone: signal organic molecules produced at very low amounts by plants that regulate a physiological
process.
Seed bank: seeds stored either naturally in the soil (natural seed bank) or by human action (artificial seed bank)
that allow population renewal for any given species.
Seed dormancy: the state in which a seed is alive but not actively growing (germination is arrested).
Source-sink relations: relationship between source organs (with export photoassimilates) and sink organs
(which receive these assimilates either for growth or storage).

of Cytinus seed banks. Taken together with the information ~ Conclusions and future prospects
available on seed dispersal, this could allow us to better
understand the physiological and ecological mechanisms
underlying the spread of Cytinus in Mediterranean
ecosystems.

266

Major advances have taken place in our understanding of
holoparasitic plant-host interactions, the role of phytohor-
mones in these interactions, and how these influence host
photosynthesis  and  control  source-sink  relations.
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OUTSTANDING QUESTIONS

® How phytohormone crosstalk during the
holoparastic plant-host interaction determine
host tolerance?

® What physiological mechanisms in the host
may influence VOCs release by holoparasitic
plants in holoparasitic plant-pollinator
interactions?

® Do the mode and tempo of evolution of
holoparasitic plant-host interactions differ in
agricultural systems relative to natural
environments?

® How ecophysiology is linked to its
underpinning genetic basis in holoparastic
plant-host interactions?

Furthermore, the physiological mechanisms involved in seed
dormancy and germination of holoparasitic seed banks have
been reported in detail at the physiological and molecular
levels. There are still, however, many gaps in our knowledge
of the physiological processes and mechanisms underlying
holoparasitic plant-host interactions in Mediterranean eco-
systems, most particularly in Cytinus and to a lesser extent
in broomrapes. These include aspects related to hormonal
crosstalk in holoparasitic plant—host interactions, to what
extent diversity increases in natural ecosystems due to holo-
parasitic plants both in the short and long term, and the
role of VOCs in holoparasitic plant—pollinator interactions.
Although several advances have recently been made in the
latter question (see Box 2), some questions remain unsolved,
including how the host influence VOCs release by holopara-
sites in plant—pollinator interactions in Mediterranean eco-
systems. Furthermore, it will also be challenging to
investigate in the near future how the mode and tempo of
evolution of holoparasitic plant—host interactions differ in
agricultural systems relative to natural environments; and fi-
nally, in order to gain a holistic understanding of ecosystem
processes, how ecophysiology is linked to its underpinning
genetic basis in holoparastic plant-host interactions (see
Outstanding questions). Better understanding of how the
whole holoparasitic plant—host system is regulated, including
as well its relation to the environment, pollinators, and mi-
crobial communities in a holistic view, is not only essential
to expand our knowledge of basic biology, but it will also
have important economic implications in the agricultural,
horticultural and agri-food biotechnology sectors, as well as
in environmental management.
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