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SINOPSI

Els fruits climaterics es caracteritzen per un procés de maduracié comercial
estretament vinculat a la produccié d’etile, que comporta la maduracié i sobre-
maduraci6 del fruit al llarg de la cadena de producci6, tot portant a perdues que
afectena la qualitat i a la seva apreciacié pels consumidors.Diverses estrategies com
I'emmagatzematge en fred s’implementen actualment per tal de frenarla maduraci6
comercial i allargar la vida util del fruit i, aixi, millorar-ne la comercialitzacié. Per
aquestarao,l’estudi de processos fisiologics desencadenats en resposta al’exposicio
a temperatures fredes i I'impacte en la qualitat és essencial per comprendre els
avantatges d’aquesta tecnica i les seves limitacions com, per exemple, els danys per
fred que tant afecten a la vida post-collita. En aquest estudi, es van seleccionar fruits
d’alvocat de la varietat Bacon (Persea americana Mill. cv. Bacon) amb I'objectiu
d’aprofundir en el coneixementsobre el procés de maduracié comercial, determinar
I'impacte de 'emmagatzematge en fred sobre el contingut d’antioxidants en el fruit
i estudiar técniques innovadores per augmentar la qualitat del fruit en la post-
collita. En base als resultats, la maduracié comercial dels alvocats esta regulada, a
part de letile, per altres fitohormones estretament relacionades entre si i
I'emmagatzematge en fred altera la resposta hormonal tot retardant aqu est procés.
Ara bé, les baixes temperatures indueixen una resposta d’aclimatacié regulada
principalment per jasmonats, els quals tenen un rol crucial en la tolerancia al fred i
en evitar el desordre de danys per fred en el fruit. Per una banda, la resposta dels
jasmonats contra els danys per fred pot potenciar-se mitjancant I'aplicaci6é directa
en el fruit de metil jasmonat (100puM) en esprai en la post-collita sense afectar les
propietats antioxidants del fruit i, per altra banda, el contingut antioxidant,
principalment en vitamines E i Bg, es pot incrementar notablement durantun llarg
termini de temps d’emmagatzematge en fred (30d) amb tractaments post-collita de
piridoxal 5’-fosfat (9mM) per immersio, els quals tenen a més un impacte positiu en
fruits exposats a temperatura ambient. En conclusié, cal destacar la varietat ‘Bacon’
pel seu elevat contingut en vitamina E. A més, s’ha establert que les baixes
temperatures son eficients per retardar la resposta hormonal implicada en la
senyalitzaci6 de maduraci6é de I'alvocat. No obstant, el fred pot arribar a ocasionar

danys al fruit que afecten negativament en el mercat. Aixi mateix, aplicacions de



metil jasmonat en esprai i tractaments de piridoxal 5’-fosfat per immersié poden

afavorir 'emmagatzematge i qualitat del fruit al llarg de la cadena de producci6.



ABSTRACT

Climacteric fruit are characterized by a ripening process tightly related to ethylene
production, thus inducing ripening and overripening along the supply chain causing
quality losses that affect consumers acceptance. Some strategies are implemented
currently aiming to delay or inhibit ripening to prolong shelf life and increase
avocado marketability. For this reason, the knowledge in physiological events
triggered by cold exposure and its impact on fruit quality is of paramount
importance to understand the advantages and disadvantages of the technique, for
instance, chilling injury disorder that highly affects postharvest quality in avocados.
Here, ‘Bacon’ avocados ( Persea americana Mill. cv. Bacon) were selected aiming to
deepen into our understanding of hormonal response regulating ripening, to
determine the impact of low temperature exposure on antioxidants and to study
some innovative techniques to increase postharvest quality on the fruit. According
to the results, avocado ripening is regulated, rather than by ethylene alone, by
orchestrated phytohormonal interactions and, cold storage alters these hormonal
modulations, therefore delaying ripening. Differently, cold storage induced an
acclimation response modulated by jasmonates participating in cold tolerance
events for preventing chilling injury. In this sense, jasmonates response against
chilling injury can be enhanced by spraying harvested fruit with methyl jasmonate
(100uM) solutions, which resulted in a reduced number of damaged fruits without
negatively affecting antioxidant properties due to vitamin E. Moreover, antioxidant
content related to vitamins E and Bs can be triggered in long-term cold-stored fruit
(30d) by submersing avocados in pyridoxal 5’-phosphate (9mM) solutions which,
at room temperature, slightly delayed early ripening of fruit. In conclusion, ‘Bacon’
variety has higher amounts of vitamin E than the widely commercialised ‘Hass’ or
‘Fuerte’ avocados. Moreover, cold temperatures prevent hormonal responses
related to ripening and activates cold tolerance mechanisms but, long term exposure
can induce chilling injury in ‘Bacon’ avocados, thus affecting its marketability.
Noteworthy, methyl jasmonate and pyridoxal 5’-phosphate treatments can improve

‘Bacon’ avocado storage and quality along the supply chain.
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1. Desenvolupament i maduracié de fruits climaterics

1.1 De I'inici de la fructificacié a la maduracié comercial
L’evoluci6 és una estrategia molt rigorosa a mans de la naturalesa que afecta i ha
afectat a tots els organismes del planeta. Al llarg de I'evoluci6, la complexitat de les
plantes haincrementat donantlloc a aspectes distintius entre espécies que ha portat
a la diferenciaci6 entre les gimnospermes i angiospermes. El grup de les
angiospermes es caracteritza per incloure plantes productores de florsi fruits - que
contindran la llavor en el seu interior - mentre que les gimnospermes, com el seu
nom indica, produeixen una llavor nua (Friis i Ende, 1990). Aix{ doncs, gracies a
I'evolucié en la fructificacié de les plantes, els humans ens hem pogut proveir de
fruites i, conseqilientment, aliments essencials pel nostre consum (Tomato Genome
Consortium, 2012). La fructificacié és, doncs, un mecanisme complex que gira
entorn la reproducci6 per afavorir la dispersié i mantenir el llinatge i supervivencia
de lI'individu (Friis i Ende, 1990; McAtee et al.,, 2013; Seymour et al, 2013). En les
plantes angiospermes, existeix un paral-lelisme entre el procés de desenvolupament
del fruit - des del quallat del fruit fins a la maduraci6 fisiologica - i el
desenvolupament de la llavor, que succeeixen de forma sincronica i sigui
possiblement desencadenat per una complexa interaccié hormonal entre 'embrio i
el mesocarpi (Rasorietal, 2010; McAtee et al, 2013). La fructificacié es descriu a
través d’una corba sigmoidal dividida en tres fases: la primera que consisteix en el
quallat del fruit un cop s'ha portata terme el procés de fertilitzacié, la segona on té
lloc el creixement del fruit, desenvolupament de 'embri6 i la llavor i la tercera, on
es dona la maduracié fisiologica (Cowan etal,, 2001). Aixi mateix, quan s’assoleix la
maduraciéo de I'embrié i la fructificacid, es dona pas al procés de maduraci6
comercial en el fruit, a través del qual adquireix les propietats organoleptiques
desitjades per al consum huma, generalment relacionades amb el gust, aromes i

textura (Figura 1, Klee i Giovannoni, 2011).

Cal distingir entre la maduraci6 fisiologica i la maduracié comercial o, en angles,
“ripening”. La maduracié fisiologica ésun procés que s’inicia després del creixement
del fruit - regulat, principalment, per auxines i citocinines (CKs; Kumar et al., 2014)
-1iconsisteix enla preparacio del fruit per iniciar la maduracié comercial. Finalment,

la maduracié comercial es defineix com el procés que dona lloc a una série de canvis



bioquimics que milloren les propietats organoléptiques del fruit que tant apreciem
els humans (Seymour etal,, 2013).No obstant,aquest procés difereix entre diferents
fruits i no es dona de la mateixa manera en totes les especies. D’aquesta manera, els

fruits s’engloben en les categories de climaterics i no climaterics.
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Figura 1: Procés de fructificacié des de la iniciacié fins a la maduracié fisiologica amb
esdeveniments inclosos en la corba sigmoidal de creixement i procés de maduracié
comerciali canvis fisioldgics en fruits climaterics.

La classificacié dels fruits en climaterics i no climaterics va sorgir a finals del 1950,
quan van apareixer discrepancies sobre el rol de l'etile en aquest procés i es va
suggerir la seva funci6 com a molecula inductora de la fase climatérica en fruits,
deixant de banda la idea que es construia entorn a ser un subproducte de la
maduracio comercial (Buhler etal,, 1957). Aixi mateix, des dels anys 60, la categoria
dels fruits climaterics inclou aquells que tenen una maduracié comercial dependent
de l'etile, la produccié del qual s’associa, a més a més, a un pic de respiracio en el
fruit (Burgetal,, 1962). En canvi, els fruits no climaterics es defineixen com aquells
que no depenen de I'etile per dur a terme la maduracié comercial, siné que I'acid
abscisic és la fitohormona responsable d’aquest procés (Li et al,, 2011). Toti que
actualment aquesta classificacié es segueix mantenint, la comunitat cientifica
replanteja i qliestiona les bases d’aquest criteri ja que, recentment, s’esta establint

un nexe entre els processos fisiologics i bioquimics que tenen lloc durant la



maduracié comercial i I'acci6 de diverses fitohormones, fet que suggereix que el
procés esta regulat de forma coordinada entre altres hormones més enlla de I'etile
en fruits climatérics (Kumar et al, 2014). A més, en fruits no-climaterics, I'etile
també adquireix una funcié important en el desenvolupament i maduraci6

comercial (Chervin et al, 2004).

1.2 Regulacié hormonal de la maduracié comercial
La maduracié comercial és el procés per a obtenir un fruit madur llest per ser
consumit i, per tant, d’elevat interes en la industria agricola, biotecnologica i de
I'alimentacié. Un major coneixement d’aquest procés fisiologic permet millorar les
estrategies tecnologiques per tal de millorar la qualitat dels fruits al llarg de la
cadena de produccio. Com s’ha mencionat anteriorment, la maduracié comercial en
fruits climateérics esta regulada en I'espai i el temps principalment per I'etile (Burg
et al, 1962; Klee i Giovannoni, 2011; Kumar et al, 2014). L’estat de
desenvolupament del fruit condicionara la resposta del propi fruit a I'etile a través
delaregulacié de la produccié i la sensibilitat a aquestahormona (Klee i Giovannoni,
2011; Brumos, 2021). Malgrat aixo, estudis recents en tomaquera destaquen la
rellevancia d’altres fitohormones que participen activament i de forma orquestrada
en el procés, com ara les auxines, 'acid abscisic, els brassinosteroides i el metil
jasmonat, que regulen esdeveniments especifics durant la maduracié comercial
(Kumar et al,, 2014; Brumos, 2021; Qiao et al,, 2021). Aixi mateix, en tomaquera,
s’ha observat que una caiguda en els nivells d’auxines a I'inici de la maduraci6
comercial és essencial per la transici6 del creixement i desenvolupament del fruita
la maduracié comercial, ja que la relaci6 entre les auxines i l'etile estableix el
moment de canvi del sistema 1 inhibitori de produccié d’etile al sistema 2 auto-
catalitic. A més a més, l'acid abscisic controla aspectes d’aquest procés fisiologic
relacionats amb I'estovament del fruit caracteristic d’aquesta etapa, intervenint
directament en la regulaci6 de l'expressiéo d’enzims moduladors de les parets
cel-lulars, com la poligalacturonasa i la pectat liasa, tot participant conjuntament

amb I'etilé afavorintla perdua de fermesa (Brumos, 2021).

Entre les diverses hormones al regne vegetal hi trobem les auxines, CKs,
gibberel-lines (GAs), acid abscisic, etile, salicilats i jasmonats. Aquestes actuen en

concentracions molt baixes en el metabolisme permetent que les plantes es



desenvolupin i responguin a canvis tant interns com externs, com ara la maduracio6
comercial o la tolerancia a estressos. Generalment, a cada hormona se li escau una
funcié6 o procés fisiologic concret pero, la realitat és molt més complexa. Les
fitohormones actuen en processos de senyalitzacié de forma individual o mitjangant
interaccions entre elles tot generant una resposta sinergica o antagonica segons
I'espai i el temps (Botton et al, 2019). D’aquesta manera, s’estableix que les
hormones tenen una funci6 espacio-temporal. Generalment, les CKs i auxines estan
implicades en processos de divisid i expansio cel-lular i, per tant, es relacionen amb
funcions de creixement d’organs (Rademacher, 2015; Igbal et al, 2017). Entre les
CKs naturals trobem la zeatina i la isopentenil adenina, que es sintetitzen a partir
dels seus precursors ribosid de zeatina i isopentenil adenosina, respectivament.
L’acid indol-3-acetic és la Unica auxina natural i activa en el teixit vegetal implicada
en aquestprocés pero,també s’hadestacat el seurol enl’estovament del fruit durant
la maduracié comercial (Figueroa et al, 2009). Les GAs naturals més actives en
plantes s6n la GA1, GAs, GA4, GA7 que participen promoventla proliferacio cel-lular,
amés de tenir una funcié clau enla germinacié i la floraci6 (Rademacher,2015;Igbal
et al, 2017). Els jasmonats i els salicilats s6n hormones encarregades,
principalment, de la funci6 de defensa contra estressos abiotics i biotics. Tot i aixi,
els jasmonats pertanyen a la familia de les oxilipines essentl’acid 12-oxo-fitodienoic
(OPDA) el precursor directe de l'acid jasmonic i els seus derivats. Els jasmonats
engloben moltes formes conjugades amb aminoacids, entre les quals les més actives
son lajasmonoil-isoleucina (JA-Ile), ala que se li atribueix una funci6 essencial en la
tolerancia contra estressos, i el metil jasmonat que, juntament amb el metil salicilat,
son uns compostos volatils implicats en la defensa de patogens, a més d’oferir
proteccio en alguns desordres en fruits (Rademacher, 2015). En la tolerancia a
estressos abiotics també esta implicat 1'acid abscisic que, a més, té unrol crucial en
processos de dormicio de la llavor o de les gemmes florals i, fins i tot, intervé en la
maduraci6 comercial de fruits no climaterics. Finalment, I'etile participa enuna gran
diversitat de processos fisiologics enla planta pero destaca principalment per induir
la maduracié comercial en fruits climatérics (Klee i Giovannoni, 2011; Rademacher,

2015; Igbal etal., 2017).

Recentment, diversos estudis atribueixen I'activitat epigenetica a aspectes

reguladors del control de la maduracié comercial. Aquests descriuen que les



histones indueixen reaccions de metilacié i desmetilacié en regions promotores de
gens directament implicats en la sintesi de I'etile i del propi procés de maduraci6

(Giovannonietal, 2017; Brumos, 2021).

1.3 Canvis bioquimics
Durantles etapes de desenvolupament, el canvi més rellevant és el creixement del
fruit, pero les modificacions més interessants, des del punt de vista organoleptic,
esdevenen posteriorment durantla maduracié comercial (Wang etal,, 2021). Entre
aquests canvis destaquen la degradaci6 de clorofil-les i 'acumulacié de pigments,
com els carotenoides o els antocians que influeixen en el canvi de coloracié del fruit,
passant de tonalitats verdes a coloracions taronges o vermelles propies d’aquests
pigments (Zhao et al, 2021a). També hi ha canvis en el gust degut a la sintesi de
sucres derivada de la degradaci6 de midé6 (Wang et al., 2021; Zhu et al,, 2021a) i
acompanyada d'una caiguda en l'acidesa. Altres canvis rellevants durant la
maduracié comercial sén la producci6 de flavonoides i tanins i I'alliberaci6 de
compostos volatils i aromes deguts a processos de respiracié (Dourou etal,, 2021;
Wang et al,, 2021). En fruits amb elevat contingut lipidic, s6n caracteristiques les
modificacions en la composicio d’acids grassos (Ozdemir i Topuz, 2004). Finalment,
al llarg de tot el procés, té lloc la perdua de la fermesa que comporta I'estovament
del fruit (Gao et al, 2021; Kumar et al,, 2021; Yang et al, 2021). Aquests canvis
bioquimics estan estretament regulats per senyals endogenes i, entre elles, la
regulacié hormonal esdevé un factor clau. El rol de I'etilée adquireix rellevancia en
els processos bioquimics propis de la maduracié comercial, regulant canvis en el
color, en l'alliberament d’aromes i modificacions en la textura que, conjuntament,
determinen la qualitat final dels fruits (Klee i Giovannoni, 2011; Igbal et al,, 2017;
Bottonetal, 2019).Aquestaregulacio té lloc de forma organitzada en organsi teixits
concrets (Yang et al, 2021). No obstant, els fruits en la post-collita es deterioren
facilment, ja sigui per possibles danys mecanics o fisiologics, per patdogens o per la
propia sobre-maduracié i, en conseqiiencia, es perden moltes propietats
organoleptiques durant el transport, emmagatzematge i exposicié als mercats i

supermercats, tot alterant-ne la qualitat i la comercialitzacié (ZhangiJiang, 2019).



2. Qualitat del fruiti implicacions en la nutricié

2.1 Antioxidants
La qualitat del fruit es pot apreciar des de dues vessants: per una banda,
contemplant la seva integritat i 'absencia d’anomalies possiblement causades per
defectes en el desenvolupament, danys produits durantla cadena de produccié o
deguts a possibles infeccions per patogens; i, per altra banda, la qualitat també es
pot associar a aspectes bioquimics considerant la riquesa d’aquests fruits en
vitamines, antioxidants, fibra, acids grassosi altres compostos beneficiosos per la

salut del consumidor.

Tenint en compte la perspectiva de qualitat que considera la integritat, els danysiel
deteriorament del fruit, aquesta es potavaluar a simple vista, tot generant el rebuig
inicial del fruit per part del consumidor. Aixi mateix, fruits malformats o que
presenten taques, ferides o altres anomalies rarament s6n aprofitats i, generalment,
es descarten abans de ser exposats a les prestatgeries de mercats i supermercats.
Considerantla qualitat bioquimica, aquesta es veu alterada per aspectes relacionats
tant amb la cadena de producci6 com amb les infeccions per patogens, on es
desencadenen respostes d’estres que influeixen en I'estat oxidatiu del fruit i en el
contingut d’antioxidants. Entre aquests antioxidants destaquen les vitamines
antioxidants, com les vitamines E i Bs, les quals exerceixen una funcié protectora en
les estructures cel-lularsi en la defensa enfront!'estres oxidatiu, aixi com davant de

possibles patogens (Falki Munné-Bosch, 2010; Zhang etal,, 2014; Bagri, 2018).

2.1.1 Vitamina E
Els tococromanols inclouen els tocoferols, els tocotrienols i el plastocromanol-8
pero, sols els tocoferolsi tocotrienols pertanyen al grup de la vitamina E. Aquesta
vitamina va ser inicialment descrita en 'ambit de la fisiologia animal per Evans i
Bishop (1922). Els tococromanols estan conformats per una cadena isoprenoide,
saturada en el cas dels tocoferolsiinsaturada per als tocotrienols i plastocromanol-
8, i un anell cromanol comu en els tres grups (Figura 2; Kruk et al, 2014; Falk i
Munné-Bosch, 2010). Tant en el cas dels tocoferols com dels tocotrienols es
distingeixen diferents isoformes segons el nombre i la posicié dels grups metil en

I'anell cromanol. Aixi, es diferencien 8 isoformes diferents de vitamina E: a-



tocoferol, B-tocoferol, y-tocoferol, 6-tocoferol i a-tocotrienol, -tocotrienol, y-

tocotrienoli §-tocotrienol (Falki Munné-Bosch, 2010; Figura 2).
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Els tococromanols, principalment I'a-tocoferol amb una major activitat de vitamina
E, es sintetitzen i localitzen en plastidis, concretament ancorats a les seves
membranes (tant en la membrana interna com en els tilacoides, en el cas de I'a-
tocoferol en cloroplasts) per la cadena poliprenil, degut a la seva naturalesa
lipofilica. Participen en la detoxificacié del singlet d’oxigen (102), en la proteccio del
fotosistema II i també com a antioxidants inhibint la propagacio6 de la peroxidacié
lipidica reduint la concentracié de radicals lipidics oxidants enles membranes (Kruk
etal,, 2005; Falk i Munné-Bosch, 2010). En aquesta darrera reaccio, el tocoferol es
converteix en radical tocoferoxil que sera reciclat de nou a tocoferol amb I'ajuda de
I'ascorbat (Falki Munné-Bosch, 2010). Aixi doncs, la vitamina E té un rol crucial en
I'eliminaci6 d’especies reactives de I'oxigen (ROS) generades en excés durant
periodes d’estres tant biotic com abiotic. Aixi mateix, el plastocromanol-8 té una
activitat comparable a la de la vitamina E, sobretot en medis lipofilics, tot i trobar-
se en menors concentracions en els teixits (Falk i Munné-Bosch, 2010; Kruk et al,,

2014).

2.1.2 Vitamina Be
La vitamina Be va ser descrita per Ohdake (1932) en extractes d’arros. Aquesta

engloba diferents vitamers que s’interconverteixen entre si; sén la piridoxina,



piridoxamina i piridoxal els quals també existeixen en les seves formes fosforilades

(Figura 3).
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Entre aquestes, la forma metabolicament més activa és el piridoxal 5’-fosfat (PLP)
que participa com a cofactor en més de 140 reaccions enzimatiques en teixits vegetal
entre les quals destaquen oxidoreductases, transferases, hidrolases, liases i
isomerases actuant en reaccions de transaminacio, racemitzacio, a-descarboxilacio,
ruptura dels grups aldol i eliminaci6 de formes B i y (Jansonius, 1998; Drewke i
Leistner, 2001; Percudani i Peracchi, 2009; Mooney i Hellman, 2010; Colinas et al,,
2016). Els vitamers existeixen en la majoria dels organismes vius on es sintetitzen
atravésde la via classica —excepte en animals, quel’han d’obtenir a través de la dieta
-. Aixi mateix, en pocs organismes, entre els quals destaquen les plantes, es descriu
una via de sintesi de novo que representa la major font de vitamina Be. Diversos
estudis realitzats en fulles o arrels de plantes evidencien el seu rol com a cofactor
pero també es destaca la seva activitat antioxidant contra el singlet d’oxigen i I'anié
superoxid complementant la funci6 amb d’altres vitamines com 'ascorbat o I'a-
tocoferol (Bilski et al, 2000; Havaux et al, 2009; Huang et al, 2013). D’aquesta
manera, ala vitamina Bese li atribueix unrol enla fotoprotecciéila proteccié contra
molecules oxidatives com les ROS (Havaux et al, 2009). A més, també s’ha descrit

que pot tenir una influencia sobre el creixement i desenvolupament de la planta
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afectant la sintesi de fitohormones com l'etilé i auxines, i en la tolerancia contra
I'estres biotic i abiotic (Zhang etal,, 2014; Boycheva et al, 2015; Bagrietal,, 2018).
Encara que els efectes en teixits vegetals, com fulles i arrels, ja es coneixen, la funcié
de la vitamina Be en fruits i la seva possible implicacié en la maduracié de fruits

romanen desconegudes.

2.2 Qualitat nutricional
Actualment, en I'ambit de la nutricié sorgeixen novestendéncies que s’enfoquen cap
a una modalitat més ecologica i sostenible i, en el cas dels fruits, es prioritza que
hagin estat cultivats, recol-lectats i transportats a través de practiques que tinguin
en consideracié el medi ambient, el malbaratament i I'ética (Mastronardi et al,,
2019). D’aquesta manera, es promouen iniciatives com el “cultiu ecologic” on es
redueix'ts de pesticides i herbicides de naturalesa quimica, es promou el “km zero”,
on es fomenta el comerc local i de curta distancia, i la reducci6 de la “petjada
ambiental”, on es té en compte 'impacte ambiental que té la cadena de producci6
d’un producte o aliment en concret. En resum, la tecnologia i producci6 d’aliments
evolucionen cap a un sentit més “natural” i menys artificial (Binz i Conto, 2019). De
fet, el Pacte Verd Europeu incentivat per la Comissié Europea (2021) pretén que les
arees agricoles amb produccié ecologica assoleixin el 25% al 2030. A més, segons el
Reglament (UE) 2020/1693 de 11 de novembre que entraen vigor aquestany 2022,
s’estableix una nova legislacié sobre 'agricultura ecologica que facilita la practica i
amplia les possibilitats dels agricultors alhora que garanteix la seguretat per els

consumidors.

Aix{ mateix, els consumidors aprecien, cada cop més, productes amb aquestes
caracteristiques i, per tant, que no hagin estat tractats amb quimics ni durant el
cultiu ni al llarg de tota la cadena de producci6 (Gol et al, 2013). A més, valoren
positivament que els fruits tinguin un origen més proper allloc de comercialitzaci6
i una vida atil més llarga per tal de reduir la petjada ambiental i el malbaratament.
Per aquest motiu, el propi sistema alimentari busca alternatives per substituir I'as
de productes quimics, allargar la vida util i afavorir 'abastiment d’aliments a través
de I'tis de components més naturals que estiguin presents ja a la naturalesa o que
tinguin un impacte nul en el medi, tal i com s’indica en el Real Decreto 1311/2012 a

Espanya (Gol et al, 2013; Ministerio de Agricultura, Alimentacién y Medio
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Ambiente, 2012; Scarlato etal,, 2021). De la mateixa manera, I’alimentacid, sobretot
en 'ambit de I'agricultura, també s’enfoca cap a una major qualitat nutritiva tenint
com a objectiu garantir el contingut maxim de components beneficiosos per la salut
en una mateixa peca de fruita i que aquesta sigui minimament alterada al llarg de la
cadena de producci6 (Goletal, 2013; Bill etal,, 2014; Nayaket al,, 2021; Sivakumar
etal, 2021). D’aquesta manera, els consumidors es tornen més exigents i busquen
aliments més complets i amb major propietats nutraceutiques, destacant I'ambit
dels antioxidants (Lobo etal, 2010), com la vitamina E i Bs, que tenen una potent
accié contra el desenvolupament de malalties cardiovasculars que tant afecten la
salut publica en el segle XXI segons indiquen dades de comite American Heart

Disease i Stroke Statistics (Viranietal, 2021).

S’ha descrit la funci6 de la vitamina E (a-tocoferol) en la reducci6é del risc de
malalties cardiovasculars gracies a la seva funcié antioxidant, protectora contra
'oxidaci6 de lipoproteines i inhibidora de 'agregaci6 plaquetaria (Freedman et al,,
1996; Clarke etal., 2008). A més a més, la deficiéncia de vitamina E s’associa a patir
ataxia, hiperreflexia, ceguera i demencia (Aparicio et al, 2001). Aixi mateix, es
recomanauna ingesta diaria de 15mg d’a-tocoferol, tot i que cal tenir en compte que
una sobre-suplementacié (per sobre d’1mg diari) d’aquesta vitamina també pot

comportar afectacions negatives en el metabolisme huma (Miller et al., 2005).

Com s’ha esmentat anteriorment, la vitamina Bs, en concret el PLP, té una activitat
antioxidant molt potent que complementa la de la vitamina E en la detoxificaci6 de
ROS, fet que no només succeeix en plantes siné també en el metabolisme huma
(Hellman i Mooney, 2010). La ingesta recomanada de vitamina Be és de 2 mg amb
un maxim de 100 mg diaris en adults. Aquesta aportaci6 de vitamina Bs s’ha
observat que és important en el control de la pressié arterial i en la prevenci6 de

malalties cardiovasculars (Hellman i Mooney, 2010).

3. Efectes de 'emmagatzematge a baixes temperatures en la qualitat

La temperatura és el principal factor que influeix en els canvis de qualitat,
deteriorament del fruiti en la vida util de productes peribles i molt peribles com ara
els fruits. L’emmagatzematge en fred és una practica molt comu i eficient en la

cadena de producci6é d’aquests aliments, ja que permet allargar la vida util i aixi,

12



permet el transporta llargues distancies. Sense aquesta practica, les propietats dels

fruits serien malmeses (Khumalo et al, 2021; Ndraha et al, 2018).

3.1 Efectes fisiologics i bioquimics
L’emmagatzematge a baixes temperatures pot allargar la vida util dels fruits de
forma eficient afectant a processos metabolics associats a la maduracié comercial
com la respiracio o la produccié d’etile (Botton et al, 2019). Ara bé, canvis i/o
interrupcions en aquestes temperatures pot comportar fendmens negatius en la
collita que posteriorment, afecti a la seva comercialitzaci6 (Cheng et al, 2021).
Generalment, es descriuen casos de danys per fred o en angles “chilling injury” que
apareixen en fruits emmagatzemats a baixes temperatures - per sota del llindar de
tolerancia i/o per llargs periodes de temps-. Aquest desordre es manifesta com a
taques negres a la pell i enfosquiment o decoloracié del mesocarpi de fruits com
I'alvocat, mangos olives i pomes (Figura 4), tot i que segons l'especie, el fenotip de
danys per fred pot variar presentant-se com coloracions pal-lides com succeeix en
pinyes o bananes, alteracions en el gustiels aromes comenel cas de la papaia, també
els préssecsiels tomaquets poden manifestar una aparenca aigualida o, fins i tot, els
fruits poden presentar diversos simptomes alhora (Lurie i Crisosto, 2005; Luo etal,

2015).

Figura 4. Efectes fisiologics del dany

per fred en 'alvocat on manifesta un
enfosquiment del mesocarpi del fruit
en la zona inferior a 'os i s’agreuja

amb el temps d’exposici(’) a baixes SETMANA 2 SETMANA 3  SETMANA 4 SETMANA 5

temperatures.

A més, 'emmagatzematge a baixes temperatures també comporta efectes negatius
durantla maduracié comercial fent que aquesta no es doni uniformement en el fruit
afectant, per exemple, a la degradacio de pectines i estructures cel-lulars tot alterant
I'estovament del fruit (un dels principals factors que influeixen en el valor i
apreciacio del fruits al mercat) i creant un rebuig en el consumidor (Gwanpua

etal, 2014; Yang etal, 2021).
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Bioquimicament, el fred també té un impacte en I'aparenca tot generant canvis en la
composici6 de pigments i, per tant, en la coloraci6 del fruit. Existeix una amplia
documentaci6 descrivint I'augment d’antocians en fruits vermells emmagatzemats
a baixes temperatures (Qiu etal, 2016; Zhou etal, 2017) pero altres pigments, com
els carotenoides, disminueixen drasticament quan els fruits es mantenen a baixes
temperatures, tal i com s’ha descrit en taronja o en bananes (Facundo et al,, 2015;
Wibowo et al,, 2015; Lado etal,, 2019). Els nivells de vitamina C també decreixen al
voltant del 45% en nectarines emmagatzemades a temperatures entre 1-4°C, aixi
com els compostos volatils que defineixen els aromes atribuits als fruits un cop sé6n
comercialment madurs (Dalla Valle et al, 2007; Aubertetal, 2014; Morales-Sillero
et al, 2017). Tanmateix, es descriu que les temperatures fredes afecten
negativament al contingut de fenols i a I'estabilitat oxidativa dels olis d’oliva de
diverses varietats (Morales-Sillero et al, 2017) i els nivells de clorofil-les també es
redueixen quan els fruits s’exposen a temperatures fredes (Aispuro-Hernandez et
al, 2019). No obstant, tots aquests canvis no ocorren de la mateixa manera en tots
els fruits, depén sempre de I'espécie i, fins i tot, diferents varietats d’'una mateixa
especie també poden diferir en la forma de respondre a les baixes temperatures

(Facundo etal, 2015; Lado etal,, 2019).

3.2 Estres per fred
Diversos estressos, ja estiguin actuant sols o de forma combinada, biotics o abiotics,
amenacen constantment els individus als ecosistemes, tot afectant a la funcid
biologica de la propia planta. Aixi mateix, la temperatura és un factor crucial per a
garantir que l'individu es desenvolupi en condicions optimes i, per definici, un
estrés consisteix en els danys irreversibles generats sobre el metabolisme i
creixement de la planta causats per factors externs (Wahid et al, 2007). La realitat
és que aquestestrés nonomés afecta a I'individu complet sin6 que també pot afectar
a diferents organs individualment i en diferent mesura, fins i tot, un cop després
d’haver-se separat de la planta, regulant diversos processos fisiologics com la
maduracié comercial en el fruit o la senescencia en les flors i les fulles (Mufioz i

Munné-Bosch, 2018).

Les baixes temperatures son condicions ambientals adverses per a la majoria de

fruits poden generar un xoc térmic en I'0rgan i, per tant, desencadenar una resposta
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enfront l'estres. Aquest estrés esta normalment condicionat pels limits de
temperatura que I'espécie ila varietat pot tolerar i, a més, pel temps d’exposicié a
aquest factor (Guo et al, 2018). Temperatures per sota o sobre d’aquest optim
fisiologic sé6n percebudes per receptors termics que indueixen una senyalitzacio
hormonal, on els jasmonats il'acid abscisic juguen una funci6 principal tot portanta
la posterior sintesi de ROS. Les ROS iniciaran cascades de transduccié de la senyal
que derivaran en canvis fisiologics i bioquimics (Noctor i Foyer, 205; Devireddy et

al, 2021).

3.2.1 Especies reactives de I'oxigen
Les ROS s6n molecules produides per les cel-lules vegetals que, en concentracions
molt baixes, participen en diversos processos cel-lulars i permeten regular
processos metabolics per al correcte desenvolupament de la planta (Foyer i Noctor,
2005; Mufioz i Munné-Bosch, 2018). Toti aixi, en concentracions elevades, les ROS
poden afectar negativament al metabolisme i causar danys cel-lular i tissulars
(Mufioz i Munné-Bosch, 2018). Foyer i Noctor (2005) descriuen que la produccié de
ROS no només es localitza al cloroplast en plantes, sin6 que als mitocondris i als
peroxisomes també hi té lloc la formaci6 de peroxid de hidrogen durant processos
com la fotosintesi o la mort cel-lular programada (Noctor eta., 2002; FoyeriNoctor,
2005). En concret, amb l'inici de l'estres s’inicia una senyalitzaci6 hormonal
mediada principalment peracid abscisic, jasmonats i brassinosteroides, que indueix
la produccié iacumulacié de ROS. La produccié de ROS deriva en un estrés oxidatiu
que conduira a efectes més drastics en la cel-lula tot afectant al metabolisme
(Devireddy et al, 2021). D’aquesta manera, l'estres per baixes temperatures
comporta una aturada en el creixement i en I'activitat enzimatica relacionada amb
canvis transcripcionals, d’expressio geneética, regulant cascades de senyalitzacio de
resposta a l'estres i de funcions metaboliques en la planta tot retardant el
creixement (Zhu, 2016). Sota aquestes condicions d’estrés, també tenen lloc canvis
en la fluidesa de les membranes, comportant una major rigidesa. A més, succeeixen
canvis en l'estabilitat i degradaci6 proteica, es redueix l'eficiencia antioxidant i es
promou l'activitat detoxificadora de ROS. Finalment, s’inicia la sintesi de metabolits

secundaris, sucres i aminoacids (Rihan et al,, 2017).
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3.2.2 Toleranciaal fred
En resposta a les baixes temperatures, les plantes han adquirit al llarg de I'evolucié
diversos mecanismes per poder tolerar aquestes condicions adverses. Les plantes
presenten estrategies per fer fronta I'exposicié a aquestes temperatures com, per
exemple, la dormicié de la llavor o de les gemmes, la sensibilitat al fotoperiode, la
vernalitzacio, la protecci6 dels vasos a les gelades i I'aclimatacié al fred (Zaragotas
etal, 2016). Aixi com la planta té mecanismes per adquirir tolerancia al fred que li
permeten resistir les condicions ambientals adverses (Devireddy et al,, 2021), els
fruits també han desenvolupat estrategies i respostes per fer front a aquests
estressos. Laresposta enfrontl’estres per fred s’inicia a través de senyals hormonals
i 'estat oxidatiu de la cel-lula (Devireddy et al,, 2021), principalment modulats per
les ROS que actuen amb una funci6 senyalitzadora juntament amb la regulacié
exercida per les fitohormones. S’ha atribuit gran importancia a la funcié dels
jasmonats il’acid abscisic enla resposta enfront!l’estres per fred que, posteriorment,
induiran una resposta bioquimica de tolerancia contra aquestes condicions

adverses (Figura 5).

[ Acumulacié
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Figura 5. Resposta de tolerancia als danys per fred modulada per la peroxidacié lipidica i
efectes positius que afavoreixen aquesta tolerancia (en verd) i efectes negatius que

repercuteixen ala qualitat del fruit (en vermell).

En concret, la tolerancia a l'estres per fred s’assoleix a través de mecanismes
antioxidants que controlen la concentraci6 de ROS (Foyer i Noctor, 2005) i del
resultat de la interaccié fitohormona-ROS que modifica el metabolisme de la planta

a nivell metabolic i bioquimic (Foyer i Noctor, 2003), on es produeix una
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reprogramacio6 del’expressid geneticaitranscripcional (Zhangetal, 2017).Aquesta
resposta contraresta els efectes de I'estres augmentant la capacitat detoxificadora
de ROS tot potenciant la sintesi i acumulacié de soluts compatibles i crioprotectors
com la prolina o alguns antioxidants (Wahid et al., 2007; Devireddy et al,, 2021).
Aquests antioxidants permetran mantenir un balang dels nivells de ROS per evitar
la seva acumulaci6 excessiva, fet que podria ocasionar canvis en la permeabilitat i

fluidesa de la membrana (Martiniere et al,, 2015).

3.3 Danys per fred
L’emmagatzematge en fred és I'estrategia més comuna emprada comercialment en
la post-collita pero, majoritariament, els fruits tropicals i subtropicals no resisteixen
bé aquestes temperaturesidesenvolupen desordres fisiologics que es coneixen com
a danys per fred. Els danys per fred sorgeixen desencadenats per un estres per fred
brusc o persistent, quan les temperatures d’emmagatzematge es troben per sota del
llindar de tolerancia d’una especie o varietat i per sobre del punt de congelacio,
generalment, en un rang entre 0-15°C (Zhang et al, 2021). Tot i aixi, el temps
d’emmagatzematge a aquestes temperatures també condiciona I'aparicio del
desordre i, per tant, els danys per fred es manifesten quan es sobrepassen els limits
de temperatura tolerats i/o el temps d’emmagatzematge del fruit en aquestes
condicions. Els danys per fred succeeixen en dues etapes: la primera consisteix en
una fase d’ induccié i la segona és la fase asimptotica. La fase d’inducci6 és una fase
reversible on els fruits s’exposen a les temperatures critiques i tenen lloc canvis en
la composici6 lipidica de les membranes cel-lulars. La fase asimptotica coincideix
amb una afectacid irreversible del fruit on s’aprecien els danys per fred degut a
afectacions en el transport d’ions entre membranes i modificacions en processos
metabolics que malmeten les membranes cel-lulars fent visible els simptomes

(Romojaro-Casado, 2016).

Aquest desordre apareix tant a la pell com al mesocarpi del fruit o bé en ambdos
teixits alhora i es caracteritza per coloracions inusuals com taques negres o
marronoses i/o decoloracions, aparenca aigualida a la pell i/o fibrositat a la polpa
(Luriei Crisosto, 2005), tot i que pot variar en funcié del fruit i de la varietat, aix{
com de les condicions de creixement i desenvolupament (Wang, 1989). Tot i aixi, a

nivell microscopic les afectacions s6n les mateixes: desmantellament de cloroplasts
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i mitocondris, degradacié de clorofil-les, reducci6 de la mida i nombre dels grans de
mido, i acumulacié de lipids al cloroplast i cromatina al nucli que, posteriorment
afavoreixen un deteriorament accelerat del fruit (Zhang et al, 2021). Aixi com
discernir entre els fruits amb o sense danys per fred a la pell és evident, es co mplica
més quan es tracta de detectar el desordre en el mesocarpidels fruits, ja que no es
pot detectar a simple vista fins al seu consum. Per aquesta ra6, 'aparicié de danys
per fred en el mesocarpi és un dels fenomens que més rebuig causa als consumidors

i que més impacte negatiu genera sobre el mercat.

Actualment, existeixen dues hipotesis sobre els danys per fred. La primera es basa
en els danys de la membrana propis del desordre, considerant que després de I'inici
del desordre, es dona l'estres fisiologic que desencadena una série de reaccions
bioquimiques i metaboliques al teixit (Aghdam i Bodbodak, 2013). La segona
proposa que 'estrés per baixes temperatures comporta una senyalitzaci6é per ROS -
concretament de singlet d’oxigen, radicals superoxid, radicals hidroxil o peroxid
d’hidrogen- que resulta en els desordres tipics dels danys per fred amb els canvis

metabolics i bioquimics que porta associats (Aghdam i Bodbodak, 2013).

4. Tractaments per a la reduccié dels danys per fred en la post-collita

Els fruits son aliments peribles i la seva vida post-collita es pot veure afectada al
llarg de la cadena de producci6. Actualment, un dels principals reptes en el sector
fructicola és allargar la vida util dels fruits peribles durant]’emmagatzematge en la
post-collita i garantir la qualitat durant aquest temps (Zhang i Jiang, 2019). Els
ultims anys, s’ha avancat cap al desenvolupament de tecniques que permetin
allargar aquest temps i la qualitat entre la collita i el consum i, gracies a aquest
objectiu s’han descobert compostos, com I'1-metilciclopropa (1-MCP), que fins a dia
d’avui s6n comunament utilitzats en fruits climaterics com bananes, mangos, kiwis,
tomaquets, pomes i préssecs, entre d’altres, per a retardar la maduracié comercial
(Huetal, 2019; Pintado etal, 2021). També s’implementen tecniques basades en el
control de temperatures com lI'emmagatzematge en fred per tal d’evitar el

deteriorament dels fruits degutal propi metabolisme o a possibles patogens.
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4.1 Reducci6 dels danys per fred
Diversos estudis demostren que els danys per fred en productes d’origen vegetal,
com els fruits, es poden reduir mitjancant I'is d’estrategies fisiques i quimiques com
modificacions en la temperatura previa a l'emmagatzematge, canvis en la
composicié atmosferica i radiacions luminiques. Recentment, tant el mercat com la
comunitat cientifica estan apostant per alternatives més naturals que compleixin la
mateixa funci6. Destaca I'is de fitohormones —com metil salicilat i metil jasmonat -
i/o elicitors com la melatonina o 0xid nitric, entre d’altres, que permeten disminuir
els danys per fred que és el principal desordre que afecta a la collita en fruits que
passen per un procés d’emmagatzematge en fred (Aghdam et al,, 2020; Seo et al,

2020; Zhanget al,, 2020).

4.1.1 Modificacions de temperatura
Per induir una lleugera aclimatacié al fred que permeti una millor tolerancia a les
baixes temperatures s’utilitzen tecniques que consisteixen en pretractaments a
baixes temperatures previes a l'emmagatzematge en fred o, directament,
emmagatzematge a temperatures de congelacio (al voltant de 0°C) per retardar el
metabolisme cel-lular i, aixi, evitar reaccions associades al desenvolupament de
danys per fred (Fan et al, 2018). Tot i aixi, aquestes técniques segueixen en etapa
d’investigaci6. A més a més, no sén aplicables a tots els cultius i necessiten sistemes
de controlde temperaturaal llarg de tota la cadena de transport(Jayarajani Sharma,

2021)

L’0s de tractaments de calor (38-60°C) per activar sistemes de tolerancia a xocs per
temperaturatambé s’han avaluat. Consisteix en exposar atemperatures elevades els
fruits en la post-collita durant un periode de temps concret, ja sigui a través de
tractaments d’aire o d’aigua, previs a I'’emmagatzematge en fred. No obstant, la
temperatura de tractament depén tant del tipus de fruit com de factors associats al
seu cultiu i collita (Wang et al,, 1994; Woolf et al, 1997). Tanmateix, excedir-se en
temps i temperatura dels limits de tolerancia del fruit pot fomentar I'aparicié de

danys per fred, sent contraproduent per la produccié (Ma etal, 2014).

4.1.2 Emmagatzematge en atmosferes controlades
L’emmagatzematge en atmosferes controlades és una estratégia ampliament

implementada al llarg de la cadena de produccié, sobretot durant I'empaquetat de
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molts productes vegetals. Aquesta técnica consisteix en mantenir els fruits a unes
concentracions controlades de CO2 i Oz, normalment amb alts nivells de CO21i baixos
d’02 per endarrerir les reaccions aerobiques associades al metabolisme del fruit i,
per tant, I'aparicié de danys per fred (Parketal, 2018). Toti aixi, les concentracions
atmosferiques optimes per reduir els danys per fred varia depenent del producte a

emmagatzemar i, per tant, aquesta tecnologia no sempre és eficient (Liet al.,, 2019).

A més, un parametre a tenir en compte al llarg de tot 'emmagatzematge en fred és
la humitat relativa de 'ambient. Els productes vegetals emmagatzemats transpiren
iaixo suposala perduad’aigua.Zuo etal. (2021) confirmen que una humitat relativa
elevada no només permet reduir els danys per fred siné que també redueix la
transpiracio i perdua d’aigua tot augmentant la qualitat de la collita quan s’exposa

durantllargs periodes a temperatures baixes.

4.1.3 Modificacions en la radiaci6
S’utilitzen radiacions ultraviolades per reduir els danys per fred en la collita, no
obstant, s’ha de tenir en consideracié la dosi ja que siné pot potenciar els efectes de

danys per fred i malbaratar el fruit (Ruan etal., 2015; Zhang i Jiang, 2019).

4,14 Tractaments exogens (elicitors i fitohormones)
S’ha descrit que la melatonina té efectes pleiotropics en el metabolisme huma i
vegetal i, en aquest ultim, la seva funci6 és exercida des d’estadis inicials de
germinacio fins a la senescencia de la planta. Entre aquests processos, la funcié de
la melatonina destaca sobretot en respostes contra I'estres biotic i abiotic. Aixi
mateix, les baixes temperatures indueixen la sintesi de melatonina per augmentar
la tolerancia a I'estreés i, les aplicacions exogenes han demostrat ser eficients per
reduir els danys per fred associats a I'estres per fred. Aquesta tolerancia s’assoleix,
principalment, reduint I'acumulacié de ROS i fomentant la sintesi de poliamines i

d’antioxidants (Aghdam et al,, 2019; Xu et al,, 2019).

Altres elicitors naturals també han demostrat eficiencia en la reduccié de I'aparici6
de danys per fred, com ara 'acid oxalic (Jing et al, 2018), ions de calci (Li et al,
2020), I'oxid nitric (Singh et al., 2009; Jiménez-Mufioz et al,, 2021) i les poliamines

com la putrescina, espermina i espermidina (Habibii Ramezanian, 2017).
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S’ha descrit que les aplicacions d’etile, per una banda, redueixen els danys per fred
en alguns fruits com les bananes i peres pero, per altra banda, es poden agreujar els
danys en altres fruits com les prunes (Wei etal,, 2019; Candan etal,, 2008). Per tant,
s’ha generat controversia sobre els efectes d’aquesta hormona en relacié6 amb el
desenvolupament de danys. No obstant, I'is d’1-MCP, un inhibidor de la percepci6
d’etile (Pintado etal.,, 2021), ha demostrat tenir un efecte positiu contra els danys
per fred en diversos cultius horticoles, corroborant els efectes negatius sobre els
danys per fred ocasionats per I'etile en les prunes (Zheng et al,, 2021). Tanmateix,
deguta les caracteristiques que les descriuen com a naturals, segures i no-toxiques,
I'acid salicilic, I'acid jasmonic i els seus derivats han rebut especial atenci6 per part
dels cientifics i s’han estudiat la influéncia d’aplicacions exdgenes amb la intenci6 de
reduir els danys per fred i incrementar la qualitat post-collita dels fruits (Aghdam i
Bodbodak, 2013). A més, suggereixen que aquest desordre podria tenir un punt de
partida oxidatiu, on actuarien aquestes hormones inhibint enzims implicats en
aquestes reaccions d’oxidacio com la polifenol oxidasa i la peroxidasa (Cao et al,

2009).

4.2 Mecanismes fisiologics
Aixi mateix, els danys per fred poden regular-se millorant la tolerancia al fred
mitjancant 'acumulacié de soluts osmocompatibles a través de via metabodlica de
I'arginina i regulacié del metabolisme del sucre. L’arginina és un aminoacid que
participa en la sintesi de compostos com la ornitina, la prolina, les poliamines i I'0xid
nitric, els quals s’associen a processos de tolerancia al fred i reducci6 de danys
ocasionats per aquestes temperatures (Aghdam i Bodbodak, 2013). Aixi mateix,
s’ha establert que la inducci6 de formacié d’aquestes molécules a través de
I'aplicaci6 de melatonina és eficient per reduir els danys per fred (Aghdam et al,
2019).Els sucres també ofereixen tolerancia a les baixes temperatures (Wang et al,
2016)ila sevaacumulacié té un impacte directe sobrelareduccié de danys per fred,
tal i com s’ha descrit en nectarines, préssecsi peres (Zhao etal,, 2019; Wang et al,,
2019a; Zhao etal., 2021b). La senyalitzaci6 hormonal desencadenada en resposta a
les baixes temperatures també ésrellevant enla resposta de tolerancia, jaque deriva
en 'activaci6 del’expressi6 dels gens C-REPEAT BINDING FACTOR COLD RESPONSE
PATHWAY (CBF) que posteriorment produiran canvis en l'expressié genetica

d’altres molecules implicades en el procés. La cascada de gens CBF és el primer
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mecanisme de resposta a estres per temperatura en plantes (Ma et al, 2014). Una
major expressio dels gens CBF en suposen una major tolerancia a temperatures
baixes i altes, tal i com s’ha descrit en alberginies o pomes entre d’altres (Huang et
al, 2019; An et al, 2021). Tot i aixi, la reduccié de danys per fred s’associen,
majoritariament, al manteniment de la integritat de les membranes i a'augment de

la capacitat antioxidant.

4.2.1 Integritat de la membrana

La membrana cel-lular és un organul d’extrema importancia, no només perque
ofereix estructura, estabilitat i proteccié a la planta siné perque és una zona
metabolicament molt activa on es concentra un gran nombre de reaccions que es
donen a la cel-lula. Aixi com la membrana plasmatica té aquesta rellevancia, les
membranes plastidiques (incloent les tilacoidals) també sén vitals per a la
compartimentacié de processos bioquimics i per al correcte funcionament de la
cél-lula (Hernandez i Cejudo, 2021). A les membranes tilacoidals s’hi donen les
reaccions de transportd’electrons i fotofosforilacio, on hi intervenen els complexos
intercanviadors d’energia (Kobayashi et al, 2017). No obstant, sota condicions
adverses la funcionalitat d’aquests complexos es pot veure afectada, tot generant un
excés de ROS i oxidant els components principals de les membranes, incloent no
només els fosfolipids sind també els centres de reaccié del transport d’electrons
fotosintetic (Kongetal,, 2020). Amés a més, altres membranes que es troben a nivell
cel-lular tenen també moltes altres funcions metabdliques essencials, com ara la
membrana interna mitocondrial en la respiracié. Per aquesta raé, és crucial per
reduir els danys per fred garantir 'estabilitat i integritat de la membrana, sobretot
en condicions d’estres a través d’aplicacions de melatonina, 1-MCP, oxid nitric o
metil jasmonat (Wangetal, 2015; Garcia-Pastoretal, 2020; Kongetal, 2020; Zhang
etal, 2020b).

4.2.2 Sistema antioxidant
Les plantes compten amb sistemes antioxidants de naturalesa enzimatica i no-
enzimatica. Entre els components enzimatics destaquen la superoxid dismutasa,
catalasa, ascorbatperoxidasa, glutatié peroxidasa, monodehidroascorbatreductasa,
dehidroascorbatreductasaiglutatio reductasa, mentre que el sistema antioxidant

no-enzimatic inclou fenols, flavonoides, carotenoides i, com s’ha descrit
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anteriorment, diverses vitamines (Zhang et al, 2020a). Una major activitat
antioxidant suposa una reduccid en la taxa d’oxidacié6 de diversos compostos
cel-lulars, entre aquests, els lipids de membrana quan I'drgan es troba en condicions
d’estres, com l'emmagatzematge a baixes temperatures. Per tant, en conjunt
dificulten I'aparici6 de danys per fred. Diversos estudis confirmen la reducci6 de
danys per fred a través de I'aplicaci6 de tractaments exdgens com la melatonina
(Kongetal, 2020), 1-MCP (Zhang etal,, 2020b) o glicina-betaina (Yao etal, 2018) i
tractaments térmics de calor (Endo et al, 20189) que estimulen l'activitat

antioxidant, tant enzimatica com no-enzimatica a la cel-lula.

5. Model d’estudi: Persea americana Mill. cv. Bacon

L’alvocat ( Persea americana Mill.) pertany a la familia de les Lauraceae i és tipic de
climes tropicals i subtropicals. El cultiu d’aquest fruit de baia té origen a Mexic i
Centre Ameérica on el seu consum data més enlla dels 8000-7000 AC sent sempre un
important component de la dieta (Chen et al, 2009). Englobant I'espécie Persea
americana, es poden diferenciar tres races que difereixen entre diversos aspectes
pertanyentsa la floracio, la fulla i els fruits; s6nla mexicana, guatemalenca i antillana
(Paull i Duarte, 2010). Malgrat aquest fet, no hi ha barreres d’esterilitat entre les
races i, per tant, diverses tecniques d’hibridacié al llarg del temps han donatlloc a
noves varietats dintre d’aquesta espécie. Generalment, el fruit procedent de races
mexicanes o guatemalenques té més exit comercial. Destaquen en el mercat
varietats com ‘Hass’, ‘Lamb Hass’, ‘Fuerte’, ‘Pinkerton’, ‘Bacon’, ‘Zutano’ i ‘Ettinger’,
entre d’altres (Hurtado-Fernandez, 2018) pero sens dubte, la varietat ‘Hass’ és la
que ha tingut més éxit en el seu cultiu i comerg gracies a la seva facil manipulaci6 al

llarg de la cadena de producci6 i adequaci6 al consumidor per la seva petita mida.

Aixi com les diferents varietats es diferencien entre origens, cadascuna també
divergeix en aspectes transversals sobre el seu cultiu i desenvolupament com el
temps de floracid, de formacié i producci6 de fruits, 'extensié del temps de
produccié i el temps de maduracié (Hurtado-Ferndndez, 2018). Respecte al fruit, la
varietat d’alvocat ‘Bacon’ difereix lleugerament de la varietat ‘Hass’ no només en la
mida, forma, coloracié i textura de la pell, sin6 també en el temps de produccid,

essent tots dos complementaris en el mercat (Taula 1). Aixi mateix, ‘Bacon’ es
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considera un bon candidat per a la pol-linitzacié de ‘Hass’, donat que difereixen en
el tipus de floracio, sent ‘Hass’ de tipus A i ‘Bacon’ de tipus B i, a més, aquesta etapa
de floracié es solapa més entre aquestes dues varietats que amb la ‘Fuerte’, sent

aquestes les més comercialitzades (Hormaza, 2003).

Taula 1. Diferencies entre les varietats comercials d’alvocats ‘Hass’ i ‘Bacon’.

‘Hass’ ‘Bacon’

Origen Mexic x Guatemala Mexic x Guatemala
Pes 100-250g 180-350g
Color de la pell Negre Verd
Forma Pera Oval
Tolerancia al fred Baixa Alta
Produccié Hivern/primavera Tardor
Floraci6 Tipus A Tipus B
Taxa quallat del fruit 0.07-0.14% 0.03%

Generalment, els alvocats son fruits molt apreciats pels consumidors donades les
seves propietats organoleptiques com el gust, aromes i la textura. I una extrema
rellevancia s’ha atribuit en els tltims anys a les propietats nutritives del fruit, entre
les que destaquen el contingut d’acid grassos - majoritariament acid oleic (18:1) -,
de les vitamines E, C, A iles del grup B, aixi com de fitoesterols i nivells elevats de
fibra (USDA, 2011). Aixi mateix, els darrers anys se li ha prestat especial atenci6 a la
relacié entre el consum d’alvocats i una millora en la salut humana. A la ingesta
d’alvocat s’atribueixen propietats beneficioses per la salut molt diverses i moltes es
relacionen amb la reduccié del risc de patir malalties coronaries icancer (Dreher i
Davenport, 2013). D’aquesta manera, la demanda i la produccié mundial d’alvocats
esta en increment, tot i que el cultiu se segueix focalitzant a Mexic amb gairebé 2M
tones de produccié durant I'any 2018 (FAO, 2018). Espanya ocupa la quinzena
posicié en la produccié6 mundial d’alvocat, el qual és majoritariament exportat a

Europa. De forma similar a Mexic, la producci6 a Espanya ha anat creixent els altims
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anys aixi com el valor del fruit i el volum i pes d’exportaci6. Toti aixi, per raons
economiques donat que el preu de l'alvocat Espanyol és elevat per a la resta
d’Europa, les importacions d’alvocats a Espanya encara superen a les exportacions
(MAPAMA, 2019). Donada aquesta dinamica de produccié i consum d’alvocat
mundial, la industria agroalimentaria intenta avangar cap a un model econdomic
circular basat en I'is dels residus i, per aquesta raé s’investiga sobre practiques
d’extraccid en residus d’alvocats aprofitant els polifenols de I'os i la pell dels fruits
per emprar-los en la industria cosmeética i alimentaria (Gémezet al., 2014; Segovia

etal, 2016).

L’arbre d’alvocat té una produccié molt reduida i, generalment, sols un 0,1% de les
flors es desenvolupen com a fruit. La fructificacié depen de molts factors ambientals
com la temperatura, disponibilitat d’aigua i nutrients, o la radiacié solar entre altres,
que controlaran la resposta hormonal que es donara per induir aquest procés. El
fruit d’alvocat es caracteritza per la seva maduracié climatérica estretament
dependentde l'etile (Seymour i Tucker, 1993).El procés de maduracié comercial té
lloc un cop el fruit s’ha collit de 'arbre i transcorre molt rapidament, fet que deriva
en la sobre-maduraci6 promovent processos de degradaci6 on es comencen a
perdre propietats beneficioses, succeeixen canvis organoleptics poc atraients i es
redueix rapidament la integritat del fruit, esdevenint un fruit molt perible (Hiwasa-
TanaseiEzura,2014; Igbaletal, 2017).A mésa més, duratla post-collita succeeixen
pérdues en la producci6 al voltant del 5% i 50% depenent el pais, ja sigui per
manipulacio, danys mecanics, estressos abiotics o bidtics o per sobre-maduracid, fet
que evidencia la necessitat d’estrategies de conservacié durant aquesta fase en la
cadena de producci6 (Hofman et al, 2002). Aixi, en alvocats s’implementa
'estrategia de I'emmagatzematge a baixes temperatures per retardar la produccié
d’etile i, en conseqiiencia, la maduracié comercial tot allargant la vida util del fruit.
No obstant, aquesta técnica pot derivar en una perdua de les propietats que tant
beneficien als consumidors i, fins i tot, donar lloc a una maduracié comercial no
uniforme o, en alguns casos, desencadenar danys per fred. El fenomen conegut com
a danys per fred en alvocats es desencadena quan els fruits s6n emmagatzemats a
baixes temperatures i se sobrepassen els limits de temps (entre 2 i 4 setmanes) o de
temperatura per sobre de la qual la varietat del fruit en qliesti6 ja no pot tolerar,

generalment per sota de 5°C (Bill et al, 2014). En el fruit d’alvocat, els danys per
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fred poden afectar tant a la pell com al mesocarpii es distingeix per I'aparicio de
zones negres en la pell o enfosquimenti decoloraci6é del mesocarpi. Aixi com la tria
d’alvocats amb pell afectada és facil, la identificaci6 d’alvocats amb mesocarpi
afectat és impossible sense I'is d’'un metode destructiu i, per tant, acaba generant

un gran rebuig en els consumidors creant un impacte negatiu en la comercialitzacié

(Razeto et al., 2004).

26



OBJECTIUS

27



28



L’objectiu principal de la tesi és 'estudi de processos fisiologics desencadenats en
resposta a I'exposicié a baixes temperatures en fruits d’alvocat de la varietat ‘Bacon’
(Persea americana Mill. cv. Bacon) i determinar I'impacte en la qualitat antioxidant,
aixi com proposar estrategies per augmentar la qualitat del fruit quan es conserva
durant llargs periodes de temps en cambres fredes. A més a més, com a objectius

especifics es pretén:

= [dentificar el contingut de tococromanols en la varietat comercial d’alvocat

‘Bacon’.

= Estudiar I'impacte de I'emmagatzematge en fred a curti llarg termini sobre

I’acumulacioé de vitamina E.

= Determinar com esta regulat el procés de maduracié comercial en el fruit i

I'efecte del fred sobre el procés.

= Coneixerlarespostahormonal que es desencadena en fruits emmagatzemats

a baixes temperatures.

= Quantificar els nivells de vitamina Be en diferents varietats d’alvocati establir
teécniques per augmentar-ne considerablement el seu contingut endogen en

varietats deficients o amb continguts baixos.

= Analitzar els possibles efectes d’aplicacions exogenes de PLP per immersio

sobre la qualitat i la maduraci6é comercial del fruit.

= Determinar els efectes de tractaments exogens de PLP sobre la qualitat de

fruits emmagatzemats a temperatures baixes.

= Avaluar I'eficiéncia de I'is de metil jasmonat per esprai sobre fruits d’alvocat
en la post-collita per reduir els danys per fred en fruits emmagatzemats a

baixes temperatures.

= Determinar el mecanisme de regulaci6 dels danys per fred en el fruit

d’alvocat tractat amb metil jasmonat.
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Capitol 1. Article “Identification of a new variety of avocados (Persea americana Mill. CV. Bacon)
with high vitamin E and impact of cold storage on tocochromanols composition”, publicat per C.
Vincent, T. Mesa i S. Munné-Bosch a la revista Antioxidants, index d’impacte (2020) de 6.313 i posicionat
en el Q1 en Ciéncia i Tecnologia dels Aliments. En aquest treball es fa un estudi dels nivells de vitamina
E, els quals sén analitzats per cromatografia liquida d’alta resolucié (HPLC) i la seva identificacid
confirmada per cromatografia liquida acoblada a espectrometria de masses en tandem (LC-MS/MS), en
diverses varietats d’alvocats (incloent també diversos origens en algunes d’aquestes varietats) i la seva
resposta a 'emmagatzematge en fred. Es descriu de forma original que la varietat “Bacon” és entre les
varietats estudiades la que conté continguts més alts de vitamina E, fins i tot més que la varietat “Hass”
que és la varietat més utilitzada comercialment, i es descriuen aixi mateix els efectes de
l'emmagatzematge en fred sobre els continguts d’aquesta vitamina. La doctoranda ha realitzat tot el
mostreig, les analisis de les mostres, el tractament estadistic i 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
treball. La doctoranda ha demostrat una gran capacitat de treball, aixi com un excel-lent maneig en els
mostrejos i una excel-lent predisposicié en la introduccio6 a I'is de 'HPLC i la LC-MS/MS per a les analisis

de vitamina E. La doctoranda demostra també una gran capacitat d’analisi i interpretacié dels resultats.

Capitol 2. Article “Hormonal interplay in the regulation of fruit ripening and cold acclimation in
avocados”, publicat per C. Vincent, T. Mesa i S. Munné-Bosch a la revista Journal of Plant Physiology,
index d'impacte (2020) de 3.549 i posicionat en el Q1 en Biologia Vegetal. En aquest treball s’examinen
les variacions en els continguts endogens de fitohormones, amb un émfasi especial en la possible funcié
de I'acid abscisic i dels jasmonats en la regulacio de la tolerancia al fred en alvocats en post-collita. Cal
destacar la importancia de I'estudi en quan a la dificultat d’analitzar diferents fitohormones simultaniament
per LC-MS/MS en mostres complexes, com ara el mesocarpi de l'alvocat en diferents estadis de

maduracié. Es descriu per primera vegada la importancia de diverses hormones, més enlla de l'etile, en el
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control de la maduracié en alvocats, aixi com el paper de diverses hormones en la tolerancia al fred en la
vida post-collita de I'alvocat. La doctoranda ha realitzat tot el mostreig, 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, aixi com excel-lents aptituds en l'analisi estadistic i interpretacié de les
dades i elaboracié de models de regulacié hormonal.

Capitol 3. Article “Quality determination of avocado fruit immersed in a pyridoxal 5’-phosphate
solution”, redactat per C. Vincent i S. Munné-Bosch i acceptat i en revisié a la revista Journal of Food
Composition and Analysis, index d’'impacte (2020) de 4.556 i posicionat en el Q1 en Ciencia i Tecnologia
dels Aliments. En aquest treball es descriu, entre altres aspectes, la importancia de I'aplicacié de vitamina
Be per immersié per a la millora de la qualitat dels alvocats en post-collita. Cal destacar I'aproximacié
experimental, amb un caire molt més enfocat en I'ambit de I'alimentacié que en els anteriors capitols,
original i amb un alt valor cientific, ja que es demostra per primera vegada que l'aplicacié de piridoxal 5’-
fosfat per immersio pot tenir efectes positius no només per augmentar els baixos nivells de vitamina B6
en alvocats de la varietat “Bacon” siné també per augmentar els continguts de tococromanols durant
llargs periodes d’'emmagatzematge en fred. La doctoranda ha realitzat tots els mostreigs i analisis de les
mostres, ha realitzat el tractament estadistic i I'elaboracié dels resultats, i a més ha participat en el
disseny experimental i discussid dels resultats, constant per tant com a primera autora del treball. La

camp de l'alimentacidé, a més d’un excel-lent maneig al laboratori.

Capitol 4. Article “Methyl jasmonate application reduces chilling injury in ‘Bacon’ avocado (Persea
americana Mill. cv. Bacon)”, enviat per C. Vincent, C. Mirabent i S. Munné-Bosch a la seva publicacié a
la revista Plant Physiology and Biochemistry, index d’'impacte (2020) de 4.270 i posicionat en el Q1 en
Biologia Vegetal. En aquest darrer treball experimental es descriu la importancia i mecanismes d’accié de
I'aplicacié de metil jasmonat per a millorar la qualitat en la vida post-collita dels alvocats emmagatzemats
en fred. 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 discussié 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 I'article com en els altres capitols de la tesi. La

doctoranda demostra un excel-lent grau de maduresa cientifica.
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RESUM

Els tococromanols s6n un grup de compostos liposolubles que inclouen la vitamina
E (tocoferols i tococtrienols) i el plastocromanol-8 i, només un alvocat ja pot
contenir fins un 20% de la ingesta diaria recomanada. Els analisis de HPLC i LC-
MS/MS es van realitzar en alvocats de diverses varietats i origens per identificar i
quantificar els tocoferols, tocotrienols i plastocromanol-8 al mesocarpi. Després de
la selecci6 de la varietat amb més vitamina E es va avaluar l'impacte de
I'emmagatzematge en fred a curt (4h) i llarg (10d) termini sobre I'acumulaci6 de
tococromanols. Els analisis revelen que els alvocats ‘Bacon’ ( Persea americana Mill
cv. Bacon) van ser els més rics en vitamina E comparat amb altres varietats (inclosa
la varietat ‘Hass’ altament comercialitzada) i que aquests no només van acumular
tocoferols (amb 110 pg d’a-tocoferol per g pes sec) sin6 també tocotrienols
(majoritariament, en forma de y-tocotrienol, amb 3 pg per g pes sec) i
plastocromanol-8 (4.5 pg per g pes sec). Mentre que 'emmagatzematge en fred a
curt termini no va afectar negativament el contingut d’a-tocoferol, va augmentar els
nivells de y-tocoferol, y-tocotrienol i plastocromanol-8 i va disminuir els de &-
tocotrienol. A més, 'emmagatzematge dels alvocats ‘Bacon’ durant 10 dies va
suposar la reduccié del 20% del contingut d’a-tocoferol mentre que el contingut
d’altres tocoferols, de tocotrienols i de plastocromanol-8 no va ser afectat. Es
conclou que els alvocats ‘Bacon’ (i) sén molt rics en a-tocoferol, (ii) no només
contenen tocoferols sin6 també tocotrienols i plastocromanol-8, i (iii) el valor
nutricional degut a la vitamina E es veu negativament influenciat per

I'emmagatzematge en fred durantllargs periodes de temps.
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Abstract: (1) Background: Tocochromanols are a group of fat-soluble compounds including vitamin
E (tocopherols and tocotrienols) and plastochromanol-8, and just one avocado can contain up to
20% of the required vitamin E daily intake. (2) Methods: HPLC and LC-MS/MS analyses were
performed in avocados of various varieties and origin for the identification and quantification of
tocopherols, tocotrienols and plastochromanol-8. After selection of the variety with the highest
vitamin E content, we evaluated to what extent short- (4 h) and long-term (10 d) cold storage influences
the accumulation of tocochromanols. (3) Results: Analyses revealed that “Bacon” avocados (Persea
americana Mill. cv. Bacon) were the richest in vitamin E compared to other avocado varieties (including
the highly commercialized Hass variety), and they not only accumulated tocopherols (with 110 pg
of x-tocopherol per g dry matter), but also tocotrienols (mostly in the form of y-tocotrienol, with
3 ug per g dry matter) and plastochromanol-8 (4.5 ug per g dry matter). While short-term cold shock
did not negatively influence x-tocopherol contents, it increased those of y-tocopherol, y-tocotrienol,
and plastochromanol-8 and decreased those of 6-tocotrienol. Furthermore, storage of Bacon avocados
for 10 d led to a 20% decrease in the contents of x-tocopherol, whereas the contents of other tocopherols,
tocotrienols and plastochromanol-8 were not affected. (4) Conclusions: It is concluded that Bacon
avocados (i) are very rich in a-tocopherol, (ii) not only contain tocopherols, but also tocotrienols and
plastochromanol-8, and (iii) their nutritional vitamin E value is negatively influenced by long-term
cold storage.

Keywords: avocados (Persea americana Mill.); low temperatures; plastochromanol-8; tocotrienols;
tocopherols; tocochromanols

1. Introduction

Tocochromanols are a group of amphiphilic molecules that includes tocopherols, tocotrienols
and plastochromanol-8 [1,2]. These are all composed by a polar chromanol head and a highly apolar
polyprenyl side chain that provide them with the capacity to exert an antioxidant function in membranes,
from cyanobacteria and plants where they are synthetized until a variety of tissues in animals and
humans, which incorporate tocochromanols regularly from their daily dietary intake [1,2]. While
tocopherols have a saturated phytyl-derived side chain, tocotrienols and plastochromanol-8 tails
are more unsaturated since they derive from geranylgeranyl-diphospate and solanesyl-diphospate,
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respectively [3]. Both tocopherols and tocotrienols include various homologues according to the
position and methylation degree in the chromanol head, thus identifying four different molecules
for each group (x-, 3-, y- and d-tocopherols and -tocotrienols). All tocochromanols exert an efficient
antioxidant activity by inhibiting the propagation of lipid peroxidation through scavenging lipid
peroxyl radicals and by preventing it through the (physical) quenching and (chemical) scavenging of
singlet oxygen, not only in plant tissues where they are synthetized, but also in humans, although such
a role is mainly generally attributed to x-tocopherol in the human body, since this is the major form
transported by a specific protein [4].

While a-tocopherol is a universal molecule found in plants, animals and humans, tocotrienols
have not been described in all photosynthetic tissues; rather, they accumulate in seeds and fruits of
some plant species only [5,6]. Similarly, plastochromanol-8 is not present universally, despite being
found in many plant tissues such as seeds, leaves, buds, flowers and fruits of several species [2,7,8].
Interestingly, in vitro studies in hydrophobic solvents show a higher antioxidant activity against singlet
oxygen for tocotrienols and plastochromanol-8 than for tocopherols, which has been attributed to
their more apolar structure of the side chain [2]. New nutraceutical functions have been recently
attributed to tocotrienols. For instance, antiangiogenic properties against osteoporosis, atherosclerosis,
inflammatory processes and many types of cancer (like colorectal, prostate, lung and pancreas cancer)
have been reported, mainly for 8- and y-tocotrienol forms [9]. Otherwise, despite not being considered
a molecule belonging to the vitamin E family, the antioxidant activity of plastochromanol-8 is of great
relevance in plants and it may also probably display beneficial properties in humans, although to our
knowledge this has not been studied thus far in detail.

Cold storage of fruits is an effective means to prevent food deterioration, particularly in climacteric
fruits such as avocados (Persea americana Mill), where low temperatures reduce ethylene production
and therefore inhibit fruit over-ripening [10,11]. Indeed, introducing avocado fruits in cold chambers
is a common technique implemented for preventing their early deterioration, thus increasing fruit
marketability. However, the cellular redox balance in fruits may be threatened by the extent of low
temperature exposure in storage chambers before fruits reach the consumers. Indeed, low temperature
shocks or long-term cold exposure can cause a loss of cellular antioxidant defenses in fruits [12-14]. Asa
result, oxidative reactions may occur in an uncontrolled manner resulting in sustained oxidative stress
and tissue damage [13]. To fight against oxidation reactions at low temperatures, tocopherols, mainly
a-tocopherol, have been suggested to be essential for attaining acclimation in plants [3]. Additionally,
some studies have reported that tocotrienols may be as effective as tocopherols in protecting leaves
from photooxidation processes under low temperatures [1]. Although several studies have been
performed in leaves of Arabidopsis and other model plant species to link tocopherol accumulation
and low temperature acclimation [15-18], very few studies have investigated thus far the influence
of cold temperature storage on the accumulation of tocochromanols in fruits; except for an increase
in tocopherols upon 3 d of storage at cold temperatures in sweet cherries, which is a fruit with low
concentrations of fatty acids and vitamin E [19] and a maintenance of constant a-tocopherol contents in
oil of Fuerte avocados upon exposure to 5 °C for three weeks [20]. To our knowledge, the effects of low
temperatures on the accumulation of tocochromanols in other avocado varieties, and of tocotrienols
and plastochromanol-8 in fruits in general have not been investigated thus far.

Avocados (Persea americana Mill) are highly valuable fruits with increasing interest for consumers
thanks to their nutraceutical properties due to antioxidant contents, such as ascorbate (vitamin C,
8.8 mg/100 g) and B-type vitamins (such as vitamin Bg, 0.29 mg/100 g), fiber (6.8 g/100 g), phytosterols
(83.1 mg/100 g), monounsaturated fatty acids (9.8 g/100 g) and vitamin E (2.36 mg/100 g) [21]. These are
originally from Mexico where tropical environmental conditions permitted hybridization techniques
that have led to the wide number of varieties currently found worldwide [22]. Nevertheless, the main
producing countries are still those with warm climates which export a huge percentage of their
production to other continents [23]. Hass is the most widely produced and commercialized avocado
variety worldwide, while Bacon, a hybrid variety originally cultivated in 1954 by James Bacon in
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California, occupies the third position (after Hass and Fuerte) in terms of agricultural production in
Spain, the main avocado producer in Europe [24]. Here, avocado fruits (Persea americana Mill) were
investigated aiming to determine (i) the amounts and composition of tocochromanols in the edible
part of various avocado varieties and (ii) how cold storage in the short and long term influences
tocochromanol contents in Bacon avocados. This study shows to what extent cold storage implemented
along the supply chain can negatively influence the nutritional quality of avocados in terms of vitamin
E accumulation.

2. Material and Methods

2.1. Plant Material and Samplings

Avocados (Persea americana Mill.), either collected at commercial harvest maturity in the field or
purchased from supermarkets in a non-ripe stage (depending on the experiments, see details below),
were immediately brought to the laboratory at the University of Barcelona (Barcelona, NE Spain) and
used for assays. In all cases, fruits were selected for homogeneity according to their size and lack of
pathogen symptoms. Three independent experiments were performed.

For the identification of tocochromanols in various avocado varieties and origins (experiment
1), fruits were purchased in local supermarkets or markets, as follows. Non-ripe Hass avocados
originated from Brazil, Peru and Spain, and identified as such in their label, were obtained from
a supermarket in Barcelona (NE Spain) and immediately transported at room temperature by car
to the laboratory. Non-ripe Hass and Fuerte avocados from Chile and Govin avocados from Cuba
were obtained from local markets and transported by plane and car to the laboratory. Finally, Bacon
avocados were obtained from a commercial orchard in Malaga (south Spain) at a mature stage and
brought to the laboratory after 12 h of transportation at 8-10 °C. All fruits were then exposed to room
temperature in the laboratory at the University of Barcelona and when firmness attained levels of
3N for all fruits from all varieties and origins, then the mesocarp tissue of four fruits per variety and
origin was sampled and immediately frozen in liquid nitrogen and stored at —80 °C until analyses.
With these samples, tocochromanols were quantified by high-performance liquid chromatography
(HPLC) and identification of compounds confirmed by liquid chromatography coupled to electrospray
ionization mass spectrometry in tandem (LC-ESI-MS/MS).

The influence of short-term, cold shock exposure on tocochromanol accumulation in Bacon
avocados (experiment 2) was examined by performing samplings just before and after 4 h of cold
shock of fruits at 4 °C in a cold storage chamber (Frimatic, S.A., Barcelona, Spain). Samples from 18
randomly selected fruits at each time point including 0 h and 4 h were immediately frozen in liquid
nitrogen and stored at —80 °C until analyses. With these samples, tocochromanols were quantified by
HPLC while the extent of lipid peroxidation and changes in photosynthetic pigments were estimated
spectrophotometrically, as described below.

The influence of long-term exposure to low temperatures on tocochromanol accumulation in Bacon
avocados (experiment 3) was examined by performing samplings just before and during exposure
for a period of 10 d of cold storage of fruits at 4 °C using the same cold chamber (Frimatic, S.A.).
Mesocarp samples from 18 randomly selected fruits at times including0d,2d,5d,7 d and 10 d of low
temperature exposure were immediately frozen in liquid nitrogen and stored at —80 °C until analyses.
With these samples, tocochromanols were quantified by HPLC while the extent of lipid peroxidation
and changes in photosynthetic pigments were estimated spectrophotometrically, as described below.

2.2. Tocochromanol Analyses

The quantification of the different tocochromanol forms, including tocopherols, tocotrienols and
plastochromanol-8, was performed as described previously [25] with some modifications. One-hundred
mg of avocado (mesocarp) sample was extracted with 1 mL of methanol containing 0.01% (w/)
butyl-hydroxytoluene (BHT) and 5 ppm (w/v) of tocol as an internal standard. Extraction was performed
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using 30 min of ultrasonication (Bransonic ultrasonic bath 2800, Emerson Industrial, Danbury, CT,
USA) just after vortexing for 20 s. Then, samples were centrifuged at 600 ¢ during 10 min at 4 °C to
subsequently recover supernatants with a hydrophobic PTFE filter 0.22 um (Phenomenex, Torrance,
CA, USA). Tocochromanols were separated by HPLC at room temperature using an Inertsil 100A
column (5 pm, 30 x 250 mm, GL Sciences Inc., Tokyo, Japan). Quantification was performed using a
Jasco fluorescence detector (FP-1520, Tokyo, Japan) and a calibration curve established with each of the
tocochromanols analyzed and corrected with the tocol recovery, which was always above 97%.

The identification of tocochromanols was confirmed by using high-performance liquid
chromatography coupled to electrospray ionization mass spectrometry in tandem (LC-ESI-MS/MS) as
described previously [26]. Methanolic extracts were obtained as described before for the HPLC analyses
and used here for the identification of tocochromanols by LC-ESI-MS/MS. Tocochromanol separation
was performed with an Inertsil 100A column (5 um, 30 X 250 mm, GL Sciences Inc. (Tokyo, Japan), and
an isocratic flow of hexane:dioxane (95.5:4.5 v/v) mobile phase. The MS acquisition was performed
using negative ionization between m/z 100 and 650, with the Turbo Ionspray source. In addition,
quadrupole time-of-flight (QqToF) mass spectrometry was used to obtain product ion information.
The MS parameters were: ion spray voltage, —4200; declustering potential (DP), —40; focusing potential
(FP), —150; declustering potential two (DP2), —10; ion release delay (IRD), 6 V; ion release width
(IRW), 5 ms; nebulizer gas, 50 (arbitrary units); curtain gas, 60 (arbitrary units), and auxiliary gas Ny,
6000 cm® min~! heated at 500 °C.

2.3. Lipid Peroxidation Assays

To determine the extent of lipid peroxidation, primary (lipid hydroperoxide) and secondary
(malondialdehyde, MDA) lipid peroxidation products were analyzed, as follows. For lipid hydroperoxides
analyses, frozen samples (100 mg) were repeatedly (three times) extracted with 1 mL methanol + 0.01%
BHT (w/v) at 4 °C using 30 min of ultrasonication (Bransonic ultrasonic bath 2800). After centrifugation,
supernatants were collected, combined and used for analyses using the Fox-2 reagent (consisting in
a solution of 90% methanol (v/v) containing 25 mM sulfuric acid, 4 mM butylhydroxyltoulene (BHT),
250 uM iron sulfate ammonium (II) and 10 uM xylenol orange) as described in Bou et al. [27]. Absorbances
were measured at 560 nm and 800 nm. A calibration curve using hydrogen peroxide 37% (v/v) was used
for quantification.

For estimation of the MDA content, the thiobarbituric acid-reactive substances (TBARS) assay,
which considers the possible influence of interfering compounds, was used [28]. In short, 100 mg of
sample was extracted with 3 mL of ethanol 80% (v/v) containing 0.01% (w/v) BHT, vortexed for 20 s and
exposed to ultrasonication for 15 min (Bransonic ultrasonic bath 2800). After centrifuging at room
temperature for 13 min at 600 g, the supernatant was recovered, and the pellet re-extracted twice using
the same procedure. Then, two tubes were used: (a) — TBA, with 1 mL extract + 1 mL 20% trichloroacetic
acid (w/w) 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 for 25 min at 95 °C and
then the reaction was stopped by maintaining them at 4 °C for 10 min. After centrifugation at 600 g at
room temperature for 5 min, MDA content in samples were analyzed by spectrophotometry at 440, 532
and 600 nm and quantified using the equations developed by Hodges et al. [28].

2.4. Chlorophyll Content

To determine total chlorophyll content, samples (100 mg) were extracted in 1 mL of methanol
+ 0.01% BHT as explained before, using vortex and ultrasonication for 30 min at 4 °C. Supernatants
were collected after centrifugation for 10 min at 600 ¢ and 4 °C. Chlorophylls were measured
spectrophotometrically reading absorbances at 653, 666 and 750 nm and measuring chlorophyll content
as described [29].
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2.5. Statistical Analyses

Statistical analyses were performed by one-way ANOVA and Tukey posthoc tests were used for
multiple comparisons among time (IBS SPSS Statistics 19; SPSS Inc., Chicago, IL., USA). Differences
were considered significant when p values were under the significance level « = 0.05.

3. Results

3.1. Identification of Tocochromanols in Various Avocado Varieties

In order to determine the presence and amount of tocochromanols in the mesocarp (edible part of
the fruit) of different avocado varieties, HPLC and LC-ESI MS/MS analyses were performed. Among
the various varieties and origins tested, Bacon avocados from Spain showed the largest amount of
vitamin E (Table 1A). Bacon avocados contained 2.4 mg x-tocopherol per 100 g of edible fruit, which
coincided with a very low quantity of its precursor y-tocopherol in the tissue (Table 1A). Bacon was
the variety with the highest tocochromanol content among all studied varieties. By contrast, Govin
from Cuba, Hass from Brazil and Hass from Pert were the avocados showing the lowest amounts of
total tocochromanols.

Table 1. Contents of tocochromanols in different avocado varieties, including various origins.

(A) Tocochromanol (ug/100 g FW)

o-T B-T v-T v-TT 8-TT PC-8 Total TCs
Bacon Spain 2371+ 148° 1403 +227¢  503+11.2  422+33  477+57 191 +23P 2848 + 181¢
Fuerte Chile 2190 +52°¢ 798 +49bd 299445 32.1+5.0 ND 192 + 170 2524 + 532b¢
(}11}?1812 2068 + 48> 884+7.6  514+51  274+38 ND 300+ 18 2535+ 61b¢
Govin Cuba 2004 + 129b¢ ND 255+5.5 296 +1.8 ND 93 + 42 2152 + 1332
HassSpain 1997 +211b¢ 579 + 823 505+43 39.2+£37 ND 284 +£21° 2434 + 2967b°
Ilf:rsj 1592 + 225> 141 + 822 364+34  321+115 ND 378 +224 2062 + 2242b
Hass Brazil 816 + 209? 18.0 + 6.82P 31.8 +4.7 429+63 ND 226 + 12P 1138 + 2173b
(B) Tocochromanol (ug/g DW)
o-T B-T v-T v-TT 8-TT PC-8 Total TCs
Bacon Spain 1273 £10.7°  75+1.2° 27+06°  22+01%  25+03  103+14P 153 + 13°
Fuerte Chile  47.3 + 4.8% 1.7 £0.12 0.6 +0.12 0.7 +0.12 ND 42+ 0.7 54 + 52
Hass ab a ab a ab a
Chile 60.4 + 1.6 2.6 +0.3 1.5+0.2 0.8+0.1 ND 8.8+ 0.6 74 £2
Govin Cuba 1742 + 16.29 ND 22 +0.42 2.6 +0.2° ND 8.1+ 0.8% 187 + 17°
Hass Spain 62.3 + 5.22b 1.8 +0.27 1.6 + 0.05 0162953 ND 9.0 +1.02b 76 + 5
Hass b a a abc C 2
Perd 784 +9.8 0.7 + 0.4 1.8 + 0.08 1.7 + 0.6 ND 18.7 + 0.6 102 + 10
Hass Brazil 335 + 8.42 0.7 + 0.3 1.3+022 1.8 +0.4°%c ND 9.4+ 0.5° 47 + 8

(A) Per 100 g fresh weight and (B) per g dry weight (DW). Data, which were obtained using the mesocarp of fruits
in their optimum stage of ripening, show the mean of n = 4 fruits. Lower case letters (a—d) indicate differences
between avocado varieties when p < 0.05. Trace amounts of d-tocopherol and «-tocotrienol could not be properly
quantified and are not shown here. T, tocopherol; TT, tocotrienol; PC-8, plastochromanol-8; ND, not detected.

A comparison of four origins of Hass avocados (Chile, Spain, Pertd and Brazil) revealed that
the origin had a very strong effect on tocochromanol contents, including «-tocopherol (Table 1). All
avocado varieties behaved similarly to Bacon avocados from Spain in terms of accumulating most
of the tocochromanols in the form of x-tocopherol but both Bacon from Spain and Govin from Cuba
presented a larger amount of a-tocopherol than the highly commercialized Hass variety irrespective of
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its origin. Furthermore, although plastochromanol-8 was present in all avocado varieties, its contents
were higher in Hass varieties (irrespective of the origin) than in Bacon and Govin (from Spain and
Cuba, respectively). Notably, 5-tocotrienol seemed to be exclusively present in Bacon (Table 1A).
Results differed slightly when comparing the vitamin E amounts per unit of dry weight in different
varieties; Bacon occupied the second position in terms of vitamin E accumulation, just after Govin,
as the contents of a-tocopherol were higher in these two varieties than in Hass or Fuerte (Table 1B).
Moreover, total tocochromanol contents were also higher in Bacon when compared to the other highly
commercialized varieties, except for Govin which occupied the first position just before Bacon variety
(Table 1B).

The major tocochromanol present in the mesocarp (edible tissue) of Bacon avocados was
a-tocopherol (with an 87.8%), as clearly observed in the HPLC chromatogram (Figure 1A), followed by
plastrochromanol-8, 3- and y-tocopherols, and 6- and y-tocotrienols (Table 1A). HPLC identification
by retention time was confirmed by LC-ESI MS/MS using the corresponding authentic standards,
which showed exactly the same fragmentation patterns as the corresponding peaks in the samples
(Figure 1). This tocochromanol profile in Bacon avocados, enriched in the a-tocopherol form and with
the presence of d-tocotrienol, is different from that found for the Hass variety (Table 1, see also [30,31]).

A HPLC Chromatogram

MS/MS Sample MS/MS Standard

i 103.09 103.09
| " a-Tocopheral

429.4 y 429.4

414.37

v-Tocotrienol

394.32 i3 394.32

409.34 s 409.34

749.65
Plastochromanol-8

. 149.08

734.62

y-Tocotrienol; yTT

HO. ~ R
1 i a-Tocopheral; aT
[*}

HO. A,
Tl W
0
|

HO.

y-Tocopherol; yT

A A

T s,

cH?

HY, 8
"
e, o f ot
CH?
HO

S-Tocotrienol; §TT

Plastochromanol-8; PC-8

Figure 1. (A): Separation (by HPLC, left) and identification (by liquid chromatography coupled to
electrospray ionization mass spectrometry in tandem [LC-ESI-MS/MS], center and right) of tocochromanols
in Bacon avocados. (B): Chemical formula of tocochromanols identified in Bacon avocados.
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3.2. Cold-induced Changes in Tocochromanol Composition in Bacon Avocados

After a low temperature shock for 4 h, the contents of the major tocochromanol present in the
mesocarp of Bacon avocados, a-tocopherol, were not altered (Figure 2). The same was observed
for 3-tocopherol, but not for the other tocochromanols. While the contents of plastochromanol-8,
v-tocopherol and y-tocotrienol increased, those of 8-tocotrienol decreased, with the latter showing
a reduction by 60% under cold treatment (Figure 2). This cold-induced shift in the tocochromanol
composition was accompanied by an increase in the extent of lipid peroxidation, as indicated by 60%
increases in lipid hydroperoxides and malondialdehyde contents, while chlorophyll levels and the
chlorophyll a/b ratio remained unaltered (Figure 3).
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Figure 2. Influence of short-term (4 h) exposure of Bacon avocados to cold temperatures (4 °C) in the
contents of tocochromanols. Data represent the mean + SE of n = 18 fruits. Differences were considered
significant when p < 0.05. DW, dry weight.
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Figure 3. Influence of short-term (4 h) exposure of Bacon avocados to cold temperatures (4 °C) in the
contents of chlorophylls, chlorophyll a/b ratio and the extent of lipid peroxidation (estimated as the
contents of lipid hydroperoxides and malondialdehyde, as indicators of primary and secondary lipid
peroxidation, respectively). Data represent the mean =+ SE of n = 18 fruits. Differences were considered
significant when p < 0.05. DW, dry weight.

Total tocochromanol contents showed a decrease by 16% after 10 d of storage at low temperatures,
which was mostly due to a significant decrease in tocopherols but not tocotrienols (Figure 4). Part of
this loss was related to the decrease in the major tocochromanol form in Bacon avocados, a-tocopherol,
which decreased by 20% after 10 d of cold storage (Figure 4). When o-tocopherol contents were
expressed on a fresh weight basis (either per 100 g FW, per fruit, half fruit or serving), a decrease in
its contents was also observed, thus offering a lower amount (by 15%) of a-tocopherol per amount
of fruit consumed (Figure 4). This reduction in vitamin E contents occurred progressively over time,
as revealed by the time-course evolution of x-tocopherol contents (Figure S1), but most particularly
between 5 d and 10 d of cold storage. In contrast to short-term exposure to cold temperature, the
other tocochromanol forms were not clearly affected by long-term cold storage, although y-tocopherol
and d-tocotrienol showed slight variations over time (Figure S1). Reductions of «-tocopherol during
long-term storage at low temperatures was coincident with a 3.4-fold increase in malondialdehyde
contents after 10 d of cold storage (Figure S2).
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Figure 4. Influence of long-term (10 d) storage of Bacon avocados at cold temperatures (4 °C) in the
contents of total tocochromanols, tocopherols, tocotrienols and «-tocoperol. Contents of x-tocopherol
are also shown in mg per 100 g of mesocarp in fresh weight (FW), per one fruit (136 g FW), per
a half (68 g FW) and per serving according to the Nutrition Labelling and Education Act (NLEA;
corresponding to 30 g FW). Data represent the mean + standard error of n = 18 fruits. Differences were
considered significant when p < 0.05. DW, dry weight.

4. Discussion

4.1. Bacon is a Variety of Avocados with High Tocochromanol Contents

Among the avocado varieties examined in our study, Bacon from Spain was the one showing
the highest vitamin E content. All varieties showed a similar tocochromanol composition, so that
the major tocochromanol was «-tocopherol, except Bacon, which also accumulated some amounts of
d-tocotrienol. Hence, tocochromanols composition was in general enriched in x-tocopherol, with a
diminished accumulation of other tocopherols and tocotrienols, with the overall most notable exception
of y-tocochromanols in all varieties and additionally of 5-tocotrienol in Bacon. Varietal differences
might be associated not only with the geographical origin of the fruit, as shown in our results, but also
with the highly heterozygous genetic origin of avocado races. Persea americana includes P. americana
var. drymifolia (commonly known as Mexican race), var. guatemalensis (known as Guatemalan race)
and var. americana (or West Indian race). While Bacon is obtained from the hybridization of Mexican x
Guatemalan races, Hass variety is generally reported to have a pure Guatemalan origin [32]. However,
breeding strategies, cross- and self-pollination techniques, different strategies of cultivation and the
posterior selection according to farmer preferences, like high yield, fruit quality and long shelf life,
usually give rise to quite heterogenic crops in the same variety, which might lead to the observed
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differences in the Hass avocados from different origins studied here that showed notable differences in
the accumulation of tocochromanols.

Plastochromanol-8 accumulation in fruits may be of particular relevance since this is also a
powerful antioxidant, even showing higher antioxidant activity than a-tocopherol in hydrophobic
environments due to its more highly unsaturated prenyl chain [2]. Plastochromanol-8 was found
in mesocarp tissue of avocado fruit at relatively low amounts compared to a-tocopherol, but some
differences between cultivars were observed. In this case, Hass was the variety with the greatest
amount of this compound compared to the other studied varieties, including Bacon. Furthermore, we
reported here on the accumulation of tocotrienols in avocados, which contrasts with a recent report [8]
showing the accumulation of plastochromanol-8 but not of tocotrienols in Hass avocado. Our study
shows that tocotrienols may accumulate in avocado fruits, in particular in some varieties such as Bacon.
Notably, 6-tocotrienol was only found in Bacon among all studied varieties. Beneficial properties for
humans have recently been attributed to this compound, in particular to help in the prevention of the
development of various cancers, including breast, colorectal, lung and many other types of cancer,
apart from providing anticholesterolemic and antidiabetic benefits [33-35]. Although the contents of
d-and y-tocotrienols were relatively low compared to that of x-tocopherol in Bacon avocados, these
compounds might, to some extent, exert an additional beneficial response in the human body, an aspect
that deserves further investigations.

4.2. Effects of Short and Long-Term Storage on Tocochromanol Contents

While a low temperature shock for 4 h did not alter «-tocopherol contents in the mesocarp of
Bacon avocados, long-term storage for 10 d led to significant decreases in vitamin E contents. In
contrast to unaltered contents of tocopherols after 4 h of low temperature exposure, the contents of
plastochromanol-8, y-tocopherol and y-tocotrienol increased, and those of d-tocotrienol decreased,
the latter showing a reduction by 60% under cold treatment. Therefore, cold shock led to significant
reductions in the levels of d-tocotrienol and the cold-induced shift in the tocochromanol composition
was accompanied by an increase in the extent of lipid peroxidation, as indicated by 60% increases in lipid
hydroperoxides and malondialdehyde contents. Interestingly, chlorophyll contents were unaltered
during the same period and Bacon avocados stored for 5d did not show alterations in the extent of
lipid peroxidation, as indicated by the same measurements. This suggests that the cold-induced shift
in tocochromanol composition was mainly due to metabolic alterations that resulted in transient lipid
peroxidation, but this was not accompanied with a quality loss. In contrast, c-tocopherol contents
decreased during long-term storage of Bacon avocado fruits at low temperatures, a decrease that was
accompanied by an increase in the extent of lipid peroxidation, which was reflected by an increase in
malondialdehyde. This result contrasts with a previous study [20] showing that «-tocopherol in oil
obtained from Fuerte avocados keeps stable after 3 weeks of storage at 5 °C. This difference may be
due to different reasons, including not only the study of a different variety (Fuerte in [20] and Bacon in
our study), but also to a higher stability of «-tocopherol in oil at 5 °C [20] than in entire fruits at 4 °C in
our study. Unfortunately, little research has been performed thus far to evaluate how cold storage
temperature influences tocochromanol composition in vitamin E-rich fruits and further studies are
required to better understand the causes of vitamin E instability in avocado fruits and oils.

4.3. Balance between Storage and Nutritional Value

According to the Nutritional Labelling and Education Act (NLEA) and the National Health and
Nutrition Examination Survey (NHANES), the serving of avocado is recommended to be of 30 g or half
of an avocado, respectively, which corresponds to an intake of 0.59 mg and 1.34 mg of x-tocopherol,
respectively. Interestingly, when the nutritional value in terms of vitamin E was measured over time of
cold storage, a decrease in tocochromanols occurred, which was mostly attributed to a progressive
drop in a-tocopherol content, so that the daily vitamin E intake is significantly lower if avocados are
stored for 10 d at 4 °C. In contrast, other tocochromanols were not affected. According to the results
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presented in our study, avocados stored for 10 d at low temperatures start to suffer oxidation processes,
which might be related to the stress situation experienced by the mesocarp due to cold temperatures,
which can lead to oxidative damage. Indeed, x-tocopherol levels dropped up to 20% after 10 d of
cold storage, and this loss of «-tocopherol contents may slightly contribute to a lesser intake and
absorption of vitamin E in the human diet under the levels of reference [36]. Furthermore, the loss in
detoxifying oxygen radicals function by a loss of antioxidants such as vitamin E due to cold storage of
fruits for long periods may contribute to a higher risk of suffering from cardiovascular diseases like
atherosclerosis, cancer and cataracts, among other diseases related to degenerative processes [37-40].

5. Conclusions

In conclusion, Bacon has been shown to be the variety with very high tocochromanol contents
relative to other studied varieties, presenting values greater than those of the highly commercialized
Hass variety. Furthermore, Bacon variety marketing should be fostered not only because of the high
amounts of vitamin E but also because it was the only variety showing &-tocotrienol, a compound
that might have additional beneficial effects. Moreover, according to procedures implemented along
the supply chain which consist of introducing fruits into cold chambers, our study showed that 10 d
might be the threshold where cold stress is starting to induce losses in vitamin E, hence decreasing
nutritional value and fruit quality.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/5/403/s1,
Figure S1: Variations in the contents of tocochromanols during long-term (10 d) storage of “Bacon” avocados at
cold temperatures (4 °C), Figure S2: Variations in the contents of chlorophylls, chlorophyll a/b ratio and the extent
of lipid peroxidation (estimated as the contents of lipid hydroperoxides and malondialdehyde, as indicators of
primary and secondary lipid peroxidation, respectively) during long-term (10 d) storage of “Bacon” avocados at
cold temperatures (4 °C).
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RESUM

Els alvocats (Persea americana Mill.) son fruits climaterics amb un procés de
maduracié comercial durant la post-collita que té lloc a temperatura ambient i
depénestretament de I'etile. Toti aixi, es coneix molt pocsobrela implicacié d’altres
fitohormones en la modulaci6 de la maduraci6 comercial en la post-collita de
I'alvocat. L’estat optim de la maduracié comercial en l'alvocat s’aconsegueix pocs
dies desprésdelacollita segons elgenotip, regi6 de cultiu i estat inicial de maduracié
i, les baixes temperatures d’emmagatzematge s’implementen comunament en la
post-collita per tal de retardar la maduracié comercial. En aquest estudi es va
hipotetitzar que la maduracié comercial de I'alvocat a temperatura ambient podria
estar no només regulada per I'etile sin6 també per altres fitohormones. Amb aquest
objectiu, es va analitzar el perfil hormonal del fruit d’alvocat emmagatzemat a 4°C i
mantingut a temperatura ambient al llarg de 10 dies després de la post-collita. Es va
observar una resposta bifasica durant la maduracié comercial dels alvocats a
temperatura ambient. Mentre que l'etile semblava que modulés, individualment, la
maduraci6 comercial del fruit des de la transferéncia de temperatures de
refrigeracié a temperatura ambient, una interaccié hormonal complexa sembla que
moduli el procés de maduracié comercial de 'alvocat derivant a una progressiva
perdua de fermesa a temperatura ambient. Apart de I'etile, les auxines, les GAs, els
jasmonats i I'acid abscisic semblen estar implicats en aquesta resposta hormonal
relacionada amb la maduracié comercial. L’emmagatzematge en fred per un periode
de 10dies va inhibir aquesta respostahormonalassociadaala maduracié comercial.
A més, els alvocats emmagatzemats a baixes temperatures van patir una rapida
resposta de tolerancia a l'estres tot modulant canvis en l'acid abscisic i I'acid
jasmonic. Es conclou que, en comptes d’una regulacié individual per part de I'etile,
una interacci6 hormonal complexa regula la maduracié comercial en l'alvocat
durant la post-collita i que 'emmagatzematge a baixes temperatures es pot aplicar
de forma eficient com a tecnica per evitar la rapida maduracié comercial dels
alvocats gracies als mecanismes de tolerancia en resposta al'estres per fred que es

desencadenen en els fruits a través de regulacions hormonals multiples.
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Avocados (Persea americana Mill.) are climacteric fruits, the ripening of which during postharvest at room
temperature is strongly ethylene dependent. However, the role of other phytohormones in the modulation of
postharvest ripening of avocados is still poorly understood. The optimal ripening state of avocados is attained a
few days after harvest depending on the genotype, growing region and initial maturity stage of the fruit, and cold
temperature storage is commonly used to delay this process. Here, we hypothesized that the ripening of avo-
cados at room temperature may be governed not only by ethylene, but also by other phytohormones. With this
aim, we analyzed the hormonal profiling of avocados subjected to either 4 °C and 25 °C during 10 days of
postharvest. A biphasic response was observed during postharvest ripening of avocados at room temperature.
While ethylene alone appeared to govern fruit ripening during the first transfer from cold to room temperature, a
complex hormonal interplay occurred during ripening of avocados leading to a progressive fruit softening at
room temperatures. Aside from ethylene, auxin, gibberellins, jasmonates and ABA appeared to be involved in
avocado fruit ripening during postharvest at room temperature. Cold storage for a period of 10 days inhibited
this hormonal response related to ripening. Furthermore, avocados stored at cold temperatures underwent a
quick response in order to tolerate cold stress leading to changes in endogenous ABA and jasmonates. We
conclude that a complex hormonal interplay, rather than ethylene alone, modulates postharvest ripening of
avocados and that cold storage can effectively be employed as a technique to prevent avocados from a rapid
ripening thanks to the cold stress tolerance mechanisms deployed by fruits through multiple hormonal regula-
tion.

1. Introduction

Avocados (Persea americana Mill.) are fruits originated in Mexico,
where the technologies for their cultivation started around 500 BC.
Since then, many hybridization techniques have allowed the develop-
ment of the wide variety of high-quality cultivars that are currently
exploited worldwide (Yahia, 2012). Due to the climacteric nature of
avocados, their ripening occurs rapidly in time, once the fruit is col-
lected from the tree, attaining the optimal ripening state a few days
after harvest; contrarily, fruit does not ripe when attached to the tree
(Kassim et al., 2013). Avocado horticultural maturity can be manipu-
lated by delaying harvest time and, depending on whether the harvest is
on the early or late season, fruit properties like oil content, texture and

flavor may vary (Zafar and Sidhu, 2011). The high content of bioactive
compounds in these fruits provides beneficial effects for human health,
which make them to be highly appreciated by consumers worldwide
(Dembitsky et al., 2011; Dreher and Davenport, 2012). The interest in
avocado production and postharvest technologies has indeed con-
siderably increased during the last years because of the nutraceutical
properties that have been attributed to its consumption (Dreher and
Davenport, 2012). For this reason, avocados are highly valuable in the
market and many countries are implementing optimization procedures
for their cultivation and postharvest treatment, being Mexico the main
producer for both importation and exportation, with a 28 % of the
world market (FAOSTAT, 2018).

Avocados have since long been considered a good model for

Abbreviations: ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; ERF, ethylene response factor; GAs, gibberellins; IAA, indole-3-acetic acid; JA-Ile,
jasmonoyl-isoleucine; JA-Met, jasmonoyl-methionine; JA-Phe, jasmonoyl-phenylalanine; JA-Val, jasmonoyl-valine; OPDA, 12-oxo-phytodienoic acid; UHPLC-MS/
MS, ultra-high-performance-liquid chromatography coupled to tandem mass spectrometry
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climacteric fruits, in particular for the clear role of ethylene in its ri-
pening (Biale, 1941; Adato and Gazit, 1977; Jeong and Huber, 2004;
Kumar et al., 2014). However, recent progress indicates that ripening of
climacteric fruits, such as tomatoes, is not only due to ethylene, but to a
cross-talk with other phytohormones, so that abscisic acid (ABA), auxin,
jasmonates, brassinosteroids and cytokinins may be acting as signaling
molecules stimulating ripening in tomato through the induction of ri-
pening-related gene expression (Kumar et al., 2014). However, to our
knowledge nothing is still known about the putative role of hormones
other than ethylene in the ripening of avocado fruits, except that ABA
seems also to be involved (Meyer et al., 2017).

Cold storage has been demonstrated to efficiently reduce the cli-
macteric phase and consequently the ripening rate of many climacteric
fruits, thus reducing fruit deterioration (Kassim et al., 2013). Hence,
rapidly introducing fruits harvested from the commercial field into cold
chambers is a common procedure in order to prolong avocados shelf life
and increase economic benefits. It has been demonstrated that cold
temperatures could be blocking or reducing ethylene production rate in
avocado (Arpaia et al., 2018; Han and Fu, 2019), thus delaying avocado
ripening-associated processes like softening through the stabilization of
plant cell wall pectins (Rivera et al., 2017) and influencing sugar and
fatty acid metabolism (Salcedo et al., 2018; Patil et al., 2019; Pedreschi
et al., 2019). Otherwise, cold storage can also cause an increase of ABA
concentration in other fruits during postharvest by inducing a chilling
tolerance response (Carvajal et al., 2017). Moreover, it has been sug-
gested that the cold inhibition of ethylene signalling could be due to a
reduction in jasmonates, since both ethylene and jasmonates interact at
the transcription factor level (Qi et al., 2016; Nham et al., 2017).

Here, we aimed at determining whether phytohormones other than
ethylene might play a role in avocado ripening during postharvest at
room temperatures, and how these fruits respond to low temperature
stress during cold storage. We hypothesized that postharvest ripening of
avocados may be under the control of ABA aside from ethylene, and
that low temperature treatment may inhibit the ripening process by
reducing the endogenous contents of ABA in the fruit.

2. Materials and methods
2.1. Plant material and samplings

Avocados (Perseaamericana Mill. cv. Bacon) were collected at com-
mercial harvest maturity (considering optimal firmness and peel col-
oration) from a commercial orchard in Mélaga (south Spain) and im-
mediately brought to the laboratory at the University of Barcelona
(Barcelona, NE Spain) after 12 h of transportation at 8 —10 °C (air
temperature). Avocados were selected for homogeneity according to
their size, maturation stage (according to firmness) and lack of pa-
thogen symptoms. Fruits were then divided into two groups by sub-
jecting them to two storage conditions: (i) fruits stored at room tem-
perature (25 °C) to stimulate ripening, and (ii) fruits kept under cold
storage temperatures (4 °C), not only as a control treatment, but also to
examine cold acclimation over time. Both groups were always kept in
darkness throughout the study. Relative humidity of the air at room
temperature and under cold storage was of 36 + 1% and 30 + 1%,
respectively. Samplings from the mesocarp of 18 biological replicates
per treatment and time point (with one fruit per biological replicate)
were performed at 0 h, 4h, 2d, 5d, 7 d and 10 d from the start of the
experiment. For each sampling time, avocados were weighed, and the
peel and seed removed. Then, the tissue was cut into pieces, im-
mediately frozen in liquid nitrogen and kept at —80 °C until analyses.

2.2. Fruit firmness and chlorophyll content
Firmness is an important characteristic of avocado fruit as it is one

of the most reliable methods of determining if the fruit is ripe and ready
to eat. Fruit firmness testing was used as a measure of ripeness by using
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a FT 327 penetrometer (QA Supplies, Norfolk, VA, USA) by pushing the
cone into the avocado mesocarp while avoiding contact with the seed.
To determine total chlorophyll content, mesocarp samples (100 mg)
were repeatedly extracted in 1 mL of methanol, using vortex and ul-
trasonication. Supernatants were collected after centrifugation for 10
min at 600g and 4 °C. Chlorophylls were measured with a spectro-
photometer as described by Wang et al. (2010), reading absorbances at
653, 666 and 750 nm and measuring chlorophyll content as follows:

Chl a = (12.21- Absgge — 2.81 - Absgs3)— Absysg

Chl b= (20.13 - AbS653 -5.03" Astss)— AbS750

2.3. Hormone profiling

Endogenous content of hormones, including those of auxin, cyto-
kinins, gibberellins, ABA, the ethylene precursor, 1-amino-cyclopro-
pane-1-carboxylic acid (ACC), salicylic acid and jasmonates, were
measured using ultra-high-performance-liquid chromatography cou-
pled to mass spectrometry in tandem (UHPLC-ESI MS/MS) as described
by Miiller and Munné-Bosch (2011). Fifty mg of mesocarp sample for
each biological replicate was extracted with 400 pL methanol:isopro-
panol:acetic acid 50:49:1 (v/v/v) using vortex and ultrasonication
(Branson 2510 ultrasonic cleaner, Bransonic, Danbury, CT, USA) for 30
min. During the extraction process, deuterium labelled hormones (dy4-
SA, de-ABA, ds-JA, ds-IAA, dy-GA;, do-GAg, do-GA, ds-ACC, dg-2iP, de-
IPA, ds-Z and ds-ZR) were added acting as internal standards in order to
quantify hormone contents in each sample. Two re-extraction steps
were conducted as described before obtaining again the supernatant
after a 10 min centrifuge at 600 g and 4 °C, to finally filter the extract
using a 0.22 pym PTFE (Waters, Milford, MS, USA) filter before UHPLC-
ESI MS/MS analyses. UHPLC and MS/MS conditions for hormone se-
paration and quantification were the same as those described by Miiller
and Munné-Bosch (2011). Quantification of hormones was performed
considering recovery rates for labelled hormones in each sample (for
jasmonate conjugated forms that of ds-JA was used). Calibration curves
for each analyte were generated using Analyst™ software (Applied
Biosystems, Inc., California, USA).

2.4. Statistics

Statistical analyses were performed by two-way ANOVA and Tukey
posthoc tests were used (IBS SPSS Statistics 22 software). Differences
were considered significant when P values were under the significance
level (a) of 0.05.

3. Results
3.1. Fruit ripening at room temperatures

To characterize the ripening process during transfer and storage of
the fruits at 25 °C relative to the fruit kept at 4 °C, fruit biomass, hy-
dration and firmness were evaluated (Fig. 1A-C). A significant decrease
of firmness with time was observed, being 5 days the time when fruit
firmness adjusted more to the consumer organoleptic requirements in
this variety of avocado (between 5-10 N, Fig. 1C, see also Arpaia et al.,
2018). Moreover, fruits under cold storage did not show a reduction in
firmness at any time indicating that cold temperature storage at 4 °C
was very effective in inhibiting the ripening process throughout the
study period (Fig. 1C, see also Woolf et al., 1998 and Arpaia et al., 2018
for values of reference). Chlorophyll contents kept unaltered during the
initial stage of ripening after 4 h of transfer of fruits from refrigerating
conditions to 25 °C (Fig. 1D). During the second phase slight fluctua-
tions in the chlorophyll content were observed over time, with no sig-
nificant differences between treatments (Fig. 1D). When comparing
fruits stored at room temperature with those kept at 4 °C, a peak in the
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Fig. 1. Characterization of avocado fruit ripening at room temperature and effects of cold storage. (A) Fruit biomass (fresh weight per fruit unit), (B) Fruit hydration,
(C) Fruit firmness, (D) Chlorophyll a + b contents, (E) Endogenous contents of the ethylene precursor, 1-amino-cyclopropane-1-carboxylic acid (ACC) in the
mesocarp of avocados ripening at room temperature (25 °C) compared to those exposed to cold storage conditions (4 °C). Red discontinuous line is shown to indicate
the separation between the first phase and the second phase of ripening at room temperature. Data represent the mean + standard error of n = 18 fruits. Differences
between treatments over time were analyzed using a two-way ANOVA with Tukey posthoc tests. Asterisks show significant differences for each parameter between
treatments in each time. Different lower case and capital letters indicate significant differences over time within each treatment (4 °C and 25 °C, respectively). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

contents of the ethylene precursor, ACC was observed both at 4 h and 5
d (Fig. 1E)

3.2. Impact of ripening and cold storage on hormone profiling

A transient increase of the contents of the auxin, indole-3-acetic acid
(IAA) was observed as the fruit ripened at 25 °C, compared to the non-
ripened fruit at 4 °C, with maximum differences at day 5 (Fig. 2A).
Auxin increases occurred concomitantly with the increase in ACC
contents during the second phase of ripening. Interestingly, the same
occurred for GA; content in fruits at 25 °C, with maximum differences
between treatments at day 5. All other studied GAs were not altered
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(Fig. 2C, D). Moreover, no differences were observed in the contents of
GAs during cold storage (Fig. 2C, D). The contents of cytokinins, in-
cluding isopentenyl adenine (2-iP) and its precursor isopentenyl ade-
nosine (IPA), as well as trans-zeatin riboside (ZR) showed an abrupt
peak at 5 d during fruit ripening at 25 °C to decrease thereafter, as it
occurred with auxin and GA; (Fig. 2A, B). Under cold treatment, ZR
contents increased until 5 d to remain constant until the end of the
study, while trans-zeatin (Z) contents attained maximum contents at
day 2 and 10 d (Fig. 2E-G). Nonetheless, only ZR presented a peak at 5
d in fruit undergoing ripening compared to cold-stored fruits (Fig. 2H).

ABA contents increased during fruit ripening at 25 °C until day 2 to
remain constant thereafter. Cold-treated avocados also showed an
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Fig. 2. Changes in the endogenous contents of auxin (A), gibberellins (B-D) and cytokinins (E-H) during avocado fruit ripening at room temperature and effects of
cold storage. Results indicate hormonal changes in the mesocarp of avocados during their ripening at room temperature (25 °C) compared to fruits exposed to cold
storage conditions (4 °C). Red discontinuous line is shown to indicate the separation between the first phase and the second phase of ripening at room temperature.
Data represent the mean * standard error of n = 18 fruits. Differences between treatments over time were analyzed using a two-way ANOVA with Tukey posthoc
tests. Asterisks show significant differences for each parameter between treatments in each time. Different lower case and capital letters indicate significant dif-
ferences over time within each treatment (4 °C and 25 °C, respectively). IAA: indole-3-acetic acid; GA: gibberellin; 2-iP: 2-isopentenyl adenine, IPA: isopentenyl
adenosine, Z: trans-zeatin and ZR: trans-zeatin riboside. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).

FIRSTPHASE SECOND PHASE Fig. 3. Changes in the endogenous contents of
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increase in ABA contents showing a maximum at 5 d. Between tem-
perature treatments, ABA contents were significantly different at day 7
(Fig. 3), two days later than auxin, GA; and tZR (Fig. 2). While salicylic
acid contents did not differ between temperature treatments (Fig. 3), a
progressive increase during ripening was observed for 12-oxo-
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phytodienoic acid (OPDA) contents, with no difference over time in
cold-stored fruit and with differences between treatments being sig-
nificant at days 7 and 10 (Fig. 4). As it occurred with OPDA, the con-
tents of jasmonoyl-phenylalanine (JA-Phe) increased at 25 °C but they
decreased to initial values after day 5. No differences were observed in
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Fig. 4. Jasmonate profiling, including changes in the endogenous contents of jasmonic acid (JA), its precursor, 12-oxo-phytodienoic acid (OPDA) and jasmonic acid
amino acid conjugates, during avocado fruit ripening at room temperature and effects of cold storage. Results indicate hormonal changes in the mesocarp of avocados
during their ripening at room temperature (25 °C) compared to fruits exposed to cold storage conditions (4 °C). Red discontinuous line is shown to indicate the
separation between the first phase and the second phase of ripening at room temperature. Data represent the mean + standard error of n = 18 fruits. Differences
between treatments over time were analyzed using a two-way ANOVA with Tukey posthoc tests. Asterisks show significant differences for each parameter between
treatments in each time. Different lower case and capital letters indicate significant differences over time within each treatment (4 °C and 25 °C, respectively). Ja-Ile:
jasmonoyl-isoleucine; JA-Met: jasmonoyl-methionine; JA-Phe: jasmonoyl-phenylalanine; JA-Val: jasmonoyl-valine. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).

JA-Phe contents over time at 4 °C. Consequently, JA-Phe content was
higher at 25 °C compared to 4 °C at day 5 as for auxin, GA; and tZR. The
content of jasmonic acid increased at 25 °C until day 5 to decrease later.
Jasmonoyl-isoleucine (JA-Ile) contents increased abruptly for both
treatments at 4 h to decrease thereafter, but levels kept higher at 10 d
for avocados stored at 4 °C. Jasmonoyl-valine (JA-Val) contents in-
creased until day 5 to decrease afterwards in both treatments, but no
differences were observed between temperatures over time.

Overall, ripening indicators (firmness and ACC contents, Fig. 1) and
hormonal profiling (Figs. 2-4) indicated a completely different scenario
for an initial phase of ripening (initiation of the process just after a few
hours of transition from cold storage to room temperatures, which was
characterized here by sampling at 4 h) and a second phase of ripening
(in which ripening at room temperatures was executed with a peak at 5
days and being here followed up to 10 days compared to fruit kept at 4
°C). While the first, initial phase was characterized by a sharp increase
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Fig. 5. Time-course evolution of the hormonal
profiling during avocados ripening and over-
ripening during postharvest, and proposed
model to explain their hormonal regulation.
(A) Hormonal profiling of the biphasic avo-
cados ripening response at posthavest. Note
that the first phase corresponds to the hor-
monal changes occurring during transfer of
fruits from refrigerating conditions to room
temperature within the first hours, while the
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in ACC contents, the second phase was characterized by a complex
variation in the hormonal balance that operated in a time-controlled
manner (Fig. 5A). The second phase was characterized by an increase
not only of ACC contents, but also of auxin, GA;, tZR and JA-Phe at day
5, ABA at day 7 and OPDA at days 7 and 10 (Fig. 5A).

Once the transfer of fruits from refrigerating conditions during
transport at 8 —10 °C to cold storage conditions at 4 °C occurred, avo-
cados underwent a complex response to acclimate to these environ-
mental conditions through inducing hormonal changes (Fig. 6A). A
rapid increase in the contents of JA-Ile and 2-iP was observed after 4 h
of storage. While JA-Ile contents decreased thereafter, 2-iP increased
showing a peak at day 5, which also was observed for ABA, jasmonic
acid and the cytokinin precursors IPA and ZR. The Z peak appeared
before that of its precursor at day 2 of storage (Fig. 6A).

4. Discussion

The climacteric phase in avocados begins after harvest and it is
characterized by an ethylene de novo biosynthesis concomitant to a
respiration peak (Kassim et al., 2013). Although the optimal ripening
stage is quite variable among genotypes, growing regions and maturity
stages, avocados from the variety Bacon usually attain the optimum
ripening stage after 5 days of storage at room temperature (Kassim
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second phase is characterized by hormonal
changes modulating both ripening and over-
ripening. (B) Proposed model of the putative
hormonal regulation of avocados postharvest
ripening presenting the complex hormonal in-
teraction occurring between gibberellins,
auxin, ABA, jasmonates and ethylene during
the second phase of ripening at 25 °C. ACC: 1-
aminocyclopropane-1-carboxylic acid; ACS:
ACC synthase; ACO: ACC oxidase; ARF: auxin
response factor; ASR1: Abscisic acid stress ri-
pening 1; AUX: auxin; Aux/IAA: auxin/indole-
3-acetic acid; CE: cis-element; EIN2: ethylene
insensitive2; ETH: ethylene; ERF: ethylene re-
sponse factor; ETR/ERS: ethylene receptor;
EXPA: expansins; GA: gibberellin; LAX: like
auxl influx carrier; OPDA: 12-oxo-phytodie-
noic acid; PIN: pin-formedl auxin transporter
protein.
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et al., 2013). Ethylene production occurs in parallel to ACC accumu-
lation and increases in ACC synthase and ACC oxidase, so that increases
in endogenous ACC contents are always concomitant and follow im-
mediately thereafter with an increased ethylene production (Gouble
et al., 1995; Owino et al., 2002). This process is known to be inhibited
by cold storage after harvest of the fruit (Zamorano et al., 1994; Woolf
et al., 2003; Defilippi et al., 2018; Albornoz et al., 2019). Consequently,
avocados kept at 25 °C are expected to ripen while those stored at 4 °C
are not, as it occurred in our study. According to our results, however,
not only ethylene (as indicated by variations in its immediate precursor
ACCQ), but also other hormones, such as ABA, jasmonates, gibberellins
and auxin, might be involved in the modulation of avocados ripening at
room temperature, particularly during the second phase of fruit ri-
pening.

A biphasic response was indeed observed during ripening, which
was characterized by (i) a simultaneous, transient increase in ethylene
production capacity (as indicated by enhanced ACC contents) occurring
as a result of transfer of fruits from refrigeration conditions to room
temperatures, most likely as a signaling mechanism for ripening in-
duction (first phase) and (ii) a subsequent phase of ripening with a
sustained reduction in fruit firmness due to the maintenance of fruits at
the ripening-promoting temperature of 25 °C (second phase). The
second phase was characterized by variations in the endogenous
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Fig. 6. Putative model of cold acclimation through hormonal regulation during the storage of avocados at 4 °C. AOS: allene oxide synthase; AOC: allene oxide
carboxylase; CBF: C-repeat binding factor; COI: coronatine insensitive; COR: cold-responsive genes; DREB: Dehydration-responsive element binding protein; ICE;
inducer of CBF expression; JA: jasmonic acid; JA-Ile: jasmonoyl-isoleucine; JAR: jasmonate-amido synthetase; JAZ: jasmonate Zim domain; MYC: cis-acting element
of dehydration-responsive genes; OPR: 12-oxo-phytodienoic acid reductase; SIF3HL: 2-oxoglutarate-dependent dioxygenase-encoding gene.

ripening at room temperatures interacting in a positive feedback, pos-
sibly between them and more specifically auxin with ethylene, at day 5
(Fig. 5B), which might be associated with significant reductions in fruit
firmness between day 2 and day 10 (Fig. 1C). While ethylene may

contents of various hormones, in which not only ethylene (Feng et al.,
2000; Arpaia et al., 2018; Gwanpua et al., 2018), but also auxins, GAs,
ABA and jasmonates (Fig. 5A, B) might be involved in the process. More
specifically, auxin and GAs could be inducing fruit softening during
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induce poligalacturonidase, pectin methylesterase and (3-galactosidase
enzyme activity, thus inducing the solubilization and degradation of
polysaccharides of cellulose and pectins in the cell wall (Tucker and
Laties, 1984; Tateishi et al., 2007; Yahia, 2012; Defilippi et al., 2018);
auxin and GAs might be stimulating softening through the activation of
expansins and other expansion-promoting enzymes, while GAs bio-
synthesis may in turn, be stimulated by auxin (McQueen-Mason et al.,
1992; Catala et al.,2000; Trainotti et al., 2007; Tadiello et al., 2016;
Busatto et al., 2019). Furthermore, an auxin- and ABA-related promo-
tion of ethylene production and an ethylene-induced production of ABA
operating in a positive feedback may promote to a higher extent and
very quickly the loss of firmness in ripe fruit (Brenner et al., 2005; Lee
et al., 2010; Chen et al., 2016; Meyer et al., 2017; Wang et al., 2019).
The biosynthetic pathways of various hormones would therefore be
highly stimulated thanks to the positive feedback between auxins and
ABA with ethylene, thus leading to signaling mechanisms executing
ripening-related processes (Fig. 6B).

Jasmonates also appeared to have a role in the control of ripening in
avocados stored at room temperature. OPDA, the precursor of jasmonic
acid, is produced from the oxidation of poly-unsaturated fatty acids in
lipid membranes (Gfeller et al., 2010; Dave and Graham, 2012), and
reduced levels of OPDA have been related to a higher capacity of pro-
tection from lipid peroxidation (Hazman et al., 2015). Accordingly, the
increase in OPDA with ripening and over-ripening could be associated
to a loss of this detoxifying function that would lead to tissue damage
and other physiological processes related to fruit deterioration during
over-ripening. Among JA conjugated forms, only JA-Phe content in-
creased during fruit ripening. Despite not being described profoundly as
an active molecule, JA-Phe has been suggested to act in pathogen re-
sponse since its levels increase in response to leaf wounding and fungal
diseases in Arabidopsis thaliana (Raacke et al., 2006). Recent research
indicates as well that OPDA could play a role by itself, or through ABA,
ethylene (Varsani et al., 2019) and redox signaling (Toshima et al.,
2014; Miiller et al., 2017) interaction, in biotic plant defense (Stintzi
et al., 2001; Dave and Graham, 2012; Goetz et al., 2012; Scalschi et al.,
2015; Gleason et al., 2016). It appears that OPDA is exerting a differ-
ential function to other jasmonates during fruit ripening, since the
observed rise in OPDA contents did not relate to an increase in any free
nor conjugated jasmonate form over time in avocados. The role of cy-
tokinins appeared to be less clear during ripening. Cytokinins have been
described to delay ripening and in our study differences between
treatments were observed for ZR only. ZR is the precursor of the active
Z and it is thought to have little activity by itself (Takei et al., 2001;
Spichal et al., 2004; Hirose et al., 2008), thus further investigations are
required to unravel the possible role of cytokinins in avocados ripening
at room temperature.

After the transfer from refrigerating temperatures during the
transport to cold-storage conditions, avocados showed a rapid hor-
monal response in order to counteract very low temperature conditions.
JA-Ile increased abruptly after 4 h of storage at 4 °C before free jas-
monic acid increased, probably associated with paralleled increases in
auxin contents, in agreement with previous studies showing that JAR1,
which encodes for a jasmonate-amido synthetase converting JA to JA-
Ile, is induced by auxin (Staswick and Tiryaki, 2004). It appears that all
the synthetized jasmonic acid was being converted to the active con-
jugated form JA-Ile. JA-Ile has been described to act in many biotic and
abiotic stress defense responses such as salinity, drought and extreme
temperatures (Howe et al., 2018; Hazman et al., 2019). Although fur-
ther research is required to support this finding, increases in jasmonic
acid contents could therefore be related to a positive, acclimation re-
sponse to cold temperatures, as it occurs in other study models (Wang
et al., 2016). Moreover, increases in jasmonate contents at day 5 could
also be due to an ABA increase, which it is known to stimulate SIF3HL
dioxygenase activity (Hu et al., 2019), so that an interplay between
jasmonates and ABA could activate the expression of cold-responsive
genes by mediating the ICE-CBF/DREB1 signaling cascade (Wang et al.,
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2016), an aspect that warrants further investigations. Again, the pos-
sible role of cytokinins in inhibiting ripening during cold storage was
less clear. Although the contents of cytokinins tended to increase in
avocados exposed to low temperatures, this response was not associated
with an inhibition of chlorophyll loss and no difference in bioactive
cytokinins were observed between treatments. To sum up, results sug-
gest a complex hormone regulation of cold acclimation in avocados in
which ABA and jasmonates seem to be actively implicated (Fig. 6B).

Considering the hormonal regulation of the aforementioned phy-
siological processes (ripening and over-ripening at 25 °C and cold ac-
climation at 4 °C) and considering the rapid climacteric nature of
avocado ripening, it is important to translate this knowledge to im-
plement techniques along the supply chain to further delay or inhibit
ripening. Up to date, 1-methylcyclopropane (1-MCP) applications and
heat-shock treatments have been performed to delay ripening in avo-
cados (Woolf et al.,2005; Jeong and Huber, 2004; Arpaia et al.,2018;
Defilippi et al., 2018; Cordenunsi-Lysenko et al., 2019), and it has been
shown that ethylene biosynthesis can be decelerated by fruit storage in
cold temperatures (Woolf et al., 2003; Zamorano et al., 1994; Defilippi
et al., 2018; Albornoz et al., 2019), a simple technique commonly im-
plemented worldwide to delay avocados ripening. According to our
results, cold temperatures could not only be blocking ethylene pro-
duction (as indicated by reduced ACC contents) but also increase jas-
monate signaling (through an increase in JA-Ile), for ripening-inhibi-
tion (Pedreschi et al., 2016). Moreover, the increase in ABA contents
might be related to an avoidance response to dehydration processes (Ma
et al., 2018), which might allow keeping a better water status in the
fruit, thus preventing softening-related processes during cold storage up
to 10 days. These results pave the way to study the possible cross-talk
between ethylene and other hormones and how this is inhibited at low
temperatures during the postharvest of avocados. Further studies using
combined temperatures and 1-MCP applications will undoubtedly
provide new hints towards better understanding this hormonal cross-
talk.

It is concluded that apart from the already known climacteric
changes in fruit metabolism occurring during avocado ripening, which
has been widely studied for years, other plant hormones such as ABA,
jasmonates, auxin and GAs may also be involved in the regulation of
this physiological process. Our initial hypothesis that postharvest ri-
pening of avocados may be under the control of ABA aside from ethy-
lene resulted to be too simplistic, since other hormones such as jas-
monates, auxin and gibberellins, might also play a role. Additionally, it
has been shown that cold temperatures as a storage technique could be
efficiently inhibiting ripening-related processes through hormonal
changes, mainly related to jasmonates and ABA, without inducing a
cold injury to the fruit. Our hypothesis that low temperature treatment
may inhibit the ripening process by reducing the endogenous contents
of ABA in the fruit resulted to be wrong, since endogenous contents of
ABA increased upon cold storage, suggesting that this hormone may
play a role, together with jasmonates in cold acclimation and the in-
hibition of ripening at low temperatures. Further research is however
needed to better understand the molecular mechanisms underlying
hormonal interactions occurring both during avocado postharvest ri-
pening at low temperatures and acclimation to low temperatures during
cold storage.
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RESUM

La vitamina Bes té una funcié crucial en el metabolisme vegetal actuant com a
cofactor en més de 140 reaccions enzimatiques a més d’actuar amb una potent
funci6 antioxidant durant el creixement i desenvolupament d’arrels i fulles, toti aix{
encara no es coneix el rol de la vitamina Bs durantla maduracié comercial del fruit.
En el presentestudi s’exploren practiques simples per millorar el contingut endogen
de vitamina Be en alvocats, mesurats amb cromatografia liquida d’alta resoluci6
(HPLC) i s’avalua lI'impacte i a través de quin mecanisme I'aplicacié de piridoxal 5’-
fosfat (PLP) pot influenciar a la qualitat del fruit durantla maduracié comercial i
I'emmagatzematge en fred. S’ha emfatitzat enla possible relacio entrela vitamina Be
i les fitohormones mitjangant analisi de perfils hormonals per cromatografia liquida
de molt alta resolucié acoblada a analisi de masses en tandem (UHPLC Esi-MS/MS).
Es va hipotetitzar que el PLP podria millorar parametres de qualitat en el fruit i
allargar la seva vida util. L’alvocat ‘Bacon’ té uns nivells de vitamina Be baixos quan
es compara amb els de ‘Hass’ i altres varietats, pero estrategies basiques com
I'emmagatzematge en fred durant un periode de temps curt pot doblar els nivells de
vitamina Be. L’aplicacié exogena de vitamina Be pot endarrerir lleugerament la
maduracioé comercial de 'alvocat a temperatura ambient causant una reduccié en
I'estovament del mesocarpi, possiblement associat a una resposta hormonal
modulada preferiblement per citocinines. En I'emmagatzematge en fred a llarg
termini, el PLP indueix 'acumulacié de y-tocotrienol i plastocromanol-8, d’aquesta
manera millorant la composici6 de tococromanols en el fruit. En conclusid, el
contingut de vitamina Be en I'alvocat de la varietat ‘Bacon’ pot millorar a través de
practiques simples i les aplicacions exogenes de PLP poden ser emprades amb
I'objectiu de retardar la maduracié comercial de I'alvocat a temperatura ambient o

d’augmentar el contingut de tococromanols en alvocats emmagatzemats en fred.
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Abstract

Vitamin B6 plays a crucial role in plant metabolism. It acts as a cofactor in over 140
reactions and has a potent antioxidant function, as described in plant growth and
development related to root and leaf tissues, but not yet in fruit ripening. Here, we aimed
to explore simple practices to improve endogenous content of vitamin B6 in avocados,
measured by high-performance liquid chromatography (HPLC), and to evaluate to what
extent and through which mechanisms pyridoxal-5’-phosphate (PLP) treatment
influences fruit quality during postharvest ripening and cold storage. Emphasis was put
on evaluating a possible link between vitamin B6 and phytohormones by performing
hormonal profiling analyses using ultra-high performance liquid chromatography
coupled to tandem mass spectrometry (UHPLC-MS/MS). We hypothesized that PLP
could improve quality parameters and prolong the shelf life of fruit. Results showed that
Bacon avocados had a low vitamin B6 content compared to Hass and other varieties.
However, basic techniques like short-term cold storage increased the vitamin B6 content
2.5 fold. Exogenous application of vitamin B6 slightly delayed avocado ripening at room
temperature and caused reduced softening in the mesocarp, which was related to a
hormonal response that was most likely mediated by cytokinins. In long-term cold-stored
avocados, PLP treatment triggered y-tocotrienol and plastochromanol-8 accumulation,
which improved the tocochromanol composition in the fruit. In conclusion, the vitamin
B6 content of Bacon avocados can be improved through simple practices. Exogenous
applications of PLP can be used either to delay ripening of avocados at room temperatures

or to increase tocochromanol content in cold-stored fruit.

Keywords: Persea americana Mill.cv. Bacon, cold storage, cytokinins, fruit firmness,

fruit ripening, tocochromanols, postharvest, vitamin B6
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1. Introduction

Vitamin B6 is the generic name of a group of interconverting vitamers, including
pyridoxine, pyridoxamine, pyridoxal and their phosphorylated derivates, whose most
active form is pyridoxal 5’-phosphate (PLP). PLP is one the most versatile organic
catalysts, since it acts as a cofactor in over 140 enzymatic reactions of plant metabolism,
including reactions catalyzed by oxidoreductases, transferases, hydrolases, lyases and
isomerases, which act in diverse reactions such as transamination, racemization, o-
decarboxylation, aldol cleavage, and 3 and y elimination and replacement (Asensi-Fabado
and Munné-Bosch, 2010; Colinas et al., 2016; Drewke and Leinster, 2001; Mooney and
Hellman, 2010; Percudani and Peracchi, 2009). Pyridoxine and its vitamers exist in most
living organisms, in which synthesis is carried out through the salvage pathway.
However, a de novo biosynthetic route is described only in some groups, including plants,
which represent the main source of vitamin B6 vitamers. Otherwise, animals can
exclusively obtain vitamin B6 through exogenous intake with the diet (Mooney and
Hellman, 2010). Vitamin B6 plays an essential role in human health in the prevention of

a number of diseases (Stach et al., 2021).

Studies on vitamin B6 in plants have been mainly performed in root, shoot and
leaf tissues. The results show that pyridoxine and its vitamers play a cofactor role in cell
metabolism and exert an important antioxidant role, which is thought to complement that
of other vitamins, such as ascorbic acid and a-tocopherol, by quenching and scavenging
singlet oxygen and superoxide anion (Bilski et al., 2000; Havaux et al., 2009; Huang et
al., 2013; Gorelova et al., 2022). Hence, exogenous application of vitamin B6 has been
reported to help in cell protection and photoprotection in leaves as it limits reactive
oxygen species (ROS) accumulation and singlet oxygen-mediated oxidative damage

(Havaux et al., 2009). Additionally, vitamin B6 is associated with plant growth and
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development, since Arabidopsis thaliana pdx mutants with pyridoxine deficiency showed
impaired ethylene and auxin synthesis in the roots (Boycheva et al., 2015). This suggests
that PLP cofactor activity is necessary for the metabolism of phytohormones.
Importantly, both biotic and abiotic stress tolerance improve through overexpression of
vitamin B6 biosynthesis-related genes, and vitamin B6-deficient plants show higher rates
of ROS production and eventually oxidative damage (Bagri et al., 2018). Moreover,
vitamin B6 has been reported to act in plant disease resistance against Botrytis cinerea
and Pseudomonas syringae (Zhang et al., 2014; 2015). However, although knowledge of
this vitamin is extensive in plant roots and leaves, very little is known about its function
in fruit and particularly in fruit ripening. To our knowledge, the latter has been
investigated in one previous study only, in which an increase in soluble sugars and B-

carotene was observed after exogenous pyridoxine treatments during banana ripening

(Lo’ay and EL-Khateeb, 2019).

Avocados are highly appreciated by consumers due to their organoleptic and
nutraceutical properties. They have high amounts of a-tocopherol, a characteristic fatty
acid composition, and relatively high vitamin B6 content compared to other fruit (USDA,
2018). Several avocado varieties are now available on shop shelves due to hybridization
and pollination techniques that have been performed over time from the original Mexican
cultivars. This has led to a great diversity and heterogeneity in the fruit (Yahia, 2013).
Currently, avocados are commercialized worldwide and a range of storage techniques and
other post-harvest treatments have been implemented to prolong their shelf life. Among
them, cold storage is one of the most common and simple strategies that has been

developed so far. It prevents rapid climacteric ripening of the fruit and the consequent

waste due to fruit over-ripening (Arpaia et al., 2018).
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Here, we aimed to explore various simple strategies to increase vitamin B6 content
in avocado and gain new insights into our understanding of the role of vitamin B6 in
avocado ripening. We studied the effects of vitamin B6 on fruit ripening at room
temperature and how PLP influences fruit quality during cold storage for 30 days. Special
emphasis was given to mechanisms ofaction of PLP in relation to its antioxidant function
or possible link with phytohormones by performing hormonal profiling analyses using
ultra-high performance liquid chromatography coupled to tandem mass spectrometry
(UHPLC-MS/MS). We hypothesized that PLP could improve quality parameters and

prolong the shelf life of avocados.

2. Materials and methods

2.1. Chemicals and reagents

Pyridoxine and PLP (>98% purity in both cases) were obtained from Sigma Aldrich (St.
Louis, MO, USA) and VWR (Barcelona, Spain), respectively. All vitamin E (tocopherols
and tocotrienols) standards were purchased from Extrasynthese (Genay, France). Tocol
internal standard (>98% purity) was obtained from Universal Biologicals (Cambridge,
UK). Phytohormone standards and deuterium-labelled hormones for UHPLC-MS/MS
analyses were purchased from Olchemim (Olomouc, Chech Republic). Methanol,
acetonitrile, isopropanol, n-hexane and dioxane of HPLC grade were obtained from VWR
(Barcelona, Spain). All other chemicals and reagents were of analytical quality grade.
2.2 Experimental design, treatments and samplings

To evaluate the effect of avocado varieties on vitamin B6 accumulation (Experiment 1),
fruit from Persea americana Mill. of different varieties, including Hass, Fuerte, Bacon
and Govin, were purchased from local suppliers and supermarkets. We also examined the

effect of origin in Hass avocados by comparing Hass avocados from Spain, Brazil, Chile
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and Peru. Hass avocados from Spain, Brazil and Peru, identified as such on their labels,
were obtained from a supermarket in Barcelona (NE Spain). Hass avocados from Chile
were obtained from a local market in their country of origin and transported to the
laboratory. Finally, Fuerte avocados from Chile and Govin avocados from Cuba were
obtained from local markets in their country of origin, and Bacon avocados were obtained
from a commercial orchard in Malaga (south Spain). In all cases, on arrival at the
laboratory, the fruit were kept at room temperature (20 + 3°C) until full ripening. When
firmness attained 3N, fruit mesocarp was obtained, immediately immersed in liquid
nitrogen, and stored at -80°C until analysis. Four samples of avocado fruit per variety and
origin were used in the experiments. For experiments 2, 3 and 4, Bacon avocados were
collected at commercial harvest maturity (between 20-24% dry matter) from a
commercial orchard in Malaga (south Spain) and brought immediately to the laboratory
under a controlled temperature of 8—10°C. For Experiment 2, we separately tested the
effects of the harvesting campaign, short-term cold storage, and single or multiple PLP
application on vitamin B6 content in Bacon avocados. The influence of the harvesting
campaign was evaluated by collecting fruit from 2018 and 2020 from the same orchard.
The effects of short-term cold storage were evaluated by storing fruit for 2 days at 4°C in
a cold chamber and comparing it to non-stored fruit. The effect of single or multiple PLP
application was examined by determining the vitamin B6 content of fruit exposed to
single or multiple (every 10 days) exogenous PLP treatments, through immersion in a
solution containing 9 mM PLP, on cold-stored fruit for up to 30 days. PLP treatment was
performed by immersing fruit in a solution containing 9 mM of PLP (>98% purity) +
0.01% Tween 20 and the results were compared to controls that were immersed in water

containing surfactant only.
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For Experiment 3, Bacon avocadoswere divided into two groups: PLP-treated and
control fruit. Then, their ripening at room temperature (20 + 3°C) was followed for five
days. PLP treatment was performed by immersing fruit in a solution containing 9 mM of
PLP (>98% purity) + 0.01% Tween 20, while control fruit was immersed in water
containing surfactant only. Various quality parameters, antioxidant content and hormonal
profiling were measured at three physiological states, including harvest (HAR), 2 days
after harvest corresponding to optimum ripening (OPT), and 5 days after harvest
corresponding to full ripening (FR). Therefore, two factors and their interaction were

evaluated (PLP treatment and fruit physiological state).

For Experiment 4, Bacon avocados were divided into two groups: PLP-treated
fruit (with a single application) and controls, as described before for Experiment 3.
However, in this case, quality parameters, antioxidant content and hormonal profiling
were measured at the beginning of the experiment and after 10 days, 20 days and 30 days
of cold storage. Therefore, two factors and their interaction were evaluated here (PLP

treatment and time of cold storage).

For all experiments, fruit size and maturity did not differ between groups at the
start of the experiments, since a previous selection was performed for visual uniformity.
In all cases (including all treatments), fruits were kept in the dark throughout the study.
All PLP treatments consisted of immersion of fruit in a solution of 9 mM PLP for 30 min.
Sampling was always performed using the mesocarp tissue of six fruits per treatment and
time of measurement. For each sampling, avocados were weighed and then the peel and
stone were removed from half of the fruit. The mesocarp tissue of this half was cut into
pieces and immediately frozen in liquid nitrogen. Fruit firmness was always obtained in
fresh samples, while all biochemical analyses (vitamin B6, lipid peroxidation,

chlorophylls, tocochromanols and hormonal profiling) were performed on mesocarp
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samples that were immediately frozen in liquid nitrogen and kept at -80°C until analyses.
Before extraction forthe biochemical analyses, all the sample material was taken to obtain
a pooled sample, from which 100 mg were then used for each analysis (except for

hormonal profiling, which was performed with 50 mg of sample).

2.3 Fruit firmness

Fruit firmness testing was used as a measure of ripeness using a FT 327 penetrometer
(QA Supplies, Norfolk, VA, USA) with a 6 mm cone. This measurement consisted of
pushing the cone into the avocado mesocarp while avoiding contact with the stone and

then determining firmness, as recommended by the manufacturer.
2.4 Vitamin B6

Vitamin B6 was determined using HPLC, as described previously (Czégény et al., 2019),
with some modifications. In brief, 100 mg of sample was extracted with 1 mL of 50 mM
phosphoric acid solution using an ultrasonication bath for 15 min (Bransonic ultrasonic
bath 2800, Emerson Industrial, Danbury, CT, USA). Then, the extract was vortexed and
centrifuged for 15 min at 9980 g at4 °C using a Hettich Universal 32R centrifuge (Thermo
Fischer Scientific, Reinach, Switzerland). The supernatant was collected and re-
extraction was performed following the same procedure. The collected supernatants were
filtered through a 0.45 pum nylon syringe filter (Phenomenex, Torrance, CA, USA),
transferred into vials and analyzed by HPLC. A gradient was employed with two eluents:
50 mM phosphoric acid as eluent A and 100 mM phosphoric acid with acetonitrile (1:1,
v/v) as eluent B, at a flow rate of 0.8 mL - min-!. Eluent A started at 100% was run for 10
min, then eluent B was increased linearly up to 100% in 5 min. Subsequently, the column
was re-equilibrated for 15 min with eluent A. A Synergy 4 pm Hydro-RP80 A, 250 x 4.6
mm, column (Phenomenex, Spain) was used. Quantification was performed using a Jasco

fluorescence detector (FP-1520, Tokyo, Japan) programmed at excitation and emission
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wavelengths of 290 nm and 395 nm, respectively. Pure PLP and pyridoxine (Sigma-
Aldrich, >98%) were used as standards to construct the calibration curves for

quantification (Table S1).

2.5 Lipid peroxidation

The extent of lipid peroxidation was determined by measuring primary (lipid
hydroperoxide) and secondary (malondialdehyde, MDA) lipid peroxidation products, as
follows. For lipid hydroperoxide analyses, samples (100 mg) were repeatedly (three
times) extracted with 1 mL methanol + 0.01% butylhydroxytoluene (BHT) (w/v) at 4°C
using 30 min of ultrasonication (Bransonic ultrasonic bath 2800). After centrifugation,
the supernatants were collected, combined and used for analyses using the Fox-2 reagent
(consisting of a solution of 90% methanol [v/v] containing 25 mM sulfuric acid, 4 mM
BHT, 250 uM iron sulfate ammonium (II) and 10 pM xylenol orange), as described (Bou
et al., 2008). Absorbances were measured at 560 and 800 nm. A calibration curve using

hydrogen peroxide 37% (v/v) was used for quantification.

The thiobarbituric acid-reactive substances (TBARS) assay, which considers the
possible influence of interfering compounds, was used to estimate MDA content (Hod ges
et al. 1999). In brief, 100 mg of sample was extracted with 3 mL of ethanol 80% (v/v)
containing 0.01% (w/v) BHT, using ultrasonication for 45 min (Bransonic ultrasonic bath
2800). After centrifuging at room temperature for 13 min at 12300 g (Hettich Universal
32R centrifuge, Thermo Fischer Scientific), the supernatant was recovered, and the pellet
was re-extracted twice using the same procedure. Then, two tubes 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 I mL extract + 1 mL 20% trichloroacetic acid (w/v), 0.01% BHT (w/v) and
0.65% thiobarbutiric acid (w/v). Tubes were incubated for 25 min at 95°C. Then the

reaction was stopped by maintaining them at 4°C for 10 min. Aftercentrifugation at 12300
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g at room temperature for 5 min (Hettich Universal 32R centrifuge, Thermo Fischer
Scientific), the MDA content in samples was analyzed by spectrophotometry at 440, 532
and 600 nm and quantified using the equations developed previously (Hodges et al.,

1999), as follows:

Equation A = [(Abs 532TBA+) — (Abs 600TBA+) — (Abs 532TBA—
—Abs 600TBA-)]
Equation B = [(Abs 440TBA+) — (Abs 600TBA+) * 0.0571]

MDA (nmol/mL) = [(A—B)/157000]x10°

2.6 Chlorophylls

To determine total chlorophyll content, samples (100 mg) were extracted in 1 mL of
methanol + 0.01% BHT using ultracentrifugation, as explained before for the other
analyses. Supernatants were collected and centrifuged for 10 min at 20800 g at 4°C
(Hettich Universal 32R centrifuge, Thermo Fischer Scientific). Chlorophylls were
measured spectrophotometrically by reading absorbances at 653, 666 and 750 nm

(modified from Wang et al. 2010), as follows:

Chlorophyll a (Chl a) =[12.21 x (Ass6 — A750)] —[2.81 X (A653 — A750)]
Chlorophyll b (Chl b) =[20.13 x (A6s53 —A750)] —[5.03 X (As66 — A750)]

2.7 Tocochromanols

The quantification of tocochromanols was performed as described previously (Fleta-
Soriano and Munné-Bosch, 2017), with some modifications. A total of 100 mg of the
sample was extracted with 1 mL of methanol containing 0.01% (w/v) BHT and 5 ppm
(w/v) of tocol (Universal Biologicals, Cambridge, UK, >98% purity) as an internal
standard. Samples were vortexed for 20 s and then subjected to 30 min of ultrasonication

(Bransonic ultrasonic bath 2800). Samples were centrifuged for 10 min at 20800 g at 4°C
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(Hettich Universal 32R centrifuge, Thermo Fischer Scientific) and the pellet was re-
extracted following the same procedure. Supernatants were collected and filtered using a
hydrophobic PTFE filter 0.22 um (Phenomenex, Torrance, CA, USA). Tocochromanols
were separated by HPLC at room temperature using an Inertsil 100A column (5 pm, 30 x
250 mm, GL Sciences Inc., Japan). A Jasco fluorescence detector (FP-1520, Tokyo,
Japan) was used for the quantification and a calibration curve was established with each
of the tocochromanols analyzed (Extrasynthese, Genay, France, >98% purity; Table S1)

and corrected with the internal standard recovery, which was always above 97%.

2.8 Hormonal profiling

The endogenous content of phytohormones, including auxin, indole-3-acetic acid,
cytokinins (frans-zeatin, trans-zeatin riboside, 2-isopentenyl adenine and isopentenyl
adenosine), gibberellins (GA1, GA3, GA4 and GA7), abscisic acid (ABA), the ethylene
precursor, 1-aminocyclopropane-1-carboxylic acid (ACC), salicylic acid and jasmonates
(12-oxo-phytodienoic acid, jasmonic acid and jasmonoyl-isoleucine), were measured
using ultra-high performance liquid chromatography coupled to mass spectrometry in
tandem (UHPLC-ESI MS/MS; Vincent et al., 2020a). Fifty mg of mesocarp sample was
extracted with 400 uL methanol:isopropanol:acetic acid 50:49:1 (v/v/v) using vortex and
ultrasonication (Branson 2510 ultrasonic cleaner, Bransonic, Danbury, CT, USA) for 30
min. During the extraction process, deuterium-labelled hormones (including d4-SA
>97%, de-ABA >98%, ds5-JA >95%, d5s-1AA >97%,d2-GA1>90%, d2-GA3>90%, d2-GA4
>90%, d2-GA7>90%, d4-ACC >98%, d6-2iP >98%, d6-IPA >98%, d5-Z >98% and ds-ZR
>97% purity; Olchemim, Olomouc, Czech Republic) were added as internal standards
and used subsequently for quantification according to the standard calibration curves of
each phytohormone (Tables S2, S3). Two re-extraction steps were conducted as described

before, and after collecting and pooling all supernatants, the extract was centrifuged for
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10 min at 20800 g at 4°C (Hettich Universal 32R centrifuge, Thermo Fischer Scientific),
and finally filtered using a 0.22 um PTFE (polytetrafluoroethylene, Waters, Milford, MS,

USA) filter before UHPLC-ESI MS/MS analyses (Vincent et al., 2020a).

2.9 Statistical analyses

Statistical analyses were performed using one-way ANOVA for experiment 1
(concerning the determination of vitamin B6 content in the different varieties, Table 1)
and for experiment 2, part A (the influence of the harvest year campaign on vitamin B6
levels, Fig. 1A). Two-way ANOV Aswith Duncan posthoc tests were used for experiment
2, part B (related to the determination of short-term cold storage influence on vitamin B6
content, Fig. 1B) and part C (effect of single/multiple PLP application on vitamin B6
content in cold-stored avocados, Fig. 1C). Two-way ANOV Aswith Duncan posthoc tests
were also used for Experiment 3 (Figs. 2 and 3) and Experiment 4 (Figs. 4 and 5). Inall
experiments, it was indicated with asterisks when treatments differed from controls at
each time of measurement (IBS SPSS Statistics 19; SPSS Inc., Illinois, USA). Differences

were considered significant when P values were under the significance level 0=0.05.

3. Results

3.1 Cold storage and exogenous PLP treatment are simple strategies to increase

vitamin B6 content in avocados

Among the varieties and origins tested, a relatively small amount of total vitamin B6 was
detected in Bacon avocados from Spain compared to other varieties (Table 1), with 0.09
mg PLP per 100 g of edible fruit (which corresponds to 4.7 ug per g of dry weight), and
0.004 mg of pyridoxine per 100 g of edible fruit (0.23 pg per g of dry weight). Hass was

the variety with the highest vitamin B6 content of all those studied, with values ranging
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from 0.19 to 0.45 mg PLP in Hass varieties from Peru and Spain, respectively. The lowest
vitamin B6 amounts were found in the Govin variety from Cuba and intermediate levels
were found in the Fuerte variety from Chile. Nevertheless, all varieties of avocado from
all origins coincided in the preferable accumulation of the active vitamer PLP rather than

pyridoxine. The latter was present at very low or even non-detectable levels, depending

on the variety and origin (Table 1).

The results showed that the harvest campaign can influence vitamin B6 content
and composition in Bacon avocados, since significant differences were observed in total
vitamin B6, PLP and pyridoxine content between fruit harvested during 2018 and 2020
(Fig. 1A). However, differences in the harvesting campaign were relatively low compared
to differences caused by short-term cold storage. Cold storage for two days at 4°C
increased 2.5-fold the vitamin B6 levels, which mainly affected the content of the PLP
vitamer (Fig. 1B). A 4-fold increase in PLP was observed when cold-stored avocados
were treated with an exogenous application of PLP and kept at low temperatures for long
periods of time (up to 30 days). A single application of PLP just before cold storage
significantly increased PLP levels for a month, which then decreased at 30 days of cold
storage. Only repeated applications of PLP (every 10 days) kept the vitamin B6 content

high over time (Fig. 1C).

3.2 Effect of exogenous PLP application on fruit ripening and quality

Once the influence of the exogenous treatment on vitamin B6 content had been
determined, the effect on ripening and quality was assessed in Bacon avocados kept at
room temperature (20 + 3°C) for 2 and 5 days after harvest. Then, the effects on
phenotype were evaluated during ripening progression. This was indicated by firmness
and chlorophyll content, together with the MDA and hydroperoxides that are closely

associated with lipid peroxidation, which is consistent with ripening evolution. Fruit
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softening occurred over time and showed rapid firmness loss the first two days, followed
by progressive loss from day 2 to day 5, which corresponded with optimum and full
ripening conditions, respectively (Fig. 2A). PLP treatment influenced fruit firmness and
reduced softening after two days of ripening, according to the optimum conditions.
However, when ripening was complete, the PLP effect was not significant (Fig. 2A).
Moreover, PLP did not affect fruit appearance, as indicated by the chlorophyll content
(Fig. 2A, 2B). This response coincided with phytohormone changes related with ripening.
ACC and ABA were not affected by exogenous PLP treatment, but the contents of
isopentenyl adenosine (IPA) and 12-oxo-phytodienoic acid (OPDA), and the total
cytokinin/ACC, IPA/ACC and OPDA/ACC ratios increased in PLP-treated avocados in
the optimum condition (Table S4, Figs. S1, S2, S3 and S4). In contrast, trans-zeatin
riboside (ZR) was lower in PLP-treated fruit than in controls at full ripening, which led
to decreases in the ZR/ACC and ZR/ABA ratios (Table S4, Fig. S3). No other parameters
related to chlorophyll content, hydration or the extent of lipid peroxidation were

influenced by PLP treatment during ripening at room temperature (Fig. 2A).

The effect of PLP treatment on tocochromanols was assessed in Bacon avocado
fruit with high vitamin E content undergoing ripening. The application of PLP did not
influence a-tocopherol content. However, y-tocotrienol content varied at full ripening
conditions, which showed a two-fold increase in PLP-treated fruit compared to controls

(Fig. 3B, 3E). Since y-tocotrienol was present in relatively low amounts compared to other
vitamin E compounds, such as a-tocopherol, the PLP treatment did not have a significant

influence on total vitamin E content (Fig. 3A).

3.3 Effects of exogenous PLP application on cold-stored fruit in the long-term
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The exogenous application of PLP did not affect fruit firmness, fruit biomass, fruit
hydration, total chlorophyll content and the extent of lipid peroxidation, as indicated by
MDA and hydroperoxide content, in avocados stored at low temperatures up to 30 days
(Fig. 4). PLP treatment did not influence endogenous content of phytohormones in the
mesocarp (Table S5). However, the treatment with PLP increased y-tocotrienol and
plastochromanol-8 content relative to controls (Fig. 5). This might be related to better
preservation of chloroplast integrity in response to the application of PLP, since
chlorophyll content increased in response to the exogenous treatment compared to

controls (Fig. 4C).

4. Discussion

4.1 Cold storage and exogenous PLP treatment are simple strategies to improve

vitamin B6 content in avocados

The present study found that the Bacon variety contains considerably smaller amounts of
vitamin B6 than other varieties like Hass or Fuerte, which are highly relevant varieties in
the current avocado market. However, the endogenous vitamin B6 content can be easily
manipulated before consumption, for example, by maintaining cold storage for 2 days
only. As shown here, this can double the amount of vitamin B6 in Bacon avocados. Since
endogenous vitamin E content is not altered by low temperature treatments in the short
term (Vincent et al., 2020b), cold storage for two days may be a valuable means of
increasing vitamin B6 content, while vitamin E content is kept high in Bacon avocados.
Although to a much lower extent, the year of harvest may also be a source of variability
in vitamin B6 content and composition in Bacon avocados. Consumers must therefore be

informed of the antioxidant composition. Vitamin B6 is beneficial for plants, in which it
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acts as a cofactor in many enzymatic reactions (Mooney and Hellman, 2010), has an
antioxidant and photoprotective function (Havaux et al., 2009), and increases biotic stress
tolerance (Zhang et al., 2014). It also benefits human health, since as a vitamin its intake
is essential for human health (Calderon-Ospina and Nava-Mesa, 2019; Jayedi and Zargar,
2018). Fruit can serve as a source of this compound. However, considering the relatively
low vitamin B6 content in Bacon avocados, priority should be given to postharvest
practices that aim to increase endogenous levels. Furthermore, if avocados are to be
conserved for long periods of time at low temperatures, for instance during transportation
or storage before they are displayed on supermarket shelves, the combination of cold
temperatures with the exogenous application of PLP can significantly increase
endogenous vitamin B6 levels. It can even lead to higher levels than Hass avocados and
maintain those levels for a long time. This would result in higher daily intake of vitamin
B6 if these fruit are consumed. Therefore, the immersion of fruit in PLP solutions could

be an effective biofortification method in avocados.

4.2 Effect of exogenous application on fruit ripening and quality

Avocados ripening at room temperature (20 + 3°C) showed a slight delay in the
progression of fruit softening when the fruit were treated with PLP. Fruit firmness can be
maintained at an optimum state for less than a day but is significant and occurs through a
hormonal response. This hormonal response seemed to be related to cytokinin and
jasmonate metabolism, since both IPA and OPDA (precursors of active cytokinins and
jasmonates, respectively) are related to ripening inhibitory aspects and defense functions,
respectively (Sang et al., 2011). These PLP-related differences in endogenous IPA and
OPDA might delay ripening events and increase the defense against pathogens through a
balance established with ethylene. The balance of these phytohormones with ethylene is

reflected as increased IPA/ACC, CKs/ACC and OPDA/ACC ratios that together may
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govern some physiological and biochemical aspects related to cell wall modifications and
fruit firmness (Ainalidou et al., 2016; Massolo et al., 2014). However, these PLP-induced
changes occurred transiently (both PLP-treated and control fruit reached fully ripened
stage after 5 days) and we currently know very little about cytokinin and jasmonate
signaling related to ripening and PLP. However, PLP treatment led to a slight increase in
the accumulation of y-tocotrienols, which were present in low amounts in avocados but
increased in PLP-treated fruit compared to controls. This aspect undoubtedly requires

further investigation.

4.3 Effects of exogenous PLP application during long-term cold storage

PLP could be applied for long-term storage of avocados to increase endogenous vitamin
B6 content, as described in Section 4.1, if fruit quality is not negatively affected by
exogenous PLP treatments. This was the case up to 30 days of cold storage, as shown in
our study in which fruit maintained its firmness and a similar extent of lipid peroxidation
as the controls. Interestingly, tocochromanol content and composition differed between
PLP-treated and control fruit, since an increase in y-tocotrienol and plastochromanol-8
was observed without affecting tocopherol levels during the entire period of storage after
PLP treatment. When fruit were stored at low temperatures, PLP treatment enhanced
plastochromanol-8 and y-tocotrienol accumulation in avocado mesocarp. This may have
triggered a detoxifying response against ROS generated from cold exposure and stress
initiation, which would promote protection in the tissue. Moreover, PLP seems to have a
protective function against chlorophyll degradation through oxidative processes mediated
by plastochromanol-8 and y-tocotrienol (Fernandez-Marin et al., 2021; Matringe et al.,
2008), although further research must be conducted to further elucidate the molecular link

between PLP, tocochromanols and chlorophylls.
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Enhanced tocochromanol accumulation in PLP-treated avocados could positively
influence human nutrition, since many beneficial properties have been attributed to these
antioxidant compounds and more specifically toy-tocotrienol intake (Eitsuka et al., 2013;
Ji et al.,, 2013; Nawawi et al., 2013). However, the increase in tocochromanols was
quantitatively very modest and may have little effect on the overall daily intake of these
antioxidants. PLP-treated fruit contained much higher amounts of vitamin B6. This has a
crucial function related to its neuroprotective and antioxidant effects, and is therefore of
paramount importance in the nervous system. Therefore, treating fruit with PLP, which
is not a great cost in the supply chain and could probably be assumed by most farmers

and supermarkets, may be considered in postharvest processes.

5. Conclusion

Bacon avocados had a lower vitamin B6 content than the Hass variety. However, simple
strategies like short-term cold storage and exogenous application of PLP considerably
increased endogenous vitamin B6 content while maintaining vitamin E content.
Exogenous application of PLP slightly delayed fruit ripening at room temperature by
influencing fruit softening through a hormonal effect. Furthermore, application of PLP in
cold stored fruit for up to 30 days increased y-tocotrienol and plastochromanol-8 content.
Thus, fruit immersion in a PLP solution enhanced endogenous vitamin B6 and

tocochromanol content in cold-stored avocados. In conclusion, quality can be improved

in avocado fruit immersed in a pyridoxal 5’-phosphate solution.
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Table 1

Contents of vitamin B6, including the two vitamers pyridoxal 5-phosphate (PLP) and pyridoxine in various avocado varieties of different origins

Variety

Hass

Hass

Hass

Hass

Fuerte

Bacon

Govin

Origin

Spain

Brazil

Chile

Peru

Chile

Spain

Cuba

A

Vitamin B6

(g-100g7)
4472 +316¢
354.1+3.4¢
331.2+44.2c
187.5+2.0b
258.9 + 42.7 b
91.0+7.12

68.5+15.6°

PLP

(ng-100g7)
4473 +316¢
354.1+3.4¢
324.5+47.2
169.4 +26.2
251.1+41.2°¢

86.8+7.52

68.5+15.6°

PLP = pyridoxal 5’-phosphate, ND = not detected
Results are given in pg per 100 g edible fruit (A, n=4) and in pg per gram of dry weight (B, n=4).

Pyridoxine

(ng-100g?)
ND
ND
6.8 +4.02
18.0+13.1b
7.9+2.9%®
42+0.9%®

ND

Vitamin B6
(mg-g?)
143+16°¢
149+1.1°
9.7+1.3"
9.4+1.2°
5.5+0.8°2
49+0.5°

6.0+1.1°

PLP
(mg-g?)
142 +1.6¢
14.9+1.1¢
9.5+1.4¢
8.5 +1.5be
53+0.82
474052

58+1.2%

Different small letters indicate differences between varieties and/or origin (ANOV A, Duncan posthoc tests, P<0.05).
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Figure legends
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Fig. 1. Variations in the contents of vitamin Be, including the two vitamers pyridoxal 5’-
phosphate (PLP) and pyridoxine (P) in ‘Bacon’ avocados from different harvest

campaigns and stored in cold chambers for short or long periods of time. (A) Variations

in vitamin Be contents from ‘Bacon’ avocados harvested during the 2018 and 2020
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campaigns in Malaga (Spain). (B) Variations in vitamin Be contents in avocados from the
2020 campaign after two days of storage at 4°C. (C) Variations in vitamin Be contents in
avocados from the 2020 campaign after 30 days of storage at 4°C either with one, two
and three applications of PLP at a dose of 9mM.. Data represent the means of six
replicates and standard error. Results of two-way ANOVAs are shown in the inlets.
Asterisks indicate significant differences between any of the treatments relative to the

control (ANOVA, Duncan posthoc tests, P<0.05). NS, not significant.
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Fig. 2. Pyridoxal 5’-phosphate (PLP) application delays firmness loss through hormonal
effects. (A) Effects of PLP application at 9mM on fruit quality parameters, including
firmness, accumulation of lipid peroxidation products, hydration and pigment contents,

during ripening at room temperature. Data represent the means of six replicates and
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standard error. Asterisks indicate significant differences between PLP treatment and
control. (B) Visual perception of PLP treatment effects. MDA, malondialdehyde; OPT,

optimal-ripen fruit, two days aftertreatment; FR, full-ripen fruit, five days after treatment.
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Fig. 3. Antioxidant contents, including those of various vitamin E homologues and

plastochromanol-8 during ripening at room temperature. Data represent the means of six
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replicates and standard error. Asterisks indicate significant differences between PLP

treatment and control.
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Fig. 4. Effect of pyridoxal 5’-phosphate (PLP) application on fruit quality parameters and
endogenous hormone contents. Effects of PLP application at 9mM on fruit quality
parameters, including fruit biomass (A), fruit firmness (B), total chlorophyll content (C),
hydration (D), and accumulation of lipid peroxidation products (hydroperoxides in E and

MDA in F) during long-term cold storage at 4°C. Data represent the means of six
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replicates and standard error. Asterisks indicate significant differences between PLP

treatment and control. MDA, malondialdehyde.
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Fig. 5. Effect of pyridoxal 5’-phosphate (PLP) application on antioxidant contents,
including those of vitamin E homologues and plastochromanol-8, during long-term cold
storage at 4°C. Data represent the means of six replicates and standard error. Results of
two-way ANOV As are shown in the inlets. Although treatment effects were significant
for y-tocotrienol and plastochromanol-8, no significant differences were observed

between PLP treatment and control in any of the times of measurement (Duncan posthoc

test, P>0.05).
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Fig. S1. Cytokinin contents, including those of trans-zeatin riboside (ZR), trans-zeatin
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Fig. S2. Jasmonate contents, including those of 12-oxo-phytodienoic acid (OPDA),
jasmonic acid (JA), jasmonoyl-isoleucine (JA-Ile) and other jasmonoyl-amino acid
conjugated forms at optimum (OPT) and full-ripening (FR) stages, which corresponds to
2 d and 5 d afterpyridoxal 5’-phosphate (PLP) treatment, respectively. Data represent the
means of six replicates and standard error. Asterisks indicate significant differences

between treatments.
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Fig. S3. Phytohormone ratios, including those of isopentenyl adenosine to 1-
aminocyclopropane-1-carboxylic acid (IPA/ACC), total cytokinins to ACC (CKs/ACC),
trans-zeatin riboside to ACC (ZR/ACC) and ZR/ABA, at optimum (OPT) and full-
ripening (FR) stages, which corresponds to 2 d and 5 d after pyridoxal 5’-phosphate (PLP)
treatment, respectively. Data represent the means of six replicates and standard error.

Asterisks indicate significant differences between treatments.
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Table S1. Analyte, method and calibration curve for measuring vitamin concentration in

samples.
Analye Method Calibration curve Analyte Method Calibration curve
T 1e+8
Y=152413 G + 45235
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8e+5 | Rr=pges
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* o
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Table S2. Analyte, method and calibration curve for measuring phytohormone

concentration in samples. 2-iP, isopentenyl adenine; IPA, isopentenyl adenosine; Z,

trans-zeatin; ZR, trans-zeatin riboside; OPDA: 12-oxo-phytodienoic acid.

Analyte

Method

Calibration curve

Analyte

Method

Calibration curve

UHPLC-ESI
MS/MS

100

Area

¥ =0,1874x
R?#=08979

200 400 800
Concentration

Jasmonic acid

UHPLC-ESI
MS/MS

o 200 400 600 200 1000
‘Concentration

IPA

UHPLC-ESI
MS/MS

Area
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1000

OPDA

UHPLC-ESI
MSMS

¥ =08144x
e R2=0,9987
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rirstion
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H
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Table S3. Analyte, method and calibration curve for measuring phytohormone

concentrations in samples. IAA, indole-3-acetic acid; ACC, 1-aminocyclopropane-1-

carboxylic acid; GA, gibberellin.

Analyte Method Calibration curve Analyte Method Calibration curve

800

¥ =1,0028¢

R2=0,8222
600
UHPLC-ESI UHPLC-ESI § <00

A MSIMS GAy, GA, GAy MSMS
200
o 200 400 800 200 1000 ° a 200 400 600 800 1000
‘Concentration i
16800 1800

e | e
1000 1000
L UHPLC-ESI | £ 0 UHPLC-ESI | & =00
Abscisic acid MSIMS R GA; MSIMS e
400 400
200 200
0 o

i} 200 400 800 800 1000 a 200 400 €00 800 1000
‘Concentration
UHPLC-ESI
Acc MSMS

o 200 400 800 800 1000
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Table S4. Summary of changes in the endogenous contents of phytohomones and
phytohormone ratios as affected by pyridoxal 5’-phosphate (PLP) treatment relative to
controls (green- and red-colored boxes indicate significant increases or decreases,
respectively). OPT, ripe fruits under optimal conditions, two days after treatment; FR,
full-ripen fruit, five days after treatment. 2-iP, isopentenyl adenine; IPA, isopentenyl
adenosine; Z, trans-zeatin; ZR, trans-zeatin riboside; OPDA, 12-oxo-phytodienoic acid;
JA, jasmonic acid; JA-Ile, jasmonoyl-isoleucine; Ja-Phe, jasmonoyl-phenylalanine; JA-
Met, jasmonoyl-methionine; JA-Val, jasmonoyl-valine; ACC, 1-aminocyclopropane-1-
carboxylic acid; ABA, abscisic acid; IAA, 3-indoleacetic acid; SA, salicylic acid; GA,

gibberellin; MEL, melatonin.

OPT (2d) FR (5d)
Phytohormones | Phytohormones | Phytohormones | Phytohormones
(ng - g} ratios (ng - g} ratios
2-1P 2-iIP/ABA 2-1P 2-iIPIABA
IPA IPAJABA IPA IPAJABA
z ZIABA z ZIABA
R ZRIABA R ZRIABA
OPDA CKs/ABA OPDA, CKs/ABA
JA 2-iP/ACC JA 2-iP/ACC
JA - lle IPAJACC JA- lle IPA/ACC
JA - Phe ZIACC JA- Phe ZIACC
JA - Met ZRIACC JA- Met ZRIACC
JAVal CKs/ACC JAVal CKs/ACC
ACC OPDAJACC ACC OPDA/ABA
ABA JAJABA ABA JAJABA
A4 JA- lle IABA A4 JA- lle /ABA
SA SAIABA SA SA/ABA
GA, ACC/ABA GA, ACC/ABA
GA, MEL GA, MEL

Table SS. Results of two-way ANOV As evaluating the effects of pyridoxal 5’-phosphate

(PLP) treatment and sampling time on the endogenous contents of phytohomones. TAA,
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indole-3-acetic acid; ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid;

SA, salicylic acid; Z, trans-zeatin; ZR, trans-zeatin riboside; 2-iP, 2-isopentenyl adenine

b

IPA, isopentenyl adenosine; GA, gibberellin; OPDA, 12-oxo-phytodienoic acid; JA,

jasmonic acid; JA-Ile, jasmonoyl-isoleucine; CK, total cytokinins.

FParameter Treatment Time Trea_tment X
time:
AA NS 0.023 MS
ABA NS =0.001 MS
ACC NS =0.001 MS
SA NS NS NS
£ NS NS NS
£ZR NS 0.005 NS
2-P NS NS NS
IPA, NS 0.001 NS
GA, NS NS NS
GA NS NS NS
GAy NS NS NS
GA; NS NS MS
CPDA NS NS 0.003
JA NS NS MS
JA-lle NS NS NS
ZIACC NS 0.025 NS
ZRIACC NS =0.001 NS
2-IPIACC NS NS NS
IPAJACC NS =0.001 NS
CK/ACC NS NS NS
LZIABA NS =0.001 NS
LRIABA NS =0.001 NS
2-IP{ABA NS =0.001 NS
IPA/ABA NS 0.029 MS
CKJABA NS =0.001 NS
SA/ABA NS =0.001 MS
ACC/ABA NS =0.001 NS
JA-lle/ABA NS NS NS
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Capitol 4. L’aplicacié de metil jasmonat redueix els danys per

fred enl’alvocat ‘Bacon’ (Persea americanaMill. cv. Bacon)

Chapter 4. Methyl jasmonate application reduces chilling

injury in ‘Bacon’ avocado ( Persea americanaMill. cv. Bacon)
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RESUM

L’alvocat (Persea americana Mill.) és susceptible a patir danys per fred quan
s’emmagatzema a baixes temperatures. L’emmagatzematge en fred és una tecnica
comu i basica implementada al llarg de la cadena de producci6 dels alvocats per
afavorir el transport internacional de fruits pero, si els limits de tolerancia es
sobrepassen, els danys per fred poden afectar als fruits i suposar perdues en la
qualitat. Amb I'objectiu d’avaluar I'eficiencia de I'aplicacié de metil jasmonat contra
els danys per fred i la influéncia sobre la qualitat del fruit, es van collir alvocats en
estat madur d’'un camp comercial i es van dividir en dos grups. Un grup es va
espraiar amb una solucié de metil jasmonati l'altre grup amb una solucié control.
Els dos grups es van emmagatzemar a 4°C per 6 setmanes i periodicament es van
treure per mantenir-los 5 dies a temperatura ambient fins assolir la maduraci6
comercial completa. Els danys per fred en la varietat ‘Bacon’ es manifesten després
de 4 setmanes d’emmagatzematge a 4°C desencadenats per una resposta vinculada
a reaccions de peroxidacio6 lipidica. El tractament per esprai de metil jasmonat
retarda la peroxidacid lipidica prolongant la vida post-collita relacionada amb els
simptomes de danys per fred en el mesocarpi sense afectar negativament a
parametres de qualitat com la fermesa del fruit o 'acumulacié de vitamina E. En
conclusio6, I'aplicacié de metil jasmonat per esprai en el fruit incrementa la vida util
de l'alvocat reduint els danys per fred en el mesocarpi alhora que manté les
propietats nutricionals com el contingut de vitamina E al llarg de I'emmagatzematge

a4°C.
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Abstract

Avocado (Persea americana Mill.) fruit are prone to chilling injury disorders when stored
at low temperatures. Cold storage is a basic and common technique implemented along
the supply chain of avocados for international fruit transport but if the threshold of
tolerance is surpassed, chilling injury can affect fruit and lead to a loss of quality. Aiming
to evaluate the efficiency of methyl jasmonate treatment against chilling injury and the
influence on avocado quality, avocados were harvested from a commercial orchard at
mature stage and then, divided in two groups. One group was sprayed with a methyl
jasmonate solution and the other with a control solution. Both groups were stored for 6
weeks at 4 °C and were periodically withdrawn and maintained for 5 days at room
temperature until ripened. Chilling injury in the variety ‘Bacon’ started to occur after 4
weeks of cold storage at 4 °C mediated by a signaling response due to lipid peroxidation
reactions. The methyl jasmonate spray treatment delayed lipid peroxidation events
extending postharvest life in terms of reducing chilling injury symptoms in the mesocarp,
without negatively influencing quality traits like fruit firmness or vitamin E accumulation.
In conclusion, methyl jasmonate sprayed fruit had an increased shelf life in terms of
chilling injury symptoms in the mesocarp, while maintaining nutritional properties such

a vitamin E contents along the time of storage at 4 °C.

Keywords: methyl jasmonate, chilling injury, avocado, cold storage, tocochromanols,

postharvest

Abbreviations: ROS: reactive oxygen species; MDA: malondialdehyde; BHT:
butylhydroxytoluene; ABA: abscisic acid; ACC: 1-aminocyclopropane-1-carboxylic
acid; UHPLC-ESI MS/MS: ultra-high-performance-liquid chromatography coupled to

tandem mass spectrometry; OPDA: 12-oxo-phytodienoic acid
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1. Introduction

Avocados (Persea americana Mill.) are fruit with high and increasing global
economic relevance which day by day is gaining attention of many consumers due to the
nutritional and beneficial properties that offers to human health (Aratjo et al., 2018).
Avocado market has exponentially grown over the last decade corresponding to 600.000
ha and more than 6.000.000 t in cultivation and production, respectively. Great proportion
of this production is destined to exportations right from the main cultivation regions
located in Central America and South Africa to the United States of America and the
European Union (FAO, 2020). Avocadosare climacteric fruit which ripening occurs very
rapid in time after attaining maturation and once the fruit is harvested from the tree
(Bower and Cutting, 1988) then, it is attained in no longer than seven to thirteen days,
depending on the variety (Pérez et al., 2004; Kassim et al., 2013). After ripening,
overripening is triggered leading to enhanced fruit softening, fungal diseases and loss of
quality and properties (Zhang et al., 2013). Postharvest avocado handling overseas lasts
over 1 month (Kassim et al., 2013) what requires the implementation of strict techniques

to guarantee that fruit arrive at the country of destiny with high quality for consumers.

Although many strategies have been already developed aiming to inhibit fruit
ripening, low temperature storage (between 5 °C and 13 °C, depending on the cultivar) is
the first technique implemented for extending avocado shelf life and postharvest quality.
Cold storage diminishes metabolic processes, thus delaying the characteristic respiratory
and ethylene peaks occurring during ripening, therefore prolonging shelf life of avocado
(Bill et al., 2014). The great part of commercial varieties, like ‘Hass’ or ‘Fuerte’, are
stored around 5 - 7 °C for 2 - 4 weeks (Yahia and Woolf, 2011). Nonetheless, exposure
of avocadosat those temperatures over longer periods of time or exposure at temperatures

below the critical threshold can affect avocado quality by causing chilling injury (Kassim
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et al., 2013) that is attributed to great economical losses after fruit harvest, together with

mechanical damage, fruit degradation and insect attack (Yahia and Woolf, 2011).

Tropical and subtropical fruit are prone to cold stress and developing chilling injury
when exposed to low temperatures (Jackman et al., 1988). Chilling injury associated
symptoms can appear both in the interior as the exterior of the fruit presented as pitting
and mesocarp decolouration, resulting from oxidative processes (Gomez-Lopez, 2002;
Kassim et al.,, 2013). Stress conditions like low-temperature storage cause a rise in
reactive oxygen species (ROS) that induce oxidative stress and trigger lipid peroxidation
processes (Gill and Tuteja, 2010). As a result, cell disruption and loss of fruit integrity
occurs, which is also attributed to other oxidation events, a drop in antioxidant values and
to bad taste that carries the loss of quality in the fruit (Shewfelt and del Rosario, 2000;

Prabath Pathirana et al., 2013).

According to the impact of chilling injury on economic losses, different postharvest
treatments have been assessed in avocados stored for long periods of time at cold
temperatures like controlled atmospheres, hot-air or water treatments and 1-
methylcyclopropane (Kassim et al., 2013; Bill et al,, 2014). Nevertheless, those
treatments have been associated to a negative impact on fruit quality and heterogenous
ripening affecting fruit firmness (Meir et al., 1995; Pesis et al., 2002; Woolf et al., 2005).
Differently, the use of phytohormones like methyl jasmonate has also been studied related
to chilling injury and enhanced shelf life demonstrating its efficiency when applied by
immersion or air in ‘Hass’, ‘Ettinger’ and ‘Fuerte’ avocados (Xiang et al., 2020; Wang et

al., 2021).

Here, we aimed at better understanding mechanisms underlying chilling injury in
avocados, which might be of great interest since chilling injury in this fruit is reported to

have a high economic impact in European agriculture and exportation (Bill et al., 2014).
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Furthermore, we aim at examining the efficiency of sprayed methyl jasmonate against
chilling injury as well as the impact on antioxidant properties and oxidative events related

to cold stress in avocado.

2. Material and methods

2.1. Plant material and sampling

Harvested avocados (Persea americana Mill. cv. Bacon) at mature but non-ripe stage
from a commercial orchard in Malaga (south Spain) were immediately brought to the
laboratory at the University of Barcelona (Barcelona, NE Spain) after 12 h of
transportation at 8-10 °C (air temperature). After arrival, fruit were selected for
homogeneity according to their size, maturation stage and lack of pathogen symptoms.
Then, avocados were divided into two groups, the first group was treated with 104 M
methyl jasmonate + 0,01 % Tween 80, and the second one was treated with the control
solution consisting in water+ 0.01 % Tween 80. Both treatments were applied uniformly
over the fruit skin by spraying and then avocados were stored at 4 °C in a cold chamber
for 6 weeks. Both groups were always kept in darkness throughout the study. Weekly,
some avocados from each group were taken out from the cold chamber and exposed for
5 d at room temperature, so that fruit ripened. Samplings from the mesocarp of 6 ripen
fruits per treatment and cold storage time point were performed. For each sampling time,
avocados were weighed and cut in halves to posteriorly attribute a value of mesocarp
discoloration to each half according to the percentage of area affected related to chilling
injury. To follow, the peel and stone were removed of the other half of the fruit and this
half corresponding only to mesocarp tissue was cut into pieces and immediately frozen

in liquid nitrogen and kept at -80 °C until analyses.
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2.2. Fruit firmness

The stage of ripening of fruit was assessed measuring firmness with a FT 327
penetrometer (QA Supplies, Norfolk, VA, USA) with a 6x10-3 m cone. The measurement
consisted in pushing the cone of the penetrometer into the avocado mesocarp, avoiding

the contact with the stone.

2.3. Lipid peroxidation analyses

Lipid peroxidation levels were determined by analysing primary (lipid hydroperoxide)
and secondary (malondialdehyde, MDA) lipid peroxidation products. First, for evaluating
lipid hydroperoxides content, frozen samples were extracted with methanol containing
0.01 % butylhydroxytoluene (BHT; w/v) at 4 °C using 30 min of ultrasonication
(Bransonic ultrasonic bath 2800, Emerson Industrial, Danbury, CT, USA) and
centrifugation at 1419 g for 10 min at 4 °C. Then, two re-extractions were performed.
Supernatants were pooled and used for analyses using the Fox-2 reagent (consisting in a
solution of 90 % methanol (v/v) containing 25 mM sulfuric acid, 4 mM BHT, 0.25 mM
iron sulphate ammonium (II) and 0.1 mM xylenol orange) as described in Bou et al.,
(2008). Absorbances were measured at 560 and 800 nm. A calibration curve using

hydrogen peroxide 37 % (v/v) was used for quantification.

For determining the MDA content, the thiobarbituric acid -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
45 min (Bransonic ultrasonic bath 2800). After a centrifugation process at room
temperature for 13 min at 1091 g, the supernatant was recovered, and the pellet re-
extracted twice using the same procedure. 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
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(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

analysed by spectrophotometry and quantified using the equations developed by Hodges

et al., (1999).

2.4. Tocochromanols analyses

The quantification of the different isomers of tocochromanols including tocopherols,
tocotrienols and plastochromanol-8 was performed as follows. Samples were extracted
with methanol containing 0,01 % BHT (w/v). Samples were extracted and re-extracted
twice using vortex for 20 s followed by 30 min of ultrasonication (Bransonic ultrasonic
bath 2800). Then, supernatants were pooled and centrifuged at 1419 g during 10 min at 4
°C before passing them onto a hydrophobic PTFE filter 0.22 mm (Phenomenex, Torrance,
CA,USA) and introducing them into vials. Tocochromanols were separated by HPLC at
room temperature using an Inertsil 100A column (5 mm, 0.03 x 0.25 m, GL Sciences Inc.,
Japan). A Jasco fluorescence detector (FP-1520, Tokyo, Japan) was used for the
quantification and a calibration curve established with authentic standards (Sigma) for

each of the tocochromanols analysed.

2.5. Hormones determination

Endogenous contents of abscisic acid (ABA), the ethylene precursor, 1-
aminocyclopropane-1-carboxylic acid (ACC), salicylic acid (SA) and jasmonates, were
measured using ultra-high-performance-liquid chromatography coupled to tandem mass
spectrometry (UHPLC-ESI MS/MS) as reported by Miiller and Munné-Bosch (2011).
Samples were extracted with methanol:isopropanol:acetic acid 50:49:1 (v/v/v). During
the extraction process, d4-SA, d¢-ABA, ds-JA and d4-ACC deuterium labelled hormones

were added as internal standards. After 20 s of vortex, ultrasonication (Branson 2510
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ultrasonic cleaner) for 30 min and 10 min centrifugation at 1419 g and 4 °C, the
supernatant was obtained. Then, a re-extraction step was performed as described before

and the resulting supernatants were combined and filtered using a 0.22 um PTFE

(Phenomenex, Torrance, CA, USA) filter before UHPLC-ESI MS/MS analyses. UHPLC
and MS/MS conditions for hormone separation and quantification were the same as those

described by Miiller and Munné-Bosch (2011).

2.6. Statistical analyses

Statistical analyses were performed by applying a two-way ANOVA and Duncan
posthoc test indicating with asterisks when methyl jasmonate treatment differed from
control for each cold storage sampling time and capital letters indicate Duncan posthoc
differences among cold storage times for control treatment only (IBS SPSS Statistics 19;
SPSS Inc., Illinois, USA). Differences between methyl jasmonate treatment and control
were considered significant when P values were below 0.05 (p<0.05). All data are

presented on a dry weight basis.

3. Results

3.1. Physiological effects of chilling injury in untreated avocados

Increasing chilling injury incidence was observed in avocado skin from week 3 to
week 6 after storage at 4 °C, attaining up to 20 % of affection. In the mesocarp, chilling
injury manifested as pulp browning, and it was present from week 4 to the end of the
experiment (6 weeks) in controls (Figure 1). This visual effect in the mesocarp may be
attributed to oxidative processes, as suggested by enhanced accumulation of both
hydroperoxides and MDA contents from week 4 to week 6 of cood storage compared to
the initial values (Figure 2). Tocochromanols accumulation in untreated avocados was

slightly affected by chilling injury, mainly that of a-tocopherol, which levels increased

128



after 2 weeks of storage to decrease at week 3 and posteriorly remain similar to initial

values (Figure 3).

Stress-related hormones such as ACC, ABA and salicylic acid did not show any
modification over time of storage at low temperatures (Figure 4) but, in contrast,
jasmonates responded to stress. Total jasmonates content increased significantly from
week 2 to week 4 to maintain those high endogenous levels the last weeks of the
experiment. Jasmonic acid contents peaked after 3 weeks of storage to posteriorly
decrease accompanied with an increase in the amount of OPDA. Jasmonoyl-isoleucine

contents remained unaltered during cold storage (Figure 5).
3.2. Methyl jasmonate modulates oxidative events related to chilling injury

Chilling injury was first observed in avocado skin and, posteriorly, affected
mesocarp. Fruit started to manifest mesocarp discolouration and browning after 4 weeks
of storage at 4 °C. Spray treatment with methyl jasmonate was effective in delaying
chilling injury since at 4 weeks no symptoms of chilling injury were appreciated in
avocado mesocarp. Symptoms were slightly initiated after 5 weeks of storage (Figure 1).
Also, methyl jasmonate treatment did not cause variations in fruit firmness, which ranged
between 3 N to 6 N, nor in hydration showing values around 3 kg water - kg-! dry matter

when ripened.

Oxidative events were evaluated according to lipid peroxidation products measured
as lipid hydroperoxides and MDA. Hydroperoxides content was enhanced in treated fruit
in early weeks after storage, in particular after 2 weeks but lately, untreated avocados had
a higher content of hydroperoxides corresponding to 4 weeks and 5 weeks after storage

at 4 °C (Figure 2). Similarly, MDA levels were higher in untreated fruit after 5 weeks of
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storage, both results corresponding to lower lipid peroxidation rates if avocados were

sprayed with methyl jasmonate (Figure 2).

When assessing the influence of methyl jasmonate treatment on tocochromanol
contents when fruit were ripened after cold storage, neither tocochromanol content nor
composition were affected. This was observed after methyl jasmonate treatment for all
vitamin E forms, including a-tocopherol, y-tocopherol and y-tocotrienol, and for

plastochromanol-8 (Figure 3).

Stress-related hormones were strongly influenced by methyl jasmonate treatment.
Salicylic acid showed differences between methyl jasmonate treated fruit and control
being higher in untreated fruit after 4 weeks of storage (Figure 4). OPD A content differed
between treatments at week 3, being higher under the application of methyl jasmonate.
Total jasmonates did not differ between treatments at any time point of measurements
(two-way ANOVA, Figure 5), but showed differences between treatments at week 2
according to a ~Student test considering p<0.05. Other phytohormones, like jasmonic
acid, jasmonoyl-isoleucine, ACC and ABA presented non-significant differences in

levels when comparing treated and untreated fruit over storage (Figures 4 and 5).

4. Discussion

Low temperature storage is an effective strategy to maintain postharvest fruit quality
and increase shelf life (Bill et al., 2014). Generally, avocados are stored after harvest at
temperatures between 5 - 13 °C during two to four weeks depending on the cultivar and
ripening stage (Bill et al., 2014). Noteworthy, chilling injury occurs when avocados are
stored in colder temperatures and/or longer periods of time leading to irreversible
physiological disorders induced by cold stress (Jackman et al., 1988; Yahia and Woolf,

2011). It is shown here that chilling injury in avocados may be delayed by an adequate
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abiotic response mediated by jasmonates that regulates oxidation events in the mesocarp.
Jasmonates might be exerting a protective role in avocado delaying cold stress-induced
damage. Methyl jasmonate treated fruit enhanced jasmonates accumulation, which could
be triggering some physiological responses for cold tolerance, what prolongs in time the

integrity of membranes, otherwise damaged by ROS, and delays chilling injury.

The production of ROS is constantly occurring in aerobic organisms like plants due
to photosynthesis, itself forming ROS that, although being toxic in the cell in high
concentrations, low levels can induce signaling for leaves, flowers and fruit development
(Munoz and Munné-Bosch, 2018; He and Ding, 2020). Nonetheless, prolonged cold-
temperature exposure of fruit induces a stress that leads to an uncontrolled and excessive
ROS production in chloroplasts causing cellular damage due to lipid peroxidation
cascades (Gill and Tuteja, 2010), thus resulting in oxidative stress if antioxidant
mechanisms are insufficient to inhibit ROS activity. Here, a response to cold storage can
be described with two differentiated phases related to the delay of chilling injury in
methyl jasmonate treated avocados (Figure 6). During the cold tolerance phase a primary
response coinciding with lipid peroxidation reactions might be acting in a signaling
mechanism for triggering a tolerance response, with no negative consequences for the
fruit (despite the enhanced oxidative stress in the ripen fruit, as shown by slightly
increased hydroperoxide contents at week 2 in methyl jasmonate treated fruit compared
to controls). In contrast, after several weeks of storage, exogenously applied methyl
jasmonate might be exerting a protective role against cold stress by reducing the extent
of lipid peroxidation (as observed for hydroperoxide contents at week 4, and both
hydroperoxide and MDA accumulation at week 5) in the mesocarp of ripen fruit. In
controls (untreated fruit), enhanced production of both hydroperoxides and MDA in ripen

fruit might cause cell damage as reflected by chilling injury injuries in the mesocarp of
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avocados. Intriguingly, SA contents also increased in ripen fruit of cold-stored untreated
avocados at week 4, a response that was inhibited in avocados treated with methyl
jasmonate and that coincided with major differences in chilling injury in treated vs.
untreated fruit at 4 weeks of cold storage. It may be speculated that methyl jasmonate
negatively regulated a SA-related response in ripen fruit after 4 weeks of cold storage,
perhaps related to (i) redox processes, (ii)) pathogen attack, and/or (iii) cell death
processes, an aspect that warrants further investigation. This rise in endogenous SA
content in ripen fruit of controls was not observed if fruit were stored for 5 or 6 weeks,
which indicates a completely differential response of endogenous hormones in ripen fruit

depending on the previous cold storage time.

‘Bacon’ avocados started to develop chilling injury in the mesocarp after 4 weeks of
being stored at 4 °C. Methyl jasmonate treatment has been shown in the present study to
efficiently reduce and delay chilling injury in avocado when applied through spray, then
chilling injury was slightly initiated from week 5 prolonging shelf-life of fruit by at least
one week. This extends the results obtained in previous studies where methyl jasmonate
was applied through other techniques like submergence or gas in other avocado varieties
(Meir et al., 1996; Sivankalyany et al., 2015; Glowacz, et al., 2017). Furthermore, it is
shown here for the first time that methyl jasmonate treatment by spray delays the initiation

of chilling injury by reducing lipid peroxidation events in the mesocarp of ripen avocados.

Although many postharvest techniques exist currently for reducing damage
associated to chilling injury in various fruit stored for long periods at low temperatures,
like (i) hot-air or water treatment (Woolf et al., 1995; Woolf, 1997), (ii) controlled
atmospheres storage (Pesis et al., 1994) and (iii) the use of 1-methylcyclopropane (Pesis
et al., 2002), it is worthy considering the technique of spraying a methyl jasmonate

solution since the aforementioned treatments not always keep the nutritional value or may
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have side effects (Ornelas and Yahia, 2003; Wang et al., 2006). Since tocochromanols,
mainly o-tocopherol, are implicated in non-enzymatic antioxidant function acting as
direct scavengers of ROS and lipid peroxide radicals in chloroplastic membranes (Falk
and Munné-Bosch, 2010; Munioz and Munné-Bosch, 2019), maintenance of its contents
in methyl jasmonate treated fruit is of high relevance, not only for permitting a correct
redox balance in the cell and conserving fatty acid properties in avocado mesocarp
(Aratjo et al., 2018), but also because of vitamin E interest in human nutrition and health-
benefits (Weber et al., 1997). Here, methyl jasmonate treatment was proven to maintain

nutritional value related to vitamin E accumulation in the edible mesocarp.

In conclusion, ‘Bacon’ avocados are fruit prone to chilling injury when stored at 4
°C with symptoms being initiated after 4 weeks of storage. Methyl jasmonate treatment
acts by directly regulating oxidative mechanisms related to lipid peroxidation in the ripen
fruit caused by time of cold storage. Hence, spraying methyl jasmonate on fruit would be
an easy, economic, and efficient strategy to implement along the supply chain to reduce
and delay symptoms associated to chilling injury in ‘Bacon’ avocados. Methyl jasmonate
applied through spray prolongs avocado marketability for at least one week without
negatively affecting ripening-related traits nor nutritional properties, at least in the content

of tocopherols, tocotrienols and plastochromanol-8 once the fruit has accomplished

ripening.
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Figure 1. Physiological state of ripen avocado fruit as indicated by fruit biomass,
hydration, fruit firmness and chilling injury affectation after cold storage in control and
methyl jasmonate treated fruit. Dataindicates mean and standard error of 6 replicates (n=6).
Asterisks show significant differences between treatments for a sampling time and capital

letters show significant differences among times for control treatment.
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Figure 2. Extent of lipid peroxidation, as indicated by the amount of lipid hydroperoxides

(primary product of lipid peroxidation) and MDA (secondary product of lipid peroxidation)

of avocado mesocarp treated with control or methyl jasmonate treatments. Data indicates

mean and standard error of 6 replicates (n=6). Asterisks show significant differences

between treatments for a sampling time and capital letters show significant differences

among times for control treatment.
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Figure 3. Tocochromanol composition and content of avocado mesocarp under control and
methyl jasmonate treatments. Data indicates mean and standard error of 6 replicates (n=6).

Asterisks show significant differences between treatments for a sampling time and capital

letters show significant differences among times for control treatment.
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Figure 4. Contents of stress-related hormones like the precursor of ethylene, 1-
aminocyclopropane-1-carboxilic acid (ACC), abscisic acid (ABA) and salicylic acid (SA)
in avocado mesocarp under control and methyl jasmonate treatments. Data indicates mean
and standard error of 6 replicates (n=6). Asterisks show significant differences between
treatments for a sampling time and capital letters show significant differences among times

for control treatment.
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Figure 5. Contents of total jasmonates, jasmonic acid (JA), its direct precursor 12-oxo-
phytodienoic acid (OPDA) and the conjugated active form of jamonoyl-isoleucine (JA-Ile)
in avocado mesocarp under control and methyl jasmonate treatments. Data indicates mean
and standard error of 6 replicates (n=6). Asterisks show significant differences between
treatments for a sampling time and capital letters show significant differences among times

for control treatment.
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1. L’alvocatcom a model de fruits climateérics

La majoria de fruits climatérics com el tomaquet, pateixen un procés de maduraci6
comercial que pot tenir lloc tant a la planta com després de la collita gracies a la
capacitat d’iniciar la fase climatérica en estadis de pre-collita. No obstant, existeixen
fruits com les peres, els kiwis, els mangos i l'alvocat que no tenen aquest
comportament sin6 que aquest procés només s’indueix si abans se n’ha fet la collita,
totique, en el cas de les peresi els mangos, no totes les varietats es comporten de la
mateixa formaialgunes si poden assolir unamaduracié comercial completa enl’arbre
(Lindo-Garciaetal,, 2019; Lindo-Garciaetal, 2020). D’aquestamanera,la maduracié
comercial només pot assolir-se si hi ha una separacid del fruit de I'arbre (Murayama
et al, 2015; Khan et al, 2021). En aquest sentit, I'alvocat és un fruit que s’ajusta a
aquest comportament i no inicia la maduracié comercial si el fruit esta encara unit a
I'arbre, fenomen que es coneix en angles com a “tree factor” (Burgi Burg, 1962).
Generalment, en tomaquera, la maduracié comercial en I'arbre no impedeix que els
fruits assoleixin una bona qualitat organoleptica adequada al consum, pero quan
fruits com l'alvocat, el kiwi, el mango i la pera romanen units a I'arbre durant llargs
periodes de temps, després d’assolir una maduracié fisiologica completa, la qualitat
del fruit es veu negativament afectada, ja que s’impedeix que la maduracié comercial
succeeixi amb normalitat. Com a resultat, s’obtenen fruits amb propietats alterades i
poc apreciats pels consumidors, ja que presenten afectacions en la textura i el gust.
En concret, Murayama et al,, (2015) afirmen que els fruits que tenen una maduraci6
comercial en I'arbre no assoleixen un estovament complet, resultant en fruits amb
fermesa elevada i una textura alterada. Aixi mateix, la collita determina canvis
bioquimics en mangos relacionats amb la degradacié de mid6 i acumulaci6 de sucres
durant la maduracié comercial (Drouillard et al,, 2021). En definitiva, es destaca el
comportament diferencial d’aquest tipus de fruits en la maduracié comercial post-
collita respecte el procés en tomaquet. D’aquesta manera, 'alvocat pot ser un model
d’estudirepresentatiu per entendre la maduracié comercial dels fruits que es regulen
de la mateixa forma. Aixi mateix, I'alvocat roman en un estat fisiologic maduri no és
fins que es separa el fruit de I'arbre, que s’inicia la maduracié comercial, la qual esta
associada a la produccié d’etile, posterior a I'acumulacié del seu precursor directe,
I'acid 1-aminocicloropa-1-carboxilic (ACC; Gouble et al,, 1995; Owino et al, 2002) i

un pic de respiracié. Aquest comportament facilita I'estudi del procés de maduracio6
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comercial, donat que hi ha una clara diferenciacié entre el procés de la maduraci6
fisiologica i la maduracié comercial. A més, la naturalesa climatérica de l'alvocat
comporta una maduracié comercial molt rapida assolint-se per complet entre el
cinque i sete dia després de la collita, depenent de la varietat o dels tractaments post-
collita (capitol 2; Bill et al, 2014). D’aquesta manera, 'alvocat és un bon model
d’estudi per a comprendre esdeveniments relacionats amb la maduracié comercial,
donat que ofereix avantatges relacionats amb la diferenciaci6 de les etapes de
fructificaci6 i maduracié comercial, i amb el rapid procés climatéric que accentua els
canvis bioquimics implicats, aixi com les modificacions en la textura, el gust i els

aromes.

Tanmateix, cal considerar que el tomaquet no és un fruit amb un contingut elevat de
vitamina E, a diferencia de I'alvocat (capitol 1) i que, per tal d’aprofundir en el rol de
la vitamina E en fruits climaterics, el tomaquet s’allunya de ser un model adequat per
I'estudi degut a que altres fruits destaquen més pels nivells elevats d’a-tocoferol
(Taula 2). Considerant els fruits comparats en aquesta taula, el tomaquet té un
contingutd’1 pgper g de fruit ocupantla 12a posicié entre els fruitsamb més vitamina
E, mentre que l'alvocat ‘Bacon’ i ‘Hass’ ocupen la 6a i 8a posicid, respectivament,
doblant el contingut del tomaquet (amb valors entre 1,97-2,37 ug per g de fruit
comestible; Taula 2) i, segons els resultats del capitol 1, la varietat d’alvocat ‘Bacon’
encara té uns nivells més elevats amb 2,37 pg per g de fruit comestible. Toti que és
important incloure els tococromanols en la ingesta diaria per ser components
beneficiosos per la salut, donada la seva participacié en diversos processos del
metabolisme huma (Nakagawa et al, 2007), a l'a-tocoferol se li atribueix més
importancia per exercir la funci6 especifica de la vitamina E. En el metabolisme huma,
existeix un enzim de transport de I’a-tocoferol i és la proteina de transferencia d’a-
tocoferol (Araii Kono, 2021), pero aquest no reconeix ni transporta altres isoformes
de tococromanol. L'a-tocoferol s’absorbeix als intestins i posteriorment, s’uneix a
lipoproteines del plasma, en concret, a la lipoproteina de molt baixa densitat,
lipoproteina de baixa densitat i lipoproteina d’alta densitat, per facilitar el seu
transport fins als hepatocits on s’allibera. L’a-tocoferol lliure s’unira a la proteina de
transferéncia d’a-tocoferol del fetge i posteriorment es transportara amb noves

lipoproteines alliberades al plasma, arribant a altres organs del cos (Arai i Kono,
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2021). Gracies a aquest enzim, la vitamina E pot actuar, en l'organisme, com
antioxidant en la reducci6 de radicals oxidants oferint proteccié contra I’oxidacio6 de
lipoproteines tot reduint el risc de patir malalties cardiovasculars (Freedman et al,,
1996; Clarke etal., 2008). Aixi mateix, 'absorcié iacci6 de la vitamina E dependra de
la capacitat de sintesi d’aquesta proteina i del metabolisme de les lipoproteines. Cal
destacar doncs, que el metabolisme de la vitamina E en humans esta molt relacionat
amb el metabolisme dels acids grassos i, I'alvocat és un fruit amb un contingut
rellevant d’ambddés components, per tant, s’emfatitzen els beneficis que aportala seva

ingesta en humans (Dreher i Davenport, 2013).

Taula 2. Contingut de vitamina E (tococromanols totals i a-tocoferol) en diferents fruits

ordenats de major a menor contingut d’a-tocoferol. Unitats expressades en mg per 100g de

fruit comestible.
Fruit a-Tocoferol Tococromanols Referéncia
Gavarro 4,14 4,38 Piironen et al., 1986
Olivaverda 3,81 3,81 Elmadfa i Meyer, 2017
Durian 3,77 4,80 Isabelle et al., 2010
Mora vermella 2,95 3,62 Piironen et al., 1986
Pera verda 2,71 2,73 Isabelle et al., 2010
Alvocat, ‘Bacon’ 2,37 2,85 capitol 1
Grosella negra 2.23 3,06 Piironen et al., 1922(3)61,7E1madfa i Meyer,
Alvocat, ‘Hass’ 1,97 2,36 USDA, 2018
Kiwi 1,69 1,97 Isabelle et al., 2010
Mora 1,43 3,74 Elmadfa i Meyer, 2017
Caqui 1,11 1,18 Isabelle et al., 2010
Tomaquet 1,00 1,45 Elmadfa i Meyer, 2017
Mango 0,90 0,96 USDA, 2018
Gerds 0,88 368 Piironen et al., 1986, Elmadfa i Meyer,
2017
Grosella vermella 0,82 1,45 Piironen et al., 1986
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Préssec 0,71 0,75 Chun et al., 2006, Elmadfa i Meyer, 2017
Raim 0,63 0,9 Piironen et al., 1986
Mangostan 0,57 26,98 Isabelle et al., 2010
Figa 0,34 0,75 Chun et al., 2006
Maduixa 0,28 0,41 Chun et al., 2006
Poma 0,24 0,24 Piironen et al., 1986
Mandarina 0,19 0,19 Isabelle et al., 2010
Platan 0,13 0,33 Chun et al., 2006

2. L’alvocat‘Bacon’i la rellevancia del fruit en el comerg global

Els fruits tropicals han despertat un gran interes mundial i, per aquesta raé augmenta
la motivacié per a la seva producci6 per part dels agricultors i el seu valor econdmic
al mercat mundial. La producci6 de fruits tropicals, com ara els mangos, les bananes,
les pinyes i els alvocats, esta en expansié constant. En concret, el volum de les
exportacions d’alvocat ha incrementat en els paisos productors, des del 2014 fins al
2018, destacant America Central i, en concret, Mexic com a principal pais productor i
exportador. Aixi mateix, el segueixen Per, Xile, Sud-Africa i Kénia, entre d’altres
(Figura 6). Mexic produeix un total de 1,9M t anuals i t¢ 180.000 ha cultivables
dedicades al'alvocat (FAO,2018).

Alvocats
Quantitats exportades dels principals paisos productors
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Figura 6. Volum exportat d’alvocat; dades des de I'any 2014 fins al 2018. Font: FAO, 2018.

152



A Europa, els principals consumidors d’alvocat s6n Holanda, Franca, Belgica i
Luxemburg, segons dades del 1999 (FAO, 2018), pero el pais productor més rellevant
del continent és Espanya. Concretament, Espanya ocupa la 15a posicié entre els
paisos que cultiven alvocats amb 88.000 t produides anualment i 11.200 ha
cultivables els darrers anys (FAO, 2018). Des de I'any 2010 fins al 2019, les
exportacions i importacions de fruits han augmentat considerablement a Espanya,
sent el principal exportador de fruits a Alemanya, Franca i el Regne Unit i important
majoritariament fruits dels Estats Units i del Marroc (MAPAMA, 2019). Aquestes
importacions s’atribueixen principalment als fruits tropicals o de contra-estacié com,
per exemple, I'alvocat. Tant el valor de les exportacions com el de les importacions ha
augmentat en aquest periode, sent al voltant d'un 62% i 100% superiors,
respectivament. Entre tots els fruits, I'alvocat ocupa un 4% dels exportats i un 10%

dels importats a Espanya (Taula 3).

Taula 3. Evolucio6 del comerg exterior d’alvocats des de 'any 2015 al 2019. IMP: importacions;

EXP: exportacions. Font: adaptada de MAPAMA, 20109.

2015 2016 2017 2018 2019 | Var.19/18

EXP (M€) 199,69 | 246,38 | 30852 | 299,15 | 343,58 14,9%
IMP (M€) 11494 | 181,31 | 22359 | 23794 | 304,85 28,1%

Saldo (M€) 84,75 65,07 84,93 61,21 38,73 -36,7%
EXP (©) 84384 | 91.665 | 107.098 | 108.892 | 119,144 9,4%
IMP (©) 60.989 | 88363 | 98902 | 129323 | 136.013 5,2%
Preu EXP (€/kg) 2,37 2,69 2,88 2,75 2,88 5,0%
Preu IMP (€/kg) 1,88 2,05 2,26 1,84 2,24 21,8%

Aquests darrers anys, el valor de les exportacions ha augmentat degut a un increment
del 42% en el pesivolumiun 21% en el preu de I'alvocat. Toti aixi, les importacions

d’aquest fruit segueixen tenint molta rellevancia a la peninsula (MAPAMA, 2019).

Essencialment, el mercat de l'alvocat gira entorn la varietat ‘Hass’, la qual va ser
descoberta per un agricultor de California als anys 1920. Des d’aquest moment, s’ha
potenciat la comercialitzacié d’aquesta varietat, ja que produeix un fruit més petit i,
per tant, ofereix un consum més adequat a la ingesta diaria i, a més, presenta una pell

més lignificada facilitant el transport intercontinental. Aquestes caracteristiques van
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propiciar I'expansi6 de I'alvocat ‘Hass’ que rapidament va guanyar renom gracies a la
seva textura i la seva demanda va augmentar per sobre de la d’altres varietats més
grans i amb un exocarpi menys resistent. Tot i aixi, existeix una gran diversitat
d’alvocats gracies a la domesticacio que es va implementar des de més enlla dels 500
A.C. A Espanya, destaca principalment el cultiu de dues varietats, la varietat ‘Hass’ ila
varietat ‘Bacon’. Toti que el cultiu de la varietat ‘Bacon’ és minoritari en comparacié
a la ‘Hass’, adquireix cada cop més valor, ja que no només s’utilitza com a
pol-linitzador de la varietat ‘Hass’, sin6 que també se li ha tret profit a la seva
produccid primerenca (al voltant dels mesos de octubreinovembre).Amés, desperta
curiositat als consumidors per la seva pell llisa de coloraci6 verda, tret molt
caracteristic i distintiu d’aquesta varietat. Addicionalment, tal i com veiem en el
capitol 1, I'alvocat ‘Bacon’ destaca per ser una varietat amb un gran contingut de
vitamina E, majoritariament en forma d’a-tocoferol, presentant nivells per sobre dels
de la varietat ‘Hass’. Cal mencionar que la varietat ‘Bacon’ també acumula una petita
quantitat de 6-tocotrienol, al qual seli han atribuit propietats beneficioses perla salut
humana (capitol 1; Guthrie et al., 1997; Quershi et al, 2000; Nakagawa et al,, 2007).
Aquestes diferencies entre varietats no es deuen només amb I'origen geografic sind
també a la gran heterogeneitat genética associada a I'origen de les domesticacions i
creacions de diferentsracesd’alvocat com P. americanavar. drymifolia (comunament
coneguda com raca Mexicana), var. guatemalensis (coneguda com a raca
Guatemalenca) i var. americana (o raca de les Indies occidentals; Lahav i Lavi, 2009).
Tot i aixi, les estrategies de domesticacio, les diferents tecniques de cultiu i la
posterior seleccié segons la productivitat, la qualitat del fruit i la vida util portades a
terme al llarg de la historia han donat peu a una gran heterogeneitat en els cultius tal
i com es plasma en el contingut de tococromanols en les varietats ‘Hass’ procedents
de diversos origens (capitol 1). L’acumulacié de plastocromanol-8 també adquireix
certa rellevancia tenint en compte les seves propietats com a potent antioxid ant en el
metabolisme vegetal (Casadesus et al,, 2020), pero hi ha poca informacié enfocada a
les propietats del plastocromanol-8 en la nutrici6 i, per tant, no es coneix encara si
ofereixen grans beneficis en la salut humana ni en quina proporcié ho fan. Ara bé, tal
i com s’especifica en el capitol 1, el plastocromanol-8iels tocotrienols estan presents
al mesocarpi de I'alvocat tot i que en concentracions molt més baixes que les de 'a -

tocoferol.
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Aix{ mateix, pel que fa al contingut de vitamina E, la varietat ‘Bacon’ pot oferir
avantatges enla salut per sobre dela varietat ‘Hass’ através de laseva ingesta, donada
I'aportacié superior d’a-tocoferol, en individus amb una absorcié de lipids adequada
com s’ha mencionat anteriorment, proporcionant més activitat de vitamina E. Tot i
que en la varietat ‘Bacon’ predominen el B-tocoferoli el y-tocoferol respecte altres
varietats (sobretoten el cas del B-tocoferol), en el plasma no s’hi detecten nivells
elevats, possiblement degut a la baixa capacitat d’absorcié de I'organisme (Arai i
Kono, 2021), d’aquesta manera exerceixen poca activitat de vitamina E en el
metabolisme huma. Apart de l'a-tocoferol, els tocotrienols tenen propietats
beneficioses contra diversos tipus de cancer i malalties cardiovasculars (Eitsuka et
al,, 2013;Jietal, 2013; Nawawi, 2013), itotique els nivells de tocotrienols no varien
considerablement entre varietats, el &-tocotrienol s’ha detectat Unicament a la
varietat ‘Bacon’. Aixi mateix, els nivells de §-tocotrienol presents en el mesocarpi de
I'alvocat ‘Bacon’ (47 pug per 100 grams de fruit), juntament amb I'a-tocoferol, poden
potenciar I'efecte antioxidant sobre el metabolisme huma i ajudar a la prevencio del
risc de cancer. L’exit comercial de 'alvocat ‘Hass’ s’atribueix, doncs, a uns aspectes
més logistics i practics en el consum, pero 'augmentdel coneixement sobre la qualitat
antioxidant en altres varietats pot ser un factor suficient per incentivar el consum de
I'alvocat ‘Bacon’, considerant la presencia de 6-tocotrienol en el mesocarpid’aquesta
varietat (capitol 1). D’aquesta manera, identificadors de tragabilitat o més
especificitat en I'etiquetatge de fruits pot facilitar al consumidor prendre una decisi6
més conscient dels productes escollits per a la seva ingesta, conéeixer quins beneficis
pot aportar seleccionar un producte o un altre i, en el cas dels fruits, poder escollir
alternatives més ecologiques. De la mateixa manera, a través de canvis en la demanda
condicionats per aquest tipus d’informacié addicional, es pot evitar promoure el

monocultiu a nivell nacional i internacional.

3. Maduracié comercial i sobre-maduraci6 en I'alvocat

L’alvocat és un fruit climateric i, per tant, 'etile té un rol principal en el procés de
maduraci6 comercial. Toti que al llarg de molts anys s’ha associat aquesta hormona
amb la maduracié comercial dels fruits climaterics, recentment s’esta atribuint el

resultat d’aquest procés no tan sols a l'etile, sin6 a una complexa interaccié entre
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altres fitohormones com I'acid abscisic o les auxines, com s’ha descrit en tomaquets
(Giovannoni etal, 2004; Kumar etal,, 2014; Igbal et al,, 2017). Pel que fa als alvocats,
en el capitol 2 veiem que la maduracié comercial succeeix molt rapidament en el
temps degut a 'elevada taxa de producci6 d’etile i de respiracié propies dels fruits
climaterics (Kassim et al, 2013). La produccié d’etile en alvocats és de 80uL/L,
superior a la d’altres fruits climaterics com les bananes (40uL/L) o els mangos
(3uL/L;Billetal, 2014). En l'alvocat ‘Bacon’ es potapreciar com, desprésdela collita,
la maduracié comercial transcorre en dues fases: la fase inductora coincidint amb el
pic d’acid 1-aminociclopropa-1-carboxilic (ACC) a les 4h i, per tant, suggerint un
incrementenla capacitat de sintesi del’etile, ila segonafase,associada al propiprocés
que coincideix amb el pic de ACC als 5d després de la collita (capitol 2). Entre el dia 7
i el 10, el fruit ja comenca a experimentar processos relacionats amb la sobre-
maduracié (capitol 2). En la fase inductora, el perfil hormonal no suggereix que cap
altra fitohormona, apart de 'ACC, pugui estar exercint una funcié en aquesta fase,
donat que no s’observen increments en el contingut endogen. D’aquesta manera, la
collita de l'alvocat ‘Bacon’ és suficient per passar del sistema inhibitori 1 a
I'autocatalitic 2 en la producci6 d’etile, tal i com indica el segon pic d’ACC relacionat
directament amb la maduracié comercial. Notablement, aquest pic segueix la mateixa
dinamica que el d’altres fitohormones, tot augmentant al dia 5 com és el cas de I'acid
abscisic que, a la vegada, coincideix amb el d’altres fitohormones, complementant
estudis previs que suggereixen que 'acid abscisic aplicat exdogenament té un rol
inductor de la maduraci6 comercial (Blakey et al, 2009; Meyer et al,, 2017 ). Per altra
banda, s’ha establert que I'acid abscisic pot estimular la produccié d’etile durant la
maduracié comercial i induir la sintesi d’enzims implicats en 'estovament del fruit
com les hidrolases (Lohani et al, 2004; Zhang et al, 2009; Igbal et al,, 2017). Per
aquesta rao, el manteniment dels nivells elevats d’acid abscisic en estadis posteriors
a dia 5, podrien estar relacionats amb I'estovament del fruit en la maduraci6
comercial i sobre-maduracio, on la fermesa del fruit es veu drasticament reduida. De
la mateixa manera, s’ha suggerit que les auxines podrien estar realitzant una funci6
reguladora de 'estovament de les parets cel-lulars (Adato i Gazit, 1976; Figueroa et
al,, 2009).En concret, elsresultats del capitol 2 suggereixen que, amés de I'etile, 'acid
abscisic, les auxines, les GAsi els jasmonats també podrien estar implicats en el procés

de maduracié comercial i la substancial disminucié de la fermesa en 'alvocat ‘Bacon’.
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Per tant, I'acid abscisic, les auxines i les GAs podrien estar implicats en I’estovament
del fruit interaccionant entre elles promoventl’accié d’expansinesi d’altres enzims
implicats en I'expansié cel-lular (McQueen-Mason et al., 1992; Catala et al,, 2000;
Trainotti et al,, 2007; Tadiello et al,, 2016; Busatto et al,, 2019). Més especificament,
la perdua de fermesa entre els dies 2 i 10 de la maduracié comercial es potdeure a la
interaccié de les auxines amb 1'etile, induint l'activitat d’enzims remodeladors de la
paret cel-lular com la poligalacturonidasa, pectina metilesterasa, (-glucosidasa i
expansines encarregats de la solubilitzacié i degradaci6 de polisacarids i pectines de
les parets cel-lulars vegetals (Tucker i Laties, 1984; Tateishi et al., 2007; Figueroa et
al,, 2009; Yahia i Woolf, 2011; Defilippi etal.,, 2018). Els jasmonats també poden estar
implicats en la maduracié comercial, en concret, el precursor directe OPDA. L’OPDA
es produeix a partir de I'oxidacio dels acids grassos poliinsaturats de les membranes
lipidiques (Gfeller et al, 2010; Dave i Graham, 2012). Els resultats suggereixen que
I'OPDA exerceix un rol diferencial al dels jasmonats, ja que ni els nivells de jasmonat
lliure ni dels conjugats augmenten durant la maduracio comercial, excepte en el cas
de la jasmonoil-fenilalanina, tot i que aquesta forma conjugada es considera inactiva.
Arabé, Hazman etal, (2015) explica que fulles de mutants d’arros deficients en OPDA
presentaves una major tolerancia a estres salf gracies a un increment en la capacitat
antioxidant i, per tant, una reducci6 dels nivells ROS acumulats per la situacié
d’estres, tot suggerint que nivells baixos de OPDA podrien relacionar-se amb una
major activitat detoxificadora de ROS. D’aquesta manera, I'augment de OPDA en els
estadis finals de maduraci6 comercial i sobre-maduracié en l'alvocat, pot estar
associata una perdua de la capacitat antioxidant (capitol 2). Com a resultat, es deriva
al desenvolupament de danys tissulars i deterioracié del fruit deguts a la peroxidacié
lipidica, propis de I'etapa de sobre-maduracié en fruits. A més, segons estudi recents,
I'OPDA exerceix una funci6 en la defensa contra l'estres biotic, on podria estar
exercint una funci6 individual o conjunta amb l'acid abscisic, I'etile i la peroxidacio
lipidica en estadis de sobre-maduracié on el deteriorament dels teixits facilita

I'entrada de patogens (Varsanietal, 2019; Toshima et al., 2014; Miiller etal., 2017).

En resum, diverses fitohormones podrien estar implicades en la maduracié comercial,
pero, en aquest cas, el procés es veu estimulat principalment per la retroalimentacio6
positiva entre l'acid abscisic, les auxines i I'etile que promouen esdeveniments

relacionats amb aquest procés fisiologic (Brenner etal,, 2005; Lee et al, 2010; Chen
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et al, 2016; Meyer et al,, 2017; Wang et al,, 2019b; Figura 7) el qual assoleix el seu
estat maxim entre els 5 i els 7 dies, tal i com suggereixen els valors de fermesa en
I'alvocat ‘Bacon’. Totiaixi, el periode de maduracié comercial en els alvocats és molt
variable i no només depen del genotip i la varietat sin6 que també depen de I'estat de
maduracio del fruit en la collita i, per tant, també de parametres relacionats amb el

cultiu (Hurtado-Fernandez etal,, 2016).

Figura 7. A) Interaccié
hormonal en la maduracié

25°C MADURACIO COMERCIAL comercial de I'alvocat

FASE INDUCTORA FASE MADURACIO COMERCIAL  durant — la post-collita
i | i | i diferenciant entre la fase

Oh 4h 2d 5d 7d inductora modulada per
I'etilé i la fase de maduraci6
ACC - ACC comercial regulada
o f - addicionalment per altres
e ol i fitohormones. ACC: acid 1-

J aminociclopropa-1-
OPDA GA, carboxilic;  ABA: acid
, L abscisic; GA1: gibberel-lina
I FERMESA . 1; IAA: Acid indol-3-acetic;
OPDA: acid 12-oxo-

fitodienoic.

4. Limitentrelatolerancia alesbaixestemperatures i els danys per fred

L’abastiment d’alvocats als paisos no productors requereix d’importacions
procedents dels paisos productors. Tot i aixi, durant!’etapa de transport després de
la collita, cal tenir en consideraci6 que la fase climaterica associada a la maduracié
comercial transcorre tan rapidament que dificulta que I'alvocat arribi en condicions
adequades al consumidor, tot reduint la seva comercialitzacié (Bill etal,, 2014). Aixi
mateix, cal laimplementaci6é de técniques que permetin retardar aquest procés, com
és, per exemple, 'emmagatzematge en fred. Generalment, els alvocats en la post-
collita es mantenen a unes temperatures d’entre 5-13°C al llarg de 2-4 setmanes
segons el cultivar (Bill et al, 2014). El transport i emmagatzematge a baixes
temperatures redueix la taxa de produccié d’etile i, en conseqtiencia es retarda o, fins
i tot, s’inhibeix la maduracié comercial (Kassim et al, 2013; Arpaia et al,, 2018).
Alhora, durant l'exposici6 a les baixes temperatures, es poden desencadenar
respostes fisiologiques de tolerancia al fred tot i que, si es fa en un termini prolongat

0 a temperatures per sota del llindar de tolerancia es poden causar danys fisiologics
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irreversibles als teixits com el desordre conegut com a danys per fred (capitol 4;
Jackman et al, 1988; Yahia i Woolf, 2011). Aixi mateix, un transport en condicions
inadequades pot desencadenar desordres fisiologics i perdua de qualitat del fruit que

afectin negativament a la comercialitzacié de I'alvocat.

Els fruits d’alvocat en post-collita responen de forma similar a les fulles quan
s’exposen a baixes temperatures. Tal i com s’observa al capitol 2, la resposta de
tolerancia al fred es desencadena rapidament en el fruit després de 4h d’exposici6 al
fred per 'augment de 'acid abscisic i els jasmonats, especialment la jasmonoil-
isoleucina, el principal jasmonat actiu implicat en defensa contra estressos biotics i
abiotics com la salinitat, la sequerai les temperatures extremes (Howe et al,, 2018;
Hazman et al, 2019). L’increment de JA-Ile podria estar mediat indirectament per
auxines. Les auxines indueixen l'expressié de l'enzim jasmonat-amido sintetasa
codificat per JAR1, que s’encarrega de la conversio de 'acid jasmonic a la forma
conjugada JA-Ile (Staswick i Tiryaki, 2004). A més, I'increment de jasmonats el dia 5
es pot relacionar amb I'augment d’acid abscisic en una resposta enfront I'estres per
fred (capitol 2; Figura 8). S’ha descrit extensament la funci6 d’aquestes fitohormones
en diversos organs de plantes i les cascades de senyalitzacié que s’activen per tal de
promoure mecanismes de tolerancia (Lv et al, 2018; An etal,, 2021). Els jasmonats,
com el metil jasmonat, estan involucrats en I'expressi6 de gens de resposta a l'estres
(COR) a través d’una cascada de senyalitzaci6 anomenada ICE-CBF-COR (An et al,
2021).En pomes, s’ha descrit que la preséncia de jasmonats indueix la produccié de
la proteina BBX37 que, per una banda, promou la sintesi i expressio d’ /CE, I'inductor
de I'expressié de C-REPEAT-BINDING FACTOR-COLD RESPONSIVE (CBF) i, per altra
banda, s’uneix als promotors dels gens CBFper induir la seva sintesi, tot establint una
resposta sinergica per a la tolerancia al fred, induint la cascada ICE-CBF. Els factors
de transcripcié CBF activaran directament I'expressio de gens COR al nucli (An et al,,
2021). Per altra banda, la resposta de tolerancia al fred esta regulada simultaniament
per I'acid abscisic que participa d’'una forma semblant en la cascada de senyalitzacio
ICE-CBF. Les quinases dependent de calci interaccionen amb les ROS generades
durantl'estrés i indueixen la sintesi d’acid abscisic, tal i com s’ha descrit en fulles de
tomaquera (Lv et al, 2018) desencadenantla cascada de senyalitzaci6 CBF-COR. En
ambdos casos, els gens COR regularan I'expressié de gens implicats en la resposta

antioxidant detoxificadora de ROS, la resposta hormonalialtres funcions de proteccié
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(Chinnusamv et al,, 2007; Yu et al,, 2020). Aixi mateix, i similar a les pomes (An et al,,
2021), es suggereix que aquestes respostes podrien tenir lloc en fruits d’alvocat un
copja se n’ha fet la collita, al llarg de la cadena de produccié quan el fruit s’exposa a
baixes temperatures (Figura 8; capitol 2). A més, I'acid abscisic també podria estar
exercint una funci6 de manteniment del balan¢ hidric del fruit tot evitant una
deshidrataci6 que podria relacionar-se amb processos d’estovament associats a

I'emmagatzematge a baixes temperatures en fruits (Ma et al,, 2018).

ESTRES PER FRED TOLERANCIA A Figura 8. Resposta

L'ESTRES PER FRED hormonal en el fruit

d’alvocat en post-
. CORRECTE BALANG HIDRIC

collita enfront
mecanismes que

e * REGULACIO GENETICA PER P
IASMO‘NOIL-ISO\LEUCINA * INCREMENTAR TOLERANCIA ! participen  en la

ICE-CBF-COR

ACIDABSCISIC - scrivitar anTioxipant | Iexposicié al fred i
tolerancia al’estres per

baixes temperatures.

Per una banda, en el capitol 1, s’ha observat que durantun temps curt d’exposici6 al
fred no s’observen pérdues en la qualitat dels alvocats ‘Bacon’, pero si que s’aprecien
canvis en la composici6 de tococromanols acompanyada d’una acceleraci6 transitoria
en les reaccions de peroxidacié lipidica degut a canvis metabolics. Aquesta possible
senyalitzaci6 deguda a la peroxidacio lipidica suposa un increment en els nivells de
plastocromanol-8, y-tocoferol i y-tocotrienol (capitol 1). Per altra banda,
I'emmagatzematge a baixes temperatures per un periode de temps llarg no afavoreix
I'acumulaci6 de vitamina E. Contrariament, a partir dels 10 dies d’exposici6 a 4°C, els
alvocats comencen a patir una disminucié en el contingut antioxidant degut a la
reducci6 de la vitamina E total, suposant una caiguda en 'aportacié nutricional del

20%, per tant, una perdua de la qualitat antioxidant del fruit (capitol 1).

Encara s’evidencien més els efectes del fred si 'emmagatzematge a 4°C es prolonga
més enlla de setmanes i mesos en el temps, quan comencen a sorgir simptomes

associats al “black spot” ala pell de I'alvocat (Lindh et al, 2021) i associats als danys
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per fred al mesocarpi (Figura 9).El “black spot” ala pell sorgeix ales poques setmanes
de mantenir el fruit a 4°C, en canvi, al mesocarpi es comencen a manifestar danys per
fred a partir de les 4 setmanes d’iniciar la cadena de fred en la varietat ‘Bacon’, tal i
com s’explica en el capitol 4. Aquest fenomen és el que causa més rebuig en el mercat
a I'hora de comprar alvocats, ja que el consumidor no pot discernir a simple vista
entre el fenotip del fruit afectat i del no afectat i, en conseqiiencia, no pot fer una tria

conscient, tot generant desconfianga entorn el producte.

Figura 9. A) Simptomes de “black spot” en I'exocarpi
de l'alvocat ‘Bacon’. B) Simptomes de danys per fred

en el mesocarpi de I'alvocat ‘Bacon’.

B)

Els danys per fred al mesocarpi s’aprecien especialment quan el fruit ha assolit un
estat complet de maduracié comercial i es manifesten, principalment, com una
decoloraci6 o enfosquiment del mesocarpien arees al voltant del pinyol (Glowacz et
al, 2017).Fins i tot, pot desenvolupar-se un greu enfosquiment del mesocarpisi els
limits de tolerancia se sobrepassen excessivament, com es va poder observar a partir
de les 5 setmanes d’emmagatzematge de l'alvocat ‘Bacon’ a 4°C (capitol 4). El
desordre al mesocarpi és conseqiiencia de les reaccions d’oxidacié i acumulacié de
ROS en excés donantlloc a canvis bioquimics al teixit quan les condicions adverses es
mantenen. Aquest emmagatzematge en fred durant un temps prolongat indueix un
estres al fruit, que deriva en la produccié incontrolada i excessiva de ROS als
cloroplasts a partir de les 4 setmanes d’exposicio, tot causant danys tissulars deguts

a les cascades de peroxidaci6 lipidica (Romojaro-Casado, 2016) i, resultant en un
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estres oxidatiu quan els mecanismes antioxidants son insuficients per reduir
I'activitat de les ROS (Noctor and Foyer, 2005). S’ha descrit que 'enfosquiment del
mesocarpi en l'alvocat (Figura 10) és degut a l‘acci6 de la polifenol oxidasa i la
peroxidasa, les quals participen en I'oxidaci6 de fenols a o-quinones (moltinestables,
rapidament reaccionen amb aminoacids i proteines donant lloc a una coloracié
marronosa) i en I'acumulacié de ROS, respectivament (Pesis et al, 2002; Zhu et al,,
2021b). A més, la maduracié comercial posterior a’emmagatzematge en fred també
incrementa els simptomes associats als danys per fred gracies a I'accié dels enzims
polifenol oxidasa i lipoxigenasa estimulada per l'acci6 de I'etileé (Pesis et al., 2002;
Velazquez-Lopez et al, 2020). Aixi mateix, 'exposici6 a temperatura ambient
posterior a I'emmagatzematge a baixes temperatures promou l'activitat enzimatica
induint processos d’oxidacid iacumulacié de ROS (Zhu et al, 2021b) que, finalment,
propicien la perdua en la integritat de les membranes i afavoreixen I'enfosquiment

del mesocarpi, manifestant danys per fred en I'alvocat.
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En altres fruits com les peres i les pomes, s’ha descrit mecanismes d’accié concrets
que deriven en els danys per fred, en aquest cas, coneguts com a “fruit scald”, on
també l'etile adquireix un rol rellevant. En pomes, el desordre es manifesta com a
taques marronoses a la pell causades a partir de la producci6 i oxidacié de terpens, en
concret I a-farnese, en trienols conjugats estimulada a nivell transcripcional per
I'etile. En aquesta situacio, 'estres abiotic indueix a sintesi de terpens com a resposta

per ajudar a I'estabilitzaci6 de les membranes i evitar danys tissulars (Lindo -Garcia
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et al, 2021). De forma similar, un elevat contingut en flavonols i acid linolenic
permeten reduir aquests simptomes associats als danys per fred en peres (Bussatto

etal, 2021).

Per aquesta rao, identificar els fenomens implicats en el desenvolupament de danys
per fred en diversos fruits i establir els limits i condicions ambientals per a la seva
aparici6 és de gran utilitat per tal de reduir I'impacte que causa, emfatitzant el cas
dels fruits tropicals com els alvocats i, de la mateixa manera, evitar el malbaratament

i augmentar la comercialitzacid i 'apreciacié per partdels consumidors.

5. Contraposici6 dels desordres “black spot” i danys per fred

Els danys per fred sén un desordre que sorgeix de I'emmagatzematge de fruits a
temperatures baixes. Els alvocats sdn molt susceptibles a patir aquest desordre a la
pell i al mesocarpi. Diversos estudis atribueixen un fenotip de taques negres a la pell
de l'alvocat com a danys per fred pero, realment, existeix certa controversia en la
identificacié d'aquest fenomen. Lindh (2021) descriu que els simptomes de “black
spot” s’han confés freqiientment amb els danys per fred a la pell dels alvocats i
remarca que cal fer-ne la distincio, ja que el “black spot” no s’atribueix als mateixos
mecanismes d’accié que es descriuen per als danys per fredi que, sota les mateixes
condicions, l'aparici6 dels simptomes a la pell no coincideix amb I'aparicié dels
simptomes al mesocarpidel fruit. Els danys per fred inclouen una afectacié externa
(pell fosca o amb marques) iinterna (decoloraci6 o enfosquiment del mesocarpi) del
fruit, mentre que el “black spot” només compromet la integritat de la pell i es
manifesta com a taques negres o marrons d’entre 2-3 cm de diametre a la pell de
l‘alvocat amb absencia d’afectacions al mesocarpi. A més, estudis previs confirmen
que en alvocats ‘Hass’, els tractaments de metil jasmonat redueixen els simptomes
associats als danys per fred al mesocarpi del fruit pero, I'ds d’aquest compost no
genera cap efecte sobre la pell amb “black spot” (Glowacz et al,, 2017; Uarrota et al,,
2020), marcant la diferéncia entre els dos desordres. Toti aixi, el “black spot” també
sorgeix quan els fruits son emmagatzemats a baixes temperatures i/o en atmosferes
controlades durant un periode de temps prolongati esta estimulat per la produccio

de ROS i la perdua de pes durant I'emmagatzematge (Uarrota et al, 2020). Aquest
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desordre va ser descrit per primer cop en alvocats ‘Hass’ de Pert que havien estat

emmagatzemats en fred (Everettetal, 2015).

En el capitol 4, es fa referéencia als danys per fred al mesocarpitot i observar,a més,
un desordre a la pell de I'alvocat coincidint amb el fenotip descrit coma “black spot”.
De la mateixa manera que defensa Lindh (2021), els resultats demostren un
comportament diferencial del metil jasmonat sobre el mesocarpi i exocarpi de
I'alvocat ‘Bacon’. Per tant, aquest estudi confirma els resultats de Lindh (2021) i
suggereixen que l'efecte protector del metil jasmonat en els danys per fred no actua

contra el “black spot” de la pell de I'alvocat.

6. Estratégies per a lamillora de la qualitat de I'alvocatenla cadenade
produccié
La cadena de producci6 en fruits tropicals esdevé cada vegada més exigent ja que
s’inclouen necessitats de practiques més sostenibles i estrategies més ecologiques en
la conservaci6 dels aliments. Sobretot es pretén descartar I'tis d’agents quimics com
per exemple I'1-MCP, que s’empra en la cadena de producci6 per reduir les perdues
degudes al metabolisme climateric del fruit durant!’emmagatzematge i, per tant, per
garantir una major qualitat quan sigui exposatal supermercat (Pintado et al, 2021).
Aixi mateix, els agricultors i els responsables de la cadena de produccié indaguen en
possibles estrategies que redueixin la petjada ambiental, enfocades a canvis més
ecologics i sostenibles que s’apropin a allo que el consumidor demana. D’aquesta
manera, amb el canvi de perspectiva i de practica sorgeixen necessitats que afrontin
diversos aspectes relacionats amb la reduccié dels danys per fred i la millora de la
qualitat en els fruits per tal de reduir les perdues que es produeixen constantment

avui dia durantla cadena de produccio.

Considerant que l'alvocatde la varietat ‘Bacon’ no destaca pel contingut de vitamina
Be, ja que és inferior en comparacié amb el d’altres varietats rellevants en el mercat
(capitol 3), és d’interes incrementar els nivells endogens en base als beneficis que pot
aportarala nutricié i salut del consumidor donats els seus valors elevats d’a-tocoferol
i 8-tocotrienol, tal i com es descriuen en el capitol 1. Per aquesta rag, es disposa d'una

varietat d’alvocat que no només és moltrica en vitamina E, sin6 que també ho pot ser
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en vitamina Be a través de practiques senzilles en la post-collita. Aquest fet suposa un
avantatge per al consumidor, ja que es proporciona una millora en les propietats
nutraceutiques dels fruits ingerits i, de la mateixa manera, s’ofereix una major
proteccio6 del sistema nerviés i prevencié de patir malalties coronaries gracies a la
ingesta de vitamina Be (Jayedii Zargar, 2018; Calder6n-Ospina i Nava-Mesa, 2019).
En concret, els fruits sén una fontde vitamina Be pero, precisament, la varietat ‘Bacon’
té un baix contingut de PLP (capitol 3), per tant, la manipulacid dels nivells endogens
a través de tecniques en post-collita adquireix importancia per augmentar el valor
nutricional del fruit. Segons els experiments duts a terme al capitol 3, una tecnica
basica per assolir aquest objectiu és 'emmagatzematge a 4°C durant un temps curt (2
dies) que permet duplicar el contingut endogen de PLP en aquesta varietat d’alvocat.
A més, si els alvocats es pretenen emmagatzemar durant llargs periodes a
temperatures baixes, es poden realitzar aplicacions exogenes de PLP que permet no
només augmentar 4 vegades el contingut total de vitamina Be en l'alvocat sind que, a
través d’aquesta aplicacio, els nivells endogens superen als d’altres varietats, com la
‘Hass’ i la ‘Fuerte’ (capitol 3). A més, I'aplicaci6 exogena de PLP a 4°C garanteix el
manteniment dels nivells de vitamina Be durant un periode de temps llarg (30 dies),
tot fentde I'alvocat ‘Bacon’ una excel-lent font d’antioxidants, a més d’incrementar el

valor nutricional d’aquesta varietat i, de la mateixa manera, I'interées del consumidor.

Un cop destacats els beneficis que aporta I'aplicacié exogena de PLP en les propietats
del fruit, en el capitol 3, s’ha estudiat si aquesta aplicacié també té un efecte sobre la
qualitat del fruit durant la maduraci6 comercial de I'alvocat. Durant el procés de
maduracié comercial que experimenten els fruits, els alvocats tractats amb PLP
presenten un lleuger retard en la progressio de 'estovament del mesocarpi, fet que
potestar associata una resposta hormonal dependent de CKs i jasmonats. Les formes
d'IPA i OPDA - precursors directes de les formes actives de CKs i jasmonats,
respectivament - s’associen a processos d’'inhibicié de la maduracié comercial (en el
cas de les CK) i a funcions de defensa contra estres biotic o abiotic (en el cas dels
jasmonats; Sang et al., 2011). Aixi mateix, aquest augment en IPA i OPDA als fruits
tractats amb PLP poden estar retardant el procés de maduracié comercial a través de
modulacions amb l'etile, tal i com s’indica amb les ratios IPA/ACC, CKs/ACC i
OPDA/ACC, tot regulant processos fisiolo gics i bioquimics relacionats amb la fermesa

del fruitila remodelacio6 de les parets cel-lulars (capitol 3; Daveyi Van Staden, 1978;
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Massolo et al, 2014; Ainalidou et al, 2016). Tot i aixi, aquests canvis només
succeeixen de forma transitoria donat que tant els fruits tractats com els no tractats
assoleixen la mateixa fermesa després de mantenir-se 5 dies a temperatura ambient
(coincidint amb un estat complet de maduraci6 comercial). Per aquesta ra6,
I'aplicacio de PLP pot afavorir la comercialitzacié de 'alvocat, ja que no té efectes
sobre la fermesa final del fruit, un cop ha assolit un estat de maduracié comercial
complet. En canvi, el tractament de PLP si retarda lleugerament I'estovament en
estadis inicials i intermedis de la maduracié comercial, facilitant la manipulaci6é del
fruit durant la cadena de produccid i, de la mateixa manera, evitant possibles danys
mecanics que es poden produir al llarg de tot el procés (Figura 11). Enresum, el PLP
esta propiciant la qualitat del fruit en aspectes d’integritat, millorant la percepcid i

I'apreciaci6 del consumidor.

Increment del contingut de vitamina B6
endogena

Increment del contingut de tococromanols:

APLICACIO

EXOGENA DE plastocromanol-8i y-tocotrienol Mil]ora de
PIRIDOXAL la qualitat
5’-FOSFAT enl’alvocat

IPA/ACC Manteniment de la fermesa: millora la ‘Bacon’
()90 e qualitat i facilitala manipulacié post-collita

Possible funcié protectora dels pigments
fotosintetics

Figura 11. Parametres de millora de la qualitat de I'alvocat ‘Bacon’ per mitja de I'aplicacié
exogena de piridoxal 5’-fosfat. Vit B6: vitamina B6; TC: tococromanols; IPA/ACC: relacié
isopentenil adenosina/acid 1-aminociclopropa-1-carboxilic; OPDA/ACC: relacié acid 12- oxo-

fitodienoic/acid 1-aminociclopropa-1-carboxilic.

Respecte a 'emmagatzematge a baixes temperatures en un termini llarg de temps,
I'aplicaci6 de PLP no afecta al metabolisme del fruit en la resposta hormonal de
tolerancia al fred ni sembla afectar al’estovament ni a I’estat oxidatiu del fruit (capitol

3). Clarament, la composicié de tococromanols si que es veu afectada per I'aplicacié.
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En aquest cas, no suposa una reduccio en el contingut de tocoferols pero si un lleuger
augment en els tocotrienols (especialment la forma vy-tocotrienol) i el
plastocromanol-8, possiblement relacionat amb una induccié de la resposta
detoxificadora contra les ROS generades durant I'exposicié a baixes temperatures a
les cel-lules i, per tant, oferint proteccio contra processos oxidatius (capitol 3). A més,
el PLP sembla estar realitzant una funci6 protectora contra la degradacié de
clorofil-les gracies a I'accié dels tococromanols (Figura 11; Fernandez-Marin et al,
2021; Matringe etal,, 2008). Toti aixi, es necessita investigar en més profunditat per
desmantellar el nexe molecular entre els tococromanols, les clorofil-les i el PLP.
D’aquesta manera, els alvocats tractats amb PLP acumulen més tococromanols que
els no tractats i aquest fet pot influir positivament en la nutrici6 humana, ja que
s’atribueixen diverses propietats a aquests antioxidants, especialment al vy-
tocotrienol (Eitsuka et al, 2013; Ji et al, 2013; Nawawi, 2013). No obstant, cal
considerar que 'augment d’aquests compostos no és rellevant en la totalitat del
contingut de tococromanols i, per tant, no es pot esperar un efecte notori sobre la
ingesta diaria de vitamina E. Toti aixi, I'increment de vitamina Bs si que augmenta
notablementi es potesperar un efecte positiu en el sistema nervios relacionatamb la
funci6 neuroprotectora i antioxidant d’aquesta vitamina. Per tant, realitzar
tractaments de PLP en fruits pot aportar beneficis durant la post-collita per a la

comercialitzacié de I'alvocatde la varietat ‘Bacon’.

Pel que fa a la qualitat relacionada amb la integritat del fruiti els danys per fred, el
tractament per aplicacié de metil jasmonat, realitzat als experiments que conformen
el capitol 4, ha resultat eficient en la reduccié dels danys per fred en I'alvocat ‘Bacon’.
Els jasmonats exerceixen una funci6 de protecci6 en I'alvocat retardant I'aparicié de
danys induits per l'estres per fred (capitol 4). D’aquesta manera, els fruits tractats
amb metil jasmonat presenten una acumulacié inicial de jasmonats, els quals
indueixen respostes fisiologiques de tolerancia al fred i es prolonga el manteniment
de la integritat de les membranes que, altrament sense I'aplicacié, serien danyades
perles ROS. Aixi mateix, en els resultats obtinguts al capitol 4, es poden observar dues
fases en laresposta enfront’emmagatzematge en fred en els fruits tractats amb metil
jasmonat, tal i com suggereix Romojaro-Casado, (2016). La fase inicial s’associa a una
resposta de tolerancia al fred que coincideix amb reaccions de peroxidacio lipidica;

aquestes poden estar desencadenantrespostes per assolir aquest estat de tolerancia
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sense consequiéncies negatives en el fruit - apart d’un increment en els hidroperoxids
lipidics a la setmana 2 acompanyant un possible estres oxidatiu en el fruit madur -.
Contrariament, després de diverses setmanes d’exposici6 a baixes temperatures,
I'aplicaci6 exogena de metil jasmonat sembla exercir una funcié protectora contra
'estres per fred a través de la reduccio en la peroxidacio lipidica (com s’observa en
els nivells d’hidroperoxids i MDA les setmanes 4 i 5) en el mesocarpi dels alvocats
(Figura 12). Cal destacar que els fruits emmagatzemats a baixes temperatures i
tractats amb metil jasmonat presenten unnivells inferiors d’acid salicilic a la setmana
4, coincidint amb un impacte menor dels danys per fred. Per tant, es suggereix que els
efectes resultants de I'aplicacié6 de metil jasmonat en el mesocarpi dels alvocats
podrien estar vinculats amb el contingut d’acid salicilic, suposant una reducci6 en els
nivells endogens d’aquesta hormona en fruits madurs després de les 4 setmanes
d’emmagatzematge, possiblement relacionada amb processos redox, defensa contra

patogensi/o processos de mortcel-lular.

En resum, el tractament de metil jasmonat per esprai redueix i retarda eficientment
els danys per fred en I'alvocat ‘Bacon’ a través de la reduccié de la resposta induida
per reaccions de peroxidaci6 lipidica en el mesocarpi d’alvocats madurs. En aquest
cas, els danys per fred es comencen a observar a partir de la setmana 5 d’exposicio i
emmagatzematge a baixes temperatures, tot prolongantla vida ttil del fruit fins a una
setmana. D’aquesta manera, s’amplia el coneixement establert sobre el metil
jasmonat, el qual s’aplica en altres estudis amb altres tecniques més cost-eficients
com I'emmagatzematge en cambres de gas, en condicions controlades, tal i com s’ha
estudiat en diferents varietats d’alvocat (Meir et al, 1996; Sivankalyany et al,, 2015;
Glowacz, et al,, 2017).
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Figura 12. Efectesen
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Tot i que actualment existeixen diverses tecniques en la post-collita per reduir els
danys per fred en fruits que s’emmagatzemen durant periodes prolongats de temps a
baixes temperatures, com tractaments d’aire o d’aigua calents (Woolf et al,, 1995;
Woolf, 1997), emmagatzematge en atmosferes controlades (Pesis etal., 1994) i I's
de'1-MCP (Pesis et al,, 2002), val la pena considerar altres alternatives com ’esprai
de metil jasmonat, ja que s’ha demostrat que aquesta molécula podria tenir efectes
positius en 'acumulacié de compostos fenodlics gracies a la induccié de I'expressié de
I'enzim fenilalanina amoni-liasa, que participa en la via de l'acid shikimic per la
formaci6 de fenols (Cocetta et al,, 2015; Garrido-Bigotes et al,, 2018). Els metodes
anteriorment mencionats per reduir els danys per fred, a diferéncia dels elicitors com
el metil jasmonat, tenen impactes negatius en el fruit ocasionant una perdua en el
valor nutricional o poden, fins i tot, tenir efectes secundaris en altres processos
fisiologics conduint a perdues en la qualitat del fruit (Ornelas i Yahia, 2003; Wang et
al, 2006). Considerant que els tococromanols formen part del sistema antioxidant
amb funcié no-enzimatica i que actuen com a detoxificants de ROS i de radicals
lipoperoxils en les membranes cloroplastiques (Falk i Munné-Bosch, 2010; Mufioz i
Munné-Bosch, 2019), el manteniment d’aquests compostos a través de l'aplicaci6 de
metil jasmonat és rellevant per permetre un balan¢ redox correcte que permeti
conservar les propietats lipidiques tant apreciades en I'alvocat (Aratjo etal,, 2018) i,
també, per l'interés entorn la vitamina E en la nutrici6 humana donat les propietats

beneficioses que té per a la salut (Weber etal,, 1997).
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L’alvocat ‘Bacon’ és la varietat comercial, entre les analitzades, amb un
contingut de vitamina E més elevat presentant nivells superiors als de la

varietat ‘Hass’ altament comercialitzada.

La varietat ‘Bacon’ destaca, a més de l'a-tocoferol, per la preséncia de &-
tocotrienol en el mesocarpi, el qual s’associa a propietats beneficioses per a la

salut.

L’exposicié a baixes temperatures (4°C) durant un periode de 10 dies pot
provocar una perdua de vitamina E en el fruit i, per tant, reduir el valor

nutricional i qualitat de 'alvocat.

Durant la maduracié comercial, a part dels canvis metabolics deguts a la
naturalesa climaterica del fruit, altres fitohormones com l'acid abscisic, els

jasmonats, les auxines i les GAs poden estar implicades en el procés.

L’exposicio del'alvocata 4°Cindueix una resposta d’aclimataci6 contral’estres

per fred regulada per l'acid abscisici els jasmonats.

L’emmagatzematge en fred per un termini de temps curt pot duplicar els

nivells endogens de vitamina Bs en I'alvocat ‘Bacon’.

L’aplicacié exogena de PLP per immersié a una concentracié de 9 mM pot
incrementar fins a 4 vegades els continguts endogens de vitamina Bes en

I'alvocat ‘Bacon’, fins i tot superant els nivells de la varietat Hass.

L’aplicaci6 exogena de PLP retarda lleugeramentla maduracié comercial quan
I'alvocat es manté a temperatura ambient, reduint 'estovament del fruit
possiblement mitjancant una resposta hormonal dependent de CKs i

jasmonats.

L’aplicacié exogena de PLP en alvocats ‘Bacon’ emmagatzemats a baixes

temperatures augmenta el contingut de y-tocotrienol i plastocromanol-8.

L’alvocat de la varietat ‘Bacon’ és susceptible de patir danys per fred al
mesocarpi, els quals s’inicien a partir de les 4 setmanes d’emmagatzematge a

4°C.
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L’aplicacié de metil jasmonat pot retardar els danys per fred, sense afectar

negativament als nivells de vitamina E.

L’aplicacié de metil jasmonat per esprai és una tecnica simple, economica i
eficient a implementar al llarg de la cadena de producci6 per reduir els
simptomes associats als danys per fred en alvocats ‘Bacon’, tot prolongant fins

a una setmana la vida util i comercialitzacio del fruit.
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