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“Nature is a language and every new fact one learns is a new
word; but it is not a language taken to pieces and dead in the
dictionary, but the language put together into a most
significant and universal sense. I wish to learn this language,
not that I may know a new grammar, but that I may read the
great book that is written in that tongue”

Ralph Waldo Emerson

“Sometimes it is the people no one can imagine
anything of who do the things no one can imagine”

Alan Turing
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ABSTRACT

Sweet cherry fruits (Prunus avium L.) are highly appreciated by consumers
worldwide because of their visual and organoleptic characteristics. As a non-
climacteric stone fruit, the biochemical and physical changes that occur during
its growth, ripening and over-ripening are regulated by hormones. To better
understand the complex interplay between some phytohormones during these
processes, and how quality parameters are affected, sweet cherries were
harvested from a commercial orchard at different developmental stages and
during postharvest time. Results showed high concentrations of growth
promotors such as auxins, cytokinins and gibberellins, at the very beginning
of fruit development, to later decrease as soon as the ripening process started,
and negatively correlated with ripening parameters, thus suggesting a possible
inhibitory role in sweet cherries ripening process. Also, jasmonic acid and
salicylic acid showed a decrease as ripening progress, depriving fruit
protection against pathogens. In contrast, abscisic acid concentrations
increased at the onset of ripening, and was positively correlated with quality
parameters, promoting sweet cherries ripening. Melatonin, a newly-studied
compound, decreased drastically at the onset of ripening and after its
exogenous application, melatonin exhibited an important role as a sweet
cherry ripening inhibitor, particularly at low concentrations. During over-
ripening, cherry fruits clearly suffered a huge water loss, and abscisic acid,
cytokinins and gibberellins decreased in parallel with fruit decay, suggesting
a protective role against over-ripening. Therefore, a hormonal cross-talk is
observed during sweet cherry development and over-ripening, acting together
or regulating each other, which may help to create new strategies and

technologies to improve fruit quality.
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INTRODUCCION

1. Crecimiento y desarrollo de frutos carnosos

Las plantas han desarrollado, a lo largo del tiempo, diferentes mecanismos
que favorecen la dispersion de las semillas, por lo que en la naturaleza
podemos encontrar una gran diversidad de estas (Mauseth, 2016). En general,
podemos dividir los frutos en dos grandes grupos. Por un lado, tenemos los
frutos secos que, al llegar a su plena madurez, la dispersion de la semilla suele
ser a través del viento o por adhesion al pelaje de los animales. Mientras que,
por el otro lado, tenemos los frutos carnosos que, al contrario de los secos, son
frutos con una capa suave y comestible que permite la dispersion de las
semillas a través de animales, los cuales consumen esta parte del fruto y

después, se deshacen de lo que queda de ¢l (Dardick & Callahan, 2014).

Independientemente del tipo, los frutos estan formados por diferentes
capas de tejido derivado del ovario de la flor (Figura 1), los cuales son los

siguientes:

¢ Exocarpio: tejido mas exterior que suele formar la piel o corteza del

fruto.

% Mesocarpio: tejido intermedio. En los frutos carnosos, es la capa

blanda y comestible del fruto.

*

¢ Endocarpio: tejido mas interior. Es la capa adyacente a la semilla que,

en muchos casos, suele actuar como barrera protectora de esta misma.



Cuando se habla de frutos carnosos, las diferencias entre estas tres capas
proporcionan una clasificacion aun mas amplia (Li, 2012; Mauseth, 2016), por
lo que podemos dividir estos frutos en bayas, pomos, hesperidios, peponides
y drupas. Estas ultimas se diferencian por tener el endocarpio endurecido
como barrera fisica para la proteccion de la semilla contra posibles
depredadores y enfermedades (Doster & Michailides, 1999), dando lugar a lo
que conocemos como frutos carnosos con hueso. La mayoria de las drupas
pertenecen a la familia Rosaceae, grupo de gran importancia econdmica
(Dirlewanger et al., 2002; Janick, 2005), en la que se incluyen frutos como

ciruelas, melocotones, cerezas y almendras, entre otros.

Exocarpio o piel

Mesocarpio o
tejido
comestible

Endocarpio o
capa
protectora de
la semilla

Figura 1. Tejidos diferenciados en un fruto carnoso con hueso.

1.1. Crecimiento

Dentro de la familia de las Rosaceas, encontramos el género Prunus, el
cual incluye diferentes frutos carnosos con hueso como melocotones y

nectarinas [ Prunus persica (L.) Batsch], albaricoques (Prunus armeniaca L.),
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ciruelas (Prunus domestica L.), almendras (Prunus dulcis Mill.) y cerezas
acidas (Prunus cerasus L.) y dulces (Prunus avium L., Hummer & Janick,
2009). La mayoria de los frutos del género Prunus se caracterizan por seguir
un patron de crecimiento y desarrollo doble-sigmoideo desde el cuajado del
fruto (Coombe, 1976), describiendo tres fases importantes (Figura 2) en las

que se produce la diferenciacion de los tejidos (Olmstead et al., 2007).

Fruto

Fase Fase ll Fase lll

(o)

)

c «—»
Q o
o m— Lignificacion del
E endocarpio
'O

(V]

L

o

Tiempo

Figura 2. Patron de crecimiento y desarrollo doble-sigmoideo

En la fase I, se ha descrito un crecimiento exponencial del mesocarpio
debido a una elevada y répida division celular, que determinard la densidad
final del fruto. Durante la fase II, el crecimiento se ralentiza para favorecer el
desarrollo del embrion en la semilla y el endurecimiento del endocarpio,
mediante la lignificacion de sus células, para la proteccion de la semilla. Por

ultimo, en la fase III, el crecimiento del fruto vuelve a ser una prioridad. Las
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células del mesocarpio se expanden rapidamente, dejando poco espacio
intercelular. Las vacuolas experimentan un incremento en su volumen,
ocupando la mayor parte de la célula. Este crecimiento en expansion se suele
extender hasta que el fruto llega a la madurez final (Coombe, 1976; Olmstead
et al., 2007; Rapoport et al., 2013; Dardick & Callahan, 2014; Farinati et al.,
2017). La duracion de cada fase y, por consiguiente, el tamafio del fruto
dependerd de su variedad, de las condiciones ambientales en las que se
desarrollan y del genotipo, siendo un proceso altamente influenciado por

reguladores del crecimiento (Zhang & Whiting, 2012; McAtee et al., 2013).

1.2. Maduracion

La maduracion ocurre poco antes del completo desarrollo del fruto en el
arbol. Durante este proceso, el fruto sufre cambios fisicos y quimicos que lo
modifican, con el fin de mejorar su palatabilidad. Dentro de estas
modificaciones que se producen, se pueden apreciar (1) cambios de color
debido a la variacion en el contenido de clorofilas, carotenoides o
antocianinas, (2) cambios en la textura del fruto por modificaciones en la
turgencia de las células, asi como también en la pared celular, (3) cambios en
el sabor y aroma por acumulacion de azucares, dcidos organicos y compuestos
volatiles, los cuales son muy apreciados por el consumidor y ademas, como
consecuencia, se observa (4) un aumento de la susceptibilidad del fruto a
diferentes patogenos (Figura 3, Giovannoni, 2004). La sintesis de proteinas,
pigmentos y otros compuestos, que se obtienen durante la maduracion del
fruto, requieren un elevado aporte energético generado gracias al proceso de
respiracion (Tucker, 1993). En general, si el proceso de maduracion estd
asociado 0 no a un aumento en la tasa de respiracion, los frutos se clasifican

en climatéricos y no climatéricos.



{

Turgencia

Antocianinas

Figura 3. Modelo de modificaciones durante el proceso de maduracion en un fruto
no climatérico como las cerezas.

Los frutos climatéricos se caracterizan por una rapida y elevada
produccion de etileno, simultanea a un incremento en la actividad respiratoria,
al inicio de la maduracion del fruto (Tucker, 1993; Lelievre, et al., 1997). La
regulacion positiva de genes que participan en la biosintesis de esta
fitohormona provoca una produccion autocatalitica de etileno al inicio del
proceso de maduracion en frutos carnosos como son la manzana, tomate,
mango, aguacate, ciruela, etc., actuando como sefal clave en la regulacion de
la composicion del fruto, su textura, el cambio de color, entre otros (Klee &
Clark, 2004; Li, 2012, Seymour et al., 2013). Por el contrario, los frutos no
climatéricos no presentan el mismo patron que los climatéricos al inicio de la
maduraciéon. En frutos no climatéricos, el etileno se encuentra a niveles

basales, por lo que no se lleva a cabo su produccion autocatalitica y, por



consiguiente, esta hormona no regularia las sefiales necesarias para el inicio
de la maduracion (Chai et al., 2011; Symons et al., 2012). Diversos estudios
indican que la principal hormona reguladora de este proceso en frutos no
climatéricos es el acido abscisico (Ban et al., 2003; Jia et al., 2011; Cherian et
al., 2014). El proceso de maduracion, tanto de frutos climatéricos como de no
climatéricos, es un proceso muy complejo y otras hormonas vegetales como
las auxinas, giberelinas, citoquininas o jasmonatos también pueden estar
implicadas (Davies et al., 1997; Liu et al., 2010; Csukasi et al., 2011; Wang et
al., 2008).

1.3. Sobremaduracion en poscosecha

En la actualidad, hay una creciente demanda por aumentar la calidad de la
fruta fresca y extender su vida util. Una vez cosechados los frutos del arbol,
estos comienzan a experimentar una serie de cambios fisioldégicos derivados
de la maduracion provocando su rapido deterioro por lo que, en algunos casos,
los frutos no llegan al consumidor en 6ptimas condiciones (Valero & Serrano,
2010). Esta maduracion excesiva o sobremaduracion afecta negativamente a
la calidad del fruto, tan apreciada por el consumidor. Las causas principales
que producen este deterioro por sobremaduracién son el ablandamiento,
pérdida de peso por deshidratacion, cambio de color, pardeamiento, cambios
en el equilibrio entre 4cidos y azucares, entre otros (Kappel et al., 2002; Levey,

2004).

Minimizar los dafios causados por esta sobremaduracion y evitar las
pérdidas de poscosecha son objetivos principales en la investigacion a nivel
agrondmico (Farinati et al., 2017). Las principales técnicas que se usan

actualmente para extender la vida util del producto y reducir su tasa de



deterioro consisten en el almacenamiento en frio, el empaquetamiento en
atmosferas controladas, tratamientos con calor, luz ultravioleta, poliaminas,
calcio, I-metilciclopropeno, recubrimientos comestibles, ademas de la
aplicacion exodgena de fitohormonas como el metil jasmonato o el acido
salicilico (Jiang et al., 2001; Blankenship & Dole, 2003; Sallato et al., 2007;
Valero & Serrano, 2010). Y aunque en la actualidad se han desarrollado
tecnologias innovadoras para la conservacion de la calidad de los frutos, un
conocimiento mas profundo sobre la biologia y fisiologia de estos mismos
ayudaria a comprender mejor los cambios que producen el deterioro durante

la sobremaduracion y la poscosecha del fruto.

2. Fitohormonas en frutos no climatéricos

Las hormonas vegetales son compuestos naturales, sin valor nutritivo ni
fitotoxicos, que afectan al desarrollo de las plantas e intervienen en muchos
procesos metabolicos, normalmente a niveles muy bajos, permitiendo que las
plantas reaccionen ante diferentes estimulos, sean internos o externos. Muchas
de estas hormonas se utilizan en agricultura, como la horticultura o la
viticultura, para obtener beneficios concretos, como reducir un posible dafo
originado por estreses abidticos y/o bidticos, ademds de modificar ciertas
caracteristicas en las plantas como su morfologia o diferentes componentes,
dando como resultado una mejora vegetal, a nivel global (Peleg & Blumwald,
2011; Rademacher, 2015). Fitohormonas como auxinas, citoquininas,
giberelinas o acido abscisico son conocidas por estar vinculadas a procesos
como el crecimiento o maduracion de frutos no climatéricos (Seymour et al.,
2013; Kumar et al., 2014). En otros estudios, se indica que hormonas como el
acido jasmonico, el 4cido salicilico y la melatonina también estarian

implicadas en estos procesos, ademas de ser componentes en tratamientos para



la conservacion de frutos durante su poscosecha (Sayyari et al., 2009; Cherian
et al., 2014). No obstante, estas hormonas vegetales no solo actuarian por si
solas activando una red de sefiales, sino que su accion conjunta, tanto
cooperativa como antagdnica, anade complejidad a todos los procesos (Loreti

et al., 2008)

2.1. Auxinas

Charles y Francis Darwin fueron los primeros en descubrir el fototropismo
en coledptilos de gramineas (Darwin, 1880). A principios del siglo XX, se
identifico un compuesto promotor del crecimiento en coledptilos de Avena
sativa L. (Went, 1942), al que se denomind auxina (del griego auxein, que
significa “crecer”), cuya estructura quimica fue identificada, posteriormente,
como la del 4cido indol-3-acético (IAA; Berger & Avery, 1944). Una distancia
molecular de 0,5 nm, aproximadamente, entre la carga positiva del anillo
aromatico y la carga negativa del grupo carboxilo es la caracteristica
estructural que confiere actividad auxinica a estas hormonas, es decir, lo que

les permite actuar como promotoras del crecimiento (Koepfli et al., 1938).

La forma natural, predominante y activa de las auxinas en plantas es el
IAA, aunque también existen otras formas naturales como el acido
fenilacético, el acido indol butirico, el acido indol propidnico, entre otras
(Ludwig-Miiller & Cohen 2002). La sintesis de TAA puede derivar del
triptofano por 3 vias: (1) por una transaminacion del triptéfano dando lugar al
acido indol-3-pirGivico, que pasa a IAA por la accion de un grupo de
monooxigenasas que contienen flavina, (2) por la descarboxilacion del
triptofano a triptamina que, después, se convertird en IAA por las mismas

monooxigenasas, y por ultimo, (3) una descarboxilacion oxidativa hace que el
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triptéfano produzca indolacetaldoxina y que, por hidrdlisis, se obtenga IAA
(Woodward & Bartel, 2005; Korasick et al., 2013). Ademas, existe una ruta
alternativa en la sintesis de TAA, independiente del triptéfano, donde el
precursor indol-3-glicerol fosfato se transforma en IAA (Korasick et al.,

2013).

La formaciéon de IAA ocurre, principalmente, en meristemos apicales,
hojas jovenes y frutos en el desarrollo. El IAA influye en la division,
crecimiento y diferenciacion celular, estimula el crecimiento de tallos y raices
secundarias (Jenik & Barton, 2005). También, regula los tropismos de la
planta (Muday, 2001), retrasa la abscision de 6rganos (Ellis et al., 2005; Basu
et al., 2013; Xie et al., 2018) y regula el correcto desarrollo floral (Pfluger &
Zambryski, 2004). En frutos, los niveles endogenos de auxinas suelen ser muy
elevados durante las primeras fases de desarrollo, debido a su implicacién en
la divisiéon y crecimiento celular (Bottcher et al., 2010). Ademas, existen
numerosos estudios en los que la aplicacion exodgena de auxinas retrasa la
maduracion en frutos como las fresas, manzana, uvas o melocotones (Ohmiya

& Haji, 2002; Villarreal et al., 2009; Bottcher et al., 2011).

2.2.  Citoquininas

En los afios 50, un nuevo compuesto capaz de promover la division celular
en tejidos vegetales fue aislado a partir de muestras de DNA (deoxyribonucleic
acid, en inglés) autoclavado, de origen animal, recibiendo el nombre de
quinetina (Miller et al., 1955). Esto facilito futuras investigaciones sobre el
funcionamiento de una nueva clase de reguladores del crecimiento vegetal,

ahora conocidas como citoquininas (CKs). No fue hasta el afio 1963 que la
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primera CK natural, a la que se le dio el nombre de zeatina, fue aislada de

plantas de maiz (Zea mays L.; Letham, 1963).

De forma natural, la adenina es la forma parental de las CKs. A este anillo
se suelen unir, en la posicidn N° cadenas laterales para formar las CKs vy,
dependiendo de la cadena lateral, las CKs pueden ser isoprenoides o
aromaticas (Kieber & Schaller, 2014). Dentro las CKs isoprenoides se
encuentran la isopentenil adenina (iP), la zeatina, tanto cis como trans, y la
dihidrozeatina. Mientras que las CKs aromaticas incluyen las familias de la
benciladenina y sus derivados hidroxilados, aunque su ruta de sintesis aun se
esta investigando (Mok & Mok, 2001; Sakakibara, 2006). En la biosintesis de
las CKs isoprenoides, el primer paso es la transferencia del grupo isopentenil
del dimetilalil difosfato al adenosin fosfato, generando iP, por la accion de la
enzima isopentenil transferasa. A continuacion, el citocromo P450
monooxigenasa hidroxila la iP para formar la trans-zeatina (Z, Takei et al.,
2001; 2004; Frébort et al., 2011). La cadena isoprenoide del iP y de la Z se
puede originar de la ruta del acido mevalonico o de la ruta del metileritritol

fosfato (MEP, Frébort et al., 2011).

Las CKs participan en numerosos procesos del desarrollo y crecimiento de
las plantas. Ademas de promover la division celular, también estan implicadas
en el control de la relacion brote/raiz y la dominancia apical (Werner et al.,
2001; Shimizu-Sato et al., 2009). Promueven la diferenciacion del cloroplasto
y la produccién de clorofilas (Chory et al., 1994; Mok & Mok, 2001), por lo
que participan en el retraso de la senescencia en hojas (Kim et al., 2000).
Asimismo, las CKs actian en la asimilacion y movilizacion de nutrientes,
regulan el efecto sumidero en diferentes tejidos (Kuiper, 1988; Werner et al.,
2003; Ziircher et al., 2016) y participan en las respuestas ante un estrés

abiotico y bidtico (Sakakibara, 2006; Argueso et al., 2009; 2012). Los niveles
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de CKs son altos en frutos inmaduros, ya que estan implicadas en su
crecimiento (division celular) y cuajado en el arbol (Werner & Schmiilling,
2009), por lo que las aplicaciones exdgenas de CKs promueven el incremento
del tamafio del fruto y a su vez, pueden estar implicadas en el retraso de la

maduracion (NeSmith, 2002; Peppi & Fidelibus, 2008).

2.3. Giberelinas

Los origenes de las giberelinas (GAs) se remontan al siglo XIX, en Japon.
La enfermedad llamada bakanae en plantas de arroz (Oriza sativa L.), causada
por el hongo Gibberella fujikuroi, producia una sustancia que promovia una
elongacién excesiva de las plantulas, ademas de provocarles infertilidad
(Yabuta & Sumiki, 1938). Estas sustancias que causaban el crecimiento
vegetal fueron llamadas GAs tras los primeros estudios sobre sus propiedades.
No fue hasta unos afios después de la Segunda Guerra Mundial que las
diferentes investigaciones sobre las GAs se difundieron a la comunidad
cientifica internacional (Stowe & Yamaki, 1957). Gracias a estudios con
mutantes enanos de Pisum sativum L. y Zea mays L., y a sus propiedades como
promotoras del crecimiento, las GAs fueron reconocidas como hormonas

vegetales (Brian & Hemming, 1955; Phinney, 1956).

Las GAs incluyen un largo grupo de diterpenoides tetraciclicos formados
por esqueletos de 19 o 20 atomos de carbono, que se biosintetizan via
isopentenil difosfato (IPP), precursor comun de isoprenoides (Wanke et al.,
2001; Sponsel & Hedden, 2004). La ruta completa esta dividida en tres fases
y en tres localizaciones celulares diferentes. La primera fase se desarrolla en
los plastidios a través de la ruta del MEP, donde el geranil-geranil difosfato se

convierte en ent-kaureno, un hidrocarburo tetraciclico, con la ayuda de dos
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ciclasas. En la segunda fase, el ent-kaureno se oxida para formar GAi:-
aldehido, precursor general de las GAs. Este proceso es catalizado por las
monooxigenasas dependientes del citocromo P450 que se ubican en el reticulo
endoplasmatico. Por tultimo, en el citosol se lleva a cabo una serie de
oxidaciones sucesivas para la formacion del resto de GAs (Sponsel & Hedden,
2004; Sun, 2008; Yamaguchi, 2008; Hedden & Thomas, 2012). Hasta el
momento, se han identificado unas 136 GAs, siendo GA1, GAz, GAs y GA;

las formas mas activas (Yamaguchi, 2008).

Por medio de estudios en mutantes con defectos en la ruta de biosintesis
de GAs, inhibidores y aplicaciones exdgenas de esta hormona, se ha podido
descubrir como las GAs promueven importantes procesos en el desarrollo
vegetal, como la proliferacion celular (Archard et al., 2009), la respuesta de
las GAs durante la germinacion, la elongacion del hipocétilo, la formacion del
gancho (Lee et al, 2002; Achard et al., 2007), la acumulacioén de clorofilas
(Cheminant et al., 2011) y el control del desarrollo floral y el tiempo de
floracion (Chen et al, 2004; Tamaki et al., 2007). Ademas, las GAs promueven
el cuajado del fruto y su desarrollo temprano, ya que participan durante la
division celular, al igual que las CKs, en la fase I del crecimiento del fruto
(Figura 2, Zhang et al., 2008). Debido a su implicacion en diversos procesos
biologico, las GAs son cominmente utilizadas en compuestos de uso
comercial y biotecnoldgico, en campos como la horticultura, floricultura y
agricultura (Salazar-Cerezo et al., 2018). La aplicacion exdgena de GAs en
frutos no climatéricos incrementa su firmeza y su tamafio, retrasa la
maduracion y permite al fruto mantener su calidad durante el almacenamiento
después de su cosecha (Kappel & MacDonald, 2002; Clayton et al., 2003;
Zhang & Whiting, 2011).
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2.4. Acido abscisico

El acido abscisico (ABA) fue descubierto a principios de los afios 60 por
Frederick Addicott y su grupo de investigacion, los cuales estudiaban posibles
compuestos responsables de la abscision en frutos de algodon. Se aislaron dos
compuestos, a los que se les llamoé abscisina I y abscisina II, siendo la Gltima
lo que se conoce como ABA (Addicott et al., 1968). A partir de entonces,

muchos estudios se han centrado en desvelar su funcion.

Este sesquiterpenoide (Cis H20 O4) se sintetiza por la via del MEP, a partir
de un precursor comun de cinco carbonos, el IPP, presente en la formacion de
compuestos isoprenoides, como los carotenoides (precursores directos del
ABA), clorofilas, plastoquinonas, citoquininas, giberelinas o proteinas
preniladas (Wanke et al., 2001; Sponsel & Hedden, 2004). La primera fase de
la biosintesis del ABA se desarrolla en los plastidios. Un proceso de
epoxidacion transforma la zeaxantina en violaxantina, pasando por la
anteraxantina, como intermediario. Tras sufrir una serie de modificaciones
estructurales, la violaxantina se convierte en dos isomeros: 9-cis-violaxantina
y 9-cis-neoxantina, que seguidamente, dan lugar a la xantoxina, gracias a la
accion clave de la enzima 9-cis-epoxicarotenoide dioxigenasa (NCED). La
xantoxina es exportada al citosol, donde se convertira finalmente en ABA
(Schwartz et al., 1997, Xiong & Zhu, 2003; Nambara & Marion-Poll, 2005;
Finkelstein, 2013).

Aunque en un principio, su nombre indicara que estaba implicado en la
abscision de frutos, hojas y flores (Schwartz & Zeevart, 2004; Mauseth, 2016),
el ABA es una hormona que regula la dormicion de las semillas y yemas,
ademas de participar activamente en otros procesos fisioldgicos importantes
para las plantas como la maduracion del embrion y su germinacion, division

y elongacion celular, induccién floral y especialmente, en procesos de
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respuesta a diversos tipos de estrés abidtico: sequia, salinidad, frio, radiacion
ultravioleta, entre otros (Nambara & Marion-Poll, 2005; Finkelstein, 2013). A
pesar de ser conocida como una hormona inhibidora del crecimiento, el ABA
mantiene un papel importante en la maduracion de los frutos no climatéricos,
ya que actia como regulador del cambio de color y sabor de los frutos, a través
de la sintesis de antocianinas y la acumulacion de azucares, que se produce al
inicio del proceso de maduracion (Li et al., 2011; Kumar et al., 2014; Wang

et al., 2015).

2.5. Acido jasménico

En 1962, se aislo por primera vez el éster metilico del 4cido jasmonico
(metil jasmonato, MeJA) a partir de un acido esencial procedente del
Jasminum grandiflorum L., o jazmin (Demole et al., 1962). Pero no fue hasta
principios de 1990 que se demostro el gran papel que ejerce el 4cido jasmonico
(JA) como potente sefial en la defensa de las plantas contra patogenos, y su

participacidén en numerosos procesos fisiolégicos (Howe, 2004; Browse,

2009).

El JA es una hormona vegetal que pertenece a la familia de los 4cidos
grasos oxigenados, cominmente llamados oxilipinas. Su biosintesis comienza
en los plastidios. A partir del acido graso a-linolénico, liberado de las
membranas del cloroplasto, las lipoxigenasas y dioxigenasas oxidan acidos
grasos poliinsaturados (Blée, 2002) para formar hidroperoxidos, los cuales
pueden dafiar la estructura de la membrana cuando su produccion excede la
capacidad de los antioxidantes de membrana (Gardner, 1979; Inouye, 1984).
Sin embargo, en condiciones de balance oxidativo, estos hidroperoxidos

actian como sustrato de diferentes enzimas, dando como resultado la
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formacion de diversas clases de oxilipinas, como el acido 12 -oxo-fitodienoico
(OPDA; Blée, 2002; Feussner and Wasternack, 2002; Mosblech et al., 2009;
Wasternack, 2007). E1 OPDA se traslada al peroxisoma, donde la enzima
OPDA reductasa convierte esta molécula en el acido 3-oxo-pentenilo-
ciclopentano-octanoico, el cual experimenta tres ciclos de B-oxidaciones para
dar lugar al JA (Schaller & Stinzi, 2009; Wasternack & Kombrink, 2010). Los
derivados del JA se obtienen gracias a la accion de diferentes enzimas que
modifican esta hormona. Entre los derivados, se encuentra el MeJA, un
compuesto volatil de uso comercial muy elevado (Perez et al., 1997; Kondo,
2010) y los conjugados de aminoacidos (Yan et al., 2016). Por otro lado, los
hidroperdxidos también pueden ser oxidados por vias no enzimaticas para
generar fitoprostranos, mediadores de las defensas vegetales y marcadores de

estrés oxidativo (Mueller, 2004; Schaller & Stinzi, 2009).

Los niveles endogenos de JA pueden variar dependiendo de las
condiciones ambientales o el estado de la planta, asi como también dependera
del tipo de tejido en el que se encuentre (Howe, 2004). En plantas sin estrés,
los niveles suelen ser mas altos en tejidos jovenes que en tejidos viejos
(Wasternack & Hause, 2002). En procesos de desarrollo, tanto en flores como
en frutos, el JA se acumula a niveles elevados, sugiriendo asi, un papel
importante en el desarrollo reproductivo de las plantas (Howe, 2004). Los
frutos no climatéricos como fresas y uvas presentan una concentracion elevada
de MeJA, JA y jasmonato isoleucina cuando el fruto aun es inmaduro, que
luego disminuye cuando se inicia el proceso de maduracion (Gansser et al.,
1997; Bottcher et al., 2015). Asimismo, el JA se utiliza para mejorar la
produccion de metabolitos secundarios. La aplicacion exdgena de MeJA
induce el cambio de coloracion en frutos, regulando positivamente la ruta de
los fenilpropanoides y genes que regulan la biosintesis de JA (Howe, 2004;

Concha et al., 2013).
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2.6. Acido salicilico

El ingrediente activo de un compuesto con accidon calmante fue aislado de
arboles del género Salix en el siglo XIX. Conocido como acido salicilico (SA),
en 1899 se obtuvo un derivado comercial con el nombre de aspirina (acido
acetilsalicilico, ASA). Pero no fue hasta el siglo XX cuando se descubrié que
el SA estaba implicado en la activacion de la respuesta contra patdogenos en

plantas (Grant & Lamb, 2006).

El SA es un compuesto fenolico sintetizado a partir del corismato,
producto final de la ruta de biosintesis del siquimato. Mediante el empleo del
marcaje radioactivo y del analisis genético en mutantes, se llevo a cabo la
identificacion de dos rutas biosintéticas diferentes que se producen en
compartimentos diferentes, necesarias para la formacion de SA en plantas: la
ruta de los fenilpropanoides, en el citoplasma, y la ruta del isocorismato, en
los cloroplastos (Delany, 2004; Dempsey et al., 2011; Rivas-San Vicente &
Plasencia, 2011).

Los niveles de SA aumentan en los tejidos vegetales que se ven expuestos
a una infeccion. Esta hormona actua como una sefal enddgena activando la
resistencia sistémica en plantas, a través de la induccion de genes que activan
la produccién de enzimas clave para la resistencia contra patdogenos, como la
catalasa o como la peroxidasa (Wang & Irving, 2001; Bari & Jones, 2009). No
obstante, a pesar de que la mayoria de investigaciones se centran en el papel
principal del SA en la respuesta contra patégenos (Shah, 2003; Durrant &
Dong, 2004; Vlot et al., 2009), esta hormona ha sido reconocida como
mediadora en las sefiales reguladoras en la respuesta a diversos estreses
abidticos, como la sequia, estrés por frio, tolerancia a metales pesados, estrés
por calor y estrés osmoético (Borsani et al.,, 2001; Kang & Saltveit 2002;
Larkindale & Knight, 2002; Metwally et al., 2003; Munné-Bosch & Pefiuelas,

18



2003; Chini et al, 2004; Freeman et al., 2005). A pesar de la escasa
informacion sobre la acumulacion de SA durante la maduracion de frutos y su
posible funcion, algunos estudios con aplicaciones exdgenas de SA sugieren
un rol como inhibidor de la maduracion (Asghari & Aghdam, 2010; Wang et
al., 2015b)

2.7. Melatonina

La melatonina o N-acetil-5-metoxitriptamina es una molécula aislada de
la glandula pineal bovina a finales de los afios 50 (Lerner et al., 1958). Al
participar en numerosos procesos fisiologicos en animales y humanos (Reiter,
1993; Dollins et al., 1994; Pandi-Perumal et al., 2008; Hardeland et al., 2012),
esta indolamina se convirti6 en una de las moléculas mas estudiadas desde su
descubrimiento. Siendo exclusivamente considerada una hormona animal
(Reiter, 1991), la melatonina se identificé en plantas en el afio 1995 (Dubbels
et al., 1995; Hattori et al., 1995). Desde entonces, esta molécula se ha
detectado en numerosas especies vegetales y en diferentes 6rganos como

hojas, tallos, raices, flores, frutos y semillas (Nawaz et al., 2016).

El precursor principal para la biosintesis de melatonina es el triptdfano, un
aminoacido esencial producido por las plantas a través de la via del corismato
(Murch et al., 2000). Este triptofano es convertido a triptamina por el
triptofano descarboxilasa. Seguidamente, la triptamina 5-hidroxilasa
convierte la triptamina en serotonina (Posmyk & Janas, 2009). La serotonina
se transforma en el intermediario N-acetilserotonina mediante una N-
acetilacion catalizada por la serotonina N-acetiltransferasa. Como tltimo paso
de la ruta biosintética, la N-acetilserotonina se metila por la accion de la

acetilserotonina metiltransferasa para generar melatonina (Byeon et al., 2013).
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Diversas investigaciones muestran que la melatonina es un metabolito
multifuncional debido a su implicacién en numerosos procesos fisiologicos.
Esta molécula juega un papel importante en respuestas al estrés en plantas,
como frio, salinidad y sequia, entre otros (Arnao & Hernandez-Ruiz, 2014,
2015; Marta et al., 2016; Zhang et al., 2016; Li et al., 2017). Por ello, muchos
estudios la identifican como un antioxidante natural, ya que su caracter
anfifilico le permite atravesar facilmente la membrana celular, distribuirse por
el nucleo, mitocondria y citosol, y actuar como proteccion contra las especies
reactivas del oxigeno y del nitrogeno (Posmyk & Janas, 2009; Tan et al., 2012;
Reiter et al., 2013; Arnao & Hernandez-Ruiz, 2015). Sin embargo, se ha visto
que la melatonina, ademas, participa en el desarrollo vegetal como regulador
del crecimiento en raices y tallos (Pelagio-Flores et al., 2012; Arnao &
Hernandez-Ruiz, 2015, 2017; Wang et al., 2016), promueve la germinacion
de las semillas (Zhang et al., 2014), retrasa la senescencia foliar (Arnao &
Hernandez-Ruiz, 2008; Wang et al., 2011) y la floracion (Byeon & Back,
2014). Se ha observado que la aplicacion exdgena de melatonina afecta
significativamente en la concentracion de azucares en maiz, manzana,
Arabidopsis y en Prunus avium x Prunus cerasus (Sarropoulou et al., 2012;
Wang et al., 2014; Zhao et al., 2015a, 2015b). Estudios recientes en frutos,
sefialan a este compuesto como promotor de maduracion y regulador de
senescencia en tomate y banana, dos frutos climatéricos (Sun et al., 2015,
2016; Hu et al., 2017). Por otro lado, durante el pre-envero, la aplicacion
exogena de melatonina en uvas provoca cambios en el tamano y peso del fruto,
favoreciendo su sincronizacién en el proceso de maduracion, asi como una

mayor acumulacion de azicares (Meng et al., 2015).
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3. Indicadores de maduracion y calidad

A nivel comercial, la calidad del fruto maduro es un aspecto muy
apreciado por los consumidores. Durante la maduracion, se lleva a cabo una
serie de procesos fisiologicos, tanto fisicos como bioquimicos, que promueven
cambios en el color, sabor, textura, aroma y contenido nutricional del fruto
(Lelievre et al., 1997; Giovannoni, 2004). Estos cambios determinan su
calidad final y su vida util una vez cosechados del arbol. Por ello, los
indicadores de maduracion son una herramienta util para determinar la calidad

optima del fruto.

3.1. Antocianinas

La acumulacién de pigmentos en frutos es un importante indicador de
maduracion del fruto en el arbol. Muchos de estos pigmentos juegan un papel
importante en la proteccion contra posibles estreses abioticos, como la
proteccion contra la luz UV y, ademas, debido a sus propiedades, suelen atraer
polinizadores o predadores que contribuyen a la dispersion de las semillas del

fruto (Schaefer et al., 2004; Tanaka et al., 2008).

En algunos frutos no climatéricos, como las uvas, fresas o cerezas, los
pigmentos mas abundantes son las antocianinas, compuestos hidrosolubles
responsables de la coloracion rojiza de los frutos durante la maduracion
(Zhang et al., 2014). Se sintetizan a partir del aminodcido aromatico
fenilalanina, que proviene del corismato, producto final en la ruta del
siquimato. La fenilalanina es el precursor comun de numerosos compuestos
fenolicos derivados del metabolismo secundario de las plantas, entre los que
se encuentran los flavonoides. Las antocianinas pertenecen a este ultimo grupo

debido a su estructura quimica formada por un esqueleto C6-C3-C6 llamado
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antocianidina, la cual es una aglicona unida a una molécula de azicar
(Sinopoli et al., 2019). Estas moléculas suelen ser marcadores de maduracion
debido a que se acumulan progresivamente durante este proceso (Usenik et

al., 2008).

Las antocianinas son pigmentos con una actividad antioxidante muy
potente, por ello tienen un valor nutricional importante para el consumidor, ya
que estan descritos como compuestos que ayudan a prevenir enfermedades
cardiovasculares, tienen actividad anticarcinogénica y antiinflamatoria y

controlan la diabetes (He & Giusti, 2010).

3.2.  Sdlidos solubles totales y acidez total

Ademas de la apariencia externa, el sabor es otro parametro clave para la
aceptacion final de los frutos carnosos con hueso. Los dos factores mas
importantes que influyen en el sabor son los solidos solubles totales (TSS,
también llamados aztcares solubles totales) y la acidez total (TA). Estos dos
parametros se utilizan (incluyendo la relacion TSS/TA) como indicadores de
la maduracion de los frutos (Valero & Serrano, 2010), ademas de informar

sobre el potencial grado de aceptacion del consumidor (Crisosto et al., 2003)

Por un lado, los TSS son un pardmetro utilizado cominmente para
determinar la cantidad aproximada de azucares existentes en frutos (Magwaza
& Oparab, 2015). La glucosa, fructosa y sacarosa son los carbohidratos mas
abundantes en frutos. Estas moléculas provienen de la hidrélisis del almidon
o por la movilizacion de azucares de la planta madre hacia el fruto, que se
acumulan durante el proceso de maduracion (Tucker, 1993). Ademas, se ha
estudiado el efecto de los azucares en el crecimiento y desarrollo de las

plantas, actuando como sefial en diversos procesos (Jia et al., 2013). Por otro
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lado, el parametro de TA es un componente importante en la calidad
organoléptica de los frutos, siendo los acidos organicos, como el acido malico
o el acido citrico, los responsables de su acidez (Tucker, 1993). La
acumulacion de TA puede variar segln el cultivar y la especie que se estudie

(Crisosto et al., 2003).

4. Modelo de estudio: Prunus avium L. var. Prime Giant

Dentro del género Prunus de la familia de las Roséceas, encontramos las
cerezas dulces (Prunus avium L.), uno de los cultivos mas importantes
alrededor del mundo, teniendo como productores principales a Turquia,
Estados Unidos, Irdn, Italia, Espafia y Chile, en los ultimos siete afios (FAO,
2018). En el afio 2016, la produccion de cerezas se estim6 en unas 94 mil
toneladas, solo en Espafia, representado, aproximadamente, el 4% de la
produccion total mundial en el mismo afo. Debido a las condiciones
favorables del clima mediterraneo, Espafia es uno de los principales
exportadores de Europa gracias a la cosecha temprana de estos frutos. Las
principales zonas de cultivo de cerezas se encuentran en Extremadura,
Catalufia y Aragon (Valverde, 2014). La gran produccion de este fruto se debe
a sus diversas caracteristicas, tanto nutricionales como organolépticas, que le
otorgan propiedades altamente apreciadas por el consumidor, como son su
dulce sabor, color del fruto y firmeza (Crisosto et al., 2003; Serrano et al.,

2005; Usenik et al., 2008).

Ambrunés, Bing, Lapins, Burlat, Hong Deng, Sunburst, Santina y
Satonishiki son solo una parte de la extensa variedad de cultivares que se
pueden encontrar alrededor del mundo. Dentro de los cultivares con gran

importancia local, se puede encontrar la variedad Prime Giant, proveniente de
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California, Estados Unidos. También llamada Giant Red, Mariant o Giant
Ruby, esta variedad creada por Marvin Nies es un hibrido entre los parentales
Lodi x Ruby, caracterizado por su maduracion temprana y su elevada
productividad. Su fruto es de color rojo oscuro, firme y grande, llegando a

tener un calibre de unos 28-30 mm (Figura 4, Quero-Garcia et al., 2017).

Las cerezas estan clasificadas, generalmente, como frutos no climatéricos
porque no exhiben un aumento en la produccion de etileno durante el
desarrollo de estos frutos. Aunque diversos trabajos han estudiado el efecto de
la aplicacion exdgena de esta hormona durante la maduracion de las cerezas,
se ha determinado que el etileno no afecta este proceso (Kondo & Inoue, 1997;
Gong et al., 2002; Zhao et al., 2013). Por lo que, la regulacion del proceso de
maduracion en cerezas es independiente del etileno. Debido a esto, a sus
propiedades organolépticas y a las claras diferencias entre estadios en su

desarrollo, las cerezas son un buen modelo de fruto con hueso no climatérico.
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Figura 4. Etapas de formacion del fruto en el arbol Prunus avium L. var. Prime Giant
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OBJETIVOS

El objetivo de esta tesis es estudiar la regulacion a nivel hormonal, y sus

posibles interacciones, a lo largo del crecimiento, proceso de maduracion y

sobremaduracion en cerezas, como modelo de fruto no climatérico.

Para poder elucidar el rol de las diferentes fitohormonas frente a estos

procesos, se plantearon los siguientes objetivos especificos:

L)

Analizar del perfil hormonal para comprender el posible papel que
desempetian las hormonas durante el desarrollo de las cerezas en el

arbol.

Estudiar el rol de la melatonina en la maduracion de este fruto y como

afecta a su calidad.

Evaluar la regulacion hormonal durante el proceso de

sobremaduracion y deterioro de las cerezas.

Analizar el papel del ABA durante el tratamiento a baja temperatura

para la conservacion de las cerezas.
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Chapter 1: Implication of abscisic acid on ripening and quality in sweet

cherries: Differential effects during pre- and post-harvest
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RESUMEN DEL CAPIiTULO 1

La cereza dulce, fruto no climatérico, generalmente se almacena en frio durante
la poscosecha para evitar la sobremaduracion. El objetivo del estudio fue evaluar el
papel del acido abscisico (ABA) en el crecimiento y maduracion de este fruto,
considerando, también, su supuesta implicacion en la sobremaduracion y los efectos
en la calidad. En este estudio se midieron las concentraciones enddgenas de ABA
durante la maduracion de las cerezas dulces (Prunus avium L. var. Prime Giant),
recolectadas de diferentes arboles frutales, y en cerezas expuestas a 4°C y 23°C
durante 10 dias de poscosecha. Ademas, examinamos hasta qué punto las
concentraciones enddgenas de ABA estaban relacionadas con los parametros de
calidad, como la biomasa del fruto, la acumulacion de antocianinas y los niveles de
vitaminas C y E. Las concentraciones endogenas de ABA aumentaron
progresivamente durante el crecimiento y maduracion del fruto en el arbol, para
disminuir, posteriormente, durante la poscosecha a 23°C. Sin embargo, el tratamiento
con frio aumentd los niveles de ABA, que produjo una inhibicion de la
sobremaduracion. Ademas, los niveles de ABA se correlacionaron positivamente con
los niveles de antocianinas y vitamina E durante la precosecha, pero no durante la
poscosecha. En conclusion, el ABA juega un papel importante en el desarrollo de la
cereza dulce, estimulando su proceso de maduracién e influyendo positivamente en
los parametros de calidad durante la precosecha. También se discute la posible
influencia de ABA previniendo la sobremaduracion en cerezas dulces almacenadas

en frio.
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Implication of Abscisic Acid on
Ripening and Quality in Sweet
Cherries: Differential Effects during
Pre- and Post-harvest

Verdnica Tijero?, Natalia Teribiat, Paula Murioz and Sergi Munné-Bosch*

Department of Piant Biology, Faculy of Biology, Universily of Barcalona, Barcelona, Spain

Sweet cherry, a non-climacteric fruit, is usually cold-stored during post-harvest to
prevent over-ripening. The aim of the study was to evaluate the role of abscisic acid
(ABA) on fruit growth and ripening of this fruit, considering as well its putative implication
in over-ripening and effects on quality. We measured the endogenous concentrations of
ABA during the ripening of sweet cherries (Prunus avium L. var, Prime Giant) collected
from orchard trees and in cherries exposed to 4°C and 23°C during 10 days of post-
harvest. Furthermore, we examined to what extent endogenous ABA concentrations
were related to quality parameters, such as fruit biomass, anthocyanin accumulation
and levels of vitamins C and E. Endogenous concentrations of ABA in fruits increased
progressively during fruit growth and ripening on the tree, to decrease later during post-
harvest at 23°C. Cold treatment, however, increased ABA levels and led to an inhibition
of over-ripening. Furthermore, ABA levels positively correlated with anthocyanin and
vitamin E levels during pre-harvest, but not during post-harvest. We conclude that ABA
plays a major role in sweet cherry development, stimulating its ripening process and
positively influencing quality parameters during pre-harvest. The possible influence of
ABA preventing over-ripening in cold-stored sweet cherries is also discussed.

Keywords: sweet cherry, ABA, ripening, o , vitamin E, cold storage

INTRODUCTION

In recent decades, sweet cherry has become one of the most important non-climacteric fruits
worldwide, with an important distribution to international markets from highly productive
countries at origin, such as Turkey, United States, Iran, Italy, and Spain, among others (FAO, 2015).
However, both its flaver and nutritional quality is strongly dependent on tree growth conditions at
pre-harvest, post-harvest treatments and its consumption at an optimum ripening stage (Ashton,
2007). Over-ripening, which leads to a loss of quality during post-harvest, is associated with fruit
darkening, softening and a general loss of organoleptic properties (Meheriuk et al,, 1995), Cold
treatments are generally used to store them properly during post-harvest in order to avoid fruit
quality loss, but the physiological and biochemical mechanisms underlying fruit ripening on the
tree and over-ripening during post-harvest are still relatively unknown for sweet cherries.
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It has been shown that high concentrations of abscisic
acid (ABA) are required for ripening in sweet cherries (Luo
et al, 2013 Wang et al, 2015). ABA is a sesquiterpenoid
hormone, derived from carotenoids, that is implicated in several
physiological processes, from seed dormancy to senescence
processes, including plant stress responses and the regulation of
fruit development (Nambara and Marion-Poll, 2005; Finkelstein,
2013; Leng et al,, 2014). ABA has been shown to play a major role
in the ripening process of non-climacteric fleshy fruits, such as
cherry fruits, modulating color changes (through modulation of
anthocyanin biosynthesis) and sugar accumulation (Kumar et al.,
2014; Wang et al,, 2015). However, nothing is known about the
possible role of ABA in the regulation of fruit quality in terms of
vitamin C and E accumulation, or to what extent ABA can affect
over-ripening processes in sweet cherries.

Among various quality parameters, the content and
composition of water- and lipid-soluble vitamins in edible
fleshy fruits is of paramount importance for human health (FAO,
2004). Sweet cherries are rich in vitamin C, which is considered
one of the most important water-soluble antioxidants, together
with anthocyanins, in this fruit (Serrano et al, 2005). Aside
from protecting cells from reactive oxygen species, ascorbate
is involved in the regulation of growth processes in plants
(Veljovic-Jovanovic et al., 2001), and it plays a role, as a cofactor,
in the regulation of 9-cis-epoxycarotenoid dioxygenase (NCED),
the key limiting step in the biosynthesis of ABA from carotenoids
(Conklin and Barth, 2004). Furthermore, ascorbate recycles
oxidized tocopherols (vitamin E), when this lipid-soluble
antioxidant reacts with lipid peroxyl radicals in its function of
inhibiting the propagation of lipid peroxidation in biological
membranes (Munné-Bosch and Alegre, 2002). Although vitamin
C has received some attention in the ripening of sweet cherries
as a component of organic acids (Serrano et al,, 2005), nothing is
known about the levels of vitamin E, its possible variations with
ripening and regulation by phytohormones in non-climacteric
fruits. Only in mango, a climacteric fruit, it has been shown that
vitamin E biosynthesis may be modulated by ethylene (Singh
etal., 2011).

The aim of this study was to get some insights into the
role of ABA in the ripening process of sweet cherries, focusing
on the endogenous levels of this phytohormone during fruit
development in orchard trees and under different conditions of
post-harvest. In addition, to better understand the role of ABA
in ripening, as well as the loss of quality during fruit storage,
we simultaneously analyzed various parameters associated with
the ripening process and the fruit quality, such as fruit biomass,
anthocyanin accumulation, and levels of antioxidants, including
carotenoids, and vitamins C and E.

MATERIALS AND METHODS
Experimental Design and Sampling

Three independent, complementary experiments were
performed using sweet cherries (Prunus avium L. var. Prime
Giant). The first experiment focused on a study of fruit ripening
on the tree followed by an over-ripening process at 23°C, the
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second one was performed preventing over-ripening at 4°C, and
the third one was performed to test for the tissular location of
vitamins in cherry fruits.

For the first experiment, sweet cherries were obtained from
trees growing in an exploited orchard at Partida Vall del
Sector 111 (Lleida, NE Spain). Fruits were harvested at various
developmental stages on the tree between 23 and 4 days before
harvest, and between 3 and 10 days of post-harvest at 23°C,
which led to over-ripening (Supplementary Figure S1). First
sampling in orchard trees was performed during 30th April 2015
(23 days before harvest), which corresponds to 34 days after full
bloom. For the second experiment, 10 kg from the same cherry
cultivar and orchard were brought to the laboratory 3 days after
commercial harvest. Fruits without visual defects were chosen for
experiments. Then, half of the fruits were kept at 23 + 2°C in the
laboratory, while the other half were subject to 4 4 1°C in a cold
chamber. In both cases, fruits were kept in darkness and samples
were taken daily during storage for 1 week.

A third experiment was performed to evaluate possible tissue-
specific accumulation of vitamins in sweet cherries. The pit, flesh
and skin from fruits collected 23 days pre-harvest or 3 days post-
harvest were manually separated and immediately immersed in
liquid nitrogen for hormone, anthocyanin and vitamins C and E
analyses,

All samplings were performed early in the morning (between
9and 10 a.m. local time) with an average temperature of 10 + 2°C
during pre-harvest and 23 £ 2°C during post-harvest for the first
experiment, and with an average temperature of 4 £ 1°C for the
second one. Six fruits per tree from eight trees were randomly
sampled at each time point during pre-harvest, and six fruits from
commercial boxes were randomly sampled daily during post-
harvest, for each, 23°C and cold storage. For all experiments,
samples were immediately snap frozen in liquid nitrogen and
stored at —80°C until analyses.

Endogenous Concentrations of Abscisic
Acid

Abscisic acid levels were determined by ultrahigh-performance
liquid chromatography coupled to tandem mass spectrometry
{(UHPLC-MS/MS) as described previously (Miller and Munné-
Bosch, 2011). In short, 100 mg per sample were extracted with
200 pL methanol:isopropanol:acetic acid 50:49:1 (v/v/v) using
ultrasonication and vortexing (Branson 2510 ultrasonic cleaner,
Bransonic, Danbury, CT, USA) for 30 min. Deuterium-labeled
ABA was then added, and after centrifugation at 600 g for 15 min
at 4°C, the pellet was re-extracted using the same procedure.
Supernatants were pooled and filtered through a 0.22 pm
PTFE filter (Waters, Milford, MA, USA) before analyses. ABA
levels were analyzed by using UHPLC-ESI-MS/MS as described
in Miiller and Munné-Bosch (2011). Quantification was made
considering recovery rates for each sample by using a deuterium-
labeled internal standard.

Fruit Quality Parameters
Fruit biomass was estimated by weighing the samples
immediately at each sampling time point or after transferring
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them to the laboratory in bags (with high humidity to avoid
desiccation).

Total anthocyanins were determined spectrophotometrically
in methanolic extracts as described (Gitelson et al, 2001). In
short, 200 mg per sample were extracted with 1 mL methanol
using ultrasonication and vortexing. Extracts were centrifuged
at 600 g for 10 min at 4°C and the pellet was re-extracted
following the same procedure. Supernatants were pooled and
1% HCl was added. Then, total anthocyanins were measured
spectrophotometrically at 530 nm. Total anthocyanins were
calculated using the molar extinction coefficient of cyanidin-3-
glucoside as a reference, as described (Siegelman and Hendricks,
1958).

Carotenoids levels were estimated by HPLC after extraction
with methanol, as described (Munné-Bosch and Alegre, 2000).
In short, samples were extracted with methanol, as described
for anthocyanins, and separated on a Dupont non-endcapped
Zorbax ODS-5 pm column (250 mm long, 4.6 mm id; 20%
Carbon, Teknokroma, 5t. Cugat, Spain) at 30°C for 38 min
at a flow rate of 1 mL min~!. The solvent mixture for the
gradient consisted of (A) acetonitrilezmethanol (85:15, v/v) and
(B) methanol:ethyl acetate (68:32, v/v). The gradient used was:
0-14 min 100% A, 0% B; 14-16 min decreasing to 0% A,
100% B; 16-28 min 0% A, 100% B; 28-30 min increasing to
100% A, 0% B; and 30-38 min 100% A, 0% B. Detection was
carried out at 445 nm and compounds were identified and
quantified as described previously (Munné-Bosch and Alegre,
2000).

The analysis of vitamin C was adapted from Takahama
and Oniki (1992) and Queval and Noctor (2007). In short,
ascorbic acid and its oxidized form, dehydroascorbic acid
were extracted with 6% m-phosphoric acid (w/v) and 0.2 mM
diethylenetriaminepentaacetic acid, using ultrasonication and
vortexing. After centrifugation at 600 g for 10 min at 4°C,
the supernatants were collected and the pellet was re-extracted
following the same procedure. Their levels were determined
spectrophotometrically at 265 nm, using the ascorbate oxidase
assay. The oxidized state of ascorbate was calculated as
DHA/(AA + DHA) x 100, where AA is ascorbate and DHA is
dehydroascorbate.

The analysis of vitamin E was performed as described (Amaral
et al, 2005). In short, 200 mg per sample were extracted with
methanol, exactly as described for anthocyanins, and then filtered
prior to HPLC analyses. The HPLC equipment consisted of an
integrated system with a Jasco PU-2089 Plus pump, a Jasco AS-
2055 Plus auto-sampler and a FP-1520 fluorescence detector
(Jasco, Tokyo, Japan). All tocopherol and tocotrienol forms
were separated on an Inertsil 100A (5 pum, 30 x 250 mm, GL
Sciences Inc., Tokyo, Japan) normal-phase column, operating
at room temperature. The flow rate was 0.7 mL min~' and
the injection volume was 10 pL. The mobile phase was a
mixture of n-hexane and p-dioxane (95.5:4.5, v/v). Detection
was carried out at an excitation of 295 nm and emission at
330 nm. Quantification was based on the results obtained from
the fluorescence signal and compared to that of a calibration
curve made with authentic standards of each compound (Sigma-
Aldrich, Steinheim, Germany).
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Statistical Analysis

Data were analyzed by using one-way (first experiment) or two-
way (second experiment) factorial analysis of variance (ANOVA).
Multiple comparisons tests were carried out by using Bonferroni
post-hoc tests. In all cases, differences were considered significant
at a probability level of P < 0.05. Furthermore, correlation
analyses using the Spearman rank’s correlation were made. All
statistical analyses were performed using the SPSS 20.0 statistical
package.

RESULTS

ABA Levels Increase During Ripening on
the Tree but Decrease During
Over-Ripening

Fruit biomass increased fivefold during ripening on the tree (from
23 days pre-harvest to 3 days post-harvest), to decrease later by
20% due to over-ripening for 1 week (from day 3 to day 10 of
post-harvest at 23°C, Figure 1). Anthocyanin levels increased
from non-detectable values to 95 pg/g fruit during pre-harvest
(between 23 and 4 days preharvesst), to increase even further up
to 582 pg/g fruit at 5 days post-harvest. Then, anthocyanin levels
remained relatively constant at high levels during over-ripening
until the end of the experiment (10 days post-harvest, Figure 1).

Abscisic acid levels increased sharply from 26 ng/g fruit at
23 days pre-harvest to 540 ng/g fruit at 11 days pre-harvest,
to keep later constant until 4 days pre-harvest (Figure 2).
Over-ripening at 23°C led to a depletion of endogenous ABA
concentrations in the fruit to attain minimum values of 142 ng/g
fruit at 10 days post-harvest. It is noteworthy that ABA increases
preceded anthocyanin accumulation during pre-harvest. In
contrast, ABA did not change in parallel with anthocyanin
accumulation during post-harvest (Figures 1 and 2).

Levels of carotenoids decreased sharply during fruit ripening
on the tree (Table 1). Violaxanthin, an ABA precursor, decreased
from 0.58 mg/g FW at 23 days to non-detectable values at 4 days
pre-harvest (Table 1), which occurred in parallel with increases
of ABA levels during fruit ripening on the trees (Figure 2). Lutein
and zeaxanthin levels also decreased progressively down to non-
detectable values during fruit ripening on the tree, while fruits
at 4 days pre-harvest still kept 0.17 mg/g FW of B-carotene. The
amounts of this antioxidant expressed per fruit unit increased
during ripening, attaining maximum levels of 3 mg per fruit unit
at 4 days pre-harvest (Table 1). Carotenoids were not detected
during post-harvest (data not shown).

Total ascorbate levels increased during pre-harvest to decrease
later during post-harvest, both when expressed on a fresh weight
and a fruit unit basis (Figure 3). Interestingly, ascorbate levels
showed a biphasic response during post-harvest, with minimum
ascorbate levels at 5 and 10 days post-harvest. It is noteworthy
that the oxidation state of ascorbate kept constant, both, during
pre- and post-harvest, but decreased sharply from around 40% to
levels below 20% just after harvest (Figure 3).

Vitamin E levels were much lower than those of ascorbate,
with maximum levels of 3.5 jug/g fruit being attained at 15 and
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FIGURE 1 | Fruit biomass and levels of total anthocyanins during ripening on the tree [pre-harvest) and during over-ripening at 23°C (post-harvest).
Data are the mean + SE of n = 8 (pre-harvest) and n = 3 (post-harvest) for anthocyanins, and n = 8 (pre-harvest) and n = & {post-harvest) for fruit biomass.
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Differances were considerad significant when P = 0.05. NS, not significant. Anthocyanin levels are given both per fresh weight (FW) and per fruit unit. Harvest (time 0
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11 days pre-harvest and at the end of the experiment (Figure 4).
Sharp fluctuations in total vitamin E levels were mainly due to
those of a-tocopherol, the major vitamin E form present in fruits
(Supplementary Figure S1). y-Tocopherol levels were lower but
also more stable than those of a-tocopherol. Vitamin E levels
tended to increase during ripening, an effect that was particularly
observed for y-tocopherol (Supplementary Figure S1) and when
results where expressed on a fruit unit basis (Figure 4). Neither
vitamin E levels nor those of a- and y-tocopherol were altered
during post-harvest either when expressed per g fruit or per fruit
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unit (Figure 4; Supplementary Figure 52). fi- and 8-tocopherols,
and tocotrienols were not detected in cherry fruits.

Variations in ABA Levels during Cold
Storage

Cold storage prevented over-ripening, as observed with the
maintenance of visual fruit irmness (Supplementary Figure 52),
biomass and anthocyanin levels (Figure 5). Cold treatment
prevented anthocyanin accumulation, an effect that was already
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observed at 2 days of cold storage. ABA levels increased in
response to cold storage, with an increment at 2 days of treatment
(Figure 6). Thereafter, ABA levels in cold-stored fruits did not
increase further but kept always at higher levels compared to
fruits stored at 23°C. In this case, ABA levels inversely correlated,
or simply did not correlate with those of anthocyanins. During
over-ripening at 23°C, ABA levels decreased, while those of
anthocyanins increased. When over-ripening was prevented by
cold storage, enhanced ABA levels did not lead to changes in
anthocyanin accumulation.

Cold storage did not alter total ascorbate levels, but affected
its oxidation state. The ascorbate oxidation state increased
in response to cold treatment, but differences were small
and post hoc analyses did not reveal significant difference at
any time point (Figure 7). In contrast, ABA levels correlated
with vitamin E levels in cold-stored fruits, those of total
vitamin E were increasing in parallel with ABA, during
the first days of cold treatment (Figure 8). The levels of
a- and y-tocopherol were not significantly altered by cold
treatment when analyzed separately (Supplementary Figure
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TABLE 1 | Carotenoid levels during sweet cherry ripening on the tree.
Days pre-harvest Viclaxanthin Lutein Zeaxanthin f-carotene

Carotenoids (ma/g FW)

23 0.58 + 0.18% 3.35 + 0.25% 0,43 +0.05° 0.49 £ 0107
15 0.14 £ 0.03° 07320110 0.29 £ 0.05" 0.20 £ 0.06™
4 NDP NDF NOP 0.17 + 0.08°
Carotenoids (ma/g Fruit unit)

23 0.47 + 0.15°7 274 + 0.20° 0.35 +0.04° 0.40 + 0,087
15 1.34 £ 0.80° 6.86 + 1.04° 2.74 £ 047° 1.66 £ 0.75%
4 ND? NDF NDA 3.06 £+ 0917

Levals of violaxanthin, lutein, 2eaxanthin and fi-carotene are given at 23, 15, and 4 days pre-harvest, both on a fresh weight (FW) and fruit unit basis. ND, not detected.
Diffarent letters indicate significant differences between time points using Bonferroni post hoc tests (ANOWA, P < 0.05).

04 | 50
Preharvest P=0.051 (Total AA)
I NS (Oxidation state) |
| Postharvest P=0.021 (Total AA)
| NS (Oxidation state)
0.3 A | - 30
3 g
I 20 g
=]
: ' :
= 024 I [ e
2 ! 3
3 | 3
] 3
=4 o
0.1 1 '
|
: —e— Total AA
i —0— Oxidation state
0,0 | 0
| Preharvest P<0.001
| Postharvest P=0.002
|
= 3.0 I
[
=] |
2
&
2 |
E
o] |
g 15 |
g I
= |
|
|
|
|
23 19 15 11 8 4 3 4 5 6 7 8 98 10
Days before harvest Days after harvest
FIGURE 3 | Total (AA) and its oxidation state during ripening on the tree (pre-harvest) and during over-ripening at 23°C (post-harvest). Dala
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53), thus indicating that cold effects on total vitamin E
levels (Figure 8) were cumulative. It is noteworthy that a-
and y-tocopherol followed a completely different tissue-
specific  accumulation, with y-tocopherol accumulating,
almost exclusively (>99%), in the pit (Figure 9). In contrast,
a-tocopherol, anthocyanins, ascorbate and ABA were all detected
in the pit, flesh and skin during both pre- and post-harvest
(Figure 9).

DISCUSSION

Sweet cherry is a non-climacteric fruit, which ripening is known
to be promoted by ABA (Setha et al, 2005). Its ethylene
concentration is low and has no direct effect in the ripening
of sweet cherries (Hartmann, 1992; Kondo and Gemma, 1993),
although it may influence anthocyanin accumulation (Kondo and
Inoue, 1997). ABA is, however, the phytohormone that plays
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a major role in the regulation of anthocyanin accumulation
and organoleptic sweet cherries properties, such as the ratio
of total soluble sugars to total acidity (Kondo and Gemma,
1993; Kondo and Inoue, 1997; Luo et al, 2013). Studies in
other non-climacteric fruits, such as grapes, have also shown
that ABA not only modulates color development and sugar
accumulation, but it may also be implicated in the control of
softening during the ripening process (Castellarin et al,, 2016).
Here, we provide correlative evidence supporting a role for
ABA in the regulation of both anthocyanin and vitamin E

accumulation during pre-harvest, but not during post-harvest,
in sweet cherries “Prime Giant.” Furthermore, results suggest
that ABA may help prevent over-ripening during post-harvest
at4°C,

We found that ABA levels strongly and positively correlate
with anthocyanin accumulation during ripening of fruits on
the tree (Table 2), which is in agreement with previous studies
(Luo et al, 2013). However, a strong negative correlation
was observed between endogenous concentrations of ABA and
anthocyanin levels during post-harvest (Table 2). Over-ripening
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at 23°C led to progressive decreases in ABA concentrations, while
anthocyanin accumulation kept at high levels, thus suggesting
an inhibitory role for ABA in over-ripening (Figures 1 and
2). Furthermore, ABA levels increased after 2 days of cold
storage, while anthocyanin levels kept at lower levels at 4°C
relative to 23°C (Figures 5 and 6), thus suggesting ABA
might prevent over-ripening in cold-stored fruits. The role
of ABA in over-ripening has been poorly studied to date,

particularly in non-climacteric fruits. However, the application
of antitranspirants, such as ABA, in rambutan, a non-climacteric
fruit, has been shown to be effective in preventing over-ripening
(Siriphollakul et al, 2006), thus supporting further the idea
that ABA helps promote ripening in fruits on the tree, but
delays over-ripening in detached fruits during post-harvest.
This indicates that ABA does not act alone but together with
other signaling compounds in the regulation of the ripening
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TABLE 2 | Results of 's rank ! I Q of ABA and quality parameters during pre- and

post-harvest.

Parameters Experiments 1 Experiment 1 Pre-harvest Post-harvest Experiment 2
and 2 (All data)

Anthocyaning 0.009 0,033 0.703"* —0.354 -0.531*

Total AA 0.147 0.064 0.219 0.280 0.239

Oxidiation state 0.132 0.169 -0.133 -0.287 0,251

Vitamin E 0.196° 0.124 0.282* —0.137 0.130

a-tocopherol 0.155 0.041 0.176 =0.046 0.147

y-tocopherol 0.186 0.180 0.367° -0.179 —0.001

Cowelation coefficients values are given folowed by one or two asterisks when the comrelation is significant or highly significant (P = 0.05 and 0.007, respectively).
Sigrificant correlations with coefficients above (.35 are shown in bold. Absence of an asterisk indicates the correlation was not significant. Data was analyzed alfogether,
and also separately (for each expenment, differentiating also pre- and post-harvest data for Expeniment 1),

process in fruits on the tree, an aspect that warrants further
investigations.

Aside from its role in the regulation of the ripening process of
fruits on the tree, by modulating softening, sugar accumulation
and color development (though the modulation of anthocyanin
accumulation, Luo et al, 2013; Wang et al.,, 2015; Castellarin
et al, 2016), nothing is known about the possible effects of
ABA on vitamin accumulation in sweet cherries or other non-
climacteric fruits. Vitamin C is a water-soluble compound that
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acts as a cofactor for many iron and copper hydroxylases and
dioxygenases involved in key physiological processes in humans,
such as in the production of collagen and the synthesis of
carnitine (Bender, 2003; Johnston et al., 2007), That is the reason
why the frequent intake of foods rich in bioactive compounds,
such as vitamin C, is associated with a healthy diet (Arrigoni
and De Tullio, 2002). In addition, this compound is considered
as one of the most important antioxidants for plant growth
and defense (Foyer and Noctor, 2011), which is present in
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many plant cell compartments, such as mitochondria,
plastids, peroxisomes and the apoplast (Smirnoff, 2000;
Foyer, 2001). Moreover, ascorbate is the principal non-
enzymatic water-soluble antioxidant that is able to eliminate
reactive oxygen species (Cadenas and Packer, 2002). Vitamin
C is especially wvulnerable to oxidative and enzymatic
degradation in raw fruits and vegetables (Redmond et al,
2003). Some studies have reported a loss of vitamin
C in many fruits stored under non-optimal conditions
after harvest (Munyaka et al, 2010; Neves et al, 2015).
Although correlation analyses did not reveal any significant
relationship between endogenous concentrations of ABA
and vitamin C levels during ripening, over-ripening or
cold treatment (Table 2), the present study confirmed that
this vitamin is present at high amounts in sweet cherries,
attaining maximum levels of 3 mg per fruit unit just after
harvest, and it was found that its oxidation increases after
7 days of cold storage. Furthermore, ascorbate is known
to act as a cofactor of 9-ris-epoxycarotenoid dioxygenase
(NCED), the key limiting step in the biosynthesis of
ABA  from carotenoids, particularly neoxanthin and/or
violaxanthin (Conklin and Barth, 2004). In the present
study, violaxanthin levels decreased concomitantly with
increases of ABA levels during ripening of fruits on the
trees, which is consistent with a role for violaxanthin
as a precursor of ABA in sweet cherries (Luo et al,
2013).

On the other hand, vitamin E, a lipid-seluble antioxidant
in cell membranes, also with health-promoting effects
(Booth et al, 2004), is found at high concentrations in
some fruits, such as kiwis or avocados (Chun et al,
2006), but it has received little consideration in sweet
cherries, mainly due to their low levels in the fruit, at
least, compared to other antioxidants, such as anthocyanins
or vitamin C. Among vitamin E compounds, both a-
and PB-tocopherol were previously shown to be present
in sweet cherries, being o-tocopherol the most abundant
with amounts around 1 pg/g fruit (Bastos et al, 2015),
which is similar to the amounts obtained in the present
study (Supplementary Figure $3). However, we did not
detect f- but, instead, y-tocopherol in sweet cherries,
which accumulated particularly in the pit (Figure 9).
Most importantly, we found a positive correlation between
endogenous concentrations of ABA and vitamin E accumulation
in sweet cherries, particularly at pre-harvest (Table 2).
Interestingly, endogenous concentrations of ABA correlated
more strongly with - than with o-tocopherol levels.
Previous studies have shown the presence of an ABA-
responsive element (ABRE) in the promoter region of
HYDROXYPHENYLPYRUVATE DIOXYGENASE (HPPD), which
encodes for the enzyme responsible of the formation of
homogentisate, needed for the biosynthesis of all vitamin
E compounds (Chaudhary and Khurana, 2009; Falk and
Munné-Bosch, 2010). Therefore, our data supports the
contention that ABA is implicated in the biosynthesis of

on Sweet Cherry

vitamin E compounds in sweet cherries, as it has been
shown in leaves of plants exposed to wvarious abiotic
stresses  (Chaudhary and Khurana, 2009; Munné-Bosch
et al, 2009). It is noteworthy that the correlative evidence
obtained in the present study supporting a link between
ABA and vitamin E biosynthesis was observed in fruits
that were ripening on the tree during pre-harvest, but
not during post-harvest at 23°C. Furthermore, enhanced
vitamin E levels were preceded by ABA increases during cold
storage, thus suggesting ABA may also regulate tocopherol
accumulation in response to cold stress in sweet cherries.
This may indeed be a defensive response, since both ABA
and tocopherols are known to be needed to combat cold-
induced reactive oxygen production in plants (El Kayal et al,
2006).

CONCLUSION

The ABA plays a major role in the control of the ripening
process in sweet cherries, particularly stimulating this process
during pre-harvest and positively influencing quality parameters,
such as the accumulation of anthocyanins and vitamin E.
Further research is, however, needed to better understand the
mechanisms underlying the regulation of vitamin E biosynthesis
by ABA during pre-harvest and cold storage, as well as the
inhibitory role of ABA in the over-ripening of sweet cherries,
beyond its possible function as an antitranspirant.
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Suppl. Figure 1. Levels of a- and y-tocopherols during ripening on the
tree (preharvest) and during over-ripening at 23°C (postharvest). Data are
the mean = SE of n=8 (preharvest) and n=3 (postharvest). Statistical analyses
were performed by one-way ANOVA to test for the effects of time during pre-
and postharvest. Results of statistics are shown in the inlets. Differences were
considered significant when P<0.05. NS, not significant. Vitamin E levels are

given both per fresh weight (FW) and per fruit unit.
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Suppl. Figure 2. Cold storage improves firmness in sweet cherries.
Photographs of fruits stored at 23 °C and 4 °C were taken after 7d and 10d

postharvest.

4°C, 10d 23°C, 10d

4°C,7d 23°C,7d
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Suppl. Figure 3. Cold treatment effects on the levels of a- and y-
tocopherols during postharvest storage of sweet cherries. Data are the

mean + SE of n=3. Statistical comparisons were performed by two-way
ANOVA.NS, not significant.
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RESUMEN DEL CAPITULO 2

Las cerezas son muy apreciadas por los consumidores de todo el mundo vy,
generalmente, se almacenan en frio durante la poscosecha para evitar la
sobremaduracion antes de su distribucion al mercado. La cereza es un fruto no
climatérico de la que se sabe que la maduracion esta regulada por el acido abscisico.
En este estudio se examina el perfil hormonal, incluyendo medidas de acido
abscisico, auxinas, citoquininas y giberelinas mediante cromatografia liquida de ultra
alta eficacia acoplada a espectrometria de masas en tandem (UHPLC-MS/MS), en
relacidén con las variaciones del contenido en azucares y antocianinas durante el
crecimiento y maduracion de esta fruta. El perfil hormonal reveld que los niveles de
acido indol-3-acético, GA, y trans-zeatina disminuyeron en las primeras etapas del
desarrollo del fruto. De la misma forma, los niveles de GA3 disminuyeron en etapas
tempranas, y también después que se inicia la acumulacion de antocianinas. Los
niveles de acido abscisico aumentaron con la sintesis de antocianinas, asi como los
niveles de isopentenil adenosina, que también aumentaron durante la maduracion de
las cerezas. Ademas, se observo una fuerte correlacion negativa entre la GA4 y la
biomasa y antocianinas del fruto, y entre la trans-zeatina y la biomasa y los aziicares
totales. Por el contrario, los niveles de acido abscisico e isopentenil adenosina se
correlacionaron positivamente con la biomasa, antocianinas y azicares totales del
fruto. Los resultados sugieren que las auxinas, citoquininas y giberelinas podrian
actuar coordinadamente con el 4cido abscisico en la regulacion del desarrollo y
maduracion de la cereza. También se muestra que las medidas del perfil hormonal
por UHPLC-MS/MS pueden ser una herramienta util para dilucidar el momento de
accion de cada compuesto hormonal especifico durante la maduracion, lo cual tiene

aplicaciones importantes en el sector biotecnoldgico agroalimentario.
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Sweet cherries are highly appreciated by consumers worldwide and are usually cold-stored during
postharvest to prevent over-ripening before distribution to the market, Sweet cherry is a non-climacteric
fruit, for which ripening is known to be regulated by abscisic acid. Here we aimed to examine the
hormone profiles. including measurements of abscisic acid, auxins, cytokinins and gibberellins by
ultrahigh perfc nee liquid chr coupled to tandem mass spectrometry (UHPLC-MS/MS),

Keywords: in relation to variations in sugar and anthocyanin contents, during growth and ripening of this fruit.
s‘_“’“‘. cherry Hormonal profiling revealed that indole-3-acetic acid, GA; and trans-zeatin levels decreased at early
Ripening stages of fruit development, while GA; levels decreased at early stages but also later, once anthocyanin
giu:;:ellins accumulation started. Conversely, abscisic acid levels rose significantly once the fruit started to
Cytokinins synthetize anthocyanins, and isopentenyladenosine levels also increased during the ripening of sweet
Fruit quality cherries. A strong negative correlation was found between GA4 levels and both fruit biomass and
anthocyanin levels, and between the levels of rans-zeatin and both fruit biomass and total sugar
contents. In contrast, abscisic acid and isopentenyladenosine levels correlated positively with fruit
biomass, anthocyanin and total soluble sugar content. Results suggest that auxins, cytokinins and
gibberellins may act coordinately with abscisic acid in the regulation of sweet cherry development and
ripening. Furthermore, it is shown that hormonal profile measurements by UHPLC-MS/MS may be a
helpful tool to elucidate the timing of action of each specific hormonal compound during ripening, which

has important applications in the agri-food biotechnological sector.
© 2016 Elsevier BV, All rights reserved.
Introduction completed [4]. In contrast with climacteric fruits, such as tomato or

Sweet cherry has become an important fruit worldwide due to
its wvisual and organoleptic characteristics such as colour,
sweetness and sourness, Nowadays, there is an increasing interest
in improving fruit quality, mainly fruit size, and delaying maturity.
Sweet cherry displays a characteristic three-stage growth pattern:
(i) aninitial phase of exponential growth driven by cell division and
expansion, (ii) a relatively quiet second stage that correlates with
endocarp hardening and embryo development, and (iii) a third,
final stage of re-establishment of rapid growth, mainly charac-
terised by cell expansion |1-3]. The ripening process starts with
the accumulation of carbohydrates and anthocyanins during the
second stage of growth and ends after the third growth phase has

* Corresponding author at: University of Barcelona, Faculty of Biology, Depart-
ment of Mant Biology, Av. Diagonal 643, 08028 Barcelona. Spain.
E-mail address: smunne@ub.edu (5. Munné-Bosch).
" These authors contributed equally to this work,

heep:/fdx.doi.org/10,1016/j.nbt. 2016.07.015
1871-6784/© 2016 Elsevier BV, All rights reserved,

apple, in which ethylene production and respiratory activity
increase at the onset of ripening, sweet cherry is a non-climacteric
fruit whose maturation process is known to be associated with
abscisic acid (ABA) [5.6]. Most of the previous research on plant
growth regulators on cherry fruit quality focused mainly on
preharvest application of GA4 in the second phase of growth, to
increase fruit size and delay ripening [78]. Nonetheless, our
knowledge about the possible use of other phytohormones, such as
other gibberellins, and auxins or cytokinins, for improving sweet
cherry quality is still very limited, despite its potential significance
in the agri-food biotechnology sector.

In some non-climacteric fruits such as strawberries and grapes
[9,10] and climacteric fruits such as apples [11], the role of auxins
delaying the ripening process has been reported. With regard to
gibberellins, GA was found to be the most abundant at early stages
of development in non-climacteric fruit (grapes), while GA; was
only detected at later developmental stages. In sweet oranges, both
GA, and GA, have been reported as biologically active gibberellins
[12]. However, no information is yet available on the endogenous
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levels and role of other gibberellins in the growth and ripening of
sweet cherries. Cytokinins, and particularly, its most active form,
trans-zeatin, are involved in the regulation of cell division and sink
strength in fruits, which is why their highest concentration is
related to fruit set and early growth phases in some fruits [13].
Furthermore, a decrease in cytokinin levels before ripening in non-
climacteric fruits, such as oranges and grapes, has been reported,
suggesting that cytokinins may play an inhibitory role in fruit
maturation [14]. On the other hand, 2-isopentenyladenine levels
have been shown to increase during ripening in grapes, kiwifruit,
tomato and strawberry, suggesting a role for this cytokinin in the
ripening process |15). Nevertheless, there is no information on
either the concentration or effects of cytokinins on development
and ripening of sweet cherries.

The aim of this study was to obtain insights into the variations
in the endogenous levels of growth regulators, such as auxins,
gibberellins and cytokinins, aside from those of the well-known
ABA, in the growth and ripening of sweet cherries, focusing on the
endogenous levels of these phytohormones during fruit develop-
ment in orchard trees. In addition, to better understand the
relation of the hormone profiles with fruit quality during ripening,
we simultaneously measured various parameters associated with
the maturation process, such as fruit biomass, malic acid levels, pH,
fructose and glucose contents, and anthocyanin accumulation,

Material and methods
Experimental design and samplings

For the experiments, sweet cherries (Prunus avium L. var. Prime
Giant) were obtained from trees growing in an exploited orchard at
Partida Vall del Sector 111 (Lleida, NE Spain). Fruits were harvested
at eight developmental stages (Fig. 1), which were visually
characterised as follows: stage I, fully green and small-sized;
stage 11, green but larger in size; stage lll, increased size with
maximum of 30% red; stage IV, red-pink colour, with maximum
30% green; stage V, 90% red, 10% green; stage VI, almost red; stage
VI, fully red, large-sized; and stage VIIl, commercial harvest.
Developing cherry fruits at stages | and Il were sampled during
30th April 2015, fruits at stages 11l and IV were sampled during 7th
May, fruits at stages V and VI were sampled during 15th May, fruits
at stage VIl were sampled during 22nd May, and fruits at stage VIII
were sampled during 29th May. All samplings were performed
early in the morning (between 9 and 10 am. local time) to
minimise diurnal climatic variability between samplings. Six fruits
per tree from a total of 8 trees were sampled at each development
stage. Samples were immediately dipped in liquid nitrogen and
stored at —80°C until analyses.

Hormone profiling

Phytohormone levels were determined by ultrahigh-perfor-
mance liquid chromatography coupled to tandem mass

spectrometry (UHPLC-MS/MS) as described previously | 16] with
minor modifications. In short, fruit samples (100mg) were
extracted with 200pL  methanol:isopropanol:acetic  acid,
50:49:1 (v/v/v), using ultrasonication and vortexing (Branson
2510 ultrasonic cleaner, Bransonic, USA) for 30 min. Deuterium-
labelled internal standards, including ds-indole-3-acetic acid,
gibberellins (dy-GA,, dy-GAs, dy-GA4, dy GAy), cytokinins (dg-2-
isopentenyl adenine, ds-isopentenyl adenosine, ds-trans-zeatin
and ds-trans-zeatin riboside) and abscisic acid (dg-ABA) were
added. After centrifugation, the pellet was re-extracted using the
same procedure and the collected supernatants were merged and
filtered through a 0.22pum PTFE filter (Waters, USA) before
analyses. Phytohormone levels were analysed by UHPLC-ESI-
MS/MS. The system consisted of an Aquity UPLC™ System
(Waters) quaternary pump equipped with an autosampler. An
HALO™ C18 (Advanced Materials Technology Inc., USA) column
(21 x75mm, 2.7 um) was used. Solvent A was water with 0.05%
glacial acetic acid and solvent B was acetonitrile with 0.05% glacial
acetic acid. Flow rate was set at 0.6 mL/min. Quantification was
made considering recovery rates for each sample by using the
deuterium-labelled internal standards [16].

Fruit quality parameters

Sweet cherry quality was determined by measuring fruit
biomass, levels of total anthocyanins and soluble sugars, and
acidity. Fruit biomass was estimated by weighing the samples
immediately at each harvest time point after transferring to the
laboratory in bags (with high humidity to aveid desiccation). Total
anthocyanins were determined as described [17]. Fruit samples
(200 mg) were extracted with 1 mL methanol using ultrasonication
and vortexing. Extracts were centrifuged at 1000 x g for 10mat4°C
and the pellet was re-extracted following the same procedure.
Supernatants were collected and pooled before extract acidifica-
tion. In order to acidify the extracts, 1% HCl was added and total
anthocyanins measured spectrophotometrically at 530 nm. Total
anthocyanins were calculated using cyanidin-3-glucoside as a
reference, using a molar absorption coefficient of 34300Lcm '
mol ! as described [18].

For sugar analyses, samples (50 mg) were extracted with 1 mL
ethanol 80% (v/v) at 80C. After centrifugation, the supernatants
were pooled and dried completely under a nitrogen stream. The
extracts were suspended in 1 mL of MilliQ water, passed through
Sep-Pak Plus (100 mg) C18 cartridges (Waters, Milford, MA, USA),
and then 0.5 mL of MilliQ water was added prior to injection into
the HPLC system. Glucose, fructose and sucrose were isocratically
separated on an Aminex HPX-87C column (Bio-Rad Carbohydrate
Standard, Hercules, CA, USA) using water as a solvent at a flow rate
of 0.6mLfmin. Detection was carried out with a differential
refractometer (Knauer, Berlin, Germany) with the cell at 80°C.
Glucose, fructose and sucrose from Sigma (Steinheim, Germany)
were used for quantification. Sucrose levels were always kept

Stage 1 Stage I Stage Il

Stage IV

Stage V Stage VI Stage VII Stage VIII

Fig. 1. Sweet cherries during the study of natural development of fruits on the tree (from left to right. stages | to VIII),

68



826 N, Teritia et al. {New Biotechnology 33 (2016) 824-833

P<0.001 4
= 1600

1400 4

ugig D
g

{

Total Anthocyanins
¥388%

1 ab ab g AbC
.ng 8
2
o
P<0.001

TA (mglg DW)

P<0.001

45

pH

a
b
4.0
B 5 L @ 2. g
an
oo I Dl el tewnl ioel bl beel jee ]
P<0.001

w

Fruit Weight (g FW)

| n m MoV Ve VI VI
Stages of Development

Fig. 2. Total anthocyanins. total a:ndlty (TAL pH mral soluble susars to total acidity ratio (TSS{TA), and fruit mass during natural fruit development. Data are means + SE of
n=3. Statistical ¢ were ¥ ANOVA foll d by a post hoc Tukey test. Different letters indicate significant differences between the
developmental stages at P < 0,05,

69



N. Teribia et al./ New Biotechnology 33 (2016) §24-833

827

700
P<0.001

Glucose (mg/g DW) TSS (mglg DW)

Fructose (mglg DW)

I ] i
Stages of Development

v vV Ve vl
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performed by one-way ANOVA followed by a post hoc Tukey test. Different letters indicate signifi 5 the devel

below 1% of total soluble sugars, so anly results from glucose and
fructose levels are shown.

In order to analyse malic acid content and pH in the fruit, 5g of
sample was homogenised with 25 mL of distilled water using a
vortex (Branson 2510 ultrasonic cleaner, Bransonic, USA). The pH
was measured using a pH-meter. 10 mL of this juice were diluted
with 100 mL of distilled water and this solution was used for the
determination of titratable acidity (to estimate malic acid
contents) with 0.1 N NaOH, using phenolphthalein (1%) as an
indicator [19].

70

I stages at P 0.05.
Statistical analysis

Data were analysed by one-way factorial analysis of variance
(ANOVA). Multiple comparisons tests were carried out using Tukey
HSD post hoc tests. All statistical tests were performed using the
SPSS 20.0 statistical package. Furthermore, Spearman's rank
correlation analyses were performed between hormones and
quality parameters using the SPSS 20.0 statistical package. In all
cases, differences were considered significant at a probability level
of P<0.05.
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Results and discussion
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s during develop

Quality p and ripening

Natural fruit development was characterised by an initial phase
of growth, in which the fruit weight increased 10-fold from stage |
to 1l (Fig. 2). In the second phase of growth (1I-VI), the fruit
continued to increase in size slowly and then quickly reached its
final weight, increasing 1.6-fold at the end of ripening process
during the third phase of growth. Anthocyanins started to be
synthesised at stage Ill, corresponding to the onset of ripening
(Fig. 1). This is in agreement with previous studies, showing that
anthocyanins start to accumulate in sweet cherries during the
onset of ripening |5]. Subsequently, anthocyanins showed an
exponential increase up to the end of the experiment, attaining
maximum levels at stage VIII (Fig. 2).

Total soluble sugars (as glucose plus fructose) started to
accumulate significantly at stage I, increasing gradually during
fruit ripening (Fig. 3), in agreement with previous studies [20].
Glucose was the most abundant soluble sugar in sweet cherries
and levels of both glucose and fructose increased during ripening
in fruits on the tree (Fig. 3), attaining the highest levels at the
commercial stage. The ratio of total soluble sugars to total acidity
(TSS/TA, Fig. 2), which is an indicator of flavour partly determining
fruit consumer acceptance [21], increased gradually during
ripening in fruits on the tree, mainly due to the rise in glucose
and fructose levels (Fig. 3).

The initial growth phase between stages | and 1l was associated
with a decrease in pH value, which was associated with a 1.7-fold
increase in total acidity (Fig. 2). Thereafter, malic acid content
remained at an elevated level up to the stage of commercial harvest
(Fig. 2), whereas pH value decreased significantly at stage Ill, owing
to the synthesis of other organic acids such as ascorbic or citric
acids [22] and it remained low and constant until stage VIII.

Changes in ABA, auxins, gibberellins and cytokinins during natural
development and ripening

During the onset of fruit development, at stages | and II, the
endogenous levels of ABA were low (Fig. 4). However, at stage 11,
when fruit ripening started with anthocyanins accumulation
(Fig. 2), ABA levels increased sharply and remained high during the

N. Teribia et al./New Biotechnology 33 (2016) 824-833

whole ripening process. A strong positive correlation (r=0.5,
P<0.05) was found between ABA levels and quality parameters
(anthocyanins, TSS and fruit biomass, Table 1), which is in
agreement with other studies in which ABA regulates the
expression of anthocyanin biosynthesis genes, as well as sugar
metabolism in sweet cherries [23]. Moreover, a negative correla-
tion (r=—0.644, P < 0.05) between ABA and pH value was found, so
that pH decreased (turned into acid) while ABA levels increased, as
has been described in climacteric fruits, ABA modulating the
accumulation of organic acids in tomato [24].

The highest concentrations of the auxin indole-3-acetic acid
were observed at stage I (Fig. 5), when the fruit was fully green and
very small (Fig. 1), which may be associated to the high capacity of
these developing fruits at this stage for growth, due to the role of
auxins as a stimulator of cell expansion [25]. Thereafter, auxin
levels sharply decreased and remained constant at low levels
throughout fruit development and ripening on the tree (Fig. 5).
These results are consistent with previous evidence in other non-
climacteric fruits, where auxins promote cell expansion and inhibit
the ripening process [26,27].

Among gibberellins, GA, levels paralleled those of auxin during
natural development, while changes in GA; and GA; followed a
different response. GA; levels peaked at stage Il to decrease
thereafter, attaining minimum levels at commercial stage, while
GA, levels were maximum at stage | and started to decrease (Fig. 6)
concomitantly with enhanced anthocyanins levels (Fig. 2). No
previous reports are available on endogenous GA levels in sweet
cherry. In the present study, GA4 was the major GA, similarly to
strawberry fruits, in which GAy was extremely high in the
receptacle at the white stage of development [28]. In tomato,
GA, is the most abundant GA during ripening [10]. Our results
support the contention that GA,, with high levels at stage 1, may
play a role in promoting cellular expansion together with auxins, in
agreement with other studies [29,30]. Although ABA is an essential
phytohormone to promote ripening in non-climacteric fruits [31],
our results suggest that GA; may also play a role in this process. A
strong negative correlation was found between GA4 and antho-
cyanins, TSS and fruit biomass (r>0.5, P<0.001, Table 1),
supporting the idea that GA, inhibits the ripening process in
sweet cherries. Furthermore, GA; may also be important in the
onset of ripening because of the high levels of this hormone found
ar stage 1ll, when the second phase of growth started, which was
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Fig. 4. Endogenous concentration of abscisic acid (ABA) during natural fruit development. Data are means + SE of n=8. Statistical comparisons were performed by one-way
ANOVA followed by a posthoc Tukey test. Different letters indicate significant differences between the developmental stages at < 0.05.
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Table 1
Spearman’s rank correlation analyses |

of phytohormones and quality Cor
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with signifi P-values (P < 0.05) are

shown in bold. NS, not significant. ABA, abscisic acid: IAA, indole-3-acetic acid: GA. gibberellin: Z, trans-zeatin: ZR, trans-zeatin riboside: IPA. isopentenyladenoside; 2iP,

isopentenyl adenine: TS5/TA, total soluble sugars to total acidity ratio,

Total Anthocyanins (pg/g DW) TS5 (mg/g DW)

Glucose (mgfg DW) Fructose (mg/g DW)

Hormones  rho P rho P rho P rho P
ABA 0.595 =0.001 0598 <0.001 0597 =0.001 0611 =0.001
1AA ~0.381 0.002 -0.473  0.001 -0.474 -0.001 -0.460  <0.001
GAy -0.160 NS 0138 NS 0120 NS 0146 NS
GAz 0.200 NS 0112 N5 0.096 NS 0,144 NS
Gy 0.633 -0.0M 0558 <0001 0544 0.001 0.566 -0.001
GA; -0.165 NS -0.192 N5 -0.163 NS -0222 NS
z -0.746 =0.001 0.640 -0.001 -0.613 =0.001 ~-0.676 < 0.001
IR -0.422 0.00 -0.351 0.006 -0.360  0.004 ~-0.366  0.004
1PA 376 0.003 0308 0016 0290 0.023 0.343 0.007
2ip 0174 NS 0.204 NS 01498 NS 0.207 NS

TA (mgjg DW)  TSS/TA FruitWeight (g FW) pH
Hormones  tho P rho P rho P rho P
ABA 0270 NS 0407 0017 0607 <0001 -0.637 <0.001
1AA 0.153 NS 0.235 NS -0.298 0,020 0.335 NS
GAy 0155 NS 0.021 NS 0167 NS 0181 NS
GA; 0.381 0.026 -0256 NS 0.184 NS 0029 NS
GAq 0375 0.029 0536 0.001 < 0.569 -0.001
GAs -0.022 NS -0.218 N5 -0.11 NS 0114 NS
z -0.331 NS ~0488 0.004 -0.698 0001 0536 0001
IR ~-0.501 0.003 0423 0.013 0381 0.002 0644 <0001
1PA 0201 NS 0351 0.045 0422 0.0m 0.317 NS
2P 015 NS 0116 NS 0179 NS 0188 NS

followed by a decrease thereafter, when anthocyanins began
noticeably to accumulate (Fig. 6), thus suggesting that GA; could
promote cell expansion during the second phase of growth.
Exogenous applications of GA; at preharvest resulted in an increase
of 15% in fruit size and a delay in ripening in previous studies [8,32].

Both trans-zeatin and its riboside showed maximum levels at
the initial stages of fruit development on the tree (Fig. 7), when cell
division is maximum [1-3]. Thereafter, their levels both decreased
and remained low during ripening on the tree (Fig. 7). Similarly to
tomato, in which trans-zeatin is involved in cell division in the
ovary and in fruit development [33], it appears that trans-zeatin,
the most abundant cytokinin in sweet cherry, promotes cell
division in this fruit, as suggested by its highest concentration at
stages | and 1l (during the first phase of growth). trans-Zeatin and

its riboside may therefore be inhibitors of the ripening process,
which is supported by the fact that they remained at low levels at
advanced stages of development on the tree. Cytokinins are known
to be positive regulators of sink strength, attracting carbohydrates
and amino acids from source tissues to sites of high cytokinin
concentration (i.e. sinks) [34]. At the start of development, the fruit
is growing and as a consequence consumes sugars. This is in
accordance with the high amounts of cytokinins during the first
stages of development (stage | and I1) of sweet cherry fruits on the
tree. When the ripening process started, the levels of trans-zeatin
and its riboside decreased and, at this point, soluble sugars started
to accumulate, which may be due to degradation of cell wall
polysaccharides [35). trans-Zeatin and both fruit biomass and
fructose levels correlated negatively (r> 0.6, Table 1), as a result of
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P=0.013
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significant differences between the developmental stages at P < 0,05, NS, not significant,
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the very high trans-zeatin levels in small, growing, non-ripening
fruits (Fig. 7). Interestingly, a strong negative relationship between
trans-zeatin and anthocyanins was found (r=-0.746), since
anthocyanins started to accumulate when trans-zeatin levels
decreased, which may be associated with the role of cytokinins as
regulators of tissue greening [36]. Furthermore, levels of iso-
pentenyladenosine (IPA) and 2-isopentenyladenine were low
(<3 ng/g DW) throughout the natural development, but those of
IPA increased progressively during fruit ripening on the tree
(Fig. 7). In contrast with GA, or trans-zeatin, correlations between
IPA and quality parameters were positive (Table 1). Since 2-
isopentenyladenine has been shown to increase during ripening in
grapes, kiwifruit, tomato and strawberry, suggesting a role for this
cytokinin form in the ripening process | 15],1PA could play a similar
role in sweet cherries, as indicated by the enhanced levels of this
cytokinin during ripening (Fig. 7).

Hormone profiles suggest that ABA, auxins, GAs and cytokinins
do not act alone but coordinately in the regulation of sweet cherry
development and ripening (Fig. 8), as proposed previously in other
plant systems [37]. It has been suggested that in the growth of the
tomato fruit pericarp or the strawberry fruit receptacle, cell
elongation and cell division activity are coordinated by a delicate
balance between GAs and auxins [ 28,29]. In sweet cherry fruits, not
only high levels of GAs and auxins are needed to start the fruit
development, but also high levels of cytokinins and low levels of
ABA. Interestingly, there is an increasing number of reports on

cross-talk berween ethylene, auxins and ABA in ripening of
climacteric fruits, It has been shown that low concentrations of
auxins and high concentrations of ABA are required for ripening in
cherries, to the extent that exogenous application of indole-3-
acetic acid causes a delay in the ripening process due to a cross-talk
between these two hormones |G

Thus, the progression of fruit ripening is a complex process
involving changes in various hormone classes, and even specific
compounds within each hormone type, which has important
implications in the agri-food biotechnological sector. Hormonal
profiling of fruits at various ripening stages, as shown in the
present study, can provide new insights into the specific classses of
hormones involved in the regulation of fruit ripening and, even
more importantly, the specific compounds within each hormonal
type that are more likely to be associated with a particular ripening
stage. This paves the way to develop new strategies for influencing
the metabolism andfor action of a specific hormone to modulate
ripening in orchard trees. It is noteworthy that hormone profiles
will undoubtedly vary depending on the plant species, variety, and/
or even the climatological conditions at which the orchard is found.
It is well known that ripening involves the integration of multiple
hormonal signals, with some acting as promoters and others as
repressors. In the present study, results suggest that GA, and trans-
zeatin are acting as repressors, while ABA and IPA promote
ripening. Although applications of GA5 have been used to improve
the quality of sweet cherries, our results suggest that the

1
1st phase ofgrowth

1
2nd phaseof growth

3rd phlseofgrw‘ﬂl

GA,

Fig. 8. Model showing the changes in hormone profiles at various stages of fruit development.
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application of compounds that influence the endogenous levels
and/or action not only of GAs but also of GA; and GA4, cytokinins
(trans-zeatin) and auxin, may be more effective in enhancing
quality and delaying ripening. Further experiments are however
required to test the effects of the application of a combination of
these hormones or compounds that alter their metabolism and/or
action in sweet cherries and other non-climacteric fruits.

Conclusion

These results suggest that auxins, cytokinins and gibberellins
promote cell expansion and division, especially, during the first
and second phase of cherry growth, while ABA promotes fruit
ripening. This occurred concomitantly with endogenous variations
in sugar and anthocyanin content. Hormonal profiling by UHPLC-
MS/MS appeared to be a helpful tool to (i) identify specific classes
of hormones involved in the regulation of fruit ripening, (ii)
unravel particular compounds within a hormonal type that may be
involved in the regulation of specific developmental and rip z
stages, and (iii) elucidate the timing of hormonal action during
fruit development, which may all have important implications for
the development of new products in the agri-food biotechnology
sector. Although results suggest a link between hormone profiles
and various quality parameters, such as anthocyanin and sugar
contents, further research is required to understand the mecha-
nisms through which hormones act coordinately to control fruit
ripening and quality in sweet cherries and other non-climacteric
fruits.
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RESUMEN DEL CAPITULO 3

Aunque los efectos de la melatonina en la maduracion de frutos en la poscosecha
se han estudiado con cierto detalle en frutos no climatéricos, la informacion atn es
escasa durante la precosecha. En este trabajo se estudio si la melatonina puede o no
desempefiar un papel durante la maduracion de las cerezas en arboles. Se evalud (i)
las variaciones endogenas en el contenido de melatonina mediante cromatografia
liquida de ultra-alta eficacia acoplada a espectrometria de masas en tandem (UHPLC-
MS/MS) durante la maduracion de las cerezas en dos afios consecutivos, y (ii) hasta
qué punto los tratamientos con melatonina (a 10*M y 10°M) influyen en la
maduracion y calidad del fruto en el arbol, en particular, al influir en el contenido
endogeno de otras fitohormonas. El contenido de melatonina endégena disminuyé a
medida que progresaba la maduracion del fruto, lo que sugiere un papel inhibidor en
la maduracion de frutos. Ademas, el tratamiento con melatonina a 10°M retraso la
acumulacion de antocianinas, sugiriendo un papel en el control de la maduracion y
calidad de las cerezas dulces. También encontramos que el contenido enddgeno de
citoquininas, inhibidoras de la maduracion de frutos, se vio afectado por los
tratamientos con melatonina, lo que sugiere una interaccion de la melatonina con
otras fitohormonas en su efecto inhibidor de la maduracion. Sin embargo, ni el
contenido de &cido abscisico ni de auxinas se vieron influenciados por los
tratamientos con melatonina. Se concluye que (i) la melatonina puede jugar un papel
inhibidor durante la maduracion de las cerezas dulces en arbol, al menos en parte, a
través de una interaccion hormonal con citoquininas, y (ii) la melatonina exogena

puede usarse para modular la maduracion y calidad del fruto en arbol.
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ARTICLE INFO ABSTRACT

Keywords: Although melatonin effects on postharvest fruit ripening have been studied in some detail, information is still
Fruit ripening scarce during pre-harvest. Here, we examined whether or not melatonin may exert a regulatory role during
Non-climacteric sweet cherries ripening in orchard trees. We evaluated (i) the endogenous variations in melatonin contents, in
Melatonin comparison to those of well-known phytohormones such as ABA, salicylic acid and jsamonic acid, by ultrahigh
Ereharyed per liquid ck graphy coupled to tandem mass spectrometry (UHPLC-MS/MS) during fruit ri-

Progmes avivm Lo

s chiriss pening over two consecutive years, and (i) to what extent melatonin treatments at low and high concentrations

(at 10 “M and 107 M, respectively) influence fruit ripening on the tree. Endogenous melatonin contents de-
creased in parallel to those of salicylic acid and jasmonic acid, while ABA contents increased as fruit ripening

p d, thus ing an inhibitory role for mel in fruit ripening. Furthermore, melatonin treatment
at 10~ % M, which lyi 1 endog i at physiological g, délayed
anthocyanin ace thus ¢ ing an inhibitory regulatory role for mel n fruit ripening. We also
found that the end of cytokinins, but not those of ABA were Iy affected by mel

treatment at 10~ %M. It is concluded that melatonin may delay sweet cherries ripening in orchard trees, probably
exerting a modulatory role through a hormonal eross-talk. These results have important implications for the use

of melatonin in the control of the timing of sweet cherries ripening in orchard trees.

1. Introduction

Fleshy fruit ripening is a complex process where many physiological
and biochemical changes take place. This process involves colour
modification, in which chloroplasts turn into chromoplasts, and car-
otenoids and anthocyanins start to accumulate, in addition to organic
acids, sugars, ins and volatiles that ulti ly determine fruit
quality (Giovannoni, 2004). Fleshy fruits are classified as climacteric,
when an increase in r rate lated by ethylene is needed to
start the ripening process, and non-climacteric, when fruits do not ex-
hibit an increase in the respiration rate (Chai et al., 2011; Symons et al.,
2012).

Many studies have shown how abscisic acid (ABA) plays an im-
portant role in non-climacteric fruit ripening, by regulating fruit soft-
ening (Castellarin et al., 2016), colour change (the accumulation of
anthocyanins and/or carotenoids, Deytieux et al., 2005; Jia et al,
2011), and the contents of sugars and organic acids (Kondo and
Gemma, 1993; Kondo and Inoue, 1997; Luo et al.,, 2013), along with
vitamins and antioxidants (Tijero et al., 2016). Other phytohormones
like auxins, gibberellins (GAs), cytokinins (CKs), jasmonic acid (JA) and
salicylic acid (SA) are also involved in non-climacteric fruit ripening,

" Corresponding author. Department of Evolutionary Biology, Ecology and E

working in coordination with ABA, but increasing fruit size by pro-
moting cell expansion and cell division, and delaying or inhibiting fruit
ripening (Lenahan et al., 2006; Zhang and Whiting, 2013; Kumar et al.,
2014; Teribia et al., 20186).

1 (N-acetyl-5 VIrYE ) is an indol syn-
thesized from tryptophan, widely studied in mammals and, more re-
cently, in plants. Mel in is a ubiqui p d in plants, pre-
dominantly occurring in the Rosaceae, Poaceae, Vitaceae, Apiaceae and
Brassicaceae plant families, the richest sources of melatonin found in
roots, seeds, leaves, bulbs, flowers and fruits (Nawaz et al., 2016). Since
the recent application of liquid chromatography (LC) coupled to mass
spectrometry (MS) for an accurate identification and quantification of
melatonin in plant tissues (Chen et al., 2008), the interest on the pos-
sible roles of melatonin and its effects on plant systems has recently
increased. Although some recent studies have indicated an important
modulatory role for melatonin during fruit ripening during postharvest
in climacteric fruits (Sun et al., 2015, 2016; Hu et al., 2017; Zhai et al.,
2007), information is still scarce on the putative role of this compound
on the ripening of non-climacteric fruits. In a recent study, measure-
ments of endogenous melatonin by HPLC in two sweet cherry varieties
showed an increase of this compound during early stages of fruit

1 Sciences, Uni

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

https://doi.org/10.1016/].plaphy. 2019.05.007

ity of Barcelona, Barcelona, Spain.

Received 19 March 2019; Received in revised form 3 May 2019; Accepted 3 May 2019

Available online 04 May 2019
0981-9428/ © 2019 Elsevier Masson SAS. All rights reserved.

81



V. Tijero, et al.

development, followed by a decrease during ripening, which was as-
sociated with a possible role of as an anti since the
« of 1 in inversely correlated with those of mal-
ondialdehyde, an indicator of membrane lipid peroxidation (Zhao et al.,
2012). In this study, | , the of mel ranged be-
tween 7 and 35 ng/g fresh matter, which might be considered too low
for a direet antioxidant function and is more consistent with a putative
hormonal/regulatory role (Arnao and Herndndez-Ruiz, 2018). In an-
other non-climacteric fruit, grape berries, melatonin contents were
higher on the skin during pre-veraison to later decrease at the veraison
stage, which is also ¢ with an inhibitory role for in
fruit ripening (Vitalini et al., 2011). Furthermore, exogenous melatonin
treatment at pre-veraison increased berry size and improved the aroma
of wines (Meng et al., 2015). In contrast, other studies have shown that

1 in can p ripening of grape fruits through in-
creases in ABA (Xu et al., 2007), Therefore, more studies are needed to
unravel the role of melatonin in the ripening of non-climacteric fruits.
The aim of the present study was not only to evaluate the possible role
of melatonin during the ripening process of a non-climacteric fruit, such
as sweet cherry, in the orchard tree, but also its possible cross-talk with
other hormones. In particular, we focused on the possible cross-talk of
melatonin with ABA and auxin, known to be important in the control of
ripening in non-climacteric fruits, but also with salicylic acid, jasmonic
acid, cytokinins and gibberellins, less studied thus far but also with a
putative role in ripening. We hypothesized that melatonin might exert
an inhibitory role in the ripening of sweet cherry on the tree by mod-
ulating the contents of endogenous hormones, mainly ABA and auxin.

2. Materials and methods
2.1. Plant material, treatments and sampling

We carried out two different experiments for this work. For the first
one, we studied the sweet cherry (Prunus avium L. var Prime Giant)
ripening process on the tree in commercial orchards in Lleida (Partida
Vall del Sector 11, Lleida, NE Spain). The fruits where harvested at seven
different develop | and ripening stages during the spring of 2015
and 2016, using the developmental stages described in Teribia et al.
(2016). Experiments were performed between April 30", 2015 (stage I)
and May 22nd, 2015 (stage VII), and between April 15th, 2016 (stage [)
and May 31st, 2016 (stage VII). Supplementary Fig. 1 shows the pre-
vailing climatologic conditions at each developmental stage over the
two consecutive seasons studied.

For the second experiment, we applied three different treatments to
the fruits: melatonin at either 10~ * M or 10~ * M, which were compared
to a control (water), containing each solution 0,1% Tween-20. The
solutions were sprayed on the surface of fruits at stage II (for a de-
seription of stages see Teribia et al., 2016). Samplings were performed
at 0 h before treatments, and at 4 h, 1d, 5d, 11d and 19d of treatments.
Treatments started on May 5th, 2016,

A pool of six fruits per tree was used as one replicate, and eight trees
(eight replicates) were used for each development stage and treatment
at each sampling time point. Samplings for each experiment were
performed between 9 and 10 a.m. local time. After being collected,
samples were immediately frozen in liquid nitrogen, transported to the
laboratory and then stored at —80°C until analyses.

2.2, Fruit quality parameters

Total anthocyanins were determined as described (Gitelson et al.,
2001). In short, 200 mg per sample were extracted in 2mL methanol
using ultrasonication and vortexing. The extracts were centrifuged at
13000 rpm during 10 min at 4 “C. The pellet was re-extracted following
the same procedure. Supernatants were collected and pooled in order to
acidify the extracts by adding 1% HCL. Then total anthocyanins were
measured spectrophotometrically at 530 nm using the molar extinction
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coefficient of cyanidin-3- glucoside as a reference.

Total acidity (TA) was estimated with 5g of each sample homo-
genized in 25 ml of distilled water, using a vortex (Branson 2510 ul-
trasonic cleaner, Bransonic, USA). Ten mL of the mix were diluted in
100 mL of distilled water and used for titratable acidity determination
with 0,1M NaOH and 1% phenolphthalein as an indicator to estimate
malic acid content as described (Latimer, 2012).

We used a refractometer (Hannah Instruments, Italy) to obtain the
“Brix in 1 mL of sweet cherries juice. Total soluble solids (TSS) were
then calculated as deseribed (Boulton et al., 1999).

2.3. Hormone profiling

The plant hormones, including melatonin, ABA, salicylic acid (SA),
jasmonic acid (JA), the auxin indole-3-acetic acid (IAA), the cytokinins
trans-zeatin (t-2), its riboside (-ZR) and isopentenyl adenosine (IPA),
and the gibberellins GA,;, GAs;, GA4 and GA;, were extracted and
quantified by UHPLC/ESI-MS/MS as described (Miiller and Munné-
Bosch, 2011). Deuterium-labelled compounds were used as internal
standards.

2.4. Statistical analyses

Data from the fruit ripening process on the tree and its quality were
analysed by one-way factorial analysis of variance (ANOVA), while the
effects of the exogenous treatments were analysed by two-way
ANOVAs. Multiple comparisons tests were carried out using Tukey's
HSD posthoc tests. Differences were considered significant at a prob-
ability level of P < 0.05. All statistical tests and Spearman correlations
were carried out using the SPSS 20.0 statistical package. In all cases,
differences or correlations were considered significant at a probability
level of P < 0.05.

3. Results and discussion
3.1. Melatonin contents in ripe cherries

A growing number of studies describe various techniques to detect
melatonin in a large variety of vegetables, seeds, herbs and fruits
(Reiter et al., 2007), as melatonin is found in different plant families,
such as the Rosaceae, to which sweet cherries belong to. Supplementary
Table 1, which includes a summary of melatonin contents found in
various sweet cherry varieties at harvest, shows melatonin ranging
between non-detectable values and 20 ng/g fresh matter, depending on
the variety, method of extraction and analytical procedure. Among the
various separation techniques used thus far, LC-MS methods appear to
be the most accurate for id ition of this ¢ d, giving as well
high sensitivity and specificity (Feng et al., 2014). Irrespective of the
varietal and methodological differences, all studies suggest that mela-
tonin is found at relatively low contents in sweet cherries, which is
more likely associated with a hormonal than an antioxidant role (Arnao
and Herndndez-Ruiz, 2018). However, more studies are needed to un-
ravel the tissue-specific distribution of melatonin in sweet cherries,
since bulk melatonin contents in the fruit may hinder high concentra-
tions of this compound in specific tissues.

3.2. Endogenous melatonin contents decrease during sweet cherries ripening

The ripening process involves some characteristic physiological and
biochemical changes in fruits, as well as changes in their organoleptic
properties. In the present study, a progressive increase of the fruit mass
was observed during fruit development from stage 1 to stage VII over
the two seasons studied during 2015 and 2016 (Suppl. Fig. 2). Antho-
cyanin content showed a similar trend between both years of study,
with an exponential increase between stages IV and VII, reaching
maximum amounts of 0,5 mg/g DW and 0,8 mg/g DW (during 2015 and
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Differences were considered significant when P = 0.05. NS, not significant,

2016, respectively, when cherries were ready to harvest, Suppl. Fig. 2).
This is in agreement with other studies in sweet cherry revealing that
anthocyanins start to accumulate at the onset of the ripening process
(Luo et al., 2013).

ABA is a well-known ripening promoter, not only in sweet cherries
but also in different non-climacteric fruits such as strawberries or
grapes, being involved in colour modulation (through the regulation of
anthocyanin biosynthesis) and sugar accumulation (at the onset of fruit
ripening, Kumar et al., 2014; Wang et al., 2015). In contrast, very little

seasons studied (Fig. 1). Melatonin contents reached their maximum,
while ABA contents remained at their lowest at early stages of devel-

T Later on devel ABA « increased sharply at the
start of ripening, while mel in ¢ decreased (Fig. 1). This in-
crement of ABA started just before anthocyanins accumulated in sweet
cherries (Suppl. Fig. 2), which is in accordance with several studies
pointing out ABA as a key phytohormone in non-climacteric fruit ri-
pening (Shen et al., 2014). Other studies have shown that various
hormones, such as CKs, GAs and auxins, in addition to ABA, are indeed

is known about the putative role of melatonin during fruit ripening on
the tree, and how the endog C of mel. are altered by
the fruit developmental stage in sweet cherries, except for a study using
HPLC showing that mel, in inversely correlated with mal-
ondialdehyde amounts in two varieties (Zhao et al., 2012). Our results
showed that endogenous melatonin decreased during fruit ripening in
sweet cherries, obtaining similar results between the two consecutive

&4

lved in the Julation of fruit ripening in sweet cherries (Teribia
etal, 2016). In the present study, results suggest that melatonin should
be added to this group of endogenous regulators, results being con-
sistent with an inhibitory role for this compound in fruit ripening.
Variations in the endogenous contents of SA and JA were compared to
those of melatonin, showing a contrasting dynamic, with a drastic de-
crease of melatonin content from maximum levels at stage 1 of sweet
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cherry development, to minimum levels at stage VII, when cherry fruits
were ready to harvest (Fig. 1). Although JA and SA are commonly as-
sociated with plant defence responses, these hormones affect the ri-
pening by inhibiting or delaying this process (Ziosi et al., 2008; Wang
and Zheng, 2005; Garrido-Bigotes et al.,, 2017). JA is known as a pro-
mator of cell division and fruit set at the first developmental stages in
grapevine (Bittcher et al., 2015), while SA has an important role de-
laying sweet cherry ripening as a postharvest treatment (Valero et at.,
2011). Similar to JA and SA, melatonin was found at high concentration
during the first stages of development, being constant until stage 111
during 2015, and stage IV during 2016, to decrease later as ripening
progressed (Fig. 1). This result supports the contention of an inhibitory
role of melatonin during sweet cherries ripening, as melatonin re-
mained higher during the first stages of development until the onset of
ripening, when it started to drop to minimum levels, as it happens with
JA and SA. These results are indicative of the fact that a delicate hor-
monal balance is needed to modulate sweet cherries ripening, as mel-
atonin, JA and SA are kept at low levels, while ABA contents increase to
start the ripening process.

3.3. Exogenous melatonin effects

To confirm the putative role of melatonin as an inhibitor of fruit
ripening on the tree, the effects of melatonin treatments were evaluated
using two different melatonin concentrations at 10 M and 107 M,
which were compared to a control (treated with water), all of them
applied on the surface of fruits at stage II. A huge increase in the en-
dogenous melatonin content was observed 4 h after 10™* M treatment
was applied (Fig. 3). Endogenous melatonin increases were more
moderate after applying the 10~ M treatment, not as sharp as 10~ *M
treatment, but significantly different after 1d relative to controls
(Fig. 3). After reaching a maximum after treatments, endogenous
melatonin contents progressively decreased in sweet cherries, reaching
similar values as the control treatment by the end of the experiment
(Fig. 3).

Cherry fruit quality was assessed to evaluate the effects of exo-
genous melatonin treatments. Table 1 shows the results of fruit mass,
anthocyanin contents, TA, TSS and the TSS/TA ratio at 11d and 19d of
treatments. No significant differences were observed between treat-
ments for fruit biomass, TSS and the TSS/TA ratio. However, sweet
cherries treated with melatonin at 107 M presented higher levels of
TA. In addition, results showed a lower accumulation of anthocyanin in
cherry fruits treated with 10~°>M melatonin (Table 1). Given that

has an indole-based structure and is considered a plant
growth regulator similar to auxins (Amao and Herndndez-Ruiz, 2006,
2018), our results confirm melatonin may play an inhibitory role of
fruit ripening, as indicated by reduced anthoeyanin contents when

1 in was applied at low conc Interestingly, this effect
was not observed when applied at higher concentrations. In contrast,
huge increases in endogenous melatonin, as a result of the melatonin
application at 10~ * M, resulted in significant changes in TA but not in
anthocyanins.

3.4. Hormone cross-talk

A complete phytohormone profiling was carried out after exogenous
melatonin applications to better understand the possible effects of
melatonin treatments during the hormonal regulation of cherry fruits
ripening. While melatonin did not affect endogenous ABA, JA and SA
contents (Fig. 2), the endogenous amounts of GAs (Suppl. Fig. 3) and
l:y'rokmms (Fig. 4) were strongjy, and differentially, influenced by
1g on the concentration applied. Results
of GA;, GAs, GA4 and GA—,v shcwed no significant differences between
sweet cherry fruits treated with 10~ %M and fruits treated with control
solution (Suppl. Fig. 3). However, fruits treated with 10~ * M melatonin
showed significant differences for GA,, GA; and GA; compared to
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Fig. 3. Endogenous melatonin contents after melatonin applications at either
10°*M or 10” "M relative to controls. Measurements were performed at 0 h
{just before treatments) and 4 h, 1d, 5d, 11d and 19d of treatments. Data are the
mean + SE of n = 8. Statistical comparisons were performed by two-way
ANOVAs followed by a posthoc Tukey test. Results of statistics are shown in the
inlets. Two asterisks indicate significant differences at P < 0,001 (one asterisk
at P < 0,05) in the posthoc test. NS, not significant.

controls (Suppl. Fig. 3). Endogenous contents of GA, after 4 hof 107 M
treatment were higher than the control, and remained constant
throughout the entire experiment. Contrary to GA,, cherries treated
with 10~ %M presented lower levels of GAs and GA; compared to the
control treatment (Suppl. Fig. 3). Some studies suggest that GAs may
act as a signal to increase sink d d in fruits, sti fruit
growth and sugar accumulation, thus leading to changes in carbon
metabolism (Zhang et al., 2007). Although fruit biomass was not af-
fected in our study, we observed an increase in TA with 10~ * M mel-
atonin (Table 1), suggesting that changes in GAs might be associated
with the TA increase. It is noteworthy, however, that huge (non-phy-
sinlogical) endog C of mel; resulted from 107'M
melatonin treatments, thus indicating that the changes in TA caused by
this melatonin treatment do not reflect indeed any physiological re-
levant effect.

In contrast, endogenous cytokinin, particularly zeatin contents,
were altered with the 10~ *M melatonin treatment, achieving max-
imum values of 27 ng/g DW at 24 h of treatment, to later decrease
drastically after 5d (P = 0.013 for the interaction effect in the two-way
ANOVA, Fig. 4). At the onset of ripening, there is a dramatic fruit colour
change, so that green fruit turns into a dark red colour by the accu-
mulation of anthocyanins, while chlorophylls start its degradation and
chloroplasts are dismantled (Munoz and Munné-Bosch, 2018). Mela-
tonin-induced cytokinin increases might lead to a delay in sweet
cherries ripening, causing a lower anthocyanin accumulation after 19d
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Table 1
Sweet cherries quality parameters at 11 and 19 days of treatments, Data are the mean of n = 8. An asterisk indi ignifi diffe between the mel in and
control treatments (Student's r-test, P < 0,05),
Quality parameters 11 days 19 days
Contral 107'M 107°M Conirol 10°'M 107°M
Fruit biomass (g FW}) 6,28 = 044 6,19 = 0,43 621 = 0,29 8,82 = 052 874 = 059 9,62 = 0,52
Anthocyanins (jg/g DW) 19,87 + 592 1504 + 2,75 1501 + 3,04 77,70 = 7,70 15599 + 49,23 34,28 + 11,57
TA (mg/g DW) 537 = 0,16 6,69 = 0,307 598 = 0,21 541 = 0,42 6,56 + 0,217 546 = 0,26
TSS (mg/g DW) 9,87 £ 0,91 1L12 = 0,73 9,27 £ 0,29 9,41 = 0,38 10,49 = 0,60 8,36 + 0,42
TSS/TA ratio 1,65 = 0,14 1,68 = 0,12 1,55 = 0,06 1,75 = 0,07 1,60 = 0,09 1,53 = 0,08
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Fig. 4. Effects of mel on Lhe 1 of kini luding trans-zeatin (Z), trans-zeatin riboside (ZR) and isopentenyl adenosine

(IPA). Melatonin was applied at either 10" *Mor 1077 M and campnmd toa conlrul and hormones were measured at 0 h (before treatments) and at 4 h, 1d, 5d, 11d
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statistics are shown in the inlets. Differences were consude:red significant when P = 0. 05 NS, not significant.
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of application (Table 1). Indeed, a strong correlation between en-
dogenous melatonin and zeatin was observed when all data were
pooled together in a correlation analysis (Suppl. Fig. 4). Interestingly,
the positive correlation between melatonin and cytokinins has also
been observed in other studies (Amao and Hérmandez-| Rul.c. 2009 Ma
et al., 2018), evidence ob d thus far theref that
melatonin effects on fruit ripening might be exerted, at least in part,
through a cross-talk with cytokinins in sweet cherries. It is noteworthy,
however, that posthoc analyses did not reveal differences in zearln
contents in any time point of after exog 1
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inhibitory role on fruit ripening through a c talk with cytoki As
melatonin is a non-harmful compound, our results have an important
implication in the agri-food biotechnology sector since melatonin ap-
plications could be used to modulate the timing of sweet cherries r|-
pening. Our results support the ¢ ion that 1

may be present at low concentranon in sweet d}ernes while ABA pro-
motes fruit rif 1 in can be applied at
initial stages of developmenl to de].ay fruit ripening in orchard trees.
The effectiveness of these applications will however be notably influ-
enced by the concentration of melatonin applied, among other possible
factors. Yet, further research is required to better understand the un-
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ripening.
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Supplementary Fig 2. Fruit biomass and anthocyanin contents during cherry fruit natural

development over two years (2015 and 2016). Data are the mean = SE of n=8. Statistical

comparisons were performed by one-way ANOVA followed by a posthoc Tukey test.

Different letters indicate significant differences between the different stages at £<0.05.

NS, not significant.
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Supplementary Figure 3. Effects of melatonin treatments on the endogenous contents
of gibberellins, including GA1, GAs, GA4 and GA;. Melatonin was applied at either 10
*M or 10°M and compared to a control, and hormones were measured at Oh (before
treatments) and at 4h, 1d, 5d, 11d and 19d of treatments. Data are the mean + SE of n=8.
Statistical comparisons were performed by two-way ANOVAs followed by a posthoc
Tukey test. Results of statistics are shown in the inlets. Differences were considered

significant when P<0.05. NS, not significant.
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Supplementary Fig. 4. Results of Spearman’s rank correlation analyses between
endogenous contents of melatonin and those of frans-zeatin. Data includes measurements
of both years (2015 and 2016). Correlation coefficients and P-values are shown in the

inlets.
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Supplementary Figure 5. Effects of melatonin treatments on the endogenous contents
of the auxin indole-3-acetic acid (IAA). Melatonin was applied at either 10*M or 10°M
and compared to a control, and hormones were measured at Oh (before treatments) and at
4h, 1d, 5d. 11d and 19d of treatments. Data are the mean + SE of n=8. Statistical
comparisons were performed by two-way ANOVAs followed by a posthoc Tukey test.
Results of statistics are shown in the inlets. Differences were considered significant when

P<0.05. NS, not significant.
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RESUMEN DEL CAPITULO 4

Aunque el deterioro del fruto en cerezas se ha estudiado con cierto detalle, la
informacién aun es escasa sobre el posible papel de las fitohormonas durante la
poscosecha. En este estudio examinamos si se producen cambios en el contenido
enddgeno de las fitohormonas durante el deterioro de las cerezas dulces almacenadas
a temperatura ambiente. Se evaluo (i) las variaciones endégenas en el contenido de
fitohormonas, incluyendo el acido abscisico, giberelinas, citoquininas, auxinas, acido
jasmoénico, acido salicilico y melatonina, por UHPLC-ESI-MS/MS durante el
proceso de deterioro del fruto a temperatura ambiente, y (ii) en qué medida estos
cambios en el contenido de fitohormonas se asocian con alteraciones en el contenido
de agua, azicares solubles y acidez. El contenido endoégeno de 4acido abscisico,
citoquininas y giberelinas disminuyeron en paralelo con el deterioro del fruto, lo que
sugiere un papel protector por parte de estos compuestos frente a la sobremaduracion.
Las formas libres de citoquininas (zeatina y 2-isopentenil adenina, en lugar de sus
ribosidos) y la giberelina 3 cambiaron en paralelo con el deterioro del fruto. Se
concluye que el acido abscisico, las formas libres de citoquinina y la giberelina 3
podrian prevenir el deterioro de las cerezas dulces durante su almacenamiento a

temperatura ambiente.
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Abstract

Although fruit decay in sweet cherries has been studied in some detail, information is still scarce about the possible role of
phytohormones during postharvest. Here, we examined whether or not changes in endogenous contents of phytochormones
occur during fruit decay of sweet cherries stored at room temperature. We evaluated (i) the endogenous variations in the con-
tents of phytohormones, including abscisic acid, gibberellins, cytokinins, auxin, jasmonic acid, salicylic acid and melatonin,
by UHPLC-ESI-MS/MS during fruit decay at room temperature, and (ii) to what extent these changes in phytohormone
contents were associated with alterations in water contents, soluble sugars and acidity. Endogenous contents of abscisic acid,
cytokinins and gibberellins decreased in parallel with fruit decay, thus suggesting a protective role against over-ripening for
these compounds. Among cytokinins and gibberellins, free cytokinin bases (zeatin and 2-isopentenyl adenine, rather than
their ribosides), and gibberellin 3, changed in parallel with fruit decay. It is concluded that abscisic acid, free cytokinin bases

and gibberellin 3 may prevent fruit decay during storage of sweet cherries at room temperature.

Keywords Acidity - Fruit decay - Hormone profiling - LC-MS/MS - Over-ripening

Introduction

Sweet cherries are highly appreciated by consumers world-
wide because of their organoleptic and nutritional proper-
ties, especially for their sweetness, skin colour and firm-
ness (Crisosto et al. 2003; Serrano et al. 2005; Usenik et al.
2008). However, sweet cherries are highly perishable and
prone to damage after harvest. Many physical and chemical
changes occur during fruit decay, leading to both water and
acidity loss as well as pedicel browning, which progress con-
currently with softening, bad appearance and an increased
susceptibility to pathogens (Belge et al. 2014). Thus, many
studies are trying to find an adequate postharvest technol-
ogy to prolong shelf life of sweet cherry, while organoleptic
properties, and most particularly sugar and acidity are kept
for a longer time until fruits are consumed (reviewed by

©4 Sergi Munné-Bosch
smunne @ ub.edu

Department of Evolutionary Biology, Ecology

and Environmental Sciences, Faculty of Biology, University
of Barcelona, Avinguda Diagonal 643, 08028 Barcelona,
Spain

McCune et al. 201 1; Habib et al. 2015; Chockchaisawasdee
et al. 2016; Correia et al. 2017).

Hormonal profiling by liquid or gas chromatography cou-
pled to mass spectrometry has recently become a powerful
tool to establish the putative role of hormones in both pre-
harvest and postharvest processes in fruits and vegetables
(Kumar et al, 2014). In a previous study (Teribia et al. 2016),
we showed that a hormonal cross-talk, rather than abscisic
acid alone, is involved in the regulation of sweet cherries
ripening on the tree. Moreover, ABA seemed to be involved
in preventing postharvest decay at low temperatures (Tijero
et al. 2016). The purpose of this study was to get some
insights on how fruit decay affects the hormonal profile of
sweet cherries stored at room temperature and what hor-
mones are more associated with the maintenance of the qual-
ity of this non-climacteric fruit, particularly water and acid-
ity loss. Because just after harvest fruits are deprived of their
normal supply of water, minerals and organic molecules
including hormones, which normally would be supplied by
translocation from other plant organs (Ludford 1987), we
hypothesized that endogenous contents of not only absci-
sic acid, but also other hormones, might decrease during
fruit decay. By measuring the hormonal profile by LC-MS/
MS, we aimed at establishing what hormones specifically
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decrease during fruit decay and which ones correlated better
with water and acidity loss. This information may be very
helpful to develop new technologies aimed at increasing
postharvest shelf life in sweet cherries.

Materials and Methods
Plant Material and Samplings

Ten kg of sweet cherries (Prunus avium L. cv. Prime Giant)
from a commercial orchard situated in Lleida (Spain) was
brought to the laboratory at the University of Barcelona just
after 3 days of commercial harvest during the summer of
2015, when fruits were sold and distributed to commercial
suppliers. Then, fruits without visual defects were selected
and stored in darkness at 23 2 °C in the laboratory for
1 week during experiments. Samplings were performed at
0 day, 1 day, 3 day, 5 day and 7 day of storage in the labora-
tory. For each sampling time, six fruits (one fruit per repli-
cate) were selected randomly and immediately frozen sepa-
rately in liquid nitrogen. All samples were stored at — 80 °C
until analyses.

Quality Parameters

Sugar analyses were performed by HPLC as described
(Teribia et al. 2016). Glucose, fructose and sucrose from
Sigma (Steinheim, Germany) were used as standards.
Sucrose content was kept below 1% of total soluble sugars
throughout the study, and only glucose and fructose contents
are shown in the results.

For total acidity measurements, 5 g of sample was
homogenized in 25 mL of distilled water using a vortex
(Branson 2510 ultrasonic cleaner, Bransonic, USA). After
dilution (1:10, v/v) in distilled water, titratable acidity was
determined by using 0,1M NaOH and 1% phenolphthalein
(Latimer 2012).

Hormone Profiling

The endogenous contents of hormones, including abscisic
acid (ABA), salicylic acid (SA), jasmonic acid (JA), the
auxin indole-3-acetic acid (LAA), the cytokinins frans-zea-
tin (t-Z), its riboside (1-ZR), isopenteny] adenosine (IPA)
and 2-isopentenyl adenine (2iP), the gibberellins GA |, GA;,
GA, and GA4, and melatonin were extracted and quantified
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Fig. 1 Water loss (in percentage), sugar (glucose and fructose) con-
tents, total acidity (TA) and total soluble sugars to otal acidity (TSS/
TA) ratio in sweet cherries stored at room temperature for 7 days.
Data are the mean+SE of n=6. Statistical comparisons were per-
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formed by one-way ANOVA followed by a post hoc Tukey test. Dif-
ferent letters indicate significant differences between sampling points
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by UHPLC/ESI-MS/MS exactly as described (Miiller and
Munné-Bosch 2011). Deuterium-labelled compounds were
used as internal standards for quantification.

Statistical Analysis

All data were analysed by one-way factorial analysis of vari-
ance (ANOVA). Multiple comparisons tests were carried out
using Tukey's HSD post hoc tests. Differences were considered
significant at a probability level of p <0.05. All statistical anal-
yses were performed using the SPSS 20,0 statistical package.

Results and Discussion
Fruit Decay of Sweet Cherries at Room Temperature

Sweet cherries red colour, sweet taste and nutritional proper-
ties have made them highly demanded among commercial
stone fruits. Parameters like sugars and acidity, and most
particularly the sugar/acidity ratio, are associated with a high
fruit acceptance by consumers (Crisosto et al. 2003). But
ripe fruits are predisposed to deteriorate rapidly after their
harvest. In our study, a progressive water loss occurred in
sweet cherries stored at room temperature, which occurred
very early during postharvest. Water loss preceded acidity
loss, the latter occurring particularly between 3 days and
5 days of storage (Fig. 1), which corresponds to 6-8 days
after harvest. Sugars were kept unaltered during the experi-
ment, which together with the aforementioned acidity loss
resulted in a 20% increase in the total soluble sugars (TSS)-
to-total acidity (TA) ratio (Fig. 1). Sweet cherries are highly
perishable with a limited shelf life of 7-10 days, and in
some cases fail to reach the consumer at optimal quality
after being transported to the market (Wani et al. 2014).
Harvested sweet cherries stored at room temperature usually
show a rapid weight loss, changes in the sugar—acid bal-
ance, softening, colour changes and stem browning (Kappel
et al. 2002; Bernalte et al. 2003; Aligue et al. 2003). During
postharvest storage at 20 °C for 4 days, “Ambrunés™ and
“Canada Giant” sweet cherries also showed a decrease in
total acidity, whereas soluble sugars were constant {Bernalte
et al. 2003; Alique et al. 2005), as it occurred in our study
with “Prime Giant™. Are, however, changes in water loss
and acidity occurring during storage at room temperature
associated to the degradation of specific phytohormones?

Hormonal Profiling

UHPLC-ESI-MS/MS analyses revealed a 72% reduction
in the ABA content during fruit decay, losses occurring

ABA (nglg DW)
g

JA (nglg DW)

NS

SA (ng/g DW)

1 1

o 1 3 -]

Time (days)

-

Fig. 2 Endogenous contents of abscisic acid (ABA), salicylic acid
(SA) and jasmonic acid (JA) in sweet cherries stored at room tem-
perature for 7 days. Data are the mean + 5E of n=6. Statistical com-
parisons were performed by one-way ANOVA followed by a post hoe
Tukey test. Different letters indicate significant differences between
sampling points at p <0.05. NS not significant

progressively from the start of the experiment until 5 days
of storage. Interestingly, water loss continued to increase in
sweet cherries during this latest period (Fig. 1), despite ABA
content did not decrease further (Fig. 2). JA and SA con-
tents were not altered throughout fruit decay (Fig. 2), despite
SA and MelA pre- or post-harvest treatments improve the
storage life of cherries (Yao and Tian 2005). These results
indicate that desiccation, once the fruit is separated from
the mother plant, was due at least in part to a rapid and
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Fig.3 Endogenous contents of cytokinins, including trans-zeatin (Z), nans-
zeatin riboside (ZR), 2-isopenteny] adenine (2iP) and isopentenyl adenosine
(IPA) in sweet cherries stored at room temperature for 7 days. Data are the
mean+SE of n=6. Statistical comparisons were performed by one-way

early degradation of ABA during postharvest, because this
hormone has been shown to be involved in the regulation
of water loss in sweet cherries and other climacteric fruits
(Siriphollakul et al. 2006; Tijero et al. 2016). Furthermore,
several proline-rich cell wall proteins involved in cell wall
structure are upregulated by ABA treatment (Davies and
Robinson 2000). Therefore, a severe loss of ABA in sweet
cherries during storage at room temperature may not only
lead to a rapid water loss, but also to fruit softening, an
aspect that requires further investigation.

-Zeatin content decreased as fruit decay progressed,
from maximum contents at the start of the experiment
to minimum values already attained at 3 days of storage.
Afterwards, r-zeatin content was kept unaltered until the end
of the experiment (Fig. 3). 2-Isopentenyl adenine content
showed a similar trend to that of t-zeatin, but decreases in
the former were higher than in the latter (Fig. 3). Cytokinin
ribosides, which are less biologically active (Mok and Mok
2001), showed more moderate losses compared to active

@_ Springer

ANOVA followed by a post hoc Tukey test. Different letters indicate sig-
nificant differences between sampling points at p<0.05. NS not significant

ones, to the extreme that 7-zeatin riboside content was not
significantly altered throughout storage (Fig. 3). Aside from
changes in ABA content, a severe cytokinin loss may also
contribute to fruit decay in sweet cherries. Exogenous appli-
cation of forchlorfenuron (a cytokinin) in strawberry helped
maintain a higher capacity of resistance to stress stimuli
after storage, thus preventing fruit decay (Li et al. 2016).
Similarly, benzylaminopurine (another synthetic cytokinin)
inhibits pectin disassembly and prevents texture deteriora-
tion in summer squash (Massolo et al. 2014). Therefore, it
is likely that both cytokinin and ABA losses contribute to
sweet cherries decay stored at room temperature. The hor-
mone profiling performed in the present study suggests that
the cytokinin-mediated effect on fruit decay is most likely
associated to a loss of endogenous bioactive, free cytokinin
bases, rather than to their ribosides.

Previous studies have shown the importance of gibberel-
lin applications, and most particularly, GA; in sweet cherry
orchards to regulate both pre- and post-harvest processes. It
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has been demonstrated that preharvest applications of GA;
increase fruit firmness and reduce pitting susceptibility in
‘Lapins’ and ‘Sweetheart’ (Wang and Einhorn 2017), and
delay red colour development in “Ziraat”, “Regina™ and
“Sweetheart” (Ozkan et al, 2016), while it also limits stem
browning after cold storage for *Lapins’ and ‘Sweetheart’
(Wang and Einhorn 2017). Bioactive gibberellin (GA |, GA,,
GA, and GA;) contents showed a contrasting variation pat-
tern between them, with GA; being the only one showing
significant decreases over time (Fig. 4). Interestingly, GA;
decreased between 3 days and 5 days of storage, which con-
trasts the variation observed for ABA and cytokinins, which
decreased earlier in time (Figs. 2, 3). It is interesting to note
that acidity loss was significant during this period only
(between 3 days and 5 days of storage at room temperature),
thus suggesting GA; may have a role in fruit decay at later
stages, particularly coincident with acidity loss. Preharvest

performed by one-way ANOVA followed by a post hoc Tukey test.
Different letters indicate significant diff es between i

points at p <0.05. NS not significant

GAs-treated fruits had a greater concentration of titratable
acidity at final harvest in “Merpet”, “Celeste” and “Lapins™
{Choi et al. 2002) and improved postharvest fruit quality,
especially firmness, in “Bing” (Koyuncu et al. 2008). In con-
trast to ABA, cytokinins and GA;, auxin and melatonin con-
tents remained constant throughout the experiment (Fig. 5).
It is concluded that hormone profiling by LC-MS/MS
is a useful tool to establish the role of specific phytohor-
mones in fruit decay, which has important implications in
the study of fruit postharvest processes. Endogenous con-
tents of ABA, cytokinins and gibberellins decreased as fruit
decay progressed in sweet cherries, thus suggesting a protec-
tive role for these compounds against over-ripening. Among
cytokinins and gibberellins, free cytokinin bases (zeatin and
2-isopentenyl adenine, rather than their ribosides), and gib-
berellin 3, appeared to have a specific role in fruit decay.

@ Springer

103



104

436

Journal of Plant Growth Regulation (2019) 38:431-437

NS

IAA (ngig DW)
2

o4
w
“«
-

Time (days)

NS

Melatanin (ng/g DV)

3
Time (days)

o4

Fig.5 Endogenous contents of the auxin, indole-3-acetic acid (IAA)
and melatonin content in sweet cherries stored at room temperature
for 7 days. Data are the mean +SE of n=6. Statistical comparisons
were performed by one-way ANOVA. NS not significant

Acknowledgements This study was funded by the prize ICREA Aca-
demia awarded 1o SM-B by the Generalitat de Catalunya. We are very
grateful 1o Paula Mufioz (University of Barcelona) and the stafl of the
Serveis Cientifico-Tecnics of the University of Barcelona for technical
assistance,

Compliance with Ethical Standards

Conflict of interest Authors declare no conflict of interest.

References

Alique R, Zamorano JP, Martinez MA, Alonso 1 (2005) Effect of
heat and cold treatments on respiratory metabolism and shelf-
life of sweet cherry, type picota cv. Ambrunés Postharvest Biol
Technol 35:153-163

Belge B, Llovera M, Comabella E, Gatius F, Guillén P, Graell J
et al (2014) Characterization of cuticle composition after cold
storage of “Celeste” and “Somerset” sweet cherry fruit, ] Agric
Food Chem 62:8722-8729

@ Springer

Bernale MI, Sabio E, Herndndez MT, Gervasini C (2003) Influence
of storage delay on quality of “Van” sweet cherry. Postharvest
Biol Technol 28:303-312

Chockchaisawasdee S, Golding JB, Vuong QV, Papoutsis K. Sta-
thopoulos CE (2016) Sweet cherry: cmposition, postharvest
preservation, processing and trends for its future use. Trends
Food Sci Technol 55:72-78

Choi C, Wiersma PA, Toivonen P, Kappel F (2002) Fruit growth,
firmness and cell wall hydrolytic enzyme activity during devel-
opment of sweet cherry fruit treated with gibberellic acid (GA;).
I Hortic Sci Biotechnol 77:615-621

Correia S, Schouten R, Silva AP, Gongalves B (2017) Factors affect-
ing quality and health promoting compounds during growth and
postharvest life of sweet cherry (Prinus avium L.). Front Plant
Sci 8:216

Crisosto CH, Crisosto GM, Metheney P (2003) C acceptance
of “Brooks™ and “Bing” cherries is mainly dependent on fruit
SCC and visual skin color, Postharvest Biol Technol 28:159-167

Davies C, Robinson SP (2000) Differential screening indicates a dra-
matic change in mRNA profiles during grape berry ripening: clon-
ing and characterisation of ¢cDNAs encoding putative cell wall and
stress response proteins. Plam Physiol 122:803-812

Habib M, Bhat M, Dar BBN, Wani AA (2015) Sweet cherries from
farm to table: A review. Crit Rev Food Sci Nutr 57:1638-1649

Kappel F, Toivonen P, McKenzie DL, Stan § (2002) Storage charac-
teristics of new sweet cherry cultivars. Hortic Sei 37:139-143

Koyuneu MA, Dilmagiinal T, Savran HE, Yildirim A (2008) Shelf life
quality of ‘Bing” sweet cherry following preharvest with
gibberellic acid (GA;). Acta Hortic 795:825-830

Kumar R, Khurana A, Sharma AK (2014) Role of plant hormones and
their interplay in development and ripening of fleshy fruits. J Exp
Bot 65:4561-4575

Latimer DW (2012) Official methods of analysis of AOAC Interna-
tional, 19th edn. AOAC International, Rockville

Li L, Li D, Luo Z, Huang X, Li X (2016} Proteomic response and
quality maintenance in postharvest fruit of strawberry (Fragaria
® ananassa) 1o exogenous cytokinin. Sci Rep 6:27094

Ludford PM (1987) Postharvest hormone changes in vegetables and
fruit. In: Davies PJ (ed) Plant hormones and their role in plant
growth and development. Springer, Dordrecht

Massolo JF, Lemoine ML, Chaves AR, Concellén A, Vicente AR
(2014) Benzyl-aminopurine (BAP) treatments delay cell wall-
degradation and softening, improving quality maintenance
ofrefrigerated summer squash. Postharvest Biol Technol
93:122-129

McCune LM, Kubota C, Stendell-Hollis NR, Thomson CA (2011)
Cherries and health: a review. Crit Rev Food Sci Nutr 51:1-12

Mok DWS, Mok MC (2001) Cytokinin metabolism and action. Annu
Rev Plant Biol Plamt Mol Biol 52:89-118

Miiller M, Munné-Bosch 5 (2011) Rapid and sensitive hormonal
profiling of plex plant ples by liquid chromatography
coupled to electrospray ionization tandem mass spectrometry.
Plant Meth 7:37

Ozkan Y, Ucar M., Yildiz K, Ozturk B (2016) Pre-harvest gibberellic
acid (GA,) treatments play an important role on bioactive com-
pounds and fruit quality of sweet cherry cultivars. Sci Hortic
211:358-362

Serrano M, Guillén F, Martinez-Romero D, Castillo S, Valero D
(2005) Chemical constituents and antioxidant activity of
sweet cherryat different ripening stages. 1 Agric Food Chem
53:2741-2745

Siriphollakul P, Niyomlao W, Kanlayanarat § (2006) Antitran-
spirants maintain freshness and improve storage life of rambu-
tan (Nepheflium lappaceum L..) fruit. Acta Hortic 712:611-616

Teribia N, Tijero V, Munné-Bosch § (2016) Linking hormanal pro-
files with variations in sugar and anthocyanin contents during




Journal of Plant Growth Regulation (2019) 38:431-437

437

the natural development and ripening of sweel cherries, New
Biotechnol 33:824-833

Tijero V, Teribia N, Muiioz P, Munné-Bosch § (2016) Implication of
abscisic acid on ripening and quality in sweet cherries: differential
effects during pre- and post-harvest, Front Plant Sci 7:602

Usenik V, Fabeic J, Stampar F (2008) Sugars, organic acids, phenolic
composition and antioxidant activity of sweet cherry (Prunus
avinm L.). Food Chem 107:185-192

Wang Y, Einhorn TC (2017) Optimizing preharvest application rate of
gibberellic acid (GA;) and home inolide (HBR) to imy

shipping quality of sweet cherry (Prunus avium L), Acta Hortic
Iol:411-416

Wani AA, Singh P, Gul K, Wani MH, Langowski HC (2014) Sweet
cherry (Prunus aviam): Critical factors affecting the composition
and shelf life. Food Pack Shelf Life 1:86-99

Yao H, Tian § (2005) Effects of pre- and post-harvest application of
salicylic acid or methyl jasmonate on inducing disease resist-
ance of sweet cherry fruit in storage. Postharvest Biol Technol
35:253-262

@ Springer

105






DISCUSION GENERAL






DISCUSION GENERAL

Durante los ultimos afios, la elevada produccion de frutos carnosos con
hueso a nivel mundial plasma el elevado interés que tienen los consumidores
por este alimento. Ya sea su apreciada apariencia o su dulce sabor, la
produccion mundial de drupas super6 las 800 mil toneladas en 2017, con mas
de 100 mil hectareas cultivadas alrededor del mundo (FAOSTAT, 2018). Parte
de esta gran produccion proviene del cultivo de cerezas, tanto de variedades
tempranas como tardias, ya que el consumo de este fruto estd fuertemente
determinado por su gran aporte de nutrientes y componentes bioactivos. Dado
que las cerezas poseen un elevado contenido en polifenoles, fibra, vitamina C,
entre otros (Kelley et al., 2018), sus propiedades nutracetticas y beneficios
como alimento rico en antioxidantes son altamente valorados por el
consumidor, por lo que diversos estudios se centran en las diferentes
estrategias utilizadas para su conservacion una vez cosechado el fruto, con el
fin de que estos puedan llegar al mercado en 6ptimas condiciones y con las
propiedades nutricionales intactas (Serrano et al., 2005). Ademas, existe un
creciente interés por la mejora de su calidad, en lo que se refiere a su sabor,
color y calibre, mediante la modulacion del proceso de maduracion. Técnicas
moleculares, breeding, injertos o aplicaciones exdgenas de promotores de la
maduraciéon son solo unos cuantos ejemplos de algunas de las técnicas
utilizadas para la produccion de cerezas con una mayor aceptabilidad por parte
de los consumidores. Nuevas perspectivas a nivel fisioldogico son claves para
generar nuevos conocimientos y un entendimiento mas amplio de los procesos
biologicos que derivan en la formacion de un fruto con unas caracteristicas tan

apreciadas en el mercado.
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1. Interaccion hormonal en el desarrollo de las cerezas en el arbol

Los frutos pertenecientes al género Prunus son denominados drupas
debido a procesos de lignificacion que se producen en la capa interna que
protege a la semilla. Esta adaptacion anatomica propia de las drupas, o frutos
con hueso, sugiere una evolucion independiente del fruto como mecanismo de
dispersion de la semilla en plantas, respecto a otras especies vegetales con otro
tipo de frutos (Van der Pijl, 1982). Durante los primeros estadios de
crecimiento, el fruto verde, duro y poco atractivo para los depredadores
funciona como protector de las semillas en desarrollo. Es en esta fase cuando
se llevan a cabo diferentes procesos intrinsecos para la acumulacion de
nutrientes, agua o reservas que provienen de la planta madre, con el fin de
generar frutos con las caracteristicas Optimas para el consumo y, por
consiguiente, la dispersion de estas semillas. Muchos de estos procesos se ven

afectados y/o regulados por diferentes hormonas vegetales.

1.1. Hormonas promotoras del crecimiento e inhibidoras de la

maduracion

Hormonas comunmente conocidas como reguladoras del crecimiento en
plantas (PGR, plant growth regulators en inglés) se encuentran presentes en
las primeras fases del desarrollo de las cerezas estudiadas (Prunus avium L
var. Prime Giant). Para poder evaluar el rol de las hormonas durante el
desarrollo de las cerezas en el arbol, se caracterizaron sicte estadios

fenologicos del fruto (Figura SA), en los cuales se realiz6 un perfil hormonal.

Los resultados obtenidos en el Capitulo 2 muestran como la auxina [AA
alcanza niveles maximos, superando los 200 ng/g de peso seco, en el estadio

I de las cerezas (Figura SA), para luego disminuir alrededor de un 70% y
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permanecer a concentraciones bajas a medida que avanza el desarrollo. De las
CKs analizadas, la trans-zeatina (Z) y su ribosido (ZR) presentan también
valores altos durante los primeros estadios, alcanzando concentraciones
maximas durante el estadio II (Figura 5A). Estas hormonas disminuyen
dréasticamente un 93% y un 85%, respectivamente, y mantienen valores muy
bajos hasta la cosecha del fruto maduro. Asimismo, entre las GAs analizadas,
la concentracion endogena de GA| que se obtiene en el estadio I (Figura SA)
es la mas elevada, respecto al resto de estadios. Aligual que el IAA, los niveles
de GA; en el estadio I disminuyen un 53%, aproximadamente, para luego
permanecer constantes a lo largo del proceso de maduracidon. Ademas de la
GA1, los resultados de las GA3 y GA4 muestran diferentes respuestas durante
el desarrollo de las cerezas. La GA3 presenta una concentracion maxima en el
estadio 11, para después disminuir en el estadio IV (Figura 5A) y permanecer
a niveles bajos durante el resto del proceso. Por otro lado, la GA4 es la GA
mayoritaria en cerezas Prime Giant, llegando a concentraciones superiores a
los 900 ng/g de peso seco durante los tres primeros estadios del desarrollo y
disminuyendo progresivamente hasta un 27%, aproximadamente, en el estadio

comercial del fruto.

Los frutos carnosos con hueso estdn caracterizados por seguir un
crecimiento doble sigmoideo dividido en tres fases. Durante la primera fase
del crecimiento de las cerezas, los frutos verdes y pequefios del estadio I
(Figura 5A) experimentan una serie de modificaciones fisiologicas a nivel
celular que deriva en una fase de crecimiento exponencial del fruto. Las
células vegetales estan limitadas por la pared celular que, durante el proceso
de crecimiento, debe distenderse y relajar las tensiones provocadas por sus
componentes estructurales (Perrot-Rechemann, 2010). El TAA presente en el
estadio I de las cerezas Prime Giant (capitulo 2, Figura 5B) actuaria como

regulador del crecimiento acido, tal y como lo describen Rayle & Cleland
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(1992). Este IAA estimularia una disminucion del pH mediante la activacion
del bombeo de protones hacia la matriz de la pared celular, dando como
resultado una acidificacion del apoplasto. Esto provocaria la activacion, a un
pH de 4,5 (en concordancia con los resultados obtenidos en el estadio I del
capitulo 2), de unas proteinas no enzimadticas llamadas expansinas, que
inducen la distension de la pared celular vegetal y, por consiguiente, la
expansion celular. De esta forma, la auxina IA A regularia la expansion celular,
promoviendo el crecimiento acido para la captacion de agua que se
almacenard, posteriormente, en las vacuolas lo que, ademas, favorecera la
acumulacion de azlcares, acidos organicos, protones, iones, entre otros

(Coombe, 1976).

Las CKs son hormonas clave para el crecimiento y desarrollo vegetal, ya
que regulan la proliferacion y diferenciacion celular. En el capitulo 2, el
elevado contenido de Z y ZR durante los estadios I y II (Figura 5B) sugeriria
una regulacion del crecimiento del fruto regulado por estas CKs. Ademas, los
niveles altos de Z y ZR indicarian una regulacion positiva del efecto sumidero
(sink strength, en inglés), atrayendo carbohidratos desde la planta madre hasta
las cerezas, que se encuentran en constante crecimiento durante la fase I y,
como consecuencia, consumen azucares (Roitsch & Ehnef3, 2000; Figura SA).
Debido a esto, las CKs presentan una funcion dual, es decir, generan sefales
metabolicas para estimular el ciclo celular y a su vez, son proveedoras activas
de carbohidratos a los tejidos sumidero (Roitsch and Gonzalez, 2004).
Asimismo, los resultados de la Tabla 1 muestran una fuerte correlacion
negativa entre las antocianinas y la Z, sugiriendo que para el comienzo de la
acumulacion de antocianinas es necesario que los niveles de CKs sean bajos,
posiblemente, debido a que las CKs estan implicadas en la regulacion de la

biosintesis de clorofilas (Dobranszki & Mendler-Drienyovszki, 2014).
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Al igual que las auxinas y las CKs, las GAs promueven el crecimiento del
fruto. En el capitulo 2, el perfil hormonal de los siete estadios fenoldgicos de
las cerezas describe, niveles maximos de la GA; en el estadio I, muy similar
al perfil de IAA (Figura 5B). En este caso, la GA; estaria actuando como
reguladora de la elongacion celular en la fase I del crecimiento de las cerezas,
en coordinacion con las auxinas (Csukasi et al., 2011). La acumulacion de
GA4 en estos frutos en los estadios I, II y III (Figura S) indicaria que la GA4
estaria implicada en promover la expansion celular hasta que el proceso de
maduracidn en cerezas comienza, como también sucede durante el
crecimiento del receptaculo en fresas en estadio blanco (Csukaki et al., 2011).
De igual modo, la GA3 presenta un aumento de su contenido durante el estadio
III (Figura 5B). Este incremento sefialaria a la GA3 como principal hormona
vegetal reguladora de la elongacion celular durante la segunda fase de
crecimiento de las cerezas. A nivel comercial, se han desarrollado productos
que incluyen GAs, debido a su importante actividad biologica. La utilizacion
de GAs; en aplicaciones exogenas es muy conocida en el sector de la
floricultura (da Silva Vieira et al., 2010), e incluso, a nivel fruticola,
mejorando la produccion y aumentando el tamafio final del fruto como, por

ejemplo, en uvas y en cerezas (Ozkaya et al., 2006; Abu-Zahra, 2010).

Los resultados obtenidos después de realizar correlaciones entre las
auxinas, CKs y GAs y algunos pardmetros de calidad de cerezas, como la
biomasa del fruto, el contenido de antocianinas, azucares y acidos, ademas de
la relacion azlcares/acidos (capitulo 2), indican una regulacion negativa del
proceso de maduracion (Tabla 1). Es decir, en el caso de las cerezas Prime
Giant, el TAA, la Z, GA4 afectan a la acumulacion de antocianinas y azucares
(glucosa y fructosa) indicando un papel inhibidor por parte de estas hormonas

en la maduracion de las cerezas.
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Tabla 1. Correlacion de Spearman entre las concentraciones endogenas de hormonas y los
parametros de calidad en cerezas de la variedad Prime Giant. En negrita se muestran las
correlaciones significativas. * para P<0,05 y ** para P<0,001.

Hormonas ~ Dlomasadel  Antocianinas TSS Glucosa  Fructosa TA TSSITA
fruto totales

IAA 0,298+ -0,381* 0,473%% 04744 0460%% 0,153 0,235

z 0,689%* 0,746%* 0,640%* 0,613 0,676**  -0,331 0,488+

ZR 0,381* 0,422 0,351* 0,360* 0,366 -0,501* 0,423*
GA, -0,167 -0,160 0,138 -0,102 -0,146 -0,155 0,021
GA, 0,184 -0,200 0,112 -0,096 0,144 -0,381% -0.256

GA, 0,620%* 0,633%* 0,558%% 0,544%% 05667 -0375%  -0,536%*
ABA 0,607%* 0,595%* 0,598+ 0,597+ 0,611%* 0,270 0,407*

IAA, dacido indolacético; Z, zeatina; ZR, ribosido de zeatina; GA, giberelinas;, ABA, acido
abscisico,; TSS, azucares solubles totales; TA, dacidos totales.

1.2.  El acido abscisico como regulador de la maduracion y calidad de

las cerezas

Si bien las hormonas explicadas en el apartado anterior son conocidas por
promover el crecimiento celular, y como consecuencia, el crecimiento de las
cerezas, el ABA es conocido por regular el proceso de maduracion en
diferentes frutos no climatéricos, como fresas o uvas, al estar implicada en la
modulacion del color y en la acumulacion de azucares (Castellarin et al., 2016;

Wang et al.,, 2015a).

Tras realizar el perfil hormonal de los siete estadios fenologicos estudiados
en las cerezas (Figura 5A), los resultados muestran cémo el contenido
endogeno de ABA es bajo durante los primeros estadios del desarrollo del
fruto (Capitulos 1, 2 y 3). No es hasta el estadio III cuando el ABA
experimenta un aumento significativo de hasta 20 veces mas que el contenido
inicial en el estadio I (Figura 5B), manteniéndose elevado hasta la cosecha

del fruto, cuando alcanza su madurez comercial. Esto sugiere una elevada
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actividad de la enzima NCED que, en frutos, actiia al principio de la
maduracion promoviendo la sintesis de ABA a partir de la degradacion de
xantofilas, permitiendo asi que esta hormona se acumule rapidamente y se
mantenga a concentraciones elevadas durante la maduracion (Zhang et al.,
2009). Esto concuerda con los niveles de carotenoides obtenidos en el
Capitulo 1, donde la violaxantina, precursor de la biosintesis de ABA,
disminuye hasta niveles no detectables, mientras el contenido de ABA

aumenta paralelamente, a medida que avanza la maduracion.

El proceso de maduracion en frutos es un proceso complejo, altamente
coordinado e irreversible, en el que se llevan a cabo cambios bioquimicos y
fisiologicos especificos que conducen al desarrollo de un fruto comestible con
una calidad 6ptima y deseable para el consumidor. Teniendo en cuenta esto,
se valoré la relacion entre diferentes parametros de calidad y la fitohormona
ABA. Los resultados de la Tabla 1 muestran una correlacion fuertemente
positiva del ABA con las antocianinas y los TSS, dos de los principales
indicadores de maduracion en frutos. En cerezas, las antocianinas se acumulan
alrededor del estadio IV (Capitulo 1, 2 y 3), justo después del elevado
incremento de ABA (Figura 5B). En cultivos horticolas, el mecanismo
molecular por el cual se sintetizan las antocianinas estd siendo cada vez mas
estudiado. Los MYB son factores de transcripcion implicados en la regulacion
de diferentes rutas metabolicas encargadas de la sintesis de metabolitos
secundarios en plantas, como son las antocianinas (Liu et al., 2015). Entre la
familia MYB se pueden encontrar los PacMYBA, factores de transcripcion
propios de las cerezas, que regulan positivamente la biosintesis de
antocianinas en estos frutos. La represion de la expresion de PacNCED
provoca una inhibicion en la sintesis de ABA, afectando la acumulacion de
antocianinas en cerezas de la variedad Hong Deng (Shen et al., 2014). De esta

manera, el ABA induce fuertemente la biosintesis de estos pigmentos
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flavonoides en cerezas, tal y como se puede observar en los resultados
obtenidos en este estudio. Con respecto al TSS, el ABA actia como regulador
en el transporte y metabolismo de los azucares, estimulando la absorcion de
estos carbohidratos por transportadores a través de la membrana celular
(Kobayashi et al., 2001). En cerezas, los azlcares y las antocianinas
comienzan a acumularse durante la segunda fase de crecimiento (Capitulo 2),
donde la GAj3 regula la expansion celular, incrementando el tamafio de las
cerezas, segun los resultados obtenidos (Figura 5). De la misma forma, en un
estudio con cerezas de la variedad Sweetheart, se observo un incremento del
tamafo de las cerezas, ademds de aumentar su firmeza, tras la aplicacion de
GA3, sin embargo, esto comportd un retraso en la maduracion del fruto
(Kappel & MacDonald, 2002). Por ello, el contenido de GA3; disminuye una
vez alcanza su maximo en el estadio III del desarrollo de las cerezas (Capitulo

2), para proseguir con el proceso de maduracion regulado por ABA.

1.3. Implicacion del acido jasmoénico y el acido salicilico en el

desarrollo de las cerezas

JA y SA son hormonas comunmente conocidas por su implicacion en la
regulacion de la respuesta de defensa de las plantas contra patdogenos (Grant
& Lamb, 2006; Browse, 2009). Siendo dos hormonas que se utilizan, por lo
general, como aplicacion exdgena para mejorar la calidad de frutos, retrasando
o inhibiendo el proceso de maduracion en uvas y fresas (Wang & Zheng, 2005;
Asghari & Aghdam, 2010; Valero et al., 2011; Garrido-Bigotes et al., 2018),
es importante saber su comportamiento a nivel enddégeno para optimizar

futuros tratamientos que se podrian administrar en cerezas.
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Después de realizar el perfil hormonal en cerezas de la variedad Prime
Giant durante dos afios consecutivos, los resultados del Capitulo 3 muestran
un contenido endégeno de JA y SA elevado durante los primeros estadios del
desarrollo de las cerezas, obteniendo valores maximos en el estadio I (Figura
5). Con el avance del desarrollo, el contenido de estas hormonas disminuye
progresivamente, hasta llegar a valores minimos una vez comienza el proceso
de maduracion en el fruto y permaneciendo en valores bajos hasta el final del
experimento, es decir, hasta que las cerezas alcanzan su madurez comercial
(estadio VII, Figura 5). Estos resultados sugieren una posible desproteccion
contra patogenos de las cerezas maduras por parte de el JA y el SA. En otros
estudios, se ha podido observar la implicacion de estas dos hormonas en la
reduccion del dano causado por hongos en cerezas, tras la aplicacion exdgena
de MeJA y SA en diferentes estadios de maduracion (Yao & Tian, 2005; Chan
et al., 2008). Y aunque, se ha sugerido que el JA podria estar implicado en la
produccion de metabolitos secundarios, como son las antocianinas (Wang et
al, 2008), los resultados obtenidos en el Capitulo 3 no apoyan esta idea, ya
que el JA presenta una gran disminuciéon antes de la acumulacion de
antocianinas en el fruto. Asimismo, en frutos climatéricos, la aplicacion
exogena de SA retrasa el proceso de maduracion (Srivastava & Dwivedi,
2000). Que la concentraciéon de SA disminuya a medida que avanza la
maduracion en cerezas es un indicio del posible rol que podria tener esta

hormona como inhibidora de este proceso.
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" IAA m CKs ®m GA, » GA; m ABA ® JA =m SA ® Melatonina

Figura 5. Proceso de desarrollo de las cerezas Prime Giant. A) Caracterizacion de siete
estadios fenoldgicos (numeracion arbitraria, del 1 al VII) y sus fases de crecimiento. B)
Modelo propuesto de la variacion hormonal endogena respecto a los estadios fenologicos de
desarrollo de las cerezas. IAA: 4cido indolacético; CKs: citoquininas; GAs: giberelina 3; GA4:
giberelina 4; ABA: acido abscisico; JA: acido jasmonico; SA: acido salicilico.

2. Importancia de la melatonina como inhibidora de la maduracion

La melatonina es un compuesto ubicuo en plantas, predominante,
principalmente, en las familias Rosaceae, Poaceae, Apiaceae, Vitaceae y

Brassicaceae (Nawaz et al., 2016). Por ello, en la actualidad existe un elevado
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interés por estudiar las diferentes funciones y posibles efectos que podria tener
la melatonina en plantas, siendo objeto de estudio su implicacion en la
regulacion de diversos procesos celulares y fisioldogicos, actuando como una

hormona vegetal (Arnao & Hernandez-Ruiz, 2019).

2.1. Niveles enddgenos de melatonina durante el desarrollo del fruto

Debido a su estructura quimica (formada por un anillo indol) y al precursor
comun (triptéfano), algunos trabajos han relacionado la melatonina y el [AA
a nivel bioquimico y funcional (Arnao & Herndndez-Ruiz, 2006),
principalmente, por su capacidad como estimuladora del crecimiento en

plantas (Hernandez-Ruiz et al., 2005).

Para evaluar el posible rol hormonal que podria ejercer la melatonina en
cerezas, se midid el contenido endogeno de este compuesto a lo largo del
desarrollo del fruto en el arbol (Capitulo 3). Los resultados obtenidos durante
el 2015 y 2016 muestran unos niveles elevados y constantes de melatonina en
los primeros estadios del desarrollo, cuando el fruto atn estd verde y en
periodo de crecimiento (Figura 5SA). Una vez que comienza a madurar, estos
niveles disminuyen progresivamente hasta llegar a concentraciones minimas
en el altimo estadio de maduracion (estadio VII), justo antes de su cosecha
(Figura 5). Estas variaciones en el contenido endégeno de la melatonina son
muy semejantes a las dindmicas obtenidas por las hormonas promotoras del
crecimiento durante el desarrollo de las cerezas. Ademas, se ha observado
cémo los niveles de melatonina también disminuyen en uva, otro fruto no
climatérico, a medida que la baya pasa del estadio de pre-envero a envero
(Murch et al., 2010; Vitalini et al., 2011), en concordancia con los resultados

obtenidos en el Capitulo 3. Se ha visto que la melatonina es un compuesto
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que participa en el crecimiento y desarrollo de raices y brotes, germinacion de
semillas y procesos de rizogénesis en plantas como Arabidopsis thaliana,
avena (Avena sativa L.), mostaza (Brassica juncea L.), coliflor (Brassica
oleracea L.), girasol (Helianthus annus L.), arroz (Oryza sativa L.), cebada
(Hordeum vulgare L.), plantas del género Prunus, entre otros (Arnao &
Herndndez-Ruiz, 2017). Por lo que, los resultados del Capitulo 3 indican que
la melatonina juega un papel importante en el desarrollo de frutos no
climatéricos, como regulador hormonal del crecimiento de las cerezas,
posiblemente, por una interaccidon hormonal entre el [AA y la melatonina

(Arnao & Hernandez-Ruiz, 2017).

Si bien la melatonina endégena presente en los primeros estadios del
desarrollo de las cerezas actia como reguladora del crecimiento del fruto, su
funcion durante de la maduracion no esta del todo clara. Hasta ahora, se
conocen estudios en los que la melatonina favorece el proceso de maduracion
tanto en tomate (fruto climatérico, Sun et al., 2015) como uva (fruto no
climatérico, Xu et al., 2018). Sin embargo, se ha visto que la melatonina
estimula la degradacion de ABA, suprimiendo su sintesis y favoreciendo su
catalisis (Li et al., 2015). Por lo tanto, ;cual es la funcion de la melatonina en

la maduracion de las cerezas?

2.2. Efectos de la aplicacion exogena de melatonina sobre la

maduracion

Para confirmar el posible rol de la melatonina durante la maduracion de
las cerezas, se realizdO un estudio en campo en el que se aplicaron dos
concentraciones diferentes de melatonina, a 10* M y a 10° M (Capitulo 3)

en cerezas que se encontraban en estadio II del desarrollo (Figura SA) para
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evaluar el efecto de la melatonina exdgena 19 dias después de su aplicacion.
A nivel endégeno, los resultados (Capitulo 3) muestran un incremento de mas
de 400 veces la concentracion de melatonina a las 4 horas después de aplicar
el tratamiento de 10* M. Tras la aplicacion del tratamiento a 10° M, el
contenido de melatonina, comparado con el contenido del control, muestran
un aumento significativo de melatonina al cabo de 24 horas, a pesar de no ser
un incremento tan elevado como con el tratamiento de 10 M. Posteriormente
de alcanzar sus respectivos niveles maximos, el contenido de melatonina
disminuye progresivamente en los dos casos, llegando a concentraciones
parecidas al tratamiento control. La melatonina tiene la capacidad de atravesar
membranas celulares y entrar en diferentes compartimentos subcelulares
gracias a su naturaleza anfipatica (Shida et al., 1994), por lo que una aplicacion
exogena de melatonina es facilmente absorbida y acumulada en plantas, tal y

como muestran los resultados de este estudio.

En cerezas, la maduracion empieza alrededor del estadio III (Figura 5A),
como se describe en el Capitulo 2. La acumulacion de antocianinas y el
balance entre azucares y acidos, entre otros, son propiedades clave para el
consumidor. En el Capitulo 3, se midieron los niveles de antocianinas, TSS,
TA y la relacion TSS/TA, después de la aplicacion de melatonina. Al cabo de
19 dias de la aplicacion, los TSS y la relacion TSS/TA no se ven afectados
significativamente tras el tratamiento. Sin embargo, los resultados muestran
un aumento significativo de TA después de 11 dias en cerezas tratadas con
melatonina 10“ M, en comparacion a las cerezas control. Una caracteristica
importante para el consumidor es el sabor del fruto, que no solo se ve
influenciado por los azucares presentes, sino también por los acidos (Crisosto
et al., 2003). En estudios con tomate, se observé una mayor coloracion debido
a la estabilizacién de las antocianinas por parte de los dcidos organicos,

sugiriendo que la aplicacion ex6gena de melatonina fomentaba una mejora en
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el sabor de los frutos (Liu et al., 2016). Por otro lado, después de 19 dias, se
observa una menor acumulacién de antocianinas en las cerezas tratadas con
melatonina 10 M respecto al control. El retraso en la acumulacién de este
pigmento afectaria directamente en la maduracion del fruto, por lo que, estos
resultados sugieren que la aplicacion exdgena de melatonina inhibe el proceso
de maduracion de las cerezas. La melatonina exdgena reprime la biosintesis
de ABA en especies del género Malus (Liet al., 2015), por lo que este proceso
se podria estar llevando a cabo en la maduracion de las cerezas, tras la
aplicacion de melatonina. En el apartado 4 de la Discusion General (Cross-
talk hormonal en pre- y poscosecha) se discutira con mas profundidad este
aspecto. Asimismo, los resultados obtenidos tras la aplicacion de melatonina
a 10* M y 10° M indican que los efectos del tratamiento exdgeno pueden
cambiar en funcion de la concentracion aplicada, como se ha podido ver en

otros estudios (Reiter et al., 2015)

3. Sobremaduracion y deterioro del fruto en poscosecha.

Consumir fruta fresca es importante para la salud humana, por lo que
mejorar la calidad del fruto y su conservacion, para alargar su vida util, es
objeto de estudio (Valero & Serrano, 2010). A diferencia de los frutos
climatéricos, los frutos no climatéricos solamente maduran en el arbol, por lo
que, una vez cosechadas, su vida util es corta, influyendo negativamente en su
calidad. Como modelo de fruto no climatérico, las cerezas son altamente
perecederas y sufren un importante deterioro fisico (Figura 6). Entre las
caracteristicas mas relevantes durante el deterioro del fruto, se pueden
observar cambios en el color, modificaciones de la pared celular vegetal,

pérdida de agua y susceptibilidad al ataque de patdgenos (Belge et al., 2014).
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La cosecha del fruto implica la privacion del abastecimiento de agua,
nutrientes, minerales y moléculas, como las fitohormonas, de la planta madre,
por lo que el deterioro del fruto podria afectar de manera directa al contenido
endogeno de hormonas y, por tanto, influir en su respuesta frente a este
proceso de sobremaduracion. En el Capitulo 4, se analiza el perfil hormonal
durante la sobremaduracion natural de las cerezas, tras mantener los frutos
durante una semana a temperatura ambiente. Los resultados obtenidos
muestran, a nivel de calidad, una elevada pérdida de agua debido a que el fruto
no puede recibir un suministro de esta misma por parte de la planta madre,
para compensar las pérdidas por transpiracion (Nakano et al, 2003).
Paralelamente, se observa una disminucion en el contenido de TA, después de
3 dias de almacenamiento, mientras que el contenido de TSS no se ve afectado
a lo largo del tratamiento, como sucede en otras variedades de cerezas (Alique
et al., 2005). La relacion entre TSS y TA juega un papel importante en la
aceptabilidad de un fruto y un desequilibrio en esta relacion cambia la
aprobacion del consumidor, que prefiere frutos con un TSS/TA alto, es decir,
un elevado aumento de TSS, mas un sutil aumento de TA (Crisosto et al.,
2003). Una disminuciéon de TA (Capitulo 4, Figura 6) provoca un
desequilibrio en la relacion TSS/TA, por lo que la aceptabilidad del fruto

disminuye, no solo visualmente, también por cambios en el sabor.

A nivel hormonal, no se observan diferencias significativas en el contenido
de JA y SA a lo largo del experimento (Capitulo 4), a pesar de que la
aplicacion exogena de estas hormonas promueve una mejora en la calidad y
vida util de las cerezas, en otro estudio (Yao & Tian, 2005). Tampoco se
observaron diferencias significativas en el contenido de GAs, a excepcion de
la GA3s, que disminuye su contenido después de 3 dias de almacenamiento. En
cerezas de la variedad Celeste, Lapins y Merpet, la aplicacion exdgena de GA3

aumenta la concentracion de acidez al final de la maduracion (Choi et al.,
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2002). Los resultados de GA3 concuerdan con los resultados obtenidos de TA,
sugiriendo un posible rol por parte de la GA3 en la reduccion de TA, y por

ello, en el deterioro de la calidad del fruto.

A lo largo de la sobremaduracioén, se observa una disminuciéon en el
contenido de CKs, hasta niveles minimos después de 3 dias a temperatura
ambiente (Capitulo 4). De la misma forma que la GAs, aplicaciones de
bencilaminopurina en una variedad de calabaza mostraron la implicacion de
las CKs en la mejora de la conservacidon de este fruto, inhibiendo la
desestructuracion de la pectina, principal componente de la pared celular
vegetal, y como consecuencia, previene del dafo causado en la textura del
fruto (Massolo et al., 2014). Durante la sobremaduracion, las CKs podrian
estar implicadas en la regulacion del mantenimiento de las propiedades de la
pared celular vegetal, por lo que, una disminucion del contenido endogeno de
CKs en las cerezas, favoreceria el deterioro del fruto cosechado y mantenido

a temperatura ambiente.

Al igual que las CKs y GAs, los niveles de ABA también disminuyen
durante la sobremaduracion de las cerezas. Esto provoca una répida pérdida
de agua en cerezas, causando el ablandamiento del fruto, como se ha podido
ver en citricos, donde mutantes deficientes en ABA manifestaron
deshidratacion en los tejidos (Alférez et al., 2005; Romero et al., 2016). La
aplicacion exdgena de ABA en el rambutdn provoca una reduccion de la
pérdida de peso, lo que implica una menor pérdida de agua por transpiracion
(Siriphollakul et al., 2006). Por otro lado, ni IAA ni melatonina mostraron
diferencias significativas en su contenido en el deterioro del fruto. Por ello,
los resultados obtenidos en el Capitulo 4 sugieren un papel protector en la

sobremaduracion y deterioro de las cerezas por parte del ABA, CKs y GAs.
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Figura 6. Resumen de las caracteristicas fisicas que presentan las cerezas que se
comercializan y las cerezas después de siete dias de almacenaje.

Teniendo en cuenta como afecta la sobremaduracion a las cerezas y al
deterioro que causa un aspecto fisico poco deseable en el fruto (Figura 6),
diversos estudios se centran en encontrar la mejor tecnologia de conservacion,
no solo para las cerezas, sino también para muchos otros frutos con vida ttil
corta, debido a la importancia econdmica que tienen los cultivos de arboles

frutales alrededor del mundo (Farinati et al., 2017).

Desde el punto de vista del consumidor, una técnica muy utilizada
comunmente para el almacenamiento de la fruta fresca es la conservacion en
frio. La preservacion de frutos a baja temperatura conlleva una disminucion
de su metabolismo y un retraso en su deterioro. Por ello, para estudiar la

funcion del ABA como hormona reguladora de la acumulacion de
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antocianinas y azucares en cerezas, se llevd a cabo un tratamiento de
temperatura durante la poscosecha de estos frutos. Se almacenaron cerezas a
dos temperaturas distintas: a 23°C y a 4°C, durante una semana. Los resultados
obtenidos en el Capitulo 1 muestran una elevada acumulacion de antocianinas
a 23°C, mientras que a 4°C, el contenido es menor y permanece constante. Se
ha observado que, en cerezas, la actividad de PAL, una enzima clave para la
sintesis de antocianinas, varia en frutos almacenados a 20°C, por una elevada
pérdida en el contenido de agua del fruto (Tsaniklidis et al., 2017). Esto
concuerda con los resultados obtenidos en el Capitulo 4, donde se ve una
elevada pérdida de agua después de almacenar las cerezas durante una semana,
lo que favoreceria la acumulacion de antocianinas a 23°C. A estos resultados
se le suma una fuerte correlacion negativa entre las antocianinas y el contenido
de ABA a 23°C, lo que indicaria que el ABA no es un regulador positivo en la
acumulacion de estos pigmentos en la sobremaduracion, como si lo es durante

el proceso de maduracion de las cerezas.

Por otro lado, el contenido endégeno de ABA, a dos temperaturas
distintas, presenta diferencias significativas. A 23°C, la concentracion de ABA
disminuye progresivamente (Capitulo 1y 4), lo que influye en la pérdida de
turgencia del fruto. En cambio, se observa un incremento del ABA en cerezas,
después de 2 dias almacenadas a 4°C. Asimismo, el tratamiento en frio
mantiene a niveles elevados y constantes la biomasa del fruto, lo que indica
una menor pérdida de agua durante la sobremaduracion de las cerezas, ademas
de una extender el tiempo de vida util de las cerezas. Esto concuerda con los
resultados obtenidos en el estudio del rambutdn (Sirirphollakul et al., 2006),
es decir, un aumento de ABA reduce las pérdidas de agua por transpiracion,
por lo que el ABA actuaria como hormona protectora durante la

sobremaduracion a bajas temperaturas.
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4. Cross-talk hormonal en cerezas

En procesos como el crecimiento, maduracion y sobremaduracion de
frutos, las hormonas juegan un papel muy importante. El desarrollo de frutos
incluye una serie de cambios, como la division celular, biosintesis de lignina,
modificaciones en la pared celular vegetal, acumulacion de pigmentos,
removilizacion de nutrientes, entre otros, por lo que un balance adecuado entre
las fitohormonas es necesario para llevar a cabo todos estos procesos. No
obstante, la deteccion y cuantificacion de las hormonas es un procedimiento
mucho méas complejo que la cuantificacion de otros metabolitos. Por ejemplo,
en el Capitulo 3, se puede ver una recopilacion de datos sobre el contenido de
melatonina en diferentes variedades de cerezas, incluyendo la estudiada en
esta tesis, la variedad Prime Giant, que han llegado a su madurez comercial.
Los resultados indican que la diversidad en las concentraciones de melatonina
se debe a la influencia del método de extraccion y, principalmente, a la técnica
de cuantificacion utilizada. El método mas sensible y mas preciso, en la
identificacion de estos compuestos, es la cromatografia liquida acoplada al

espectrometro de masas (LC-MS, Feng et al., 2014).

Llegado a este punto, queda claro que las fitohormonas IAA, CKs y GAs
son compuestos que promueven el crecimiento de las plantas. Ademas,
también actlian en diferentes drganos vegetales y a nivel celular. En las cerezas
de la variedad Prime Giant (Figura 5), asi como también en otros frutos, estas
tres hormonas actuan coordinadamente regulando el cuajado del fruto (fruit
set, en inglés), es decir, estan implicadas en la formacion del fruto una vez la
flor ha sido polinizada, y en su crecimiento en el a&rbol (Werner & Schmiilling,
2009; Kumar et al., 20124), regulando la division y expansion celular y los
cambios producidos en la pared celular (Downes et al., 2001; Marowa et al.,

2016). Ademas, pasan de tener valores enddgenos elevados a valores
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minimos, cuando el proceso de maduracion comienza (Capitulo 2). En este
caso, lo que se observa es un incremento significativo del contenido endégeno
de ABA (Capitulos 1, 2 y 3), por lo que, se crea un delicado equilibrio entre
las hormonas de crecimiento y la principal hormona reguladora de la
maduracion. Asimismo, hormonas conocidas por su implicacion en la
respuesta contra patégenos también influyen en el desarrollo de las cerezas en
el arbol. JA y SA, presentes durante el crecimiento del fruto, se hallan a
concentraciones minimas en la maduracion de las cerezas (Capitulo 3),
dejando a las cerezas desprovistas de proteccion contra patdogenos, por lo que
son mas susceptibles a su ataque. Estos resultados presentan un balance
hormonal, en el que, durante el crecimiento del fruto, las hormonas
promotoras del crecimiento son mayoritarias, mientras que el ABA se
mantiene a niveles minimos. Y, por el contrario, las hormonas que regulan el
crecimiento deben disminuir para que el ABA pueda incrementar y favorecer
el proceso de maduracion. Si se desequilibra este balance hormonal, el proceso
de maduracion se retrasaria o el crecimiento se veria interrumpido (Wang et

al., 2014).

Con respecto a la melatonina, se ha podido observar en el Capitulo 3 que
esta implicada en el crecimiento de las cerezas y que la aplicacion exdgena de
este compuesto inhibe el proceso de maduracion, retrasando la acumulacion
de antocianinas. No obstante, la TA y las antocianinas no son los Unicos
parametros que se ven afectados por el tratamiento de melatonina. Si bien, a
nivel hormonal, ni el JA ni el SA se ven afectados tras la aplicacion exdgena
de melatonina. Siendo estructuralmente similar al IAA y teniendo el mismo
precursor en su biosintesis, melatonina e IAA podrian coparticipar en procesos
de crecimiento y desarrollo en plantas. Sin embargo, se ha observado que estas
dos hormonas mantienen una relacion dosis-dependiente, ya que una

concentracion elevada de melatonina podria tener un efecto antagoénico al
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IAA, inhibiendo el crecimiento y, en cambio, a concentraciones bajas, la
melatonina influye en la biosintesis del [AA aumentando el contenido
enddgeno y favoreciendo el proceso de crecimiento de raices (Chen et al.,
2009; Wang et al., 2016). En los resultados del Capitulo 3, se observa que ni
la melatonina a 10> M ni a 10 M afecta al contenido endégeno del IAA, por
lo que las concentraciones de melatonina no son suficientes para ver una
respuesta en la relacion melatonina-IAA. Por otro lado, tras la aplicacion
exogena de melatonina, el contenido de ABA no muestra cambios
significativos. En los resultados del Capitulo 3 se observa un incremento de
ABA, por lo que la melatonina exdgena no afecta a su contenido endogeno y
en este caso, no influiria negativamente a el proceso de maduracion. Por lo
tanto, ¢;cual seria el mecanismo por el cual la melatonina retrasa la

acumulacion de antocianinas en cerezas y, por ende, la maduracion?

Mientras que los niveles enddgenos de ABA no se ven alterados tras la
aplicacion de melatonina, GAs y CKs son fuertemente influenciados,
dependiendo de la concentracion de melatonina aplicada. En el caso de las
GAs, no se muestran diferencias significativas entre el tratamiento con
melatonina 10> M vy el control. Por el contrario, la aplicacion de mayor
concentracion (10% M) afecta positivamente a la GA;, incrementando su
contenido después de 4 horas. El efecto opuesto se observa en la GA3 y GA,
que presentan concentraciones mds bajas que las cerezas control. Esta
disminucion en el contenido enddgeno de GAs podria estar relacionada con el
aumento de TA que se obtiene después de 11 dias tras el tratamiento de
melatonina 10* M, ya que, ademas de las CKs, las GAs podrian estar
implicadas en la demanda de nutrientes y compuestos organicos, estimulando
el metabolismo del carbono (Zhang et al., 2007). La aplicacion de melatonina
10~ M también tiene sus efectos en la regulacion hormonal. La Z experimenta

un aumento en su contenido a las 24 horas del tratamiento, para luego
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disminuir drasticamente, al cabo de 5 dias. El cambio mas importante asociado
a la maduracion es el cambio de la coloracion del fruto. Las cerezas pasan por
un proceso llamado degreening, el cambio de color verde a rojo intenso. Es
un proceso por el cual las clorofilas se degradan, mientras el fruto comienza a
acumular antocianinas (Mufioz & Munné-Bosch, 2018). En este caso, los
resultados del Capitulo 3 indican que la melatonina actua como inhibidora de
la maduracion de las cerezas, posiblemente induciendo un aumento del
contenido de CK, como se puede observar en estudios con Lolium perenne L.
y Agrostis stolonifera L., donde la melatonina ex6gena regula la transcripcion
de genes implicados en la biosintesis y sefalizacion de las CKs (Zhang et al.,
2017; Ma et al., 2018), las cuales juegan un papel importante en la supresion
de la degradacion de clorofilas (Choi & Hwang, 2007), retrasando, asi, la

acumulacion de antocianinas.

El conocimiento generado durante la tesis deja abierta nuevas puertas
hacia futuros estudios. El empleo de compuestos que promuevan la biosintesis
de hormonas como el IAA, la Z y la GA4 seria mucho mas efectivo que la
aplicacion de GAsz (Capitulo 2), para aumentar el tamafo de las cerezas que,
por tanto, ayudaria a mejorar la calidad del fruto, atrayendo mas nutrientes y
azucares (Coombe, 1976), durante la primera fase de crecimiento. Sin
embargo, para comprobar su efecto como inhibidoras de la maduracién no
solo en cerezas, también en otros frutos no climatéricos, se requieren
experimentos adicionales, como la aplicacion exdgena directa de estas mismas
hormonas o una combinacién de ellas. Ademas, como se observa en el
Capitulo 3, las hormonas no se comportan de la misma manera si se aplican
a diferentes concentraciones. El IAA actua como inhibidor del crecimiento a
elevadas concentraciones en Lupinus albus L. (Hernandez-Ruiz et al., 2004)
Por lo que, saber la concentracion adecuada para modular procesos

importantes en frutos, como es el crecimiento o su maduracion, es otro
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importante objeto de estudio. Otro factor a tener en cuenta en futuros estudios
es el estadio del fruto. Es decir, una aplicacion de Z, por ejemplo, no tendra el
mismo efecto si se realiza en el cuajado el fruto, donde promovera la division
celular, que si se aplica al final de la maduracion, donde probablemente ejerza
como inhibidor. De hecho, la aplicacion exdgena de SA en la poscosecha de
cerezas, de la variedad Cristalina y Prime Giant, reduce significativamente la
sobremaduracién del fruto, evitando que su calidad decaiga (Valero et al.,
2011). Por el contrario, si se aplica durante la maduracion, los frutos muestran
proteccion frente a patdégenos induciendo una respuesta de defensa (Hussain
et al.,, 2014). Por esto, hace falta mas investigacion para comprender la
compleja interaccion hormonal que se produce durante el desarrollo completo

del fruto en el arbol y como afecta a los parametros de calidad.
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%

X/

X/

Las hormonas implicadas en la regulacion del crecimiento en cerezas son

el IAA, las GAs y las CKs, promoviendo la division y expansion celular.

El ABA juega un papel importante en la regulacion del proceso de
maduraciéon en frutos no climatéricos, favoreciendo positivamente la

acumulacion de antocianinas y de azucares en las cerezas.

La melatonina también regularia el desarrollo de las cerezas, con un

posible rol como inhibidoras de la maduracion.

Existe un complejo balance hormonal o cross-talk durante el desarrollo de
las cerezas en el arbol. Estas hormonas act@ian conjuntamente e
interaccionan entre ellas, dando lugar a diferentes respuestas en las
plantas. Esto se refleja en el equilibrio entre hormonas promotoras del
crecimiento y el ABA, ya que esta ultima no puede promover la

maduracion si las otras no se encuentran a niveles minimos.

La respuesta a la aplicacion exdgena de melatonina depende de la
concentracion aplicada. A concentraciones bajas (10 M), la melatonina
retrasa la acumulacion de antocianinas, mientras que a concentraciones

elevadas (10 M), se observa un aumento de la acidez.

La aplicaciéon exdgena de melatonina 10° M afecta directamente a la
concentracion de CKs, concretamente a la Z, creando un cross-talk
hormonal, que responderia inhibiendo la degradacion de las clorofilas, por
lo que retrasaria la acumulacion de antocianinas y a su vez, inhibiria la

maduracion en las cerezas.
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Los resultados obtenidos con la aplicacion de melatonina tienen un gran
valor en el sector de la biotecnologia agroalimentaria, ya que, ademas de
no ser un compuesto dafiino para la salud humana, a través de la

melatonina se puede modular el ritmo de la maduracion en las cerezas.

La disminucién de ABA, CKs y GA3 durante la sobremaduracion de las
cerezas indica que estas hormonas participan en la proteccion contra el

deterioro del fruto.

A temperatura ambiente, el ABA no regula la acumulacion de
antocianinas, que experimentan un incremento muy elevado en su
concentracion después de una semana de almacenamiento, debido, al

menos en parte, a la gran pérdida de agua.

A 4°C, la concentraciéon de ABA aumenta, evitando pérdidas de agua

durante la conservacion en frio de las cerezas y alargando su vida 1til.

Los resultados obtenidos en este trabajo son de gran importancia a nivel
comercial, ya que sientan las bases para el desarrollo de posibles productos
que sean capaces de modular los procesos de crecimiento, maduracion y

sobremaduracion en cerezas, u otros frutos, y de esta manera, mejorar su

calidad.
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