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RESUMEN

En la actualidad, los estreses abidticos son una de las principales limitaciones en la
produccidn agraria y seguridad alimentaria. La busqueda de estrategias para conseguir
una mejor tolerancia a los estreses abidticos es un objetivo de gran interés a nivel
mundial, especialmente frente al estrés supra-térmico teniendo en cuenta el escenario
de calentamiento global en el cual nos encontramos. Un modo de sortear los estreses
ambientales, bajo el prisma de un manejo integrado o ecoldgico del cultivo, es la
utilizacidn de plantas injertadas como estrategia de adaptacién. En pimiento, cultivo de
gran importancia econémica en nuestro pais, la menor utilizacién de la técnica del
injerto es debida a la inexistencia de patrones con suficiente adaptabilidad a
condiciones de estrés abidtico. En este sentido, el equipo de investigacién mixto entre
la Universitat Politécnica de Valencia (UPV) y el Instituto Valenciano de Investigaciones
Agrarias (IVIA), el cual engloba esta tesis doctoral, ha sido capaz de seleccionar
diferentes accesiones e hibridos de pimiento, entre ellos el hibrido NIBER®, que
utilizados como portainjertos han obtenido buenos resultados en término de
rendimiento en condiciones de estrés hidrico y salino, y generar informacion respecto
a los diferentes mecanismos fisiolégicos y moleculares responsables de dicha
tolerancia. Sin embargo, hasta la fecha, la informacidn sigue siendo limitada en
diferentes sentidos: no se ha estudiado en profundidad el efecto del injerto a las altas
temperaturas; no se ha profundizado en el estudio de los mecanismos de tolerancia del
portainjerto NIBER® frente al estrés hidrico causado por un riego deficitario controlado;
y por ultimo, ningun estudio se ha centrado en analizar los efectos del propio injerto
sobre el rendimiento y calidad de los frutos de variedades tradicionales de pimiento.
En este sentido, los objetivos que se han planteado en esta tesis doctoral han sido: |)
evaluacion fisiolégica y agrondmica de la tolerancia al estrés supra-térmico de
accesiones de Capsicum annuum L. utilizadas como portainjertos; Il) estudio de los
mecanismos fisioldgicos que subyacen en el comportamiento de portainjertos
tolerantes a estrés supra-térmico; lll) estudio de las bases del comportamiento
agrondmico y fisiolégico de portainjertos de pimiento tolerantes a estrés hidrico en
condiciones controladas de riego deficitario; IV) evaluacion agrondmica y de la calidad
del fruto de variedades tradicionales de pimiento injertadas sobre patrones tolerantes
a estreses abidticos.

En esta tesis doctoral, por un lado, hemos sido capaces de seleccionar accesiones
de pimiento, especialmente A57, que utilizadas como portainjertos confieren a la
variedad injertada cierto grado de tolerancia al estrés térmico por altas temperaturas.
También hemos podido comprobar que estos portainjertos tolerantes permiten a la
variedad generar respuestas adaptativas a los efectos negativos de este estrés
mediante la modificacidon de su comportamiento fisioldgico, disminuyendo la fuga de
electrolitos y la acumulacion de H;0;, y aumentando el contenido de clorofilas y



carotenoides en las hojas. Esta respuesta fisiolégica observada en las hojas resulta en
una mejor adaptacion fisioldgica en su fase reproductiva, mejorando el contenido de
prolina en las anteras y la viabilidad de los granos de polen, incrementando con ello el
cuajado de frutos y en consecuencia el rendimiento comercial. Por otro lado, hemos
visto que la tolerancia al estrés hidrico conferida por el portainjerto NIBER® es
consecuencia de una modificacién fisioldgica que permite mantener los niveles de
fotosintesis con una adecuada eficiencia en el uso del agua, resultando en un mayor
rendimiento comercial. En este sentido, el uso de la estrategia de riego deficitario
combinada con el uso de portainjertos tolerantes al estrés hidrico y con un mayor
desarrollo radical, como es el caso del NIBER®, puede considerarse util para reducir el
consumo de agua, amortiguando los efectos negativos del estrés sobre el rendimiento,
debido principalmente a la menor incidencia de necrosis apical de los frutos (blossom-
end rot o BER). Por ultimo, hemos sido capaces de constatar que el uso de portainjertos
tolerantes a estreses abidticos, como es NIBER®, en variedades tradicionales de
pimiento podria ser una técnica util para mejorar el rendimiento y la calidad comercial
de este cultivo, principalmente al disminuir la incidencia de BER, sin afectar
negativamente la calidad intrinseca del fruto.



ABSTRACT

Currently, abiotic stresses are one of the main limitations in agricultural
production and food security. The search for strategies to achieve a better
tolerance to abiotic stresses is an objective of great interest worldwide, especially
in the face of supra-thermal stress, considering the global warming scenario in
which we find ourselves. One way to overcome environmental stresses, under the
prism of an integrated or ecological management of the crop, is the use of grafted
plants as an adaptation strategy. In pepper, a crop of great economic importance
in our country, the lesser use of the grafting technique is due to the lack of
rootstocks with sufficient adaptability to abiotic stress conditions. In this sense, the
mixed research team between Universitat Politécnica de Valéncia (UPV) and
Instituto Valenciano de Investigaciones Agrarias (IVIA), which includes this doctoral
thesis, has been able to select different pepper accessions and hybrids, including
the NIBER® hybrid, which used as rootstocks have obtained good results in terms
of yield under conditions of water and saline stress, and generate information
regarding the different physiological and molecular mechanisms responsible for
said tolerance. However, to date, the information remains limited in different ways:
the effect of grafting at high temperatures has not been studied in depth; the study
of the tolerance mechanisms of the NIBER® rootstock against water stress caused
by controlled deficit irrigation has not been studied in depth; and finally, no study
has focused on analyzing the effects of the graft itself on the yield and quality of
the fruits of traditional pepper varieties. In this sense, the objectives that have been
set in this doctoral thesis have been: I) physiological and agronomic evaluation of
the tolerance to supra-thermal stress of accessions of Capsicum annuum L. used as
rootstocks; 1) study of the physiological mechanisms that underlie the behavior of
rootstocks tolerant to supra-thermal stress; Ill) study of the bases of the agronomic
and physiological behavior of pepper rootstocks tolerant to water stress under
controlled conditions of deficit irrigation; IV) agronomic and fruit quality evaluation
of traditional pepper varieties grafted on rootstocks tolerant to abiotic stresses.

In this doctoral thesis, on the one hand, we have been able to select pepper
accessions, especially A57, which, when used as rootstocks, give the grafted variety
a certain degree of tolerance to thermal stress from high temperatures. We have
also been able to verify that these tolerant rootstocks allow the variety to generate
adaptive responses to the negative effects of this stress by modifying its
physiological behavior, decreasing electrolyte leakage and H,0, accumulation, and
increasing the content of chlorophylls and carotenoids in the leaves. This
physiological response observed in the leaves results in a better physiological
adaptation in its reproductive phase, improving the proline content in the anthers
and the viability of pollen grains, thereby increasing fruit set and consequently



commercial yield. On the other hand, the tolerance to water stress conferred by
the NIBER® rootstock is the consequence of a physiological modification that allows
maintaining photosynthesis levels with an adequate water use efficiency, resulting
in a higher commercial yield. In this sense, the use of the deficit irrigation strategy
combined with the use of tolerant rootstocks to water stress and with greater root
development, as is the case of NIBER®, can be considered useful to reduce water
consumption, cushioning the negative stress effects on yield, mainly due to the
lower incidence of blossom-end rot (BER). Finally, we have been able to verify that
the use of tolerant rootstocks to abiotic stresses, such as NIBER®, in traditional
pepper varieties could be a useful technique to improve the yield and commercial
quality of this crop, mainly by reducing the incidence of BER, without negatively
affecting the intrinsic fruit quality.



RESUM

En l'actualitat, els estressos abiotics sén una de les principals limitacions en la
produccid agraria i seguretat alimentaria. La cerca d'estrategies per a aconseguir
una millor tolerancia als estressos abiotics és un objectiu de gran interés a nivell
mundial, especialment davant de |'estrés supra-térmic tenint en compte I'escenari
de calfament global en el qual ens trobem. Una manera de sortejar els estressos
ambientals, sota el prisma d'un maneig integrat o ecologic del cultiu, és la utilitzacié
de plantes empeltades com a estratégia d'adaptacid. En pimentd, cultiu de gran
importancia economica al nostre pais, la menor utilitzacié de la tecnica de I'empelt
és deguda a la inexisténcia de patrons amb suficient adaptabilitat a condicions
d'estrés abiotic. En aquest sentit, I'equip d'investigacié mixt entre la Universitat
Politecnica de Valencia (UPV) i I'Institut Valencia d'Investigacions Agraries (IVIA), el
qgual engloba aquesta tesi doctoral, ha sigut capa¢ de seleccionar diferents
accessions e hibrids de pimentd, entre ells I'hibrid NIBER®, que utilitzats com
portaempelts han obtingut bons resultats en terme de rendiment en condicions
d'estrés hidric i sali, i generar informacié respecte als diferents mecanismes
fisiologics i moleculars responsables d'aquesta tolerancia. No obstant aixo, fins hui,
la informacié continua sent limitada en diferents sentits: no s'ha estudiat en
profunditat I'efecte de I'empelt a les altes temperatures; no s'ha aprofundit en
I'estudi dels mecanismes de tolerancia del portaempelt NIBER® enfront de |'estrés
hidric causat per un reg deficitari controlat; i finalment, cap estudi s'ha centrat en
estudiar els efectes del propi empelt sobre el rendiment i qualitat dels fruits de
varietats tradicionals de pimenté. En aquest sentit, els objectius que s'han plantejat
en aquesta tesi doctoral han sigut: 1) avaluacié fisiologica i agrondmica de la
tolerancia a I'estrés supra-termic d'accessions de Capsicum annuum L. utilitzades
com portaempelts; Il) estudi dels mecanismes fisiologics que subjauen en el
comportament de portaempelts tolerants a estrés supra-termic; ) estudi de les
bases del comportament agronomic i fisiologic de portaempelts de pimentd
tolerants a estrés hidric en condicions controlades de reg deficitari; 1V) avaluacié
agronomica i de la qualitat del fruit de varietats tradicionals de pimentd
empeltades sobre patrons tolerants a estressos abiotics.

En aquesta tesi doctoral, d'una banda, hem sigut capagos de seleccionar
accessions de pimentd, especialment A57, que utilitzades com portaempelts
confereixen a la varietat empeltada un cert grau de tolerancia a |'estrés termic per
altes temperatures. També hem pogut comprovar que aquests portaempelts
tolerants permeten a la varietat generar respostes adaptatives als efectes negatius
d'aquest estrés mitjancant la modificacié del seu comportament fisiologic,
disminuint la fugida d'electrolits i I'acumulacié de H,0,, i augmentant el contingut
de clorofil-les i carotenoides en les fulles. Aquesta resposta fisiologica observada



en les fulles resulta en una millor adaptacio fisiologica en la seua fase reproductiva,
millorant el contingut de prolina en les anteres i la viabilitat dels grans de pol-len,
incrementant amb aixo el quallat de fruits i en conseqiiencia el rendiment
comercial. D'altra banda, la tolerancia a I'estrés hidric conferida pel portaempelt
NIBER® és conseqliéncia d'una modificacié fisiologica que permet mantenir els
nivells de fotosintesi amb una adequada eficiencia en I'Us de I'aigua, resultant en
un major rendiment comercial. En aquest sentit, I'Us de I'estrategia de reg deficitari
combinada amb I'Us de portaempelts tolerants a l'estrés hidric i amb un major
desenvolupament radical, com és el cas del NIBER®, pot considerar-se util per a
reduir el consum d'aigua, esmorteint els efectes negatius de I'estrés sobre el
rendiment, degut principalment a la menor incidéncia de BER. Finalment, hem sigut
capacos de constatar que I'Us de portaempelts tolerants a estressos abiotics, com
és NIBER®, en varietats tradicionals de pimentd podria ser una técnica util per a
millorar el rendiment i la qualitat comercial d'aquest cultiu, principalment en
disminuir la incidéncia de necrosi apical del fruit (blossom-end rot o BER), sense
afectar negativament la qualitat intrinseca del fruit.
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1.1. Aspectos generales del cultivo del pimiento

1.1.1. Taxonomia y descripcidn botanica
El pimiento, pertenece al género Capsicum, que a su vez forma parte de la
familia Solanaceae, constituida por mdas de 90 géneros y 2500 especies, incluyendo
otros cultivos horticolas de gran importancia comercial como tomate, berenjena y
patata (Tripodi y Kumar, 2019).

El género Capsicum, originario de América tropical y subtropical, incluye mas
de 30 especies, cinco de las cuales (C. annuum L., C. baccatum L., C. chinense Jacq., C.
frutescens L. y C. pubescens Ruiz & Pavén) han sido domesticadas y cultivadas para el
consumo humano (Carrizo Garcia et al., 2016). De todas ellas, C. annuum L. es la especie
econdmicamente mas importante y la mas cultivada en la actualidad.

Por lo que respecta a las caracteristicas botanicas de la especie C. annuum L.,
son plantas anuales herbaceas provistas de un sistema radical pivotante y profundo,
con un elevado numero de raices adventicias. El tallo, de porte erecto, presenta un
crecimiento dicotédmico, aunque en algunos casos presenta tricotomia en la primera
diversificacion del tallo. Las hojas son simples y enteras, presentando una forma mas o
menos lanceolada y un peciolo largo. Las flores son hermafroditas y aparecen solitarias
en cada nudo. El caliz estd formado por 5-8 sépalos y la corola por 5-8 pétalos soldados
por la base. El androceo esta constituido por un cono estaminal de 5-8 estambres. El
gineceo estd constituido de 2-4 carpelos soldados y consta de un ovario, un estilo y un
estigma. La fructificacion es una baya hueca semi-cartilaginosa y deprimida que en la
madurez vira de color, y presenta un eje compuesto por un tejido placentario, en el que
se disponen las semillas. Entre sus variedades, el fruto del pimiento, presenta una gran
diversidad en tamafio, forma y color, que permite clasificarlas en diferentes grupos o
tipos varietales (Pochard, 1966).

1.1.2. Importancia econémica del cultivo del pimiento
La produccion y el area cultivada de pimiento a nivel mundial ha aumentado
sustancialmente en los Ultimos 30 afos (1990-2020), pasando de 12,8 a 40,3 millones
de toneladas cosechadas y de 2,8 a 3,7 millones de hectareas cultivadas, destacando
qgue aproximadamente el 90% de la produccion son pimientos destinados al consumo
en fresco (FAOSTAT, 2020).

Los principales paises productores de pimiento para consumo en fresco en el
afno 2020 se muestran en la Tabla 1. Hay que destacar que la produccién de China
representa alrededor del 40% de la produccion mundial. Espaia ocupé la quinta
posicién con una produccidn de 1,47 millones de toneladas (FAOSTAT, 2020).
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En lo que se refiere al territorio nacional, en la ultima década (2009-2019),
tanto la superficie destinada a pimiento como el rendimiento se han visto
incrementados en un 12,1% y 34,3% respectivamente (MAPA, 2020). En el afio 2019,
en Espafia se dedicaron al cultivo del pimiento 21.229 ha, de las cuales, el 99,3% eran
regadio y el 68,2% en superficie protegida. Por comunidades auténomas, Andalucia
(82,3%), en especial la provincia de Almeria (76,7%) y la Region de Murcia (8,6%), son
las que presentan mayor superficie bajo ambiente protegido del territorio nacional.

El cultivo del pimiento en Espaiia es muy importante en la balanza econdmica
comercial con 853,58 millones de kg exportados con un valor de 1.158,85 millones de
euros (FEPEX, 2020), lo que indica la importancia y la necesidad de adaptar su cultivo
a la nueva situacidn climatica global y a las exigencias del mercado vinculadas con las
empresas y los consumidores.

Tabla 1. Datos de produccién de pimiento para consumo en fresco en toneladas (t x 10%) de los mayores
paises productores a nivel mundial (FAOSTAT, 2020).

Produccion

Pais
tx 103
China 16.650,9
México 2.818,4
Indonesia 2.772,6
Turquia 2.636,9
Espafa 1.472,9
Egipto 1.055,6
Nigeria 762,2
Argelia 717,7
EE. UU. 715,2
Paises Bajos 430,0
1.1.3. Propiedades organolépticas y nutracedticas del fruto de pimiento

El fruto del pimiento se encuentra en la categoria de alimentos funcionales por
sus caracteristicas organolépticas, nutraceuticas y su alta capacidad antioxidante, ya
que es rico no solo en acido ascdrbico, carotenoides y fenoles, sino también en
capsaicinoides, xantofilas y flavonoides. Los niveles de dichos compuestos pueden
variar segun el genotipo y la madurez, y estan influenciados por las condiciones de
cultivo (Chavez-Mendoza et al., 2015; Howard et al., 2000; Martinez-Ispizua et al.,
2021). También se ha observado que las condiciones climaticas y de almacenamiento,
asi como las practicas de procesamiento pueden afectar a los niveles de dichos
compuestos (Jayaprakasha et al., 2012).
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Los carotenoides son generalmente los principales fitoquimicos que se
encuentran en las variedades de pimiento, que aportan un alto valor comercial a estas
frutas en términos de caracteristicas de sabor, color y propiedades antioxidantes, entre
otras bioactividades. Los capsaicinoides se encuentran principalmente en los pimientos
picantes y son responsables de la acritud de estas variedades. Los pimientos también
son ricos en compuestos fendlicos, principalmente flavonoides y derivados del acido
fendlico, y vitaminas A y C, y distintos minerales, incluidos el hierro, el calcio y el
manganeso, que contribuyen en gran medida a la dieta humana (Pandey y Rizvi, 2009).
Todo ello hace del pimiento un alimento claramente funcional (Zhuang et al., 2012).

1.1.4. Principales fisiopatias del fruto de pimiento

1.1.4.1. Blossom-end rot (BER)

La necrosis apical del fruto, cominmente conocido como blossom-end rot
(BER) es una fisiopatia muy comun en los frutos de algunos cultivos horticolas, entre
ellos los frutos de pimiento. La presencia de BER es la causa de una deficiencia de calcio
en los tejidos de la zona distal del fruto. Su presencia se acentla cuando las plantas de
pimiento son expuestas a algun tipo de estrés abidtico, sobre todo estrés hidrico y
salino. En estas condiciones, el transporte de calcio a los drganos con baja
transpiracion, entre ellos los frutos, puede verse afectado, aunque se ha suguerido que
puede no ser debido al contenido total de calcio de la fruta, sino una particién y
distribucion anormal de calcio dentro del fruto lo que conduce a una deficiencia
localizada y por lo tanto la aparicién de BER (Saure, 2001, 2014). Los sintomas de esta
fisiopatia estdn asociados a la perdida de solutos celulares, plasmolisis celular y ruptura
de la membrana (Lépez-Serrano etal.,, 2022; Mayorga-Gomez etal., 2020). La
sintomatologia del BER se caracteriza en primer lugar porque la superficie del fruto en
la parte distal exhibe sintomas de reblandecimiento y aguado, y finalmente este tejido
se decolora y se necrosa. Esta fisiopatia causa abundantes pérdidas en el rendimiento
del cultivo, produciendo frutos no aptos para la comercializaciéon o de destrio.

1.1.4.2. Rajado o micro rajado del fruto

Esta fisiopatia reduce el rendimiento comercial del cultivo del pimiento, pero
no es tan comun como BER. Se caracteriza por la presencia de grietas que generalmente
se extienden a través de la pared del fruto hacia el area del l6culo debido a la
contracciéon y expansion repetitiva en el crecimiento que debilita la cuticula del mismo
(Yao et al., 2000). La incidencia se ve afectada principalmente por caracteristicas
varietales y algunos factores ambientales como fluctuaciones en la humedad relativa
(Moreshet et al., 1999).

1.2. Principales problemas del cultivo del pimiento
La produccién agricola ha aumentado notablemente en los ultimos tiempos con
el fin de cubrir la demanda de alimentos de la poblacién mundial. Sin embargo, este
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hecho viene acompafiado por una parte, por una rapida expansion de los estreses
bidticos, debido principalmente al fendmeno de la globalizacién, y por otra parte, a una
mayor incidencia de estreses abidticos, debido principalmente a los problemas de
escasez y baja calidad del agua de riego y las fluctuaciones de las temperaturas,
principalmente por el aumento de temperatura como consecuencia del calentamiento
global en el cual nos encontramos debido al fendmeno de cambio climatico (IPCC,
2022). Ante esta situacidn, el riesgo de sufrir estreses bidticos y/o abidticos en los
cultivos ha aumentado, resultando en una amenaza para la produccién y la calidad de
las cosechas.

1.2.1. Estreses bidticos
El control de los estreses bidticos sobre los cultivos son sin duda los de mayor
importancia para asegurar una buena rentabilidad. De hecho, los mayores esfuerzos de
los productores y de las empresas obtentoras de nuevos cultivares se centran en
resolver este tipo de estreses (Onaga et al., 2016).

Entre los principales agentes causantes de estreses bidticos en el cultivo del
pimiento podemos encontrar hongos, virus, bacterias, nematodos, insectos, arafias,
etc. Entre todos ellos, los problemas mds comunes son los causados por los hongos
como Phytophthora capsici, Verticillium dahliae, Rhizoctonia solani, Fusarium spp. y
Leveillula taurica; los virus como Tobacco Mosaic Virus (TMV), Potato Virus Y (PVY),
Tomato Spotted Wilt Virus (TSWV) y Pepper Mild Mottle Virus (PMMV); nematodos
principalmente Meloidogyne incognita; y diferentes insectos y arafias como pulgones
(Myzus persicae y Aphis gossypii), mosca blanca (Bemisia tabaci), trips (Frankliniella
occidentalis), acaros (Tetranychus urticae y Polyphagotarsonemus latus), y larvas de
lepidopteros, orugas o gusanos (Spodoptera exigua y Spodoptera littoralis).

Con el objetivo de afrontar la presencia de dichos estreses en el cultivo, los
agricultores disponen de diferentes herramientas, entre las que destacan el control
integrado mediante la lucha quimica racional, el control bioldgico, la mejora genética y
practicas preventivas y culturales como la rotacidon de cultivos o la solarizacién del
suelo. Hay que destacar que, en los ultimos afios, gracias al trabajo realizado por
diferentes casas obtentoras de semillas e institutos de investigacién, se han
desarrollado variedades y portainjertos comerciales tolerantes a enfermedades
causadas principalmente por hongos del suelo (Attavar y Miles, 2021; Gisbert et al.,
2010; Louws et al., 2010; Morra y Bilotto, 2015) y virus (Kang et al., 2010; Kenyon et al.,
2014; Palloix et al., 2009).

1.2.2. Estreses abidticos
En la actualidad, los estreses abiéticos son una de las principales limitaciones
en la produccién y seguridad alimentaria (Hatfield y Prueger, 2015; IPCC, 2022). Esta
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situacién se agrava, como se ha comentado, debido a los cambios drasticos y rapidos
en el clima global (Fahad et al., 2017) que pueden acarrear problemas de disponibilidad
de agua en cantidad y calidad suficientes y aumentos de temperatura en las zonas
Mediterraneas (IPCC, 2022).

1.2.2.1. Estrés térmico por altas temperaturas

En la peninsula ibérica, sobre todo en algunas zonas del litoral mediterraneo,
los cultivos se estan viendo afectados por algunos de los estreses abidticos comentados
anteriormente, entre ellos el estrés térmico por altas temperaturas (Moriondo et al.,
2016). En gran parte debido al ciclo de cultivo empleado donde, en el caso del pimiento,
las etapas fenoldgicas mdas importantes para el desarrollo del mismo, como pueden ser
la floraciéon y el cuajado, coinciden en gran medida con los meses de verano.

En Espana, el pimiento dulce para mercado en fresco se produce
principalmente en tres ciclos: 1) ciclo clasico de Almeria, de julio/agosto a febrero, y
después una cosecha de primavera-verano, normalmente de cucurbitaceas; 2) ciclo
extendido, adelantando siembras a mayo/junio y final de cosecha en abril/mayo; y 3)
ciclo tipico de Murcia, sur de Alicante y en algunos casos de Almeria, entre
noviembre/diciembre hasta junio/julio/agosto. Estos tres ciclos permiten tener una
produccidn de pimiento durante todo el afio. Los cultivos se desarrollan principalmente
en invernaderos de plastico caracterizados por una tecnologia limitada y con un control
climatico restringido. Con estas infraestructuras se produce una mala ventilacion
natural, lo que dificulta el control de las altas temperaturas en primavera y verano
(Garcia-Ruiz et al., 2018), produciéndose temperaturas no éptimas que afectan al
desarrollo normal del cultivo. El aumento de las temperaturas es un escenario dificil de
abordar para los agricultores del litoral mediterraneo debido a las escasas herramientas
gue poseen para disminuir la temperatura de los invernaderos. Las soluciones que se
estan llevando a cabo son, por una parte un buen manejo de la ventilacion, que al ser
el accionamiento de las ventanas mayoritariamente manual, todavia dificulta mas el
control de la temperatura (Garcia-Ruiz et al., 2018; Parra et al., 2004), y por otra parte,
reducir la intensidad de radiacién solar mediante el encalado de las cubiertas del
invernadero, aunque este hecho va acompafiado de una reduccién de la radiacién
fotosintéticamente activa (PAR) y por tanto de una disminucién de las condiciones
Optimas para el desarrollo del cultivo.

En términos generales, un estrés supra-térmico provoca en los cultivos
numerosos cambios morfoldgicos, fisioldgicos, bioquimicos y moleculares, afectando
negativamente al crecimiento y la produccidn de los mismos. La exposicion prolongada
a altas temperaturas produce en las plantas una desnaturalizacién de las proteinas con
la consiguiente pérdida de sus funciones, la inactivacidn de enzimas en cloroplastos y
mitocondrias, pérdida de integridad y permeabilidad de las membranas y la produccidn
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de compuestos téxicos, como las especies reactivas de oxigeno (ROS) (Wahid et al.,
2007; Wang et al., 2003). Por otro lado, a nivel subcelular, las altas temperaturas
producen modificaciones importantes en los tilacoides, afectando a la actividad del
fotosistema Il y dificultando el transporte de electrones (Porch y Hall, 2013). En
consecuencia, el aparato fotosintético se ve afectado disminuyendo la fotosintesis,
aumentando la fotorrespiracién y limitando el crecimiento y desarrollo de las plantas
(Wise et al., 2004).

En el cultivo del pimiento, el desarrollo dptimo se produce con temperaturas
medias de 21-23°C durante el crecimiento vegetativo y de 21°C durante el desarrollo
del fruto, con una diferencia de 7-9°C entre la temperatura diurna y nocturna, por
debajo de 15°C su desarrollo se ve mermado y a partir de 32°C el rendimiento puede
verse afectado por falta de cuajado y aborto floral. Con temperaturas extremas (>40°C)
pueden aparecer quemaduras en las hojas, tallos y frutos (sunscald) (Yasuor y Wien,
2020).

Las altas temperaturas en el cultivo del pimiento pueden causar grandes
pérdidas en el rendimiento debido a la falta de cuajado de frutos, causado en gran
medida por los efectos sobre la ontogenia de los granos de polen. Existen diferentes
estudios en los que se han observado y corroborado los efectos de las altas
temperaturas en los gametofitos masculinos del pimiento, que son mas sensibles que
los femeninos, ya no solo en su desarrollo y formacidn, sino también en las posteriores
fases de germinacion y crecimiento del tubo polinico (Aloni et al., 2001; Erickson y
Markhart, 2002; Lin et al., 2022; Mercado et al., 1997; Reddy y Kakani, 2007; Yamazaki
y Hosokawa, 2019). Los frutos cuajados en altas temperaturas pueden ver afectado su
desarrollo, formando frutos de reducido peso y tamafio. Este hecho estd intimamente
relacionado con la eficacia de la polinizacién y posterior fecundacién de los évulos, que
condiciona el numero de semillas por fruto, que esta relacionado con el tamafio y peso
del mismo (Marcelis y Baan Hofman-Eijer, 1997; Pagamas y Nawata, 2008).

1.2.2.2. Estrés hidrico

El estrés hidrico es uno de los principales factores limitantes para la produccion
de cultivos de hortalizas. El agua es cada vez mds escasa, en cantidad y calidad, en todo
el mundo, lo que afecta gravemente a la produccién agricola, especialmente en zonas
aridas y semiaridas (Chai et al., 2015; Mancosu et al., 2015). Las previsiones indican que
el cambio climatico afectard gravemente al sector agricola, aumentando la
temperatura global y la evapotranspiraciéon (ET), al mismo tiempo que se reduciran las
precipitaciones con una distribucién y patréon anormales, lo que en consecuencia
incrementara la demanda de agua (IPCC, 2022; Kahil et al., 2015). Se espera que los
episodios de sequia existentes se intensifiquen, particularmente en regiones donde la
escasez de agua ya es una preocupacién, como en la region mediterrdnea (lglesias y
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Garrote, 2015). Teniendo en cuenta estas predicciones y que la agricultura representa
casi el 70% de todas las extracciones de agua, hasta el 95% en algunos paises en
desarrollo (AQUASTAT, 2020), es necesario plantear alternativas en la produccién
agricola para reducir drasticamente el consumo de agua en la agricultura.

De forma generalizada, los efectos de un estrés hidrico abarcan desde los
niveles morfoldgicos y fisioldgicos hasta los moleculares, siendo evidentes en todas las
etapas fenoldgicas del desarrollo de las plantas. El estrés hidrico en las plantas conduce
alageneracién de ROS, causando dafo oxidativo y deteriorando las funciones normales
de las células debido a la alteracidon de diferentes enzimas y a la limitacidn de la
asimilacion de CO, causada principalmente por un cierre estomatico (Farooq et al.,
2009; Ghadirnezhad Shiade et al., 2022). En este sentido, al verse reducida la tasa
transpirativa de la planta por un estrés hidrico, la concentracion de nutrientes puede
reducirse debido a la restriccién sufrida en la absorcidn y traslocacion de los mismos
(Sanchez-Rodriguez etal., 2013, 2014). Todo ello se resume en efectos sobre el
desarrollo éptimo de las plantas, afectando a la produccién de biomasa y desarrollo de
los frutos.

En lo que respecta al cultivo del pimiento, en términos generales, éste se
clasifica como un cultivo de altas exigencias hidricas, que pueden estimarse en
alrededor de 5.000-7.000 m3-ha? afio (Abdelkhalik et al., 2020; Gonzélez-Dugo et al.,
2007; Sezen et al., 2019). Sin embargo, el total de agua utilizada y la frecuencia de los
riegos dependen de muchos factores, como es el tipo de suelo, ciclo de cultivo,
condiciones de cultivo, al aire libre o protegido, etc.

El efecto del estrés hidrico en el cultivo del pimiento, al igual que en otros
cultivos, puede variar dependiendo de la severidad y la duracidn del estrés, asi como
del momento en el que se presenta. El estrés hidrico impuesto en algunas etapas
criticas de crecimiento, floracion y cuajado, puede tener efectos a partir de los cuales
la recuperacion del rendimiento completo puede no ser posible (Yasuor y Wien, 2020).

En las ultimas décadas, con el objetivo de minimizar el gasto de agua de riego
y aumentar la eficiencia del uso de la misma, se estd implementando con éxito en
algunos cultivos la técnica del riego deficitario controlado. Esta técnica consiste en
aplicar un volumen de riego total por debajo de la dosis requerida por Ia
evapotranspiracion de cultivo, solo en aquellas fases del cultivo en que la demanda
hidrica por parte de la planta no es muy elevada (Fereres y Soriano, 2007). En general,
la técnica de riego deficitario puede conllevar pérdidas importantes en los
rendimientos de los cultivos horticolas (Du et al., 2017; Fereres y Soriano, 2007). En el
caso del pimiento, el uso de la técnica de riego deficitario controlado ha mantenido o
reducido los rendimientos en comparacion a las producciones obtenidas con riego
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normal dependiendo del momento de aplicacion (Abdelkhalik et al., 2020; Gonzalez-
Dugo et al., 2007; Sezen et al., 2019).

Los mecanismos de tolerancia al estrés hidrico son muy complejos e implican
una serie de procesos fisioldgicos y bioquimicos a nivel de células, tejidos, érganos e
inclusive de toda la planta. Entre ellos, podemos destacar el cierre estomatico para
reducir la perdida de agua por parte de la planta, el aumento de absorcién de agua por
un mayor volumen explorado de suelo debido a un sistema radical mas grande y
profundo, la acumulacion de osmolitos y la sintesis de osmoprotectores (Ghadirnezhad
Shiade et al., 2022). A pesar de que los avances en la investigacién de los mecanismos
de tolerancia frente al estrés hidrico no cesan, las herramientas que disponen los
agricultores son escasas, entre las que cabe destacar el riego deficitario controlado ya
comentado y el uso de bioestimulantes, cuya efectividad varia mucho entre cultivos y
severidad del estrés (Colla et al., 2015; Rai et al., 2021).

1.2.2.3. Otros estreses abidticos importantes en el cultivo del pimiento

La salinidad es un problema frecuente que afecta a la produccidn de cultivos
en todo el mundo (20% de las tierras cultivadas del mundo y el 33% de las tierras de
regadio). Este proceso puede verse acentuado por el cambio climatico, el aumento del
uso de agua de baja calidad en el riego y la baja disponibilidad de este recurso debido
al incremento de superficie regada asociado a la agricultura intensiva. La salinidad
excesiva del suelo reduce la productividad de muchos cultivos agricolas, incluida la
mayoria de las hortalizas, que son particularmente sensibles a lo largo de la ontogenia
de la planta. El umbral de salinidad de la mayoria de los cultivos de hortalizas es bajo
(entre 1y 2,5 dS m™ en extractos de suelo saturados), en el caso del cultivo del
pimiento, el dptimo se encuentra alrededor de 1,5 dS m™ y se considera un cultivo
moderadamente sensible a la salinidad (Machado y Serralheiro, 2017). En términos
generales, los efectos de la salinidad en las plantas son el resultado tanto en un primer
momento del estrés hidrico -debido a un mayor potencial osmdtico en el suelo en
comparacién con los tejidos vegetales-, como a largo plazo por un efecto tdxico
causado por la entrada de iones, principalmente Na* y CI-, en los tejidos vegetales
(Munns y Tester, 2008; Tuteja, 2007). El resultado de estos efectos es una amplia gama
de cambios fisioldgicos, metabdlicos y gendmicos que provocan alteraciones en la
fotosintesis, la particion de carbohidratos, la respiracidon, el aumento de la produccién
de ROS y una absorcién desequilibrada de otros nutrientes (Hu y Schmidhalter, 2005;
Parida y Das, 2005). En general, estos cambios fisioldgicos inducidos por la salinidad
conllevan a una disminucion del crecimiento y rendimiento del cultivo del pimiento (De
Pascale et al., 2003; Rubio et al., 2009).

Por otro lado, también se han descrito y estudiado otro tipo de estreses
abidticos como la toxicidad por acumulacion de metales pesados (Desoky et al., 2019;
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Lidikova et al., 2021), o el desequilibrio nutricional de las plantas de pimiento por falta
de los principales nutrientes como son el nitrégeno (N), potasio (K) o fésforo (P)
(Medina-Lara et al., 2008; Urrea-Ldpez et al., 2014).

1.3. Técnica del injerto. Herramienta para hacer frente estreses
abiodticos

Se han realizado numerosas aproximaciones para mejorar la tolerancia de los
cultivos a los estreses tanto desde la mejora genética tradicional como desde la
transformacién genética, aunque los éxitos comerciales se han visto a menudo
limitados por la complejidad de caracteres poligenéticos implicados en la tolerancia al
estrés abidtico (Cuartero et al., 2006; Kim et al., 2014). La busqueda de estrategias para
conseguir una mejor resistencia a los estreses abidticos es un objetivo de gran interés
a nivel mundial teniendo en cuenta ademads el escenario del cambio climatico, que
provocan tanto olas de calor como disminuciones en la precipitacidon y aumentos de la
salinidad del agua de riego y del suelo, principalmente en las dreas Mediterraneas
(IPCC, 2022).

La obtencidn de variedades tolerantes a estreses abidticos resulta menos
interesante para las empresas obtentoras que la busqueda de tolerancia a estreses
bidticos, mucho mds importantes por su mayor incidencia en el rendimiento econémico
de los cultivos horticolas y también por la mayor urgencia en su resolucion. En este
sentido, la técnica del injerto horticola ha resultado ser una estrategia con gran
potencial para hacer frente de forma efectiva, eficiente y sostenible a los estreses
bidticos, y mas recientemente a los estreses abiéticos.

Actualmente, el uso del injerto en horticolas (Solanaceas y Cucurbitaceas) esta
generalizado en todo el mundo y se emplea cada vez mas a escala comercial para
mejorar la produccién principalmente en sandia, meldn, tomate, berenjena y pepino.
Asia es el continente con mayor superficie cultivada de hortalizas injertadas, ya que
s6lo Corea del Sur y Japdn produjeron 700.000 millones de plantulas injertadas en
2009. En los paises europeos, Espafa encabeza la lista con el mayor nimero de
plantulas injertadas (Lee et al., 2010), donde casi el 100% de la sandia y casi el 90% del
tomate de invernadero es producido por plantas injertadas.

La eficacia del injerto para conferir tolerancia a los cultivos horticolas contra los
estresores abidticos se ha atribuido a varios rasgos mejorados de las plantas injertadas
relacionados con las caracteristicas del patrén: un sistema radical mas vigoroso, una
mejor absorcion de agua y nutrientes que permite una mayor eficiencia fotosintéticay
relaciones hidricas, una activacién del sistema de defensa antioxidante, una mayor
sefializacién hormonal y un movimiento a larga distancia de ARNm y proteinas que
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modulan y alivian la percepcion del estrés abidtico en la variedad (Albacete et al., 2015;
Han et al., 2022; Kumar et al., 2017; Schwarz et al., 2010).

Los principales estreses abidticos que definen el clima Mediterraneo son:
salinidad, estrés hidrico y altas temperaturas. A tal respecto existen diferentes estudios
gue han demostrado que algunos patrones son capaces de aumentar la eficiencia en el
uso de agua y nutrientes (Cantero-Navarro et al., 2016; Colla et al., 2011; Martinez-
Andujar et al., 2016, 2017; Savvas et al., 2010) y que permiten mitigar las pérdidas de
rendimiento del cultivo. Bajo condiciones salinas, se ha visto que el patrén puede
incrementar el vigor, el rendimiento y mejorar la tolerancia de la variedad en tomate,
meldn, pepino y calabaza (Estafi et al., 2005; Huang et al., 2010; Orsini et al., 2013; Zhu
et al., 2008). Respecto al estrés hidrico, se han descrito mecanismos para explicar la
tolerancia de las plantas injertadas (Kumar et al., 2017). La relacién entre el desarrollo
del sistema radical del patrén y la tolerancia al estrés hidrico, debido a una mayor
capacidad de absorcidn de agua y nutrientes y una mayor eficiencia en el uso del agua,
han sido estudiados en numerosas especies de interés agricola obteniendo notables
resultados (Lopez-Marin etal.,, 2017; Poudyala et al., 2015; Rouphael et al., 2008;
Sanchez-Rodriguez etal., 2014; Savvas et al., 2010). También se han demostrado
diferentes mecanismos de resistencia al estrés hidrico que confiere el portainjerto a la
parte aérea de la planta en diferentes cultivos, a través de la sefializacion hormonal (Liu
etal.,, 2016), el ajuste osmoético (Penella etal., 2014), la activacion del sistema
antioxidante (Sanchez-Rodriguez et al., 2016) y por lo tanto, la mejora de la eficiencia
en el aparato fotosintético y la formacién de biomasa.

La tolerancia a las altas temperaturas en plantas injertadas se ha estudiado
principalmente en plantas de pepino y tomate. El pepino injertado sobre Momordica
charantia L. en condiciones de estrés térmico mostré una sobre-expresion de genes
relacionados con la fotosintesis asociados a las proteinas Rubisco y OEE1 (Xu et al.,
2018) que permiten mantener la fotosintesis. Por otro lado, también en pepino
injertado sobre Luffa cylindrica (L.) M. Roem. ha demostrado tolerancia al choque
térmico (Li et al., 2014) mejorando el rendimiento de la planta principalmente a través
de la vitalidad de la raiz, la eliminacion de ROS y la acumulacién de proteinas de choque
térmico (HSP). En el caso del tomate, se ha demostrado que los efectos del estrés estan
atenuados en una variedad injertada sobre un patrdn tolerante, en relacién a los
observados en plantas sin injertar que presentan una mayor acumulacion de ROS,
indicando un mayor estrés oxidativo y un mayor contenido de fenoles totales (Rivero
et al.,, 2003).

La técnica del injerto esta contribuyendo a una agricultura sostenible por
reducir la aplicacién de productos quimicos en la desinfeccion de suelos, proporcionar
una mejor resiliencia de las plantas frente al cambio climatico y permitir injertar sobre
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un patrén tolerante la variedad deseada por sus caracteristicas productivas o de
calidad. Estos beneficios van a conducir en un futuro ya cercano a la expansion del
injerto en el cultivo del pimiento (Leal-Fernandez et al., 2013).

1.3.1. Uso del injerto en el cultivo del pimiento

A pesar de las bondades que se han descrito en los ultimos afios sobre las
ventajas de la utilizacién de planta injertada frente a los estreses abidticos, esta se estd
utilizando principalmente en tomate, berenjena, melén y sandia. El uso de portainjerto
en pimiento es todavia limitado (Lee et al., 2010), debido a que existen pocos patrones
comerciales disponibles en el mercado y estos suelen ser sensibles a los estreses
abidticos. Ademas, el injerto en pimiento puede presentar el problema de
incompatibilidad en la unién patrén/variedad en algunas combinaciones incluso siendo
ambas plantas de la misma especie. Sin embargo, su uso, al menos en Espafia, ha
crecido notablemente en la Ultima década, pasando de unos 10.000 injertos a 30.0000
injertos de pimientos anuales, como afirman las principales empresas de injertos de
Almeria, y seguramente aumentard en los proximos afios (Lopez-Galarza, S.,
comunicacién personal).

Debido a los pocos estudios realizados hasta la fecha en el uso de la técnica del
injerto para hacer frente a estreses abidticos en el cultivo del pimiento, hace poco mas
de una década comenzd una linea de investigacidn entre el Instituto Valenciano de
Investigaciones Agrarias (IVIA) y la Universitat Politécnica de Valéncia (UPV) a través de
diferentes proyectos competitivos de investigacidn, en la cual esta englobada esta tesis
doctoral. Fruto del trabajo realizado en los uUltimos afios, se han obtenido resultados
relevantes relacionados con el uso del injerto en pimiento para la tolerancia a estreses
abidticos. Entre ellos cabe destacar los siguientes:

1. Se han seleccionado accesiones de diferentes especies del género Capsicum
para evaluar su adaptacién agrondmica al estrés hidrico y salino, y se ha
confirmado que algunos genotipos utilizados como portainjertos presentan
tolerancia frente a dichos estreses abioticos.

2. Estasaccesiones seleccionadas proporcionan, bajo condiciones de estrés hidrico
y salino, rendimientos superiores a la variedad sin injertar, principalmente por
la disminucion del nimero de frutos afectados por la fisiopatia BER (Lépez-
Serrano et al., 2017; Penella et al., 2013, 2014).

3. A partir de las accesiones seleccionadas como tolerantes a los estreses hidrico
y salino, se han realizado hibridaciones (mediante mejora genética clasica) y se
han obtenido hibridos, entre ellos el portainjerto NIBER®. Los resultados de
produccidon demostraron que las plantas de pimiento injertadas con el patrén
NIBER® incrementaron la produccién en condiciones de estrés salino respecto a
la variedad sin injertar (Lopez-Serrano et al., 2020).
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4. los portainjertos de Capsicum tolerantes seleccionados utilizan varias
estrategias para afrontar la escasez de agua y el estrés salino: mejor ajuste
osmotico; restriccion del transporte de Cl™ a las hojas, compartimentalizacion
de Na* en raices y hojas y reduccién del potencial osmdtico al aumentar
principalmente la sintesis de prolina; menor contenido en ROS; reduccion de las
concentraciones de 4cido abscisico (ABA) en hojas bajo estrés salino,
conduciendo a una mayor apertura estomatica, y por lo tanto, una mayor
produccién de biomasa (Lépez-Serrano et al., 2019, 2020; Penella et al., 2014,
2015, 2016, 2017).

Por otro lado, en el cultivo del pimiento también se han realizado ensayos para
observar la influencia del injerto frente el estrés térmico, obteniendo buenos
rendimientos y mayor biomasa en plantas injertadas (Palada y Wu, 2008). En un
estudio en el que se evaluaron distintos portainjertos sobre una variedad de pimiento
comercial, sometidos a distintas condiciones de radiacidon y temperatura, uno de dichos
portainjertos, aumenté el drea foliar y la biomasa fresca y seca de las hojas respecto a
las plantas control no injertadas. Asimismo, las plantas injertadas sobre algunos
portainjertos aumentaron el rendimiento de los frutos comerciales, en comparacién
con las plantas no injertadas (Lopez-Marin et al., 2013). Otros autores, como Aidoo et
al. (2017), han corroborado posteriormente el efecto del injerto frente a las altas
temperaturas, obteniendo un aumento de biomasa aérea fresca y seca, asi como una
mayor tasa de desarrollo radicular respecto a plantas de pimiento no injertadas.

1.4. Objetivos de la tesis

En las ultimas décadas se han corroborado las bondades de la técnica del
injerto horticola para mejorar el rendimiento y calidad comercial de diferentes cultivos
horticolas en condiciones de estrés abidtico (Kumar et al., 2017; Kyriacou et al., 2017;
Lee et al., 2010; Schwarz et al., 2010). En este sentido, el equipo de investigacidon mixto
entre la Universitat Politécnica de Valéncia (UPV) y el Instituto Valenciano de
Investigaciones Agrarias (IVIA), el cual engloba esta tesis doctoral, ha sido capaz de
seleccionar diferentes accesiones y hibridos de pimiento, entre ellos el hibrido NIBER®,
gue utilizados como portainjertos han obtenido buenos resultados en condiciones de
estrés hidrico y salino, ademas de generar informacion respecto a los diferentes
mecanismos fisioldgicos, moleculares y genéticos responsables de dicha tolerancia
(Calatayud et al., 2020; Lopez-Serrano et al., 2017, 2019, 2020, 2022; Penella et al.,
2013, 2014, 2015, 2016, 2017). Fruto de todo este conocimiento generado respecto a
la tolerancia a los estreses abidticos mediante el uso de patrones tolerantes en
pimiento, surgio la primera hipétesis de la presente tesis doctoral, sobre si el uso de la
técnica del injerto en pimiento seria capaz de soslayar los efectos de las altas
temperaturas, que tantas implicaciones negativas estan teniendo en los ultimops anos.
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Por otra parte, también se ha pretendido mejorar la produccién de variedades
tradicionales de pimiento, aumentando la diversidad en este cultivo, mediante el uso
de patrones adaptados a las condiciones mediterraneas, valorando asimismo la calidad
del fruto al utilizar esta estrategia.

Tomando como referencia todas las aportaciones realizadas hasta el momento, los
objetivos principales de esta tesis doctoral han sido:

1. Evaluar fisioldgica y agrondmicamente la tolerancia al estrés supra-térmico de
accesiones de Capsicum annuum L. utilizadas como portainjertos.

2. Estudiar los mecanismos fisioldgicos que subyacen en el comportamiento de
portainjertos tolerantes a estrés supra-térmico.

3. Estudiar las bases del comportamiento agronémico y fisiolégico de portainjertos
de pimiento tolerantes a estrés hidrico en condiciones controladas de riego
deficitario.

4. Evaluar el comportamiento agrondémico y la calidad del fruto de variedades
tradicionales de pimiento injertadas sobre patrones tolerantes a estreses
abidticos.

Los resultados obtenidos como consecuencia de los objetivos 1y 2 se han publicado en
dos articulos:

Gisbert-Mullor, R., Padilla, Y. G., Martinez-Cuenca, M. R., Lépez-Galarza, S., y
Calatayud, A. (2021). Suitable rootstocks can alleviate the effects of
heat stress on pepper plants. Scientia Horticulturae, 290, 110529.
Cépitulo 2.

Gisbert-Mullor, R., Padilla, Y. G., Calatayud, A., y Lépez-Galarza, S. (2023).
Rootstock-mediated physiological and fruit set responses in pepper
under heat stress. Scientia Horticulturae, 309, 111699. Capitulo 3.

Los resultados obtenidos respecto al objetivo 3 han sido publicados en los siguientes
articulos:

Gisbert-Mullor, R., Pascual-Seva, N., Martinez-Gimeno, M. A., Lopez-Serrano,
L., Badal Marin, E., Pérez-Pérez, J. G., Bonet, L., Padilla, Y. G., Calatayud,
A., Pascual, B., y Lépez-Galarza, S. (2020). Grafting onto an appropriate
rootstock reduces the impact on yield and quality of controlled deficit
irrigated pepper crops. Agronomy, 10(10), 1529. Capitulo 4.

Gisbert-Mullor, R., Martin-Garcia, R., Bazon Zidari¢, I., Pascual-Seva, N.,
Pascual, B., Padilla, Y. G., Calatayud, A., y Lopez-Galarza, S. (2023). A
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Water Stress—Tolerant Pepper Rootstock Improves the Behavior of
Pepper Plants under Deficit Irrigation through Root Biomass
Distribution and Physiological Adaptation. Horticulturae, 9(3), 362.
Capitulo 5.

Finalmente, los resultados del objetivo 4 han sido publicados en el siguiente articulo:

Gisbert-Mullor, R., Ceccanti, C., Gara Padilla, Y., Lopez-Galarza, S., Calatayud,
A., Conte, G., y Guidi, L. (2020). Effect of grafting on the production,
physico-chemical characteristics and nutritional quality of fruit from
pepper landraces. Antioxidants, 9(6), 501. Capitulo 6.
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2.1. Abstract

In this study, different pepper rootstocks are tested for their ability to
overcome heat stress situations. This work aims to evaluate: (i) the physiological
mechanisms that occur during long heat stress periods (7 days) under controlled
conditions in a pepper variety grafted onto accessions; (ii) the heat stress behaviour of
these grafted pepper plants under greenhouse conditions in terms of marketable
yields. For this purpose, plants of Lamuyo- type sweet pepper ‘Herminio F1’ (VA),
grafted onto six accessions (VA/A25, VA/A31, VA/A34, VA/A52, VA/ A57,VA/A6), and a
self-grafted variety (VA/VA) were grown under controlled conditions in growth
chambers (28/24 °C, day/night temperatures and 38/24 °C for control and heat stress,
respectively) and under greenhouse conditions (38/24 °C). For the controlled
conditions, relative growth rate, leaf area, electrolyte leakage, chlorophyll a
fluorescence and heat shock proteins were determined. For the greenhouse conditions,
fresh and dry weigh, electrolyte leakage and fruit yield were determined. Our results
confirmed that grafting a pepper cultivar onto appropriate rootstocks such as A6, A25
and A57 can overcome the negative effects of heat stress conditions with a higher
relative growth rate, leaf area and Fv/Fm, and lower electrolyte leakage under the
controlled conditions, and with higher marketable yields under the greenhouse
conditions.

Keywords:

Chlorophyll a fluorescence; electrolyte
leakage; grafting; heat shock proteins;
relative growth rate; thermal stress
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2.2. Introduction

Sweet pepper displays a marked response to heat, the optimal temperature
ranging between 20 ‘C and 30 °C. Above 32 °C, the temperature can cause serious
problems in pollination and fertilization resulting in fruit drop (Erickson and Markhart,
2002; Guo et al., 2014). However, different lines of chilli pepper from C. chacoense, C.
bacatum, C. frutescens to C. annuum have been identified as heat tolerant compared
with some sweet peppers based on its cumulative temperature response index
(Barchenger et al., 2019; Palada and Wu, 2008). Aloni et al. (1994) associated the
susceptibility to high temperature of two C. annuum cultivars (sweet pepper and
paprika) to light intensity and ethylene production. Although, the response to heat
stress is totally dependent to their genetic background (Usman et al., 2014) and needs
to be evaluated for each variety and heat stress conditions.

In mild winter climates with warm springs and hot summers, the cropping
season of sweet pepper crops is actually intended to extend over the 12 months of the
year, normally comprising one of these three cycles: 1) planting in July/August and
crop-ending in February; 2) an extended cycle, from May/June to April/May of the
following year; 3) and a cycle starting in November/December to harvest during June-
July-August. Depending on each cycle, flowering and fruit set normally start two
months after planting and last until the end of the cycle unless during the coldest and
shortest daylength months of the season, at least December and January. During these
cycles but particularly in the extended one, sweet pepper crops, normally in
greenhouses, may have to withstand high temperatures, sometimes above 35 °C, which
negatively impacts growth and yields, as well as pepper fruit quality (Lépez-Marin et
al.,, 2013). This situation can be aggravated by the global warming scenario as
temperatures grow increasingly higher worldwide, particularly in the Mediterranean
Basin (IPCC, 2018), which produces huge quantities of peppers and other vegetables.

Grafting is currently an effective alternative to relatively slow breeding
programmes (Schwarz et al., 2010) to obtain varieties that adapt to abiotic stresses
(Penella et al., 2017; Schwarz et al., 2010). It has been shown that using appropriate
pepper rootstocks is an effective, feasible and sustainable strategy mainly against water
and saline stress (Gisbert-Mullor et al., 2020; Lépez-Marin et al., 2017; Lépez-Serrano
et al., 2017). Nevertheless, very few studies have screened rootstocks for heat stress
with sweet pepper (Aidoo et al., 2017; Lépez-Marin et al., 2013; Palada and Wu, 2008),
and some have pointed out that grafting is a technique capable of reducing the negative
effects of high temperatures on pepper plants.

One of the most sensitive plant cell components is the membrane, and high
temperature increases its fluidity and ion-permeability due to protein denaturation,
accompanied by metabolism inactivation (Ayenan et al., 2019; Hansen et al., 1994). lon
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leakage has been considered a bio-marker to heat tolerance. In different crops, tolerant
plants to high temperatures display less membrane permeability than non-tolerant
plants (Ayenan et al., 2019; Camejo et al., 2006, 2005; De Silva and Asaeda, 2017; Gulen
and Eris, 2004; Hu et al., 2010; Xu et al., 2017). Hence grafting is a good tool to reduce
electrolyte leakage. In fact, tomato grafted onto eggplant has been found to reduce
membrane permeability under prolonged and controlled heat stress conditions
(Abdelmageed and Gruda, 2009).

Heat damage affects not only membranes fluidity, but also chloroplast (and
mitochondria) activities, among other metabolic processes. In fact, photosynthesis is
particularly sensitive to heat stress which induces its decrease. This decline in
photosynthesis is related to an increased fluidity on thylakoid membranes (Biswal et
al., 2011), which disrupts the photochemical reaction in the thylakoid lamellae and also
the carbon metabolism in the stroma (Hu et al., 2020), and as a consequence an
increase in the photorespiration rate occurs (Long et al., 2004). Limited photosynthesis
causes a drop in photoassimilates restricting plant growth and ultimately affecting
yields (Fahad et al., 2017; Taiz and Zeiger, 2015).

In grafted plants, rootstocks can influence the adaptive capacity of scion to
photosynthesis under heat stress (Schwarz et al., 2010; Xu et al., 2018) as
photosynthetic capacity can be dependent on the vitality of roots. Roots from
rootstocks are usually larger and more vigorous, being capable of absorbing water and
nutrients more efficiently than roots of the scion, which could alleviate substantially
photosynthesis inhibition (Colla et al., 2008; Lee et al., 2010; Lopez-Marin et al., 2013).
In addition, the signalling compounds going through root-to-shoot like hormones,
nutrients, genes, transcription factors and miRNA can alter scion perception responses
to heat stress (Li et al., 2014a; Xu et al., 2018). However, how tolerant rootstocks
regulate the photosynthesis processes under heat stress remains unknown (Li et al.,
2016). Different plant combinations (scion/rootstock) have resulted successful in terms
to improve photosynthetic apparatus protection in heat stress situations. Pepper plants
grafted onto some rootstocks showed better maximum quantum yield of PSII, Fv/Fm,
in contrast to ungrafted plans (Lopez-Marin et al., 2013). Cucumber plants grafted onto
Momordica have enhanced chlorophyll content, Fv/Fm and net photosynthesis
compared to self-grafted plants (Tao et al., 2020; Xu et al., 2018). Moreover, grafting
cucumber onto heat-tolerant Luffa rootstock alleviates heat-induced photosynthesis
inhibition and oxidative stress (Li et al., 2016).

Plants activate stress-responsive mechanisms to minimise the harmful effects
of heat stress, such as antioxidant activities, osmoprotection, hormonal signals,
metabolites synthesis or induction of heat shock proteins (HSPs). Different studies have
also demonstrated that heat stress promotes the accumulation of HSPs, and these
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proteins are considered to be master players for inducing tolerance. HSPs act as
molecular chaperones, and are induced under heat conditions to protect cellular
proteins against irreversible heat damage (Barua et al., 2003; Boston et al., 1996; Li et
al., 2014a). HSPs comprise five major families of HSPs based on their approximate
molecular weights, such as HSP100, HSP90, HSP70, HSP60, and small HSP (sHSP) (Gupta
et al., 2010; Kotak et al., 2007; Wang et al., 2004). Some studies have revealed an
increase in HSPs in grafted plants under heat stress. The HSP70 protein has been
significantly induced in cucumber grafted onto Luffa at an earlier stage (12-48 h) of heat
treatment (Li et al.,, 2016, 2014a). Compared with HSP70 and HSP90, sHSPs are
apparently more limited and ATP-independent, they bind to non-native proteins
ranging from peptides to big proteins with high efficiency, preventing irreversible
aggregation of these proteins (Haslbeck et al., 2019). However, there are no studies in
pepper grafted plants about the conservation of HSPs or their effects over time (days)
to confer tolerance in heat stress situations.

For all these reasons, in order to adapt the pepper crop to protected cultivation
systems in the global warming scenario, it seems important to select rootstocks capable
of conferring the pepper scion the ability to face the problems caused by high
temperatures in the hottest part of the season by screening pepper genotypes in these
situations.

Consequently, our work objectives were to evaluate: (i) in controlled conditions
in growth chambers, the physiological mechanisms that occur during heat stress
periods (7 days) in the C. annuum cultivar “Herminio” grafted onto different C. annuum
accessions; (ii) under greenhouse conditions, the heat stress tolerance during long
periods of these grafted pepper plants in terms of marketable yields.
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2.3. Materials and methods

Six Capsicum annuum L. genotypes were used as rootstocks together with the
scion cultivar “Herminio F1” (Syngenta) (Capsicum annuum, Lamuyo type, B2 type of
Pochard (1966) classification) (VA). Accessions, with their country of origin in brackets,
were: A25 (United States), A31 (United States), A34 (Spain), A52 (United States), A57
(Israel), A6 (Mexico). These accessions were selected according to previous testing
experiments under heat stress and control conditions leading to identify both tolerant
and sensitive accessions (unpublished data). All the genotypes employed in the present
study belong to the COMAV Institute collection (Universitat Politecnica de Valéencia,
Valencia, Spain). Two experiments were done to meet the objectives.

2.3.1. Experiment 1: Physiological behaviour of pepper plants under the
control and heat stress conditions of growth chambers
The variety grafted onto the six accessions (VA/A25, VA/A31, VA/ A34, VA/A52,
VA/A57, VA/AB), the ungrafted variety (VA) and self- grafted variety (VA/VA) were
evaluated under heat stress and control conditions.

The seeds of the variety and accessions were sown in 104-cell polystyrene trays
in a fine structure peat substrate (80% white and 20% black, pH 5.7) (Gebr. Brill,
Germany), on 27 December 2018. The graft was performed on 1 February 2019 by the
tube-grafting method (Penella et al., 2014). On 4 March 2019, plants were transferred
to 0.5-litre pots filled with the same peat substrate, and eight plants for each graft
combination were randomly arranged in both growth chambers (control and heat
stress conditions) for 7 days, each individual plant being the experimental unit. The
climatic chambers conditions were 28/24 °C, day/night temperatures and 38/24 °C for
control and heat stress, respectively, with a 16-hour photoperiod of 450450 umol m™2
s”1PPFD (photosynthetic photon flux density).

Plants were fertigated by the ebb and flow method once at the beginning of
the experiment and after that using a capillary mat, with a nutrient solution containing
(in mmol L™1): 6.6 NOs™; 0.5 H,PO,;; 0.5 SO4*~; 0.5 NH,*; 3.0 K*; 1.5 Ca?*, 0.8 Mg?*and
in umol L™ : 15 Fe*, 6 Zn%*, 12 Mn?%, 30 B*, 0.8 Cu®* and 0.5 Mo®. The electrical
conductivity (EC) and pH of this nutrient solution was 0.8 dS m~!and 6.5, respectively.

After 7 days under both climate conditions, relative growth rate, leaf area,
electrolyte leakage, chlorophyll a fluorescence and heat shock proteins were
determined.

The relative growth rate (RGR) was calculated by the following formula:

InW, —InW;

RGR =
At
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where Wiand W.were the total fresh biomass on day 0 (first day in growth chambers)
and day 7, respectively, and At was 7 days. Before carrying out each weight, the
substrate was saturated by submerging the tray in the nutrient solution during 24 hours
and afterwards leaving it to drain for 6 hours to avoid variances between W;and W;in
relation to the weight of the substrate. The RGR was measured for the eight plants of
each genotype combination and thermal conditions.

The leaf area of four plants for each combination and growth chamber was
determined using an area meter (model LI-3100C; Li-Cor, Lincoln, NE, USA).

To determine electrolyte leakage (EL), 18 discs of freshly cut leaves from the
eight plants of each genotype combination and thermal condition were obtained with
a hole-puncher (1.4 cm in diameter) and divided into three groups. The six discs from
each group were placed in 50 mL flasks together with 20 mL of distilled water. The EL
in the solution was calculated from the EC measures taken at 0 h (C;) and after 2 h (C,)
at room temperature with a conductivity meter (Model Seven Easy Mettler Toledo,
Mettler-Toledo AG, Switzerland). Total conductivity (C3) was obtained after keeping
flasks frozen (-40 °C) for 24 h. The results were expressed as a percentage of total
conductivity.

G- G
C3_Cl

EL(%) = -100

Chlorophyll a fluorescence analyses were done to evaluate the damage degree
of the PSII reactions. The maximum quantum yield of PSII (Fv/Fm; where Fv = Fm — Fo)
was measured on leaves after 30-minute dark adaptation with a portable pulse
amplitude modulation fluorometer (PAM-2100; Walz, Effeltrich, Germany). The
minimum fluorescence signal for the dark-adapted leaves (Fo) was determined with a

0.5 umol photon m™2?s™ ! measuring light at a frequency of 600 Hz. The application of a

saturating flash of 10.000 umol photon m~2s™ ! enabled maximum fluorescence (Fm)
estimations to be made. Chlorophyll fluorescence parameters were measured for the

eight plants of each genotype combination and thermal condition.

To measure HSP, frozen leaf samples (after 7 days in climatic chambers) were
previously grounded with liquid nitrogen in a mortar until a fine powder formed. Total
RNA was extracted from 100 mg of sample with the Rneasy Plant Mini Kit (Qiagen, USA)
and was treated with the Rnase-Free Dnase Set (Qiagen, USA) to remove the remaining
genomic DNA, following the manufacturer’s instructions. RNA concentration and purity
were measured by a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, USA)
and the samples showing a proper concentration and suitable A260/A280 and
A260/A230 absorption ratios were used. All the RNA samples were diluted to the same
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concentration before reverse transcription, in which cDNA was generated using the
PrimeScript™ Reagent Kit (Perfect Real Time) (Takara, Japan).

Three primer pairs for the (HSP) genes were selected for quantitative real-time
PCR (qRT-PCR) (Table 1): ubiquitin binding protein gene (CaUBI-3) as well as
glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH), which were used as the
reference genes (Bin et al., 2012; Wan et al., 2011). The qRT-PCR was performed by the
StepOne-Plus Real-Time PCR System (Applied Biosystems, USA) and SYBR® Premix Ex
Tag™ Il (Takara, Japan). Expression levels were calculated by the relative standard
curve procedure using three independent biological replicates which were, in turn,
technically replicated 3 times. These values were normalised with the geometric mean
of the two reference genes and standardized in relation to the variety values under the
control conditions. HSPs were measured in three plants for each genotype combination
and thermal condition.

Table 1. The primer sequences of the target HSP genes.

Gene name Gene ID Primer sequence References

CaHsp70-13  CA00g89640 5" ACTTTCTACCTCAGGCGACA 3’ (F) Guo et al. (2016)
5" CATAACTCTTCAAACTTGGCTC 3’ (R)

CaHsp3-Q CA03g21390 5’ CTCGATGTCTCCCCTTTCGG 3’ (F) Li et al. (2015)

5’ TGATGCCCTGTTCCTTCCTG 3’ (R)
CaHsp22.7 CA06g20260 5" AATGTTTCCACAAGAGGCTGATCC 3’ (F)  Self- designed
5’ CCTCCGTCTTCATCCCTGGTAT 3’ (R)

F: Forward Primer; R: Reverse Primer.

2.3.2. Experiment 2: Agronomic evaluation of the pepper grafted plants
under heat stress conditions in a greenhouse
The scion (cv. “Herminio”) grafted onto the six accessions (VA/A25, VA/A31,
VA/A34, VA/A52, VA/A57, VA/AB), the ungrafted variety (VA) and the self-grafted
variety (VA/VA) were evaluated under greenhouse conditions in soilless cultivation.

On 16 February 2019, the seeds of the cultivar and accessions were sown in
104-cell polystyrene trays in a fine structure peat substrate (80% white and 20% black,
pH 5.7) (Gebr. Brill, Germany). The graft was performed on 27 March 2019. On 15 April
2019, plants were transplanted in 6-litre pots, in a medium structure peat substrate
(100% white, pH 5.7) (Gebr. Brill, Germany), and placed in a Venlo-type glasshouse at a
density of 2.5 plants m™2. Pots were drip-irrigated, using anti-drain Netafim® drippers
of 4 L h™%, with a nutrient solution containing (in mmol L™1): 14.0 NO;s™; 1.5 H,P0;~; 2.4
S042°; 0.5 HCOs5™; 1.6 CI; 1.2 NH4*; 6.0 K*; 5.0 Ca?*, 2.5 Mg?*; 0.2 Na*, and in umol L™
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15 Fe®', 6 Zn?*, 12 Mn?%, 30 B**, 0.8 Cu?* and 0.5 Mo®". The EC and pH of this nutrient
solution were 2.2 dS m™ ! and 6.5, respectively. The volume of the solution was
controlled by the number of irrigations, which varied according to accumulated
radiation. In addition, an attempt was made to maintain drainage between 15% and
20% of the total irrigation volume.

The heat stress conditions (day/night set point temperatures of 38/ 24 °C)
began on 25 May 2019, 40 days after planting, when flower buds were observed in the
second node. The set fruits in the first node, if any, were removed. The temperature,
relative humidity and accumulate radiation values were recorded during the
experiment using S8TH sensor (Oratge Instruments®, Valencia, Spain) with data logger
MSIP801 (BSG Ingenieros, Valencia, Spain) and are presented in Fig. 1.
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Fig. 1. Temperature (°C), relative humidity (%) and accumulated radiation (Wh m~?2) values inside the
greenhouse.
The layout took a completely randomised design, based on our previous
experience in this greenhouse, with three replications for each genotype combination

and 10 plants per replication.

Fresh weight per plant was measured weighing leaves and stems which were
later exposed to dry heat at 70 °C for 72h in a laboratory oven to measure dry weight.

EL was measured as it is described in the Experiment 1 (2.1. section).
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Harvests were staggered between the end of June and the end of July and
consisted in one harvest per week, matching five harvest rounds. Marketable and non-
marketable production were evaluated following the criteria described by European
Regulations (Official Journal of the European Union, 2011). First, fruits were partitioned
into two categories: «Extra» Class and Class | (together hereafter they are referred to
as marketable yield; MY). The fruit which, due to their defects (Blossom End Rot (BER),
cracking, sunscald) did not reach these categories, are referred to as non-marketable
yield (NMY). Then, fruit yield was measured as the weight of the fruits per plant
(g/plant), number of fruits per plant and average marketable fruit weight (g/fruit) for
all the plants of each genotype combination and replication.

2.3.3. Statistical analysis of data

For both experiments, the results for the different parameters were evaluated
by an analysis of variance (ANOVA) using the Statgraphics Centurion XVII software
(Statistical Graphics Corporation 2014). The RGR and EL data were arcsin-transformed
before the analysis. Means were compared by the Fisher’s least significance difference
(LSD test) at P < 0.05. Stepwise multiple regression analysis for RGR as dependent
variable and Fo, Fm, Fv/Fm, leaf area and EL as independent variables was performed
as well as correlation analyses in Experiment 1 between the abovementioned
parameters using the previously cited Statgraphics software.
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2.4. Results

2.4.1. Experiment 1: Physiological behaviour of pepper plants under the
control and heat stress conditions in growth chambers
2.4.1.1. Relative growth rate
The RGR was, on average for the genotypes, lower under heat stress, with a
28.1% reduction compared to the plants under the control conditions (P < 0.01; Table
2).

The interaction between the thermal conditions (TC) and genotypes (G) was
also statistically significant (P < 0.01; Table 2). The RGR of VA, VA/VA, VA/A31, VA/A34
and VA/A52 was negatively affected by heat stress, whereas the VA/A25, VA/A57 and
VA/A6 combinations were not affected by stressing temperatures (Fig. 2A). The RGR of
the ungrafted cultivar (VA) under the control conditions was much higher than those
of the grafted plants, but sharply dropped under stress conditions (Fig. 2A). The RGR of
the self-grafted cultivar (VA/VA) under stress was less affected than that of VA, but was
also negatively affected by stress. Furthermore, the RGR of VA/A25 and VA/A6 was
higher than that of VA under stress, but similar to the VA/VA plants under heat stress.

2.4.1.2. Leaf area

Similarly to the RGR, the leaf area was higher on average in all the plants under
the control conditions, with a 34.5% increase in relation to the plants under stress (P <
0.01; Table 2).

The interaction between the TC and G was also statistically significant, but
explained very little about variation (P < 0.05; Table 2). The reduction in leaf area in the
ungrafted variety (VA) under the stress conditions (46% in relation to its control) was
much higher than in the grafted plants, which were 23% on average, including the self-
grafted (VA/VA) one. Under the heat conditions, all the grafted combinations
underwent significant reduction in the leaf area compared to their controls (Fig. 2B).
The leaf area of the VA/A25 combination under heat stress was statistically higher than
those of VA and VA/VA (Fig. 2B).
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Table 2. Analysis of variance (ANOVA) of parameters relative growth rate (RGR), leaf area, electrolyte
leakage (EL), Fv/Fm, Fo and Fm. % of the Sum of Squares for the factor thermal condition (TC) and genotype
(G) as well as their interaction (TC*G).

ANOVA (df) % Sum of Squares

RGR Leaf area EL Fv/Fm Fo Fm
TC (1) 33.1 ** 51.6 ** 19.8 ** 23.2  ** 7.5 ok 3.6 *
G (7) 11.6 ** 21.1 ** 55.5 ** 12.1  ** 6.3 ns. 21.1 **
TC*G (7) 14.7 ** 6.7 * 12.3  ** 8.2 * 4.6 ns. 124 **
Residuals 40.6 20.6 12.4 56.5 81.7 62.9
Residuals df 112 45 32 112 112 112
Standard Dev. ) 1.19 11.5 0.99 0.05 58.2 133

* *¥* indicates significant differences at P < 0.05 and P < 0.01, respectively. n.s. denotes no significant
differences. ) Calculated as the square root of the residual mean square. df: degrees of freedom.

2.4.1.3. Electrolyte leakage

The EL value was higher under heat stress, with an 18.4% increase compared
to the plants under the control conditions (P < 0.01; Table 2).

The interaction between the TC and genotypes G was statistically significant (P
< 0.01; Table 2). The EL of the plants of the ungrafted cultivar (VA) under the stress
conditions was much higher than for the other combinations (Fig. 2C). Compared to VA,
the EL in the self-grafted cultivar (VA/VA) was 28.5% lower under the stress conditions
and 17.7% lower under the control conditions.

Of all the studied combinations, VA/A25, VA/A31, VA/A57 and VA/ A6 showed
no significant differences in EL between the stress and control conditions. Moreover,
the ELin VA/A57 and VA/A25 lowered compared to VA/VA under stress, and was similar
under the control conditions. The EL in VA/A57 under the heat stress conditions was
less than in the VA grafted onto the other rootstocks, except for VA/A25 (Fig. 2C).
Finally, VA/A31 and VA/A34 had a higher EL than VA/VA under both conditions (Fig.
20).
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Fig. 2. Relative growth rate (RGR) (A), leaf area (B) and electrolyte leakage (EL) (C) in pepper genotypes
under heat stress and the control conditions. Different letters indicate significant differences at P < 0.05
(Fisher's LSD test). Data are the mean of eight replicates for the RGR, four replicates for leaf area and three
replicates for EL. Error bars represent standard error.
2.4.1.4. Chlorophyll a fluorescence

The maximum quantum yield of chlorophyll a fluorescence (Fv/Fm) was
significantly lower in all the combinations subjected to heat stress, with an 8%
reduction on average compared to those of the control conditions (P < 0.01; Table 2).

The interaction between the TC and G was also statistically significant (P <0.05;
Table 2). It is highlighted that the Fv/Fm under the control conditions was similar for all
the G, but significant differences appeared under heat stress, where VA was much
lower under stress conditions than in the other genotypes, except for VA/A34 and
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VA/AG (Fig. 3A). Significant differences between the control and stress conditions also
appeared. The Fv/Fm in the VA and VA/VA, VA/A6, VA/A34 and VA/A31 combinations
were significantly higher in the control than under stress, whereas no significant
differences were observed in VA/ A25, VA/A52 and VA/A57 among thermal conditions
(Fig. 3A). In the self-grafted cultivar (VA/VA), Fv/Fm was 10.4% higher in stress
compared to the ungrafted VA.

The minimum chlorophyll fluorescence (Fo) was, on average, lower in all the G
under the control conditions, with a 12% reduction compared to the plants under the
heat stress conditions (P < 0.01; Table 2). The interaction between the TC and G was
not statistically significant (Fig. 3B)

The maximum chlorophyll fluorescence (Fm) was lower in all the plants
subjected to heat stress, with a reduction of 6.1% on average compared to the plants
under the control conditions (P < 0.05; Table 2). The interaction between the TC and G
was also statistically significant (P < 0.01; Table 2). In VA/A6, Fm was significantly lower
under stress than under the control conditions, whereas the contrary took place in VA/
A57, which was higher under stress than under its control. With the other
combinations, Fm was not significantly different between both the stress and control
conditions (Fig. 3C).

42



Capitulo 2. Suitable rootstocks can alleviate the effects of heat stress on pepper plants

0.9

A —= Control
mmmm Heat stress

0.8 1 P 4
abe a 2 ab ab abc abe ab abed
abed cde bede

0.7 | of ef

Fv/Fm

0.6 1

0.5

VA/A25 VA/A3I] VA/A34 VA/AS2 VA/A5T VA/A6 VA/VA VA

400

300 A

Fo

200 A

100

VA/A25 VA/A3] VA/A34 VA/AS52 VA/AST VA/A6 VA/VA VA

1500

1250 -

b

3 & abcde
cdefg defg T efg

abed
i o8

ab
g bedef bedef
1000 bedefg cdefy bedefg

gh

Fm

750 4

500 -

250

VA/A25 VA/A31 VA/A34 VA/AS52 VA/A57 VA/A6 VA/VA VA

Fig. 3. Fv/Fm (A), Fo (B) and Fm (C) chlorophyll fluorescence parameters in pepper genotypes under heat
stress and the control conditions. Different letters indicate significant differences at P < 0.05 (Fisher’s LSD
test). Data are the mean of eight replicates. Error bars represent standard error.
2.4.1.5. Heat Shock Proteins

To analyze whether HSPs contributed to the rootstock-induced thermo-
tolerance of pepper plants, we compared the responses of two sHSP (HSP25.8 and
HSP22.7) and one HSP70 (70-13) to heat stress between plant combinations. The qRT-
PCR analysis indicated that the increased abundance of the transcripts of three HSP
caused by heat stress was greater than under the control conditions after 7 days in
climatic chambers for both grafted and ungrafted plants (Table 3).
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Table 3 Analysis of variance (ANOVA) of the expression levels for HSP70-13, HSP25.8 and HSP22.7. % of
the Sum of Squares for the factor thermal condition (TC) and genotype (G) as well as their interaction
(TC*G).

ANOVA (df) % Sum of Squares

HSP70-13 HSP25.8 HSP22.7
TC (1) 386 > 167 ** 316 *
G(7) 42.6 ¥ 412 ** 279 *x
TC*G (7) 7.7 * 41.0 #9281 *x
Residuals (32) 11.1 1.1 12.3
Standard Dev. *) 0.67 0.36 0.44

* ** indicates significant differences at P < 0.05 and P < 0.01, respectively. n.s. denotes no significant
differences. *) Calculated as the square root of the residual mean square. df: degrees of freedom.

The interaction between the TC and G was statistically significant for the three
analysed HSPs, with P < 0.05 for HSP70-13 and P < 0.01 for sHSPs (Table 3).

The expression levels in HSP70 (70-13) were lower than the values obtained in
sHSP (Fig. 4A). Under heat stress, the highest values went to VA, VA/VA and VA/A®6.
Under the control conditions, the values for the grafted plants were lower than in VA
and with significant differences.

The levels in HSP25.8 and HSP22.7 were higher in VA/A25, followed by VA/A31
and VA/A34 (Fig. 4B, C) for both sHSPs.

2.4.1.6. Multiple regression analysis

A stepwise multiple regression analysis was performed to predict RGR from the
variables Fo, Fm, Fv/Fm, Leaf area and EL. The variables Fm, Leaf area and EL,
statistically significantly predicted RGR, with an F (3, 95) = 9.24, p < 0.0001, and R%.
0.43, according to the model: RGR = 0,000646957 + 0.0000129391*Fm +
0.00003678*Leaf area —0.116089*EL.

2.4.2. Experiment 2: Agronomic evaluation of pepper grafted plants
under the heat stress conditions in greenhouses
In the greenhouse experiment, we compared the ungrafted variety and the
self-grafted to the variety grafted onto all the studied accessions under the heat stress
conditions. Fresh weight of aerial part didn’t show significant differences between
genotypes, however dry weight and EL showed differences between genotypes with P
< 0.05 and P £ 0.01, respectively (Table 4). DW was lower in VA/A6 compared to the
other genotypes. For EL, highest values belong to VA and VA/VA, followed by VA/A25
and VA/A34, being the lowest values from VA/A52, VA/A6, VA/A57 and VA/A31.
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Fig. 4. Relative expression for CaHsp70-13 (A), CaHsp25.8 (B) and CaHsp22.7 (C) in pepper genotypes under
heat stress and the control conditions. Different letters indicate significant differences at P < 0.05 (Fisher’s
LSD test). Data are the mean of three replicates. Error bars represent standard error.

The marketable fruit number per plant of combinations VA/A57 and VA/A6
were higher than those of the cultivar (VA), the self-grafted cultivar (VA/VA) and the
other combinations (P < 0.01; Fig. 5A). The MY of VA/A57 was significantly higher than
those of VA and VA/VA (Fig. 5B). The MYs of VA/A25 and VA/A6 were also high, but not
significantly different from that of VA/A57, but were also significantly different to those
of VA and VA/VA.

45



Capitulo 2. Suitable rootstocks can alleviate the effects of heat stress on pepper plants

No significant differences between the different grafted genotypes and the
ungrafted cultivar were observed for the number of non- marketable fruits per plant,
non-marketable yield and average marketable fruit weight (P < 0.05; Fig. 5C, D, E).

Table 4 Analysis of variance (ANOVA) for fresh weight (FW), dry weight (DW) and electrolyte leakage (EL)
from greenhouse experiment expressed as mean values by Genotype (G) and % of the sum of squares.
Different letters in each column indicate significant differences at P < 0.05 using the LSD test.

Genotype (G) FW DW EL

(g plant™) (g plant™) (%)
VA/A25 919 1935 a 8.89 bc
VA/A31 1184 166.2 a 7.00 C
VA/A34 1235 185.8 a 8.16 bc
VA/A52 944 177.1 a 7.62 C
VA/A57 988 167.4 a 7.10 C
VA/A6 985 121.4 b 7.11 c
VA/VA 1390 178.0 a 10.66 ab
VA 1261 202.5 a 11.72 a
ANOVA (df) % Sum of Squares
G (7) 64.07 80.88 * 50.89 ok
Residuals 35.93 19.12 49.13
Standard Dev. (+) 174 15.8 1.89

* and ** indicate significant differences at P < 0.05 or P < 0.01 respectively, using the LSD test. (+)
Calculated as the square root of the residual sum of squares. df degrees of freedom.
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Fig. 5. Number of marketable fruits per plant (A), marketable yield (g/plant) (B), number of non-marketable
fruits per plant (C) and non-marketable yield (g/plant) (D) and average marketable fruit weight (g/fruit) (E)
in pepper genotypes under heat stress conditions. Different letters indicate significant differences at P <
0.05 (LSD test). Data are the mean of three replicates. Error bars represent standard error.
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2.5. Discussion

It is well-known that heat stress causes deleterious effects on growth.
Temperature levels above 35 ‘C have been found to limit Solanaceae cultivation
(Schwarz et al., 2010). These high temperatures as either heat shock or prolonged high
temperatures dramatically affect growth, although studies of physiological responses
to prolonged warming are rare (Wang et al., 2020).

In our experiments, we analysed the effect of high temperatures (38 °C, 10 °C
above the control) for 7 days, which are usual conditions in the Mediterranean Region
or hot climates in greenhouse crops (Lopez-Marin et al., 2013) to simulate a heat wave.
Our results showed both the negative effect of high temperatures on pepper plants and
the possibility of tolerating heat stress using appropriate rootstocks.

One of the most important effects of high temperature on pepper crops from the
economic-agronomy point of view is reduced growth and yields. The present study
found that the highest RGR in pepper plant seedlings was observed in the genotypes
grown under the control conditions, and the RGR was dependent on the accessions
used as a rootstock. The pepper cultivar grafted onto accessions A25, A57 and A6
maintained plant growth, with no significant differences between heat stress and the
control treatment. However, the cultivar grafted onto accessions A31, A34, A52, as well
as the self-grafted cultivar and the cultivar itself, displayed reduced growth. These
results suggest that RGR is dependent on the adaptability of roots to aerial
temperature. Similar effects have been made by Rivero et al. (2003), who also observed
that the dry weight of tomato plants grown at 35 “C lowered more in non-grafted plants
than grafted plants. Li et al. (2014b) observed better shoot growth in cucumber grafted
onto tolerant luffa at 36 °C than in ungrafted cucumber. However, in our experiments,
the conservation into RGRs in VA/A25, VA/A57 and VA/A6 at high temperature was
unable to preserve the leaf area. We observed reduced leaf areas in all the plant
combinations under high temperature. This result could indicate that these grafted
plants increased leaf thickness that acted as an adjustment strategy to acclimate at high
temperature (Shu et al., 2016; Wahid et al., 2007) and to sustain the RGR.

The reduction in the RGR by high temperature is related to physiological and
metabolic changes in plant cells. One of the most sensitive physiological alterations to
heat stress is increased membrane fluidity due to protein denaturation and increased
levels of unsaturated fatty acids with effects on plasma membrane stability (Hu et al.,
2020; Wang et al., 2019). The amount of EL associated with membrane thermostability
has been successfully employed to evaluate heat stress in several crops (Nadeem et al.,
2018), including pepper (Wang et al.,, 2019), where heat-sensitive genotypes
underwent greater membrane injury than heat-tolerant ones (Li et al., 2015). Some
studies found low EL in tomato-grafted plants under heat stress conditions compared
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to ungrafted plants (Abdelhafeez et al., 1975; Abdelmageed and Gruda, 2009). Our
study at growth chambers observed no significant differences in EL between the plants
under heat stress and the control in the VA/A25, VA/A57, VA/A6 and VA/A31
combinations. What is more, under the stress conditions the EL values in VA/A25 and
VA/A57 were lower than in the VA and VA/VA ones. This agrees with the RGR values of
VA/A25 and VA/A57. Similar results were obtained in greenhouse conditions, where EL
values were higher for VA and VA/VA.

The diminished membrane stability under heat stress could lead to increased
thylakoid membrane fluidity (Prasad et al., 2008). Photosynthesis is one of the most
sensitive processes to abiotic stresses via alterations to the photosynthetic apparatus
(Zhou et al., 2015), and photosystem Il (PSIl) is regarded a sensitive and heat-labile
component (Cajanek et al., 1998; Mathur et al., 2011). In our experiments, Fv/Fm under
heat stress was lower than for the control conditions, which demonstrates that heat
stress affects Fv/Fm. This ratio lowered in combinations VA/A31, VA/A34, VA/A6,
VA/VA and VA under heat stress compared to their controls. A downfall of Fv/Fm may
be the result of a drop in the rate constant of PSII that leads to a rise in Fo, whereas an
increase in non-radiative energy dissipation leads to Fo and Fm to lower (Guidi et al.,
2019; Kitajima and Butler, 1975). Fo remained unchanged in all the treatments and
plant combinations, which indicates that heat stress did not induce modifications either
at the antenna pigment level or in the excitation trapping efficiency at the active
centres of PSII (Calatayud and Barreno, 2001). Fm behaviour was more erratic and
dependent on plant combinations. Fm showed significant differences between heat
stress and the control in VA/A6 and VA/A57, of which the last one showed an increased
Fm vs. its control which could be due to an enhanced electron transport rate as Fv/Fm
was unmodified.

The Fv/Fm ratio has been used as an early indicator of heat stress (Poudyal et
al., 2018; Tsai et al., 2019; Zhou et al., 2015) and it allowed screening plants to heat
stress by validating a negative correlation between high Fv/Fm values and the heat
injury index in fruit set or the RGR (Poudyal et al., 2018). These results could indicate
that Fv/Fm under our heat stress conditions could not be used as an earlier indicator
of heat stress because the drop in Fv/Fm observed in some plant combinations could
be due to a non-photochemical increase (Calatayud and Barreno, 2001; Wang et al.,
2020) and it was not possible to separate heat damage from dynamic photoinhibition
to preserve PSII.

In order to determine which physiological index contributed most to RGR under
heat stress in growth chambers the regression analysis was analysed. EL is the
physiological index that most contributed to explain the RGR variation. In fact, the most

49



Capitulo 2. Suitable rootstocks can alleviate the effects of heat stress on pepper plants

sensitive component under heat stress is the plasma membrane and it is the primary
sites of injury driving to increase in EL (Wise et al., 2004).

Protein biosynthesis motivates plant growth and development as an essential biological
process (Hu et al., 2020; Li et al., 2018; Shalgi et al., 2013). HSPs have evolved in plants
as chaperon proteins to prevent protein denaturation and aggregation, and represent
an essential role played under heat stress (Barua et al., 2003; Hu et al., 2020). It is well
established that plant exposure to heat shock increases HSP accumulation, but very few
studies have examined HSP accumulation over many consecutive days (Wang et al.,
2020), which often occurs during heat waves under natural conditions. In this study, we
analysed the relative expression of HSP70 and two small HSPs, sHSP25.8 and sHSP22.7,
in grafted and ungrafted pepper plants under the control and high temperature for 7
days. The expression of the three HSPs was higher under heat stress compared to the
control conditions. These results indicate that high temperature up-regulates the
expression of HSPs, which agrees with Li et al. (2014b) for cucumber grafted plants and
Wang et al. (2020) for Arabidopsis. However, relative HSP expression levels differ
depending on HSPs and plants combinations. Our results showed that HSP70
expression increased significantly in relation to the control in all the plants, except for
VA/A34 and VA/A52. Higher HSP70 expression has been detected in leaves of cucumber
grafted onto luffa after 12 h, 36 h or 25 days (Li et al., 2016, 2014a, 2014b) at high
temperature, but not in roots (rootstock) as HSP70 was not present in the xylem (Li et
al. 2014a). The leaves of our VA plant displayed the highest HSP70 expression. This
indicates that aerial parts induced HSP70 synthesis but it can’t be discarded that stress
signal comes from root to shoot (Li et al., 2014a) that can modulate the response of
HSP70 synthesis in leaves similarly to the grafted plants with a low HSP70 expression.
However, different heat temperature acclimation may induce distinct heat response
pathways or other HSP70 or HPSs can act in heat response after 7 days.

We observed differential expression behaviour between sHSPs and HSP70. The
sHSPs expression levels were higher than in HSP70 and were up-regulated by heat
stress in all the plants. The accumulation of sHSPs was greater in VA/A25, and also in
VA/A31 and VA/A34, but VA/ A6 only showed significant differences in sHSP25.8
comparing heat stress and control conditions. Unlike HSP70, no expression was
observed in sHSPs in VA or VA/VA at high temperature, which indicates different plant
combinations affect the expression of sHSPs that can be modulated by rootstocks with
varying degrees of sHSPs synthesis. To date, as we are unaware of any research studies
on sHSPs in pepper grafted plants, we herein present the first evidence that sHSPs were
up-regulated by 7 day heat stress period.

In fact, the accumulation of HSPs and sHSPs plays a key role in both the heat
stress response and acquired thermo-tolerance in plants (Wang et al., 2020; Zhou et al.,
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2011). Nevertheless, the mechanism by which the protective effects of HSPs on plant
cells can be achieved is attributed to the chaperone machinery network, in which
different HSPs/chaperones act cooperatively in connection with other signal and
metabolic processes (Wang et al., 2004). Furthermore, distinct heat response pathways
for thermo-tolerance or thermo-acclimation can be induced depending on the applied
heat regime. Nevertheless, after the analysis of HSPs, as we were unable to distinguish
if rootstocks’ different degrees of tolerance correlated positively with fruit yield or the
RGR, additional studies will be necessary to understand the complex network of HSPs.

Regarding the results obtained in experiment 2, the low yields were the result
of both the severe heat stress suffered by plants and stressing temperatures, which
reached 40 °C and strongly affected the flowering and fruit set processes (Erickson and
Markhart, 2002; Yamazaki and Hosokawa, 2019), as well as the employed short crop
cycle. However, the obtained low yields confirmed the observations made in the
controlled experiment, where we observed that some rootstocks, A6, A25, and
particularly A57, could better tolerate heat stress than the cultivar itself or the self-
grafted cultivar according to the measured physiological parameters.

Apart from all these observations, it is interesting to point out that Penella et
al. (2016) and Lépez-Serrano et al. (2019) observed how the A25 accession used as a
rootstock displayed higher photosynthesis and biomass than the ungrafted cultivar
under saline or water stress. In the present study, we confirmed that the VA/A25
combination had higher RGR, leaf area and Fv/Fm values and lower EL than the
ungrafted cultivar under the heat stress conditions. These results may indicate that,
despite heat stress affecting aerial plant parts more, heat stress tolerance may be
mediated by radical plant parts. Nevertheless, more studies are needed to confirm this
hypothesis.
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2.6. Conclusions

By way of conclusion, we observed how some genotypes can confer a certain
degree of heat stress tolerance when used as rootstocks for a pepper cultivar by
maintaining EL, which finally maintained the Fv/Fm ratio and resulted in a higher RGR
and bigger fruit yields compared to the ungrafted cultivar. Accession A57 performed
the best of all those we tested, and clearly its advantages are due to its genetic
performance and not to a significant effect of the graft itself.
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3.1. Abstract

Anincrease in high temperature causes major losses in pepper yields, especially
in greenhouses when extending the cropping season to late spring or summer in mild
climate areas. Grafting has been identified as a possible tool to cope with this abiotic
stress. The objective of this study was to analyze the heat stress impact on a sweet
pepper variety grafted onto rootstocks with diverse heat stress tolerances to evaluate
high-temperature effects on the leaf metabolism, pollen traits and fruit set. To do so,
under two greenhouses conditions (28/22°C and 38/22°C for control and heat stress,
respectively), we compared the variety grafted onto two rootstocks (VA/A57 and
VA/A55, tolerant and nontolerant, respectively), and used varieties ungrafted (VA) and
self-grafted (VA/VA) as controls. VA/A57 obtained the lowest electrolyte leakage, non-
disturbed chlorophyll and carotenoids concentration values, increased ascorbic acid
and phenols concentrations, and no hydrogen peroxide accumulation. These findings
indicate better predisposition to overcome heat stress than other plant combinations.
Such physiological responses in leaves conferred by the tolerant rootstock coincided
with the highest proline concentration in anthers, and better pollen germination and
fruit set compared to the other graft combinations. We conclude that grafting peppers
onto a heat stress-tolerant rootstock, such as A57, could overcome negative high-
temperature effects better than an ungrafted variety. Moreover, the better
physiological performance noted in vegetative parts conferred by a heat stress-tolerant
rootstock would also lead to better performance in the reproductive development
phase. All this indicates that using tolerant rootstocks in pepper could be an interesting
method to alleviate heat stress effects on this crop.

Keywords:
Capsicum annuum; graft; pollen; high
temperature; antioxidants
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3.2. Introduction

High temperatures that affect crops are relatively frequent in protected
cultivation, particularly in warm regions, when extending the cropping season to late
spring or summer. This situation could be aggravated in the near future as a
consequence of climate change because the average temperature is expected to rise in
different regions, especially on the Mediterranean coast (IPCC, 2018). This area
produces vast quantities of vegetables, particularly sweet pepper (MAPA, 2021), an
economically important crop in protected cultivation that is sensitive to heat stress
(HS). In such a scenario, it has been observed that temperatures above 32°C can cause
serious problems for sweet pepper plants because they affect plant metabolism,
growth, pollination and fertilization (Erickson and Markhart, 2002). The translocation
of photosynthesis assimilates to developing flowers depends on the leaf metabolism,
which is also affected by HS. High-temperature stress affects crop yield as a
consequence of a series of complex morphological, physiological, biochemical and
molecular changes (Wang et al., 2003), which range from diminished photosynthesis
activity, a higher respiration rate, oxidative damage, effects on ion uptake-movement,
membrane fluidity and ion leakage, to stunted growth and cell death (Wahid et al.,
2007). All these effects end up causing significant crop productivity losses in many
species (Lobell and Gourdji, 2012; Zhao et al., 2017).

These limiting temperatures are normally exceeded in the situations described
above. They coincide with the flowering phase and, thus, affect fruit set (Yamazaki and
Hosokawa, 2019) and fruit drop and, consequently, fruit yield and quality (Lépez-
Marin et al., 2013).

Reduced fruit set is caused partly by damage to gametophytes, which results
for the male gametophytes in poor pollen viability, decreased pollen germination,
limited pollen tube growth and reduced stigma receptivity, and for the female
gametophytes in reduced fertilization and ovule viability, limited embryogenesis and
increased ovule abortion (Nadeem et al., 2018).

Pollen plays a crucial function in the fruit set and is considered more HS-
sensitive than both vegetative tissues and the female gametophyte
in Solanaceae species (Reddy and Kakani, 2007). This sensitivity to HS varies during
pollen development, and is more sensitive in early development stages (anther wall
development, microsporogenesis and microgametogenesis) (Raja et al., 2019). Pollen
viability as a key trait for detecting HS-tolerance has been studied in many crops, such
as cotton (Kakani et al., 2005), wheat and rice (Mesihovic et al., 2016) and tomato
(Ayenanetal.,, 2019), and also in Capsicum species (Reddyand Kakani, 2007;
Yamazaki and Hosokawa, 2019). Erickson and Markhart (2002) concluded that HS
affects the pollen grains development in bell peppers during the final tetrad formation
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period to tetrad dissolution, and results in poorer pollen viability. This reduction
effectively reduces fruit set and fruit size.

Metabolic studies into anthers and pollen have shown that a higher level of
specific metabolites, such as flavonols, proline and polyamines, are associated to
increased pollen viability (Falasca et al., 2010; Mattioli et al., 2012; Shan et al., 2020)
due to their antioxidant capacity which, thus, protects them from the ROS generation
caused by high temperatures (Xie et al., 2022). In particular, proline has been directly
correlated to HS-tolerance, and is also the most abundant amino acid in anthers and
pollen (Santiago and Sharkey, 2019). Accumulated proline is considered a key factor for
pollen viability because it is used as an energy source to enhance pollen tube growth
after germination (Biancucci et al., 2015). In general, proline levels in pollen decline
with exposure to high-temperature stress, which is the case of tomato (Din et al., 2015)
and rice (Tangetal., 2008). In hot pepper, Fang et al. (2016) proved that proline
content was higher in fertile anthers compared to sterile ones. However as far as we
know, there are no references to the behavior of proline pollen levels under HS in sweet

pepper.

In the same way, carbohydrates are necessary for pollen development and
germination, like osmoprotection and source of energy. The main soluble sugars in
mature pollen are fructose, glucose, sucrose and starch (Paupiére et al., 2014), and
simple sugars are used for pollen grain development (Pacini, 1996). In pepper, pollen
sugar metabolism is affected by suprathermal stress, mainly because diminished
invertase activity increases sucrose and starch concentrations (Aloni et al., 2001). In
tomato plants under HS, Firon et al. (2006) report that the ability of mature pollen
grains of heat-tolerant cultivars to accumulate sugars was greater than in non tolerant
cultivars, which affects the number of fruit per plant and seeds per fruit.

Other biocompounds, such as hormonal network, polyamines, lipids or other
metabolic compounds, play a role in different aspects toward successful reproductive
processes and can be modified under HS with negative responses for fruit set
(Madhavi Reddy et al., 2016; Paupiére et al., 2014).

Consequently, plant survival under HS depends on the plant's ability to perceive
the temperature stimulus and to generate the appropriate response to cope with this
stress by means of appropriate morphological, biochemical and signaling changes
(Madhavi Reddy et al., 2016). Grafting is a special method of adapting plants to tolerate
environmental stress (Schwarzetal.,, 2010). The grafting technique has been
successfully used so that horticultural crops can cope with different abiotic stresses
(Schwarz et al., 2010). However, there are very few studies on the use of rootstocks to
cope with high temperatures in pepper (Aidooetal., 2017; Lopez-Marin et al.,

64



Capitulo 3. Rootsck-mediated physiological and fruit set responses in pepper under heat stress

2013; Palada and Wu, 2008), and none of these have studied the effects of using
rootstocks on leaf physiology and fruit set under high-temperature conditions in detail.

Some pepper accessions have been recently identified as heat-tolerant in a
study carried out by our work team (Gisbert-Mullor et al.,, 2021). Under climate
chamber conditions, we observed how some accessions were able to confer a certain
degree of tolerance to HS when using them as rootstocks and maintaining membrane
permeability, which ultimately maintained the chlorophyll fluorescence parameter
Fv/Fm ratio and resulted in a higher relative growth rate. We also found higher fruit
yields in these grafted plants compared to the ungrafted cultivar under greenhouse
conditions, which was related to the number of harvested fruits. However, we did not
clearly identify the causes of fruit set degree, particularly if rootstocks were able to
affect some aspects related to this important yield component (Gisbert-Mullor et al.,
2021).

Consequently, the objective of this work was to study the effect of high
temperature on fruit set in pepper and how it can be improved by using tolerant
rootstocks. For this proposal, we analyzed the HS impact on a sweet pepper variety
grafted onto rootstocks with diverse HS tolerances to evaluate whether: a) the leaf
metabolism in different grafted plant combinations has a differential response to heat
stress; b) these responses can be involved in fruit set.
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3.3. Materials and methods

3.3.1. Plant material and growth conditions

The pepper variety 'Herminio F1' (Capsicum annuum L., Lamuyo type
(Syngenta), B2 type of Pochard (1996) classification), was grafted onto two Capsicum
annuum L. accessions selected from previous studies (Gisbert-Mullor et al., 2021): A57
(origin Israel, considered to be HS-tolerant) and A55 (origin Algeria, considered to be
HS-sensitive), respectively named VA/A57 and VA/A55. Both accessions belong to the
COMAV Institute collection (Universitat Politécnica de Valéncia, UPV, Valencia, Spain).
The ungrafted variety (VA) and the self-grafted variety (VA/VA) were used as controls.
The four plant groups were evaluated under both HS and control (C) conditions.

Experiments were conducted in two consecutive years (2020 and 2021) at the
UPV Valencia, Spain.

Sowing took place on February 1, 2020, and March 3, 2021, in 104-cell
polystyrene trays in fine structure peat substrate (80% white and 20% black, pH 5.7)
(Gebr. Brill, Germany). On March 16, 2020, and April 12, 2021, plants were grafted by
the tube-grafting method (Penella et al., 2014).

Seedlings were transplanted on April 1, 2020, and April 29, 2021, in 6-liter pots
in medium structure peat substrate (100% white, pH 5.7) (Gebr. Brill, Germany), and
placed in two Venlo-type glasshouses (C and HS conditions) at a density of two plants
m™. Pots were drip-irrigated using antidrain Netafim® drippers of 4 L h™, with nutrient
solution containing (in mmol L™?) 14.0 NOs™; 1.5 H,P0,7; 2.4 SO4*7; 0.5 HCO5™; 1.6 CI7; 1.2
NH4*; 6.0 K*; 5.0 Ca%*; 2.5 Mg?*; 0.2 Na*, and in umol L% 15 Fe®*; 6 Zn?*; 12 Mn?*; 30 B3*;
0.8 Cu?*and 0.5 Mo®" with electrical conductivity and pH of 2.2 dS m™and 6.5,
respectively. The number of irrigations, which varied according to the accumulated
radiation, controlled the volume of solution applied per pot. Drainage was maintained
between 15% and 20% of the total irrigation volume.

The temperature treatments were 28/22°C and 38/22°C (day/night) for the
control (C) and HS conditions, respectively. The HS conditions began on June 19, 2020,
and May 26, 2021, and continued until July 15, 2020, and July 21, 2021. Before this, all
the plants were subjected to the C conditions. The temperature and relative humidity
for both greenhouses were recorded during the experiments using an S8TH sensor
(Oratge Instruments®, Valencia, Spain) with data logger MSIP801 (BSG Ingenieros,
Valencia, Spain) (Fig. 1S).

Experiments were laid out to be completely randomized with four repetitions
per group of plants and per treatment. Each repetition consisted of 10 plants.
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3.3.2. Experiment 1 (2020): rootstocks’ influence on pepper
physiological aspects under heat stress
For the physiological leaf analysis, all the measurements were taken on July 15,
2020, after 35 DAT (days after the heat-stress treatment). Electrolyte leakage (EL),
chlorophyll and carotenoids concentration, ascorbate metabolism, total phenolic
content and hydrogen peroxide quantification were determined. The analysis was
carried out with 10 leaves per replicate (one leaf per plant; the third or fourth leaf from
the apex), which were previously frozen with liquid nitrogen and stored at -80°C.
Samples were ground by a mixer mill (MM400, Retsch, Hann, Germany) with liquid
nitrogen to prevent melting. Fresh leaves were used for EL.

Fruit set was analyzed by tagging at least 20 flowers per plant. The fruit
weighing around 25 g were considered set. The flower-tagging process began on 10
DAT to ensure that the tagged flowers developed under stress conditions. Fruit set was
calculated as the number of set fruit, divided by the total number of sampled flowers,
expressed as a percentage.

3.3.2.1. Electrolyte leakage

To analyze EL, 10 discs (1.4 cm in diameter) of freshly cut leaves were extracted
from the 10 plants of each replicate with a perforator and were introduced in 50 mL
matrass together with 20 mL of deionized water. Electrical conductivity measurements
were taken at 0 h (EC1), at 2 h (EC2) and after leaving the matrass frozen (-40°C) for 48
h (EC3) with a conductivity meter (Model Seven Easy Mettler Toledo, Mettler-Toledo
AG, Switzerland). E.L. was expressed as a percentage.

EC2 — EC1
)* 00

EL(%) = (EC3 —EC1

3.3.2.2. Chlorophyll and carotenoids concentration

Total chlorophyll (Chl a+b) and carotenoid (Car) contents were measured by
spectrophotometry as indicated by Porra et al. (1989) with minor changes. First, 0.1 g
fresh weigh (FW) of each sample was extracted in 2.5 mL of 100% (v/v) pure acetone
and then centrifuged at 2000 rpm for 5 min. The supernatant was separated from the
precipitate and its absorption was measured using a spectrophotometer (Lambda 25
UV/VIS, Perkin Elmer, Waltham, MA, USA) at 662nm, 645nm and 470nm, using 100%
acetone for the blank. Concentration for Chl a+b and Car were expressed in pg g™* FW
and were calculated according to these equations:

Chla+b = 7.05 * Ab5662 + 18.09 * AbS645(ug mL_l)
Car = [(1000 * Abs,;o) — (1.90 = Chl,) — (63.14 = Chly)]/214 (ug mL™1)
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3.3.2.3. Ascorbate metabolism

Ascorbic acid (AsA), dehydroascorbate (DHA) and total ascorbic acid (AsAt,
AsA+DHA) were quantified in parallel as described by Kampfenkel et al. (1995) with
slight modifications. First, 0.4 g FW sample were extracted in 80% (w/v) trichloroacetic
acid (TCA) centrifuged for 5 min at 15000 g and 4°C. Then two different determinations
were followed (one for AsA and the other for AsAt): 50 L of the extract supernatant
were added to 150 plL of 0.2M phosphate buffer (pH = 7.4) and 50 pl of distilled water
in the ascorbate tubes. In the case of total ascorbic acid tubes, the 50 uL of the extract
supernatant were put together with 50 pL of 10mM dithiothreitol (DTT) and 100 ulL of
0.2M phosphate buffer (pH = 7.4) and then introduced in a water bath at 42°C for 15
min. After the water bath, 50 pL of 0.5% (w/v) N-ethylmaleimide (NEM) were added
only in the total ascorbic acid tubes which were then incubated for 1 min at room
temperature. Afterwards, 250 uL of 10% (w/v) TCA, 200 pL of 42% (v/v) H3PO4, 200 uL
of 4% (w/v) 2,2’-dipyridyl and 100 pL of 3% (w/v) FeCl; were added to AsA and total
ascorbic acid tubes to be incubated in a water bath for 40 min at 42°C. Absorbance at
525 nm was measured for both determinations. The DHA concentration was calculated
as: [AsAt] — [AsA]. AsA and DHA concentration were expressed in pug g™ FW.

3.3.2.4. Total phenolic content

Total phenolic content determination was performed as described by Kog
et al. (2010) with some variations. First of all, 0.1 g FW of the sample was extracted in
1.5 mL of 80% (v/v) methanol and placed in an ultrasound bath for 30 minutes at 25°C.
Extracts were centrifuged for 10 min at 10000 g and 4°C, and 20 uL of the resulting
supernatant were diluted with 80 pL of 80% (v/v) methanol. Afterward, the diluted
extract was incubated with 0.7 mL of 1:10 diluted Folin-Ciocalteu solution (Sigma-
Aldrich®) for 5 minutes in the dark. Then 0.7 mL of 6% (w/v) of Na,CO3; were added and
the solution was incubated for 1 h in the dark at room temperature. Absorbance at 765
nm was recorded, using gallic acid (GA) as a standard. Total phenolic content was
expressed as mg GA g” FW.

3.3.2.5. Hydrogen peroxide quantification

Hydrogen peroxide (H20,) was quantified as described
in Velikova et al. (2000) with minor adaptations. 0.25 g FW of the sample was extracted
in 2 mL of 0.1% (w/v) TCA to be centrifuged at 10000 g and 4°C for 8 min. Afterward,
400 pL of the resulting extract were incubated with 600 pL of 0.1% (w/v) TCA, 0.5 mL
of 100 mM potassium phosphate buffer (pH = 7) and 2 mL of 1M Kl in the dark for 1 h
at room temperature. Absorbance at 390 nm was measured, and the absorbance
values were interpolated on a standard curve performed with 100 mM H,0,. Values
were expressed as nmol H,0, g™t FW.
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3.3.3. Experiment 2 (2021): rootstocks’ influence on pepper fruit set
components under heat stress
Based on experience from previous experiments and to avoid fruit competition
within the plant to fruit set, plants were pruned to four stems by cutting back the
second branch at each node after evidencing fruit set of the flower at the node. In this
way, it was also easier to access flowers to collect pollen or anther samples for
subsequent analyses.

To analyze fruit set, at least six reproductive nodes of each stem were analyzed,
which totaled 24 flowers per plant. The flower-tagging process began on 10 DAT and
the fruit weighing around 25 g were considered set. The average number of seeds per
fruit was analyzed in one fruit per node, which resulted in six fruit per plant.

3.3.3.1. In vitro germination of the pollen grain percentage (%)

To determine the in vitro germination of the pollen grain percentage (% GP),
the pollen of each flower on the day of anthesis was evenly distributed in the
germination medium proposed by Reddy and Kakani (2007).

The pollen grain was incubated for 24 h at 25°C, % GP was determined in 10
fields of each Petri dish using a Leica DM750 microscope (Leica Microsystems, Wetzlar,
Germany) at 10 x magnification. Pollen grain was considered germinated when pollen
tube length exceeded the diameter of grain.

To calculate % GP, a minimum of 20 flowers were collected from each
repetition and treatment. % GP was calculated as the number of germinated pollen
grains divided by the total number of sampled pollen grains, and expressed as a
percentage.

3.3.3.2. Primary metabolites analysis from anthers

One day before anthesis, a minimum of 10 flowers of each repetition and
treatment were harvested. Anthers were immediately separated, frozen with liquid
nitrogen and stored at —80°C. Samples were lyophilized before the analysis.

A primary metabolite analysis (proline, glycine, fructose, glucose, sucrose) was
analyzed at the Instituto de Biologia Molecular y Celular de Plantas (UPV-CSIC, Valencia,
Spain) by the Metabolomics Platform. First 10 mg of lyophilized anther tissue were
ground with liquid nitrogen and extracted in 1400 pL 100% methanol and 60 pL of the
internal standard (0.2 mg ribitol in 1 mL of water). The blend was extracted for 15 min
at 70°C. The extract was centrifuged for 10 minutes at 14000 rpms, and the supernatant
was transferred to a glass vial. Then 750 pl of CHCl; and 1500 pL of water were added.
The mixture was vortexed for 15 seconds and centrifuged for 15 minutes at 14000
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rpms. Next 150 uL aliquots of the methanol/ water supernatant were speed-dried for
3h.

For derivatization purposes, dry residues were redissolved in 40 pL of 20 mg/mL
methoxyamine hydrochloride in pyridine and incubated for 90 min at 37°C. Then 70 pL
of MSTFA (N-methyl-N-[trimethylsilyl]trifluoroacetamide) and 6 pL of a mixture (3.7%
[w/v] mix of fatty acid methyl esters ranging from 8 to 24 C) were added and samples
were incubated for 30 minutes at 37°C.

Sample volumes of 2 uL were introduced in the split and splitless modes in a
6890 N gas chromatograph (Agilent Technologies Inc. Santa Clara, CA, USA) coupled to
a Pegasus 4D TOF mass spectrometer (LECO, St. Joseph, MI, USA). Gas chromatography
was carried out in a BPX35 (30 m x 0.32 mm x 0.25 um) column (SGE Analytical
Science Pty Ltd., Australia) with helium as the carrier gas at a constant flow rate of
2 mL/min. The liner was set at 250°C. The oven program was 85°C for 2 min with an
8°C/min ramp until 360°C. Mass spectra were collected at 6.25 spectra s within
the 35-900 m/z range with 70 eV ionization energy. Chromatograms and mass spectra
were analyzed using the CHROMATOF program (LECO, St. Joseph, MI, USA). For
absolute quantification purposes, the results were compared to a standard curve
performed with commercial pure compounds using ribitol as an internal standard. All
the metabolites were expressed as pg g™ FW.

3.3.3.3. Biomass production

The aerial plant biomass in fresh (FW) and dry weight (DW) was measured at
the end of the experiment (58 DAT). Fresh biomass was dried at 70°C during 72 hiin a
laboratory oven to determine DW. To correctly analyze the influence of the thermal
condition on the dry biomass of each graft combinations, this parameter was analyzed
as the percentage DW loss under the HS conditions compared to the C conditions.
Aerial biomass was determined in three plants per repetition and treatment.

3.34. Statistical Analysis
The data for all the parameters were evaluated using two-way ANOVA analysis
via Statgraphics Centurion XVII. Graft combinations (G) and thermal conditions (TC)
were employed as the factors of the analysis. For the parameter number of seeds per
fruit, the statistical analysis was performed using the inverse transformation of data,
and the percentage data were arcsin-transformed before analyzing. Means (n=4) were
compared by Fisher's least significance difference (LSD test) at P < 0.05.
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3.4. Results

3.4.1. Experiment 1: rootstocks’ influence on pepper physiological
aspects under heat stress

3.4.1.1. Electrolyte leakage

As compared to control, HS caused a significant increase (65.7%) of EL in all the
graft combinations (P < 0.01; Fig. 1). No significant differences in EL were observed
between graft combinations on average for temperature conditions. However, a
statistically significant (P < 0.01; Fig. 1) TC x G interaction was detected: the differences
in EL between the HS and C conditions were lower in the plants grafted onto the A57
rootstock (26.4%) than in the other plant combinations (66.4% for VA/A55, 80.4% for
VA/VA and 99.6% for VA).
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Fig. 1. Electrolyte leakage (EL) in leaves of the ungrafted plants (VA) and VA grafted onto A57, A55 or self-
grafted (VA/A57, VA/AS5 and VA/VA, respectively) under heat stress (HS) or control conditions (C). Bars
with different letters are statistically different according with LSD test (P < 0.05). Error bars represent LSD.
3.4.1.2. Chlorophyll and carotenoids concentration

The total chlorophyll (Chl a+b) and carotenoids (Car) contents presented a
similar pattern, and were not affected by TC (Fig. 2 A,B). However for both thermal
conditions, rootstocks A57 and A55 had a higher content of both parameters than VA
and VA/VA (P £0.01; Fig. 2 A,B). For both parameters, the TC x G interactions were also
statistically significant (P < 0.01; Fig. 2 A,B). Under HS, for the variety grafted onto
rootstock A57 and the ungrafted variety, chlorophyll and carotenoids contents
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significantly increased compared to their controls, but significantly lowered in VA/A55.
No significant differences were observed in VA/VA.

3.4.1.3. Ascorbate and dehydroascorbate concentration

AsA and DHA contents were significantly higher under HS, on average for graft
combinations, with a 5.4% and 182.3% increase, respectively, compared to the C
conditions (P < 0.05; Fig. 3 A). On average for both thermal conditions, VA showed the
highest AsA and DHA contents, but no significant differences with those of VA/A55 and
VA/VA were found, respectively (P < 0.05; Fig. 3 A). Nevertheless, a statistically
significant TC x G interaction (P < 0.05; Fig. 3 A) appeared for AsA and DHA contents.
For AsA content, VA/A57 and VA had higher values under HS than under C, VA/A55
showed no differences, and VA/VA had higher AsA content under the C than the HS
conditions. VA had the highest DHA content under HS among all the graft combinations.
All the graft combinations had higher DHA content under the HS than the C conditions,
except VA/VA.
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Fig. 2. Total chlorophyll (A) and carotenoids (B) in leaves of the ungrafted plants (VA) and VA grafted onto
A57, A55 or self-grafted (VA/A57, VA/AS55 and VA/VA, respectively) under heat stress (HS) or control
conditions (C). Bars with different letters are statistically different according with LSD test (P < 0.05). Error
bars represent LSD.
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Fig. 3. Concentration of the different forms of ascorbate (AsA and DHA) (A) and total phenols (B) in leaves
of the ungrafted plants (VA) and VA grafted onto A57, A55 or self-grafted (VA/A57, VA/A55 and VA/VA,
respectively) under heat stress (HS) or control conditions (C). Bars with different letters are statistically
different according with LSD test (P < 0.05), for the parameter AsA lowercase letters and for DHA capital
letters. Error bars represent LSD.
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3.4.1.4. Total phenolic content

Total phenolic content was also higher under HS, on average for graft
combinations, with an 18.1% increase compared to the plants under the C conditions
(P < 0.01; Fig. 3 B), and VA had the highest content on average for both thermal
conditions (P < 0.01; Fig. 3 B). However, the TC x G interaction was statistically
significant (P < 0.01; Fig. 3 B) because, although all the graft combinations had a higher
total phenols content under HS, the differences in the total phenols between the HS
and C conditions were bigger in the plants grafted onto A57 (36.4%) than for the other
plant combinations (9.0% for VA/A55, 17.4% for VA/VA and 12.4% for VA).

3.4.1.5. Hydrogen peroxide quantification

Hydrogen peroxide content (H.0,) globally increased to 52.9% in the heat-
stressed plants compared to the control ones, and VA and VA/VA had a higher
H,0, content on average for the thermal conditions than VA/A57 and VA/A55 (P <
0.01; Fig. 4). The TC x G interaction was also statistically significant (P < 0.01; Fig. 4).
While VA/A55, VA and VA/VA had significantly increased H,0, content under HS
compared to C, this parameter was not significantly modified in the VA/A57 plants
under HS.
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Fig. 4. Hydrogen peroxide contend (H202) in leaves of the ungrafted plants (VA) and VA grafted onto A57,
A55 or self-grafted (VA/A57, VA/A55 and VA/VA, respectively) under heat stress (HS) or control conditions
(C). Bars with different letters are statistically different according with LSD test (P < 0.05). Error bars
represent LSD.
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3.4.1.6. Fruit set percentage

Fruit set (%) was strongly affected by HS, with a reduction of 71.8% compared
to the C condition on average for graft combinations, and VA/A57 was the rootstock
that conferred the highest fruit set for both the HS and C conditions. Nevertheless, a
statistically significant TC x G interaction (P < 0.01; Fig. 5) was detected, in which the
reduction in fruit set between the HS and C conditions was less in the plants grafted
onto the rootstock A57 (57.7% reduction) than for the ungrafted cultivar (VA) (67.9%
reduction), and was even lower compared to VA/A55 and VA/VA (84.2% and 80.2%
reduction, respectively).
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Fig. 5. Fruit set percentage for Experiment 1 in the ungrafted plants (VA) and VA grafted onto A57, A55 or
self-grafted (VA/A57, VA/AS5 and VA/VA, respectively) under heat stress (HS) or control conditions (C).
Bars with different letters are statistically different according with LSD test (P < 0.05). Error bars represent
LSD.

3.4.2. Experiment 2: rootstocks’ influence on pepper fruit set
components under heat stress
3.4.2.1. In vitro germination of pollen grain percentage
GP (%) was significantly lower under the HS conditions, on average for graft
combinations, with a 30.8% reduction compared to the C conditions (P < 0.01; Fig. 6).
For both thermal conditions, VA/A57 had the highest percentage, similarly to VA/VA,

and VA had the lowest germination percentage (P < 0.01; Fig. 6). However, a
statistically significant TC x G interaction (P < 0.01; Fig. 6) was detected, since the
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reduction in % GP between the HS and C conditions was lower in the plants grafted
onto rootstocks A57 and A55 (24.7% and 23.4% reduction, respectively) than in VA and
VA/VA (36.9% and 37.5% reduction, respectively).
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Fig. 6. In vitro germination of pollen grains (% GP) in the ungrafted plants (VA) and VA grafted onto A57,
A55 or self-grafted (VA/A57, VA/AS5 and VA/VA, respectively) under heat stress (HS) or control conditions
(C). Bars with different letters are statistically different according with LSD test (P < 0.05). Error bars
represent LSD.
3.4.2.2. Primary metabolites analysis from anthers

For the primary metabolites in anthers, the plants under the HS conditions
presented reductions of 30.8% in proline, 8.2% in fructose, 10.7% in glucose and 46.5%
in sucrose compared to the plants under the C conditions. No significant differences
between temperature conditions were detected for glycine content (Table 1). Only
proline showed significant differences between graft combinations on average for
thermal conditions, and rootstock A57 had the highest content (P <0.01; Table 1). The
TC x G interaction for this parameter was also statistically significant (P < 0.01; Table 1).
Similarly to % GP, all the graft combinations had higher proline content under C than
HS but, in this case, although VA/A57 had the highest content under the HS conditions,
the reduction in proline content between HS and C was also lower in the plants grafted
onto A57 (31.5% reduction) than in VA, VA/VA and VA/A55 (34.5%, 54.7% and 42.2%
reduction, respectively).
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Table 1. Analysis of variance (ANOVA) for Proline, Glycine, Fructose, Glucose and Sucrose (ug g *FW)
expressed as mean values by Thermal Condition (TC), Graft combination (G) and interaction (TC x G). % of
the sum of squares are expressed.

Proline Glycine Fructose Glucose Sucrose

Thermal condition (TC)

Control 73.51 a 0.576 1103 a 73.31 a 4535 a

Heat stress 43.57 b 0.576 1013 b 6547 b 2426 b
Graft combination (G)

A55 58.69 b 0.567 107.5 71.51 32.50

A57 64.67 a 0.586 106.2 69.60 39.86

VA 57.14 bc 0.562 108.1 72.21 31.92

VA/VA 53.66 c 0.590 101.4 64.23 34.96
TCxG

A55-C 74.37 ab 0.579 110.9 76.90 41.51

A57-C 76.77 a 0.591 111.2 70.91 51.63

VA-C 69.03 b 0.557 110.4 75.85 41.21

VA/VA-C 73.87 ab 0.578 108.8 69.58 47.06

A55-HS 43.02 d 0.555 104.2 66.11 23.48

A57-HS 52.58 ¢ 0.581 101.2 68.29 28.09

VA-HS 4525 d 0.568 105.9 68.58 22.63

VA/VA-HS 3344 e 0.601 94.1 58.89 22.86
ANOVA (df) % Sum of Squares
TC (1) 83.27 ** 0.00 n.s. 19.02 * 22.53 ** 69.77 **
G (3) 5.89 ** 20.66 n.s. 6.52 n.s. 1433 n.s. 6.15  n.s.
TC*G (3) 4,25 ** 1293 ns. 345 ns. 406 ns. 1.23  n.s.
Residuals (24) 6,59 66.41 71.01 59.08 22.85
Standard Desv. *) 4,86 0.024 10.0 7.33 6.97

*: P <0.05. **: P <0.01. n.s. not significant. * Obtained as the square root of the
residual mean square. df: degrees of freedom.
3.4.2.3. Fruit set percentage

Similar to experiment 1, the fruit set percentage was also affected by HS (P <
0.01), with a 25.2% reduction compared to the plants under the C conditions (Fig. 7 A),
and for both thermal conditions. VA/A55 had the lowest fruit set percentage among
the plant combinations (P £ 0.01; Fig. 7 A). The TC x G interaction was also statistically
significant (P £ 0.01; Fig. 7 A) but, in this experiment, the plants grafted onto rootstock
A57 were not affected by the HS conditions, while reductions of 40.5%, 29.5% and
23.5% in fruit set were obtained for the plants of VA/A55, VA and VA/VA, respectively.

3.4.2.4. Number of seeds per fruit

The fruit developed under the HS conditions, on average for graft
combinations, had a smaller (59.5%) number of seeds compared to the fruit under the
C conditions (P < 0.01; Fig. 7 B). For both thermal conditions, VA/A57 and VA/VA had
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the larger number of seeds (P < 0.01; Fig. 7 B). The interaction between both factors
was also statistically significant and can be explained because, despite the fact that all
the graft combinations showed similar values in this parameter under the C conditions,
under HS both VA/A57 and VA/VA obtained higher values than VA and VA/A55, and the
latter gave the smallest number of seeds (P < 0.01; Fig. 7 B).
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test (P <0.05). Error bars represent LSD.
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3.4.2.5. Biomass production

For the DW percentage under HS versus C, the plants grafted onto rootstock
A57 displayed less loss for the DW percentage than other graft combinations (P <
0.01; Fig. 8). No significant differences between thermal conditions were found in the
other graft combinations.
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Fig. 8. Percentage dry weight loss under heat stress conditions compared to control conditions in the
ungrafted plants (VA) and VA grafted onto A57, A55 or self-grafted (VA/A57, VA/A55 and VA/VA,
respectively). Bars with different letters are statistically different according with LSD test (P < 0.05). Error
bars represent LSD.
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3.5. Discussion

Plants’ heat tolerance is decisive for both crop growth and productivity
(Wei et al., 2019). In line with this, grafting plants onto tolerant rootstocks can provide
efficient mechanisms for plants to overcome high temperature stress, as far as our
knowledge, there is no research about the mechanisms underlying the tolerance of
pepper grafted plants to such stress (Gisbert-Mullor et al., 2021; Lopez-Marin et al.,
2013; Palada and Wu, 2008).

In this study, we encountered differential physiological responses of pepper
grafted plants in VA/ASS5 (sensitive rootstock), VA/A57 (tolerant rootstock) and VA/VA
(self-grafted), and also in VA (the ungrafted variety) induced by HS. These responses
are characterized in VA/A57 by the lowest EL, non-disturbed Chl and Car
concentrations, increased AsA and phenols concentrations, and non-
H,0; accumulation under the HS conditions. These physiological responses conferred
by rootstock A57 coincided with the highest proline concentration in anthers, and
better pollen germination and fruit set compared to the other plant combinations.

One of the most sensitive physiological alterations under HS is increased
membrane permeability because this affects its structure and functions (Nadeem et al.,
2018; Wabhid et al., 2007). EL values are an indicator of membrane injury and have been
used to estimate membrane thermostability (Xu et al., 2006). According to our results,
EL significantly depended on rootstock genotypes and treatments: the lowest EL values
of all the plant combinations and the minor rise in relation to its controls were found
in plants VA/A57. Other grafted plants, such as cucumber grafted onto Momordica or
tomato grafted onto tomato or eggplant, have shown greater membrane stability
compared to self-grafted plants or ungrafted plants under HS (Abdelhafeez et al.,
1975; Abdelmageed and Gruda, 2009; Wei et al., 2019). Therefore, EL has been used as
a screening test for HS tolerance (EIBasyoni et al., 2017; Nadeem et al., 2018). The EL
parameter is principally influenced by the ability to balance reactive oxygen species
(ROS) given that HS induces ROS generation and accumulation like H,0; (Airaki et al.,
2012; Xu et al., 2018). In this way, we found a positive correlation coefficient between
the H,0, concentration and EL (r= 0.785, P< 0.05), which indicates that the increase in
EL was partially due to increased H,0, production. However, the H,0; concentration in
VA/A57 under HS did not significantly differ from its control, which agrees with its
lowest EL values. This effect could be partly due to better redox homeostasis in the
VA/A57 plants supported by primary metabolites, such as carotenoids and chlorophyll
accumulation, to avoid photooxidation in photosystems (Leverenz et al., 2015) and to
achieve non-disturbed Fv/Fm values versus its control (Gisbert-Mullor et al., 2021). The
same effects have been observed in cucumber grafted onto Momordica (Wei et al.,
2019; Xu et al., 2018) at high temperature. The VA plants also had increased Chl and
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Car concentrations under HS compared to their control, but the photosynthetic
pigments of the plants grafted onto the sensitive rootstock A55 decreased. Loss of
chlorophylls and carotenoids concentration could be a consequence of the heat-
induced damage to the thylakoid membrane by, thus, disrupting membrane
permeability, increasing chlorophylase enzyme activity, blocking energy to reaction
centers of photosystems, decreasing photosynthesis, among other causes
(Cornic, 2000; Ghai et al., 2016; Komayama et al., 2007; Wahid et al., 2007).

Other plant metabolites like phenols and ascorbate are involved in HS tolerance
and also play an important function in maintaining redox homeostasis
(Chaudhary et al., 2020). Phenols, such as secondary metabolites, are an important
group of compounds that are essential for plant acclimatization and survival under
different environmental conditions (Fraser and Chapple, 2011; Zandalinas et al., 2017).
Their accumulation has been mentioned as a possible mechanism of tolerance to
abiotic stresses (Hichem et al., 2009; Oh et al., 2009). However, contradictory results
have been described in grafted plants. Rivero etal.(2003) observed greater
accumulation for total phenols in tomato plants subjected to HS, and of these, lower
accumulation in grafted plants compared to ungrafted ones. These authors concluded
that grafted plants appeared more tolerant to HS. However, no significant differences
have been observed in phenols content in fruit when pepper has been grafted onto
different rootstocks (Lopez-Marin et al., 2013). With our experimental conditions, the
observed increase in phenols depended on heat treatment and rootstock genotype,
with a significant increase for both VA and VA/VA57. Nevertheless, the differences in
total phenols between the HS and C conditions were bigger in VA/VA57. Based on the
VA/VA57 response, and by displaying the lowest EL values and the highest Chls and Car
contents, it would seem that the increase in phenols could be associated with a HS
tolerance factor.

AsA is considered a powerful antioxidant per seand an essential master
compound in the AsA-glutathione cycle to scavenge ROS (Foyer and Noctor, 2005).
Under our experimental conditions, the amount of AsAt increased in all the plant
combinations in response to HS, and the AsA/AsAt ratio sharply dropped, which could
indicate that a high AsA oxidation rate occurred in DHA (data not shown). The major
increase in AsAt took place for the VA plants, followed by VA/A57. However, the higher
DHA concentration observed in VA could indicate lesser AsA regeneration from DHA.

In vegetative parts, an efficient mechanism of HS tolerance plays a vital role in
the formation of successful reproductive organs and, thus, positively affects final yield
(Asseng et al., 2002; Wollenweber et al., 2003). We analyzed different reproductive
parameters to confirm that VA/A57, which was best predisposed to overcome HS based
on the physiological parameter results found in leaves, could exhibit the most suitable
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reproductive attributes. In most plant species, male gametophytes are more sensitive
to high temperature than female gametophytes (Djanaguiraman etal., 2018). We
analyzed a post-pollination event (pollen germination), primary metabolites in anthers,
fruit set and number of seeds, which are all traits for thermo-tolerance studies in plants
(Paupiere et al., 2014). In pepper, high temperature during flowering impairs pollen
germination, pollen tube growth and fertilization and, consequently, both flower
abscission and fruit set lower (Aloni et al., 2001; Erickson and
Markhart, 2002; Usman et al., 1999). Temperatures higher than 32°C provoke pollen
abnormalities in pepper, such as shrunken and empty pollen grains with no appreciable
exine (Erickson and Markhart, 2002). Under our experimental greenhouse conditions,
HS reduced pollen germination despite this trait being rootstock-dependent with
greater pollen germination when the variety was grafted onto A57. Reduced pollen
vitality at high temperature has been described because insufficient carbohydrates are
supplied from the tapetum and other anther tissues to pollen (Sato et al., 2000) in
association with tapetum degeneration or malfunction (Mercado et al., 1997), as well
as diminished invertase activity, which produce the hydrolysis from sucrose to hexoses
and can be used by pollen (Aloni et al., 2001), among other aspects (Paupiere et al.,
2014). To support this idea, the amounts of fructose, glucose and sucrose in anthers
according to our results revealed a significant difference between C and HS treatments,
with a lower sugar concentration at high temperatures. Nevertheless, this was not
rootstock-dependent, which could indicate that other factors are implicated in pollen
germination because A57 displayed greater pollen viability, but not a higher sugar
concentration.

Apart from sugars, proline is, among other essential metabolites (Mattioli et al.,
2018, 2012; Sato et al., 2006; Xie et al., 2022), considered a key factor for pollen
germination, and amino acid in the male reproductive part in the mature stage is more
abundant and represents 60% of free amino acids (Paupiereetal.,
2014; Sangwan, 1978). Proline can act as a solute protectant during pollen
development (Zhang et al., 1982) by protecting pollen grains from the desiccation that
high temperature provokes, and by providing nutritive substances for pollen
development (Fangetal.,, 2016). In tomato, Sato et al. (2006) reported decreased
proline at moderately high temperature. Under HS, we observed a significant decrease
in anthers’ proline, but the plants grafted onto genotype A57 had the highest proline
concentration under both the C and HS conditions. Observations made about the role
of proline in pollen viability and development have been confirmed in a proline-
deficient mutant of Arabidopsis thaliana (Paupiére et al., 2014), and the interruption of
proline synthesis leads to abortion and sterility during gametophyte development
(Biancucci et al., 2015; Mattioli et al., 2018). In pepper, HS-tolerant genotypes have
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shown a higher proline concentration than susceptible ones (Saha et al., 2010), which
confirms the master role of proline in pollen germination.

Favorable fruit set depends on several reproductive processes, including pollen
germination and tube growth (Dahal et al., 2006; Madhavi Reddy et al., 2016). High
temperature during pollen and/or fruit development in pepper has resulted in
decreased fruit set and a smaller number of seeds per fruit (Aloni et al.,, 2001). In
pepper, flower abortion occurs when day/night temperatures are higher than 34/21°C
(Rylski and Spigelman, 1982), a situation that normally occurs in the Mediterranean
Region in low-technology greenhouses. Under our experimental conditions, with
temperatures of 38/22°C (day/night), fruit set significantly decreased in both
experiments (2020 and 2021) at different magnitudes, and the VA/A57 plant
combination was less affected by high temperature in fruit set terms, although no
significant difference in fruit set was found in experiment 2 compared to its control.

In addition, significant correlations (P< 0.05) between fruit set and different
parameters, such as number of seeds (r=0.771), pollen germination (r=0.787) and
proline and sucrose concentrations in anthers (r=0.718 and r=0.756, respectively), were
quantified and indicate the reliance of successful fruit set and pollen state.

As an integrated approach between both the experiments carried out in this
study, and as we are aware that, because both experiments were run in different years,
the parameters’ correlations between them could not be established, we deduced that
the physiological advantages observed in VA/A57, such as lower EL, higher Chls and Car
contents, higher AsAt and also greater fruit set in Experiment 1, could be associated
with the greater dry biomass maintenance and reproductive traits observed in
Experiment 2 under HS. This connection might be based on the greater translocation
capacity of the metabolites from photosynthesizing leaves to developing flowers
(Aloni et al., 1991). In this way, the traits associated with the vegetative and/or
reproductive stage could be useful for screening tolerant plants under HS.
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3.6. Conclusions

By way of conclusion, pepper plant growth and development under high-
temperature conditions depended on plants’ ability to perceive stress and to generate
tolerant responses, such as tissue integrity or accumulation of protective metabolites,
and grafting peppers onto a HS-tolerant rootstock, such as A57, could overcome the
negative high temperature effects better than an ungrafted variety.

We also indicate that the better physiological performance noted in vegetative
parts conferred by a HS-tolerant rootstock would also seem to result in better
performance in the reproductive phase because fruit set, which is one of the most
important yield components in fruiting vegetables, improved. This scenario is
associated with better pollen germination and proline content in pollen grains.
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3.7. Supplementary materials
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4.1. Abstract

In this study, hybrid pepper rootstock NIBER® is tested for its ability to overcome
water stress situations under soil conditions. The impact of deficit irrigation (DI) on
yield and fruit quality, irrigation water use efficiency is evaluated, and consequently,
the agronomic impact of employing water-stress tolerant rootstock is compared to
ungrafted pepper plants. For this purpose, plants of the California-type sweet pepper
‘Maestral F1’' grafted onto NIBER® underwent a sustained DI regime during seasons
2018 and 2019 and were compared to their respective controls. Plants were drip-
fertirrigated, and volumetric soil water content was continuously monitored by
capacitance sensors. Gas exchange and leaf water potential measurements were taken
early in the morning and midday 58, 79, and 114 days after transplanting. Plant and
fruit dry biomass, marketable quality, blossom-end rot incidence and harvest index
were also determined. For consecutive years, our results confirmed that grafting a
pepper cultivar onto an appropriate rootstock (NIBER® in this case) as part of a DI
strategy can overcome the negative effects of sustained water stress conditions. The
plant biomass production and fruit yields of grafted plants were less affected by DI due
to less sensitivity to water stress. This can be attributed to a less marked reduction in
shoot dry weight in the grafted plants, which allowed greater whole photosynthesis by
maintaining sink activity compared to ungrafted plants.

Keywords: Abbreviations used:
Grafting; Capsicum annum L.; sustained

deficit irrigation; drought stress; abiotic

stress; volumetric soil water content;

gas exchange; leaf water potential;

biomass
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4.2. Introduction

Sweet pepper (Capsicum annuum L.) is an important vegetable crop around the
world, with production at approximately 36 Mt obtained from 2 million ha. Currently,
the leading sweet pepperproducing countries are China, Mexico, and Turkey, while
Spain, Italy, and Romania are the main producers in Europe [1].

Drought stress is an important limiting factor for vegetable crop production.
Water is becoming increasingly scarce worldwide, which seriously affects agricultural
production, especially in arid and semiarid areas [2,3], due to increased global
temperature and evapotranspiration (ET) and less precipitation, which would
consequently increase water demands [4—6]. Already existing drought conditions are
expected to worsen, particularly in regions where water scarcity is a concern, such as
the Mediterranean Region [7]. The Mediterranean climate presents mild winter
temperatures and long hot, dry summers, with interannual and seasonal-depending
variable precipitation, which make irrigation essential for crop production [8-10].

Globally speaking, agriculture is the largest freshwater consumer and represents
approximately 68% of water use [11]. By 2050, the world population is expected to be
9 billion people, which will involve a 60% increase in agricultural production and a 15%
increase in water withdrawal [12], which would increase competition for water
resources by urban and industrial users. To mitigate these water shortage effects,
researchers are attempting to increase water productivity by different approaches
[10,13-15]. Nowadays, it is even more important to maximize crop water productivity
rather than crop yield per unit area [16].

Drought severity and duration affect yields in many ways by reducing plant
growth, disturbing plant water relations, and affecting water-use efficiency. Due to
different physiological processes, some parameters like leaf water potential, stomatal
resistance, and transpiration rate, strongly influence plant-water relations. These, in
turn, affect mineral nutrition, photosynthesis, and oxidative damage [17]. As these
parameters depend on the cultivars and environment in which they are grown to a
large extent, irrigation management should be adapted to each variety and
environmental condition.

One important tool to reduce irrigation water use in agriculture is deficit
irrigation (DI), which consists of applying water below full crop-water requirements.
Fereres and Soriano [18] reviewed several cases about successful DI use for different
crops, and stated that DI can not only increase water productivity, but also farmers’
profits. However, DI may also mean major yield reductions [18], and therefore, crop
responses to water deficit must be evaluated to achieve efficient water use, while
obtaining adequate yields [3].
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Another tool to cope with yield reductions related to water stress in some
vegetables is to employ grafting technology. Grafting enables plants to overcome biotic
and abiotic stresses, including water stress [19-21]. This fact has been particularly
studied in tomato [22] and melon [23]. In recent years, several studies have also been
conducted on pepper. Some rootstocks can confer pepper cultivars tolerance to water
restrictions [24] as they can maintain stomatal conductance, and consequently, the
photosynthetic rate under these conditions [25,26]. This water-stress tolerance leads
to comparable yields to those of fully irrigated ungrafted plants [27], due to osmotic
adjustment via, i.e., proline accumulation and/or the protective role of this substance
[28]. More recently, Lépez-Serrano et al. [29] stated that water stress severity in
pepper plants was alleviated by using tolerant accessions as rootstocks, capable of
partially opening stomata, preserving the relative water content, and consequently,
both lowering oxidative stress and diminishing lipid peroxidation. These accessions
were inserted in a classic breeding program to obtain more uniform hybrids in terms
of germination, growth, and highest vigor to be used as rootstocks under water stress
conditions, one of them is NIBER®.

Nevertheless, and as far as we know, no studies have been conducted on water
restrictions using these rootstocks in pepper crops under greenhouse conditions,
monitoring water availability for plants.

Therefore, it would be advisable to study the response of sweet pepper cultivars
grafted onto drought-tolerant rootstocks to DI. Hence, the objective of this study was
to evaluate the impact of DI on the yield and fruit quality of a green pepper cultivar
using NIBER®, an F1 hybrid, as a rootstock, on irrigation water use efficiency, and
consequently, on the agronomic impact that can lead to better profits with sweet
pepper crops.
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4.3. Materials and methods

4.3.1. Experimental Site

The experiment was conducted during two consecutive growing seasons (GS;
2018 and 2019) at the Instituto Valenciano de Investigaciones Agrarias (IVIA) Research
Institute in Moncada (Valencia, Spain; latitude: 39.589517, longitude: —0.395550,
elevation: 37 m). The climate is the Mediterranean, distinguished by warm wet winters
and hot, dry summers. Temperature and relative humidity values along the
experimental seasons are presented in Figure S1. Trials were conducted in an unheated
plastic greenhouse (30 m long x 7.5 m wide) that was E-W oriented, and passively
ventilated by opening side panels and roof vents. The soil composition within a 20-
centimeter depth was sandy clay loam (68% sand, 11% clay, 21% silt) and contained
0.61% organic matter, 0.051% total N, 8 mg kgt of P, 301 mg kg of K, and 2.87 meq
100 g of assimilable Mg. Soil electrical conductivity (1:5) was 0.29 dS m-2, and pH was
8.1. Irrigation was applied with a drip system with one single line per plant row and one
emitter every 0.2 m with a 2.5 L h-t discharge rate. Irrigation water had an electrical
conductivity of 0.3 dS m-, 16.5 mg Lt of NOs- content, very low concentrations of other
macro- and micronutrients, and a pH of 8.1. Nutrients were applied during both crop
seasons through the irrigation system according to the following nutritional plan and
in line with Maroto [30]: 170 kg ha-t of N; 40 kg ha-* of P.Os; 200 kg ha- of K:O.

43.2. Plant Material
Sweet pepper ‘Maestral F1’ (California-type Rijk Zwaan, The Netherlands)
grafted onto rootstock F1 NIBER® (V/N) (obtained from the Universitat Politécnica de
Valéncia (UPV)-IVIA, Spain) and ungrafted (V) plants were used in the experiments.

Sowing took place on 22 January 2018 and 25 January 2019, in 104-cell
polystyrene trays on peat moss-based substrate (70% blonde, 30% dark), which is
recommended for vegetable seedbeds (Pindstrup Mosebrug S.A.E., Sotopalacios,
Spain). Trays were maintained in a Venlo-type greenhouse. On 1 March 2018 and 5
March 2019, plants were grafted by the tube-grafting method [27].

Seedlings were transplanted on 27 March 2018 and 2 April 2019 inside the
plastic greenhouse in raised beds spaced 1.10 m apart with one plant row per ridge and
0.5 m spacing between plants within rows (1.8 plants m-2). The raised part of the raised
bed was 0.2 m wide, 6 m long, and 0.10 m high. Plants were horizontally supported by
two nylon guide cords laid parallel to both sides of the plant line, as described by
Maroto [30], and no pruning was performed.

The experiments were laid out to be complete randomized with three
replicates. Each replicate consisted of 13 plants.
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4.3.3. Irrigation Strategies

Two irrigation strategies (IS) were adopted: Irrigation with 100% and 50% of
the estimated crop water requirements (control (C) and DI, respectively). Irrigation
during the first four weeks after plantation was applied to assure the correct plant
establishment. Irrigation management consisted of fixed 30-minute irrigation events,
applied as often as necessary, depending on the VSWC and irrigation strategy. Crop
irrigation water requirements were obtained by estimating crop evapotranspiration
(ET) by the K—ET. method [31]. The reference evapotranspiration (ET.; in mm day-?)
was calculated by the calibrated radiation method, which is often used in the
greenhouse industry in SE Spain [32]. This method requires daily solar radiation outside
greenhouses and cladding greenhouse transmissivity (o, in %). Solar radiation was
obtained from an agroclimatic weather station located near the greenhouse, while
transmissivity was calculated by using the radiation data collected before the crop
period with a CMP3 pyranometer (Kipp and Zonen, Delft, The Netherlands), whose
value was 43% during both seasons. The crop coefficient (K. values were those
determined by Orgaz et al. [33] for sweet pepper. Initially, K. took a value of 0.2 and
rose to 1.4 at harvest.

The applied irrigation water, and its distribution according to growth stages,
are presented in Table 1. For the environmental conditions during the experimental
period, the ET. calculated from outdoor solar radiation was 261.4 mm in 2018 and
265.1 mm in 2019. When applying the proposed K., the estimated water requirements
were 230.5 mm in 2018 and 228.4 mm in 2019. The total applied water amount in the
control strategy was 216.3 mm and 206.8 mm, respectively (Table 1), which means that
theirrigation enforced in the control strategy was around 94% and 91% of the ET. value
in 2018 and 2019, respectively. The DI (V-DI and V/N-DI) received 58% and 56% of the
control doses (V-C and V/N-C) in 2018 and 2019, respectively.
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Table 1. Crop evapotranspiration (ET.) and irrigation water applied in the different growth stages for the
plants under the control and deficit irrigation conditions during 2018 and 2019.

Duration Irrigation water applied (mm)
Growth stages (days) ETc (mm) Control  Deficit Irrigation
2018
Vegetative growth 34 22.1 25.7 21.9
Fruit development 29 45.0 54.0 27.0
Harvesting period 49 163.4 136.6 76.5
Total 112 230.5 216.3 125.4
2019
Vegetative growth 34 19.7 20.2 22.6
Fruit development 43 82.9 76.2 33.3
Harvesting period 38 125.8 110.4 60.5
Total 115 228.4 206.8 116.4

434, Soil Moisture

The volumetric soil water content (VSWC; m3 m-) was continuously monitored
by ECH:0 EC-5 capacitance sensors connected to an Em50 data logger using the ECH.0O
Utility software (Decagon Devices, Inc., Pullman, WA, USA). VSWC values were used
directly because factory calibration provides + 3% accuracy for mineral soils. One
sensor per replicate was placed below the dripline at a 20-centimeter depth, where the
maximum root density was located and was equidistant between two adjacent
emitters. The VSWC was measured and stored every 30 min, and its variation was used
to determine in situ field capacity (FC) [34,35]. The permanent wilting point (PWP) was
determined by using Richards Plates (Set for pF-determination; Eijkelkamp, Giesbeek,
The Netherlands) [36]. To compare VSWC between irrigation strategies and growing
seasons, their values are presented as available water content (AWC; %) before each
irrigation event, and were determined as reported by Fernandez et al. [37]:

AWC = (1 — [(VSWCrc — VSWC,) / (VSWCrc — VSWCrwr)]) x 100, (1)

considering the subscripts a, FC and PWP correspond to the actual (before irrigation),
field capacity, and permanent wilting point soil water content, respectively. When the
VSWC. was greater than the VSWCx, the last one was considered, given that AWC
cannot be greater than 100%. The values for the VSWC at FC and PWP were determined
for the different GS and IS and are shown in Table 2.
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Table 2. Volumetric soil water content (m3 m-3) at field capacity (FC) and permanent wilting point (PWP)
for each growing season (2018 and 2019), irrigation strategy (control (C) and deficit irrigation (DI)) and
plant type (ungrafted (V) and grafted (V/N)).

| 2018 2019
Planttype  tc pwp  rc  pPwep
Control V-C 0.19 0.08 0.24 0.13
V/N-C 0.17 0.08 0.23 0.13
Deficit irrigation V-DI 0.23 0.08 0.19 0.13
V/N-DI 0.22 0.08 0.19 0.13
435, Physiological Measurements

Physiological measurements were taken during GS 2019. The gas exchange
measurements were taken early in the morning (9.30 am to 10.30 am GMT) and at
midday (1 pm to 2 pm) with three plants per replicate (9 per treatment) after 58, 79,
and 114 days after transplanting (DAT). The net CO: assimilation rate (Ax, pmol CO. m-2
s-1), stomatal conductance (gs, mol H:O m-2 s}, and transpiration rate (Eer, mmol H.O
m-2 s-1) were determined on fully expanded leaves (3r—4 leaf from the apex) in the
steady-state under saturating light conditions (1000 umol m-2 s) and with 400 ppm
CO: by an LI6400 infrared gas analyzer (LI-COR, Nebraska, USA) at 24 + 2 °C and 65
10% relative humidity. The average values of leaf vapor pressure deficit (considering
58, 79, and 114 DAT) were 1.68 + 0.22 kPa and 2.50 % 0.25 kPa at early morning and
midday, respectively. Parameters Ax/g: and An/Eer were calculated as intrinsic water
efficiency and instantaneous water use efficiency, respectively.

The predawn (5.00 am to 6.00 am) and midday leaf water potential (1 pm to 2
pm) (Woredann and Wear, respectively) were determined by a Schélander-type pressure
chamber (model 3000; Soil Moisture Equipment Corp., Santa Barbara, CA, USA).
Determinations were made on fully expanded leaves in an identical physiological state
as that used in the gas exchange measurements of three plants per replicate (9 per
treatment) after 58, 79, and 114 DAT.

Plant conductance of the hydraulic water flow from root systems to leaves
(whole-plant hydraulic conductivity, Khgan) was calculated by analogy to Ohm’s law
[38]:

thlant = Eieaf-md / (Lpsoil - l'uleaf) (2)

where Eit.mq is the maximum transpiration rate in the leaf measure in LICOR-6400 from
1 pm to 2 pm by assuming that Wewi = Woregawn. Khpiat was measured at 58, 79, and 114
DAT.
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4.3.6. Biomass and Fruit Yield
Harvests consisted of four passes between mid-June and the end of July in both
years. The commercial production quality was evaluated following the criteria
described by the European Regulations [39], insofar as the yield was partitioned into
three categories: «Extra» Class, Class | (together hereafter referred to as marketable
yield; MY) and Nonmarketable, the fruits which, given their defects, mainly due to
blossom-end rot (BER), did not match the former categories.

Biomass was analyzed at the end of crop cycles. The aboveground plant part
was partitioned into two parts and separately analyzed: Vegetative, including shoots
with all their leaves (hereafter referred to as shoot dry weight (SDW)), and fruit
(including all the fruit of all the passes of the harvests). The sum of both terms was the
total dry weight (TDW). Each part was dried at 65 °C in a forced-air oven (Oven 100-
800, Memmert, Germany) until constant weight and weighed on an analytical scale,
which measures dry weights. The harvest index (HI) was determined as the ratio of the
total yield to the total aboveground biomass (TDW) on a dry mass basis [37].

43.7. Statistical Analysis

The biomass and fruit yield data were subjected to an ANOVA analysis, including
the three factors: IS, plant type (PT), and GS. The physiological parameters were
separately analyzed for each measurement time (58, 79, and 114 DAT) as a multiway
ANOVA (Statgraphics Centurion for Windows, Statistical Graphics Corp.). With these
parameters, after verifying the significance of the interaction for each variable (data
are not shown), a one-way ANOVA was performed by joining the plant combination
and treatment for each studied time. Means were compared by the Fisher’s least
significance difference (LSD test) at p < 0.05. No significant differences were found
among the replicates for each measured parameter.
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4.4. Results

4.4.1. Soil Moisture

Figure 1 presents the weekly average values for the available water content
(AWC) before each irrigation event. For both growing seasons (GS) and irrigation
strategies (IS), AWC increased before the differential irrigation strategies started (25
and 24 April in 2018 and 2019, respectively), reaching values of 100% of the AWC in
2018, as a consequence of plants being over irrigated to assure their establishment.
After this day, during both GS the soil moisture in the deficit irrigation (DI) treatment
decreased to constant values at the end of the cycle [40% in 2018 and 26.5% (on
average for both plants types (PT)) in 2019], which was lower than those reached in
the control treatment. In 2018, this drop in AWC was more marked for V/N-DI than for
V-DI. From early June, soil moisture also decreased in the control treatment in the two
PT and during both GS. It is noteworthy thatin 2019, some problems were encountered
with the irrigation system, which involved an unplanned lack of irrigation for two days.
Consequently, the AWC in the control treatments dropped below 50%, and rose to
previous levels when irrigation was reestablished. It is also noteworthy that the
standard error was generally lower for DI than for the control plants as soil moisture
remained at constant values.
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Figure 1. Weekly average soil moisture (expressed as a percentage of the available water content, AWC)
during each growing season (2018 and 2019) for plant type, grafted (V/N) and ungrafted (V), and for both
irrigation strategies: Control (C) and deficit irrigation (DI). DAT are days after transplanting. The vertical
line represents the start of irrigation treatments.

4.4.2. Plant Water Relations
The predawn leaf water potential (Weresawn) values (Figure 2A) after 58 DAT were
not significantly different between the control and DI treatments. At 79 DAT and at the

end of the experiment (114 DAT), the V-C and V/N-C values were higher (with no
significant differences between them) compared to V/N-DI and V-DI, of which the latter

had the lowest Wpresawn Values.
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The midday leaf water potential W.sr values progressively lowered during the
experiment as plant size enlarged in all the IS (Figure 2B). The application of the DI
strategy significantly decreased Wer in the DI plants, but only at the end of the
experiment (114 DAT), with no differences appearing between the grafted and
ungrafted plants.
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Figure 2. Predawn leaf water potential (Wpredawn) (A), midday leaf water potential (Wear) (B), and whole plant
hydraulic conductivity (Khpant) (C) in the ungrafted pepper plants (cultivar ‘Maestral’, V) and the plants
grafted onto NIBER® (V/N) grown under well-irrigated (C) and deficit-irrigated (DI) conditions.
Measurements were taken on 58, 79, and 114 days after transplanting (DAT). Data are the mean values

for n =9 % SE. For each studied time, different letters indicate differences at p <0.05 (LSD test). n.s. indicate
no significant difference.
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Whole plant hydraulic conductivity (Khpant) (Figure 2C) was not constant during
the experiment. At 58 DAT, values ranged between 7 and 10 mmol H.0O m-2 MPa-t s+,
and the lowest values were for the V-DI plants, and the highest ones were measured
for the V-C plants, whereas the grafted plants had intermediate values. At 79 DAT, no
significant differences between treatments were observed for all the Khpen values.
However, at the end of the experiment (114 DAT), differences between treatments
were found. When comparing only the control treatment plants, the V plants had
higher Khgant than the V/N plants. The DI treatment decreased Khgint (46% lower) in the
V and V/N groups of the plants compared to the control, with the lowest values for the
V/N-DI plants.

443, Photosynthetic Parameters
The net CO; assimilation rate (AN) measured early in the morning (Figure 3A)
showed no significant differences between plants and treatments during the crop cycle.
Nevertheless, the AN values obtained at midday (Figure 3B) were grouped for the
significant differences in the control and DI plants at 58 DAT and 79 DAT. The lowest
values were for the DI plants at both these times. At 114 DAT, the maximal AN was
observed in the V-C plants followed by V/N-C, V-DI, and V/N-DI with the lowest values.

The transpiration rate (Eleaf) early in the morning (Figure 3C) increased from
58 DAT to 79 DAT, but with no significant differences between treatments at both DATs.
At the end of the experiment, the DI strategy lowered the Eleaf values in the V and V/N
plants compared to the control strategy. At midday, the Eleaf values of the control
plants were higher than the values obtained early in the morning (Figure 3C,D). The
measurements taken at 58 DAT and 79 DAT did not show any changes in the Eleaf of
the V-C and V/N-C plants, but the Eleaf values were higher in the V-C plants than in the
V/N-C plants at the end of the experiment. The application of the DI strategy led to
equal Eleaf values for both the V and V/N plants at 58 DAT (Figure 3D). At 79 DAT, the
DI strategy only reduced Eleaf in the V-DI plants. At the end of the experiment, the
differences in Eleaf between IS were more evident, with the highest values for V-C and
the lowest ones for V/N-DI.

Stomatal conductance (gs) was measured early in the morning (Figure 3E) and
only showed significant differences between IS at the end of the experiment, with
similar reductions in the V and V/N plants compared to the control. The influence of IS
on g was more evident at midday (Figure 3F). Although the measurements taken at 58
DAT and 79 DAT did not indicate any changes in g of the V-C and V/N-C plants, gs was
higher in the V-C than the V/N-C plants at the end of the experiment. At 58 DAT, the
reduction in gs accomplished by the DI strategy was equal for the V and V/N plants
(Figure 3F). At 79 DAT, the DI strategy only reduced gs in the V-DI plants. At the end of
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the experiment, the differences in g between IS were more evident, with the highest
values for V-C and lowest ones for V/N-DI.

Early moming (9.30-10:30) Midday (13:060-14:00)
30 30
A B
25 s 25 4 .
—— —— a
" ns ns “w a b a
B 20 o 20
E E b
d g ’
O 15 4 O 15 4 be
o ©
: 2 c
= 107 o = 07 e ve
< -O— vl < -0 v-Dl
5 4 —w uiNC 54 -wvmnc
—7— VIN-DI —7— VIN-DI
0 f i f 0 } f f
58 e 114 58 79 114
DAT DAT
16 16
14+ © 1240
T 12 T 12 H
o o
E 194 ns : E 104
Q, 2
T i b T i
z 8 e B z s
E 6 5 E 5 -
\-:“U - ve \':5 -8 vC
w47 o R v
2 -y VNG P
VD —— VIN-DI
0 T T T 0 T T T
58 79 114 58 79 114
1.0 1.0
E F
ns
0.8 o 0.8
o~ ns a —
"0 ///ﬁa "0
£ 06+ £
T b I
o 04 - k]
E £
o -8 vC =
0.2 - =0 VDI
- VNG
7= VDI
0.0 f 1 1
58 79 114

Figure 3. Net CO2 assimilation rate (AN) (A,B), leaf transpiration rate (Eleaf) (C,D), and stomatal
conductance (gs) (E,F) measured at two representative day times (early morning, midday) in the ungrafted
pepper plants (cultivar ‘Maestral’, V) and the plants grafted onto NIBER® (V/N) grown under well-irrigated
(C) and deficit-irrigated (DI) conditions. Measurements were taken on 58, 79, and 114 days after
transplanting (DAT). Data are the mean values for n = 9 * SE. For each studied time, different letters
indicate differences at p < 0.05 (LSD test). n.s. indicate no significant difference.

Instantaneous water use efficiency (AN/Eleaf) progressively decreased early in
the morning for all the plant combinations during the experiment, with minimum
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values at 114 DAT (Figure 4A). There were no significant differences between IS at 58
DAT and 79 DAT, whereas AN/Eleaf increased in the DI plants (V and V/N) at 114 DAT
compared to the control. A similar response occurred at midday (Figure 4B). Regarding
intrinsic water use efficiency (AN/g;), a different shape behavior was observed during
the experiment to the values measured early in the morning (Figure 4C) and at midday
(Figure 4D). Early in the morning (Figure 4C), it was only at the end of the experiment
when the AN/g; values exhibited significant differences, with the highest values for the
DI plants (V-DI and V/N-DI). From 79 DAT to 114 DAT, the AN/g, values obtained at
midday significantly increased (Figure 4D), where the DI plants obtained the maximum
values compared to the control plants (V and V/N).
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Figure 4. Instantaneous water use efficiency (AN/Eleaf) (A,B) and intrinsic water use efficiency (AN/gs) (C,D)
measured at two representative day times (early morning, midday) in the ungrafted pepper plants (cultivar
‘Maestral’, V) and the plants grafted onto NIBER® (V/N) grown under well-irrigated (C) and deficit-irrigated
(DI) conditions. Measurements were taken on 58, 79, and 114 days after transplanting (DAT). Data are the
mean values for n = 9 + SE. For each studied time, different letters indicate differences at p < 0.05 (LSD
test). n.s. indicate no significant difference.

444, Plant Biomass and Fruit Yield
Shoot dry weight (SDW) was significantly affected by IS (p < 0.01; Table 3), with
a 20% decrease for the stressed plants versus the control ones, but the IS x PT
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interaction for this parameter was statistically significant (p < 0.05; Table 3) as the
differences in SDW between DI and C were small (down to 50%) in the V/N plants in
relation to V (Figure 5). Total dry weight (TDW) was also significantly affected by IS (p <
0.01; Table 3), with an average 22% decrease for the DI plants in relation to the control
for both seasons. No significant IS x PT interaction was detected. The harvest index (HI)
was affected by neither any analyzed factor nor their interaction for any season.

Table 3. Effect of irrigation strategy, plant type, and growing season on the shoot dry weight (SDW), total
dry weight (TDW), and harvest index (HI).

SDW TDW HI (-)
(g plant?) (g plant™)
Irrigation strategy (IS)
C 176.3 a 311.7 a 0.437
DI 1405 b 240.8 b 0.416
Plant type (PT)
\% 158.0 270.8 0.418
V/N 158.8 281.7 0.434
Growing season (GS)
2018 157.8 272.5 0.421
2019 158.9 280.0 0.432
ANOVA (df) % Sum of the squares
IS (1) 69.85 ** 81.01 ** 13.18 n.s.
PT (1) 0.03 ns. 1.89 ns.  7.61 nus.
GS (1) 0.06 ns. 091 ns. 3.56 n.s.
IS*PT (1) 6.51 * 1.89 ns.  0.00 n.s.
IS*GS (1) 3.57 ns. 0.55 ns. 9.30 ns.
PT*GS (1) 2.74 ns. 252 ns.  9.30 ns.
IS*PT*GS (1) 3.01 ns. 1.89 ns. 0.19 ns.
Residuals (16) 14.22 9.33 0.53
Std. Dev." 9.9 14.7 0.026

The mean values followed by the different lowercase letters in each column indicate
significant differences at P < 0.05 using the LSD test. ** and * indicate significance at
P <0.01 and P <0.05, respectively, n.s. no significant difference. *) Standard deviation,
calculated as the square root of the residual sum of squares. df degrees of freedom.
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Figure 5. Shoot dry weight (SDW, g plant™?) for the deficit irrigation plants (gray bars) and the control plants
(black bars) in the ungrafted pepper plants (V) and the cultivar grafted onto NIBER® (V/N). Data are the
mean values for n = 6. In each plant combination, different letters indicate significant differences at p <
0.05. Error bars represent the LSD value of the interaction.

The marketable yield (MY) and «Extra» class yield were also significantly
affected by IS (p £0.01; Table 4) and by the IS x PT interaction (p < 0.05; Table 4). Deficit
irrigation reduced yields in relation to the control, down to 24% and 31% for the MY
and «Extra» class yield, respectively. In both cases for the DI plants, higher yields were
maintained in the V/N plants compared to V (Figure 6). Class | yield was affected by
neither any analyzed factor nor their interaction.
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Figure 6. Marketable yield (MY, kg plant™!) and «Extra» Class yield («Extra» Class, kg plant™?) for the deficit
irrigation plants (gray bars) and the control plants (black bars) in the ungrafted pepper plants (V) and the
cultivar grafted onto NIBER® (V/N). Data are the mean values for n = 6. In each plant combination, different
letters indicate significant differences at p < 0.05. Error bars represent the LSD value of the interaction.
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Table 4. Effect of irrigation strategy, plant type, and growing season on marketable yield (MY), «Extra»
Class yield («Extra» Class), and Class | yield (Class I).

my «Extra» Class Class |
(kg plant?) (kg plant?) (kg plant?)

Irrigation strategy (IS)

C 2.189 a 1.770 a 0.421

DI 1.652 b 1.219 b 0.432
Plant type (PT)

Vv 1.889 1.466 0.425

V/N 1.952 1.523 0.428
Growing season (GS)

2018 1.906 1.484 0.423

2019 1.935 1.505 0.430
ANOVA (df) % Sum of the squares

IS (1) 66.03 ** 66.19 ** 0.04 n.s.

PT (1) 0.89 n.s. 0.69 n.s. 0.74 n.s.

GS (1) 0.19 n.s. 0.09 n.s. 0.36 n.s.

IS*PT (1) 8.32 * 8.52 * 0.22 n.s.

IS*GS (1) 3.62 n.s. 4.10 n.s. 20.93 n.s.

PT*GS (1) 0.00 n.s. 0.67 n.s. 0.99 n.s.

IS¥PT*GS (1) 2.48 n.s. 2.75 n.s. 0.53 n.s.

Residuals (16) 18.45 16.98 76.19 n.s.
Std. Dev. ) 0.174 0.171 0.067 n.s.

The mean values followed by the different lowercase letters in each column indicate significant
differences at P < 0.05 using the LSD test. ** and * indicate significance at P <0.01 and P <0.05
respectively, n.s. no significant difference. *) Standard deviation, calculated as the square root of
the residual sum of squares. df degrees of freedom.

The «Extra» class number of fruits per plant and average fruit weight were only
affected by IS (Table 5) as the DI values lowered by 25% and 8%, respectively, in relation
to the control. As previously mentioned, in 2018, no fruits were affected by BER, and
were not affect by any analyzed factor in 2019 (Table S1).
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Table 5. Effect of irrigation strategy, plant type, and growing season on fruit number of «Extra» Class (No.
«Extra» Class) and average fruit weight of «Extra» Class (AFW «Extra» Class).

No. «Extra» Class AFW «Extra»
(fruits plant™) Clas_s_l
(g fruit™)
Irrigation strategy (IS)
C 8.16 a 218.5 a
DI 6.06 b 201.0 b
Plant type (PT)
Vv 7.11 204.6
V/N 7.11 214.9
Growing season (GS)
2018 6.91 213.7
2019 7.31 205.7
ANOVA (df) % Sum of squares
IS (1) 50.43 ** 26.15 *
PT (1) 0.00 n.s. 9.07 n.s.
GS (1) 1.80 n.s. 5.41 n.s.
IS*PT (1) 8.06 n.s. 0.96 n.s.
IS*GS (1) 5.45 n.s. 0.04 n.s.
PT*GS (1) 0.08 n.s. 2.73 n.s.
IS*PT*GS (1) 4.26 n.s. 0.14 n.s.
Residuals (16) 29.93 55.49
Std. Dev. ) 0.99 15.6

The mean values followed by the different lowercase letters in each column indicate
significant differences at P < 0.05 using the LSD test. ** and * indicate significance at P < 0.01
and P < 0.05 respectively, n.s. no significant difference. ) Standard deviation, calculated as
the square root of the residual sum of squares. df degrees of freedom.
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4.5. Discussion

For two consecutive years, our results demonstrated that grafting a pepper
cultivar onto the new hybrid rootstock, NIBER®, can overcome the negative effects of
sustained water stress in biomass and yield terms.

The water applied during both GS was similar because the meteorological
conditions were comparable that, in turn, led to equivalent water requirements.
Harvesting is, as usual, the longest growth stage, and it presents the maximum daily
water requirements. This means having to apply the largest amount of water, which
represents 58% of the total amount.

For both GS and IS, AWC maintained close to 100% from planting to the
establishment, which indicates that the VSWC came close to FC. The reduction of AWC
after the establishment was more marked for V/N-DI than for V-DI, in 2018, and was
probably related to the fact that water uptake was greater in the grafted plants.
Afterward, the AWC in the DI strategies dropped to 40% and 50% in 2018 and 2019,
respectively. These values were lower than 55%, the value established by Fernandez et
al. [37] as the threshold AWC, below which pepper ETc lowers in response to soil water
deficit. Therefore, it can be stated that DI plants were water-stressed, and as the AWC
for both plant types was similar during each GS, the stress level was similar for both PT.
So, it can be hypothesized that the higher yield obtained in V/N in relation to V could
be due to the grafted plants’ better response to water stress conditions.

In fact, DI reduced both shoot and total dry weight by an average 20-22% for the
DI plants (V/NDI and V-DI) in relation to the control for both seasons, which is a similar
decrease to that observed by Lépez-Marin et al. [24], and comes close to the reduced
plant yields reported by several studies for pepper crops [40,41] and tomato [42]. What
is more, the NIBER® rootstock had a beneficial effect on MY and «Extra» Class by
maintaining a bigger yield than the ungrafted plants under stress conditions. These
results, together with those previously obtained with water stress tolerant rootstocks
[29], confirm our hypothesis on NIBER® water stress tolerance, now under field
conditions, and monitoring soil water content.

Fereres and Soriano [18] pointed out that when water stress increases in severity
terms at a sustained DI, with biomass production losses over 40%, the HI can be
affected in many crops. However, in the present study, the Hl was not affected by either
IS or PT, which indicates that yield was lowered by DI to a similar extent as vegetative
biomass. Similar results have been obtained by Abdelkhalik et al. [41], who observed
differences for the HI between treatments, but only when sever DI was applied, and
these authors did not observe any differences for a moderate deficit.
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The reduction in SDW between the deficit and control irrigation regimes in the
grafted plants was much less marked than in the ungrafted plants, around 56% less.
This indicates the ability of some rootstocks to overcome the effects of water stress, as
previously found by Lépez-Marin et al. [24]. According to Lee et al. [43], the root system
of selected rootstocks is usually much larger and more vigorous than that of cultivars,
which allows them to more efficiently absorb water and nutrients compared to
ungrafted plants. The NIBER® rootstock has shown better root development in several
experiments (Reference [44] and unpublished data). As stated before, water content
monitoring in the soil in our experiments affirms the better response of the NIBER®
rootstock to water stress in biomass formation and yield terms.

We also tested the physiological processes associated with grafting and DI by
focusing on water and photosynthetic relations to explain the obtained agronomic
results. Under well-irrigated conditions, plant water status (Woredawn and Wiear) was
apparently similar between the V/N and V plants. Similar results have been reported in
other studies with mini-watermelon, where the leaf water potential in both ungrafted
and grafted plants showed comparable values upon optimal irrigation [23]. However,
the use of pepper plants grafted onto a drought-tolerant rootstock had a significant
influence on plant water transport capacity compared to the ungrafted plants. The
hydraulic conductance of the entire plant in the control treatment under high
atmospheric demand conditions (at noon) was lower in V/N-C, and was accompanied
by lower gs values. Changes in hydraulic properties and stomatal behavior enable
grafted plants to better regulate the water used by the plant by reducing the water lost
by transpiration, which improves leaf water use efficiency (AN/Eleaf and AN/g;s). This
can be attributed to the differences in the root system’s water absorption capacity, as
found in grafted melon plants [45].

We observed that DI strongly influenced the plant water status both in the
grafted and ungrafted plants, especially at the end of the experiment (114 DAT), which
coincides with the fruit ripening stage, and a similar plant water stress level was
obtained (based on Wleaf = —1.8 MPa). The DI effects were also reflected in lower
Khplant, which means that plant water transport capacity diminished compared to
well-irrigated plants, and was similarly affected in the V and V/N plants. Changes in
plant water relations affected g; in both plant groups, with maximum stomatal
regulation at midday. Stomatal limitation partially reduced the plant’s water use, but
also lowered the CO2 assimilation rate similarly in both the V and V/N plants. In both
plant groups, water stress had less impact on photosynthesis than in g; and Eleaf, which
indicates that stomatal closure occurred earlier than CO2 fixation [26,46], and
consequently and similarly enhanced water use efficiency (AN/Eleaf and AN/gs).
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The physiological alterations generated by DI significantly reduced yield and
biomass production in both plant groups (V and V/N). This reduction has been
associated mainly with changes in all the photosynthetic parameters and water
relations, as observed in different crops like mini-watermelon [23], tomato [47] or
pepper [24,27,29] when comparing grafted vs. ungrafted plants. Nevertheless, the
highest fruit yields and SDW under DI were recorded in the grafted plants (V/NDI)
compared to the V-DI plants, despite no significant differences being observed between
them from the physiological point of view. The greater SDW reduction in the V-DI plants
(25.7%) versus V/N-DI (14.5%), could lead to a more marked decrease in the
intercepted radiation in the V-DI plants and could, thus, reduce the whole canopy
photosynthesis in relation to V/N-DI. Although root biomass was not monitored in this
experiment, SDW decreased in V-DI plants, and this could be explained by differences
in biomass partitioning between the aerial part and roots. On the other hand, the
capacity to maintain sink activity in the vegetative V/N-DI parts could be an adaptive
advantage that leads to more shoot growth and bigger yields through regulating
source-sink relations [24] with DI. Other mechanisms not associated to maintenance
photosynthetic activity have been described to explain the better biomass and yield
performance in grafted plants under DI as osmotic adjustment [48], modulation of
antioxidant defenses [49] or hormonal signaling [50].
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4.6. Conclusions

These results confirm that using appropriate rootstocks in pepper crops is a good
strategy to better tolerate sustained DI, which promotes water stress in pepper,
compared to ungrafted plants. This is a consequence of an adaptation morphology and
physiology being capable of maintaining photosynthesis levels, and consequently,
biomass production. They also confirm that hybrid NIBER® is an interesting rootstock
for this purpose.
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4.7. Supplementary materials
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Figure S1. Temperature (°C) and relative humidity (%) values for 2018 (black line) and 2019 (red line).
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Table S1. Effect of irrigation strategy and plant type on BER yield (BER) and the fruit number of BER (No.

BER).
BER No. BER
(kg plant?) (fruit plant?)

Irrigation strategy (IS)

C 0.017 0.137

DI 0.034 0.394
Plant type (PT)

v 0.040 0.408

V/N 0.012 0.123
ANOVA (df) % Sum of the squares

IS (1) 6.14 n.s. 10.32 n.s.

PT (1) 16.41 n.s. 12.66 n.s.

IS*PT (1) 0.00 n.s. 0.70 n.s.

Residuals (8) 77.45 76.32
Std. Dev. 0.037 0.429

The mean values followed by the different lowercase letters in each column indicate significant
differences at P < 0.05 using the LSD test. ** and * indicate significance at P < 0.01 and P < 0.05
respectively, n.s. no significant difference. ¥ Standard deviation, calculated as the square root of the

residual sum of squares. df degrees of freedom.
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5.1. Abstract

The use of rootstocks tolerant to water stress in pepper crops is a
complementary technique for saving irrigation water without affecting yields by means
of particular rootstock physiological traits, which changes the scion’s perception stress.
The present study aimed to analyze the morphological and physiological adaptation of
the ‘Cuerno’ pepper cultivar grafted onto tolerant rootstock NIBER® subjected to
capacitance sensor-based deficit irrigation. The stomatal conductance, relative water
content and leaf water potential parameters were used to confirm the degree of crop
stress. Leaf dry weight and root volume were higher in the grafted plants under the
control irrigation and stress treatment conditions. Total fresh root biomass and root
volume percentage of grafted plants under water stress were 24% and 33% higher,
respectively, than the ungrafted plants. The grafted plants subjected to both water
stress and control conditions had a higher marketable production than the ungrafted
plants. The higher yields obtained using tolerant rootstocks were explained by the
reduced blossom-end rot incidence.

Keywords:
Capsicum annuum, grafting, production,
root density, blossom-end rot

128



Capitulo 5. A water stress-tolerant pepper rootstock improves the behavior of pepper plants under deficit irrigation
through root biomass distribution and physiological adaptation

5.2. Introduction

Water scarcity for agricultural production remains a challenge, one aggravated
by the continuous increase in today’s agricultural demands and climate change
considerations. If we consider the fact that agriculture represents almost 70% of all
water extractions, and up to 95% in some developing countries [1], it is necessary to
contemplate farming production alternatives to drastically reduce water use in
agriculture without negatively affecting yields or product quality.

In order to minimize irrigation water use and to increase its efficiency, some
woody crops have been successfully grown in recent decades by implementing the
deficit irrigation (DI) technique [2]. However, herbaceous crops’ sensitivity to water
stress is much greater, and the success of this technique depends on species to a great
extent. One of the reasons explaining this phenomenon is the poor root depth growth
capacity of some horticultural crops under DI conditions, owing partly to greater root
biomass accumulation with effective water/nutrient uptake on the surface soil horizon
[3]. With peppers, most of the studied cases that have applied the controlled DI
technique do not report the production levels obtained under normal irrigation
conditions. However, differences in yield have been observed depending on the time
when the Dl is applied, the stress severity and the duration [4,5,6].

Water stress imposed in some critical pepper growth stages, mainly flowering
and fruit set, can have long-term effects that may make completely recovered vyield
impossible [7]. In addition, water stress could also lead to higher incidence of blossom-
end rot (BER) in pepper crops.

Grafts on water stress—tolerant rootstocks can confer drought tolerance up to a
certain point and has been proven in cucumber [8], eggplant [8], tomato [9] and
watermelon [10]. In peppers, different studies confirm the existence of rootstocks
capable of developing physiological mechanisms that confer water stress tolerance
[11,12]. In a study that used the water stress—tolerant hybrid rootstock NIBER® and
irrigated at 50% of crop evapotranspiration (ETc) [13], this hybrid increased plants’
water use efficiency, accounted for by the grafted plants’ higher dry biomass and
commercial yields compared with ungrafted plants. All this may be attributed to greater
root development. Nonetheless, these studies did not investigate the effect of the root
system’s exploring capacity on the greater adaptation of the water stress—tolerant
rootstock. To do so, and under more controlled conditions than those indicated in the
previous work [13], the present study centers on determining up to what point a water
stress—tolerant rootstock is able to maintain its production capacity under stress
conditions caused by Dl and to analyze, in turn, the capacity of root exploration, volume
and weight to relate it to the differences in the yields or fruit quality that might be
found.
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5.3. Materials and methods

5.3.1. Growth Conditions
The experiment was carried out from February to June 2022 in the Venlo-type
greenhouses belonging to the Universitat Politecnica de Valéncia, Spain. Growth took
place in 25-L cylindrical containers using washed silica sand of distinct granulometry,
with a 10% thickness index and a 2.28 uniformity coefficient [1].

Containers were drip-irrigated using three 4 L/h Netafim® (Netafim Ltd., Tel
Aviv, Israel) anti-drain drippers per container with a nutritional solution containing (in
mmol/L): 14.0 NOs~; 1.5 H,P047; 2.4 SO4*7; 0.5 HCO3™; 1.6 ClI7; 1.2 NH,4*; 6.0 K*; 5.0 Ca%;
2.5 Mg?*; 0.2 Na*; (in pmol L™): 15 Fe**; 6 Zn?*; 12 Mn?*; 30 B**; 0.8 Cu?* and 0.5 Mo®*.
The electrical conductivity (EC) and pH of this nutritional solution were respectively 2.2
dSm™and 6.5. The values of the temperature, relative humidity and accumulated solar
radiation are shown in Figure S1.

5.3.2. Plant Material

The traditional ‘Cuerno’ pepper cultivar was used and grafted onto rootstock
F1 NIBER® (Universitat Politécnica de Valéncia and Instituto Valenciano de
Investigaciones Agrarias, Valencia, Spain) (GRA) or ungrafted (UGR). Seeding took place
on 2 December 2021, on 104-cell polystyrene trays on a peat-based substrate (70%
white peat; 30% black peat). Grafting was done on 24 December using the tube method
[14]. Transplanting was performed on 1 February 2022. The experiment finished on 11
June 2022.

5.3.3. Irrigation Management and Control

Volumetric soil water content (VSWC; m3 m3) was continuously monitored by
TEROS 10 capacitance sensors connected to a ZL6 data logger using the ZENTRA Cloud
(METER Group AG, Miinchen, Germany). Two sensors per container were placed at 15-
cm and 25-cm soil depths, equidistant between two adjacent emitters. The sensor
located at the 25-cm soil depth was used to monitor the water drained below the root
zone. VSWC was measured and stored every 15 min, and its variation was employed to
determine in situ field capacity (FC) (defined as the amount of water held in soil after
excess water has drained away and the rate at which the downward water movement
materially decreases [2], which coincided with VSWC when its change came close to
zero over time [3]). Irrigation was managed based on the VSWC, expressed as the
percentage of FC to reduce sensor calibration importance. Irrigation management
consisted of maintaining VSWC at 90% and 50% of FC in the control (CON) and deficit
irrigation (DI) treatments, respectively, by varying the number of daily irrigations based
on accumulated solar radiation, and by also ensuring 20% drainage to avoid salinity
problems. VSWC was measured (in triplicate) in each of the four combinations.
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The water stress treatment began on 5 April 2022, when the flowers of third
nodes were at anthesis, and continued until the end of the experiment. Before the
stress treatment commenced, all the fruits set were eliminated, and all the plants were
irrigated in the same way as under the CON conditions.

5.3.4. Physiological Parameters

Stomatal conductance, relative water content and the leaf water potential
were measured to confirm the plant water stress level. Stomatal conductance (gs, mol
H,O m™s71) was determined as reported in [13] in fully extended leaves (3rd and 4th
leaves from the apex) 31, 45 and 59 days after DI treatment (DAT) started between
12:00 h and 14:00 h. For this purpose, the “LI-COR 600” porometer (LI-COR, Nebraska,
St, Lincoln, NE, USA) was used. Relative water content (RWC) was measured 28, 42 and
56 DAT in leaves and was determined by weighing leaves before and after a 24-h
rehydration process for which distilled water was employed to respectively obtain fresh
weight (FW) and turgent weight (TW). To obtain dry weight (DW), leaves were dried at
65 °C for 72 h before being weighed. RWC was determined as RWC (%) = (FW -
DW)/(TW - DW) x 100 [5]. The predawn water potential (05:00 h to 06:00 h) and the
midday water potential (13:00 h to 14:00 h) (Wpredawn and Wi, respectively) were
determined, following the methodology applied in [13] using a Schélander-type
pressure chamber (model 3000; Soil Moisture Equipment Corp., Santa Barbara, CA,
USA). Determinations were made on fully extended leaves of an identical physiological
status as that employed for the previous measurements and after 36, 50 and 63 DAT.

5.3.5. Production Parameters
Marketable and non-marketable yields, and both fruit weight and number,
were determined. Non-marketable yield consisted of fruit affected by BER. Harvesting
was spread out between early May and early June.

5.3.6. Biomass Parameters
The aerial and root biomass parameters were measured at the end of the
experiment (67 DAT).

Fresh leaves and stems were weighed before being exposed to dry heat (for 72
h at 70 °C) in a laboratory oven. Then, dry weight (DW) was recorded.

Root biomass and root volume were measured by dividing the substrate into
three vertical layers (corresponding to the 0-10, 10-20 and 20-30 cm depths),
obtaining the roots from each layer and carefully washing them with distilled water.
Root volume (mL) was obtained through the displaced water volume. Finally, the fresh
weight (FW) and the DW of roots were obtained in the same way as used for the aerial
part.
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5.3.7. Experimental Design and Statistical Analysis

The experiment consisted of a two-factor randomized block design, where factors were
water stress (WS) with two levels CON and DI, and grafting (G) with two levels UGR and
GRA, formed by four repetitions (n= 16) of five plants. For all the parameters,
measurements were taken in all the plants to obtain the mean of the five
measurements per repetition. The results obtained for the different parameters were
evaluated by an analysis of variance (ANOVA) using the Statgraphics Centurion XVII
software (Statgraphics Technologies Inc., Virginia, USA). Means were compared by
Fisher’s least significant difference (LSD) test at p < 0.05.
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5.4. Results

54.1. Irrigation Management
With the irrigation strategies applied, the average 100% volumetric water
content of the substrate was maintained in CON, which was 60% in the DI strategy,
compared to FC (Figure 1). The quantity of water used to irrigate the CON plants was
57% higher than that administered to the DI plants (CON: 256.2 L/plant; DI: 145.8
L/plant).
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Figure 1. Volumetric soil water content (VSWC) expressed as a percentage of field capacity (FC) for the
substrate corresponding to the grafting factor, grafted (GRA) and ungrafted (UGR), and for both water
stress levels: control (CON) and deficit irrigation (D).

5.4.2. Physiological Parameters
No significant interactions between the two factors (G x WS) were detected
(data not shown) for both gs and RWC parameters. No significant differences for the
grafting factor were noted. However, for the water stress effect, the stomatal
conductance parameter and RWC (except for 28 DAT) were higher in the plants under
the CON conditions than those under the DI conditions, as shown in Figure 2.
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Figure 2. Stomatal conductance (gs) (A) and relative water content (RWC) (B) for both water stress levels:
control (CON) and deficit irrigation (DI). Measurements were taken on 31, 45, and 59 DAT for gs and 28,
43 and 56 DAT for RWC. Different letters indicate significant differences at p <0.05 (Fisher’s LSD test). Data
are the mean of grafted and ungrafted plants (four replicates each).

For both Wyredawn and Wiess (Table 1), the results indicated significant differences
in WS at all the sampling times (except for Wyredawn at 36 DAT). The plants under the DI
conditions had more negative values than those under the CON conditions. Moreover,
significant differences appeared among the grafting factor for Wgredawn at sampling
times of 36 and 50 DAT, and for W,.,s on 36 DAT, when more negative water potential
values were obtained in the UGR plants (Table 1). No significant interactions appeared
between factors.
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Table 1. Effect of grafting and water stress on the predawn leaf water potential (Wyredawn) and the midday

leaf water potential (Wea). Measurements were taken on 36, 50, and 63 days after treatment (DAT).

Leaf water potential (MPa)

36 DAT 50 DAT 63 DAT
l'upredawn l'I'Jleaf l'I'Jpredawn l'I'Jleaf l'I'Jpredawn l'I'Jleaf

Grafting (G)

UGR -0.426 a -1.618a -0.398a -1.410 -0.531 -1.139

GRA -0.348b -1463 b -0.333b -1.317 -0.493 -1.205
Water stress (WS)

DI -0.405 -1.639a -0406a -1.444a -069a -1.276a

CON -0.369 -1.441b -0.324b -1.283b -0.328b -1.068 b
G*WS

UGR-DI -0.453 -1.698 -0.438 -1.479 -0.710 -1.233

UGR-CON -0.400 -1.538 -0.358 -1.342 -0.353 -1.045

GRA-DI -0.358 -1.580 -0.375 -1.408 -0.683 -1.320

GRA-CON -0.338 -1.345 -0.290 -1.225 -0.303 -1.090
ANOVA (df) % Sum of squares

G (1) 46.50 ** 2434 ** 1899 * 10.69 ns 0.89 n.s. 595 n.s

WS (1) 9.85 n.s 39.52 ** 30.59 * 31.29 * 80.96 ** 59,12 **

G*WS(1) 198 ns 142 ns 003 ns 064 ns 008 ns 0.61 ns
Residuals (12) 41.66 34.71 50.39 57.39 18.07 34.31
Std. Dev. ) 0.043 0.107 0.061 0.125 0.101 0.092

The mean values followed by the different lowercase letters in each column indicate significant
differences at P < 0.05 using the LSD test. ** and * denote significance at P < 0.01 and P < 0.05,
respectively. n.s. no significant difference. (+) Standard deviation, calculated as the square root of the
residual mean square. df degrees of freedom.

5.4.3. Production Parameters
For marketable yield (Table 2), significant differences appeared in WS (p <
0.01), and the worst results were obtained for the plants under the DI conditions, with
a lower fruit number, lighter weight per plant and lighter weight per fruit (Table 2).

For both fruit number and weight per plant, differences were found in grafting
factor (p < 0.01), with higher GRA values on average for the two WS levels (Table 2).

For the percentage of fruit with BER, significant differences were obtained for
both WS levels (p < 0.01), and the percentage was higher for DI. On average, for both
WS levels, the GRA plants had a lower BER percentage and a lower fruit number with
BER than the UGR plants (Table 2).
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Table 2. Effect of grafting and water stress on marketable yield (fruit/plant, kg/plant and g/fruit) and
blossom end rot (BER) (fruit/plant and %).

Marketable yield BER
(fruit/plant)  (kg/plant) (g/fruit) (fruit/plant) (%)

Grafting (G)

UGR 21.00 b 1.550 b 71.87 21.50 a 5459 a

GRA 29.00 a 2.152 a 72.83 13.00 b 3481 b
Water stress (WS)

DI 11.25 b 0.779 b 69.26 b 19.75 62.09 a

CON 38.75 a 2.923 a 75.44 a 14.75 2731 b
G*WS

UGR-DI 8.25 0.555 68.28 25.25 74.93

UGR-CON 33.75 2.544 75.47 17.75 34.25

GRA-DI 14.25 1.003 70.24 14.25 49.26

GRA-CON 43.75 3.301 75.41 11.75 20.36
ANOVA (df) % Sum of squares

G (1) 7.10 ** 6.65 ** 1.14 n.s 29.64 * 17.96 **

WS (1) 83.89 ** 84.18 **  47.75 ** 10.26 n.s  55.57 **

G*WS (1) 0.44 n.s 0.44 n.s 1.29 nss 2.56 n.s 1.59 ns
Residuals (12) 8.57 8.73 49.83 57.54 24.88
Std. Dev. 5.07 0.398 3.65 6.84 13.44

The mean values followed by the different lowercase letters in each column indicate significant
differences at P < 0.05 using the LSD test. ** and * denote significance at P < 0.01 and P < 0.05,
respectively. n.s. no significant difference. (+) Standard deviation, calculated as the square root of the
residual mean square. df degrees of freedom.

544, Biomass Parameters
For both fresh and dry biomasses of stems and leaves, significant differences in
WS were found, and DI had a lower biomass. For the aerial part, it was only for the dry
biomass in leaves where significant differences were observed in G, and the DW for the
GRA plants was heavier than UGR ones (Table 3).

The GRA plants had higher fresh root biomass, DW biomass, and root volume
guantities than the ungrafted plants, on average, for WS (p < 0.01). On average, for G,
significant differences in WS appeared, with higher (fresh and dry) biomass results, and
also for root volume in the plants under the CON conditions (Table 3). For fresh and dry
biomasses, significant differences were observed in the interaction, and the GRA-CON
plants obtained the highest result. Regarding fresh root biomass, under DI conditions,
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the plants grafted onto NIBER® developed a higher fresh biomass than the ungrafted
ones, and similar GRA-DI values to UGR-CON were obtained for fresh and dry biomass
(Table 3).

Table 3. Effect of grafting and water stress on the fresh weight (FW) and dry weight (DW) of leaves, stems
and roots, and roots volume.

Leaves Stems Roots
FW (g) DW (g) FW (g) DW(g) FW(g) DW(g) Volume (mL)

Grafting (G)

UGR 766.5 112.3b 859.9 173.9 305.0b 33.26b 394.5b

GRA 715.9 119.7a 786.8 181.6 393.2a 40.58a 517.8a
Water stress (WS)

DI 588.5b 91.5b 663.8b 146.8b 296.2b 32.15b 389.3b

CON 893.9a 1404a 983.0a 208.7a 402.0a 41.69a 523.1a
G*WS

UGR-DI 660.9 88.4 658.9 147.3 264.4c 30.96b 334.0

UGR-CON 872.2 136.2 1061 200.6 345.6b 35.56b 455.0

GRA-DI 516.2 94.7 668.7 146.4 328.0b 33.34b 4445

GRA-CON 915.6 144.6 905.0 216.9 458.4a 47.83a 591.1
ANOVA (df) % Sum of squares

G (1) 1.22ns 2.17 ** 1.56n.s 1.33n.s 36.72** 2556** 37.69 **

WS (1) 4448 ** 9582 ** 29.69* 85.83** 52.92** 43.41** 4437 **

G*WS (1) 422n.s 0.04n.s 2.00n.s 1.68n.s 2.85* 11.64%* 0.41n.s.
Residuals (12) 50.07 1.96 66.75 11.16 7.51 19.39 17.53
Std. Dev. &) 187.06 4.04 276.35 12.89 23.02 3.68 48.56

The mean values followed by the different lowercase letters in each column indicate significant differences
at P £ 0.05 using the LSD test. ** and * denote significance at P < 0.01 and P < 0.05, respectively. n.s. no
significant difference. (+) Standard deviation, calculated as the square root of the residual mean square.
df degrees of freedom.

Table 4 displays the spatial distribution of the dry biomass for roots per WS
level and employed plant combination. Significantly greater root accumulation took
place in the first 10 cm for all the studied combinations. It is worth noting that in these
first 10 cm, the plants grafted onto NIBER® under the DI conditions had a higher biomass
and bigger volume than the ungrafted plants under normal conditions.
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Table 4. Distribution of dry biomass and root volume for grafting (GRA and UGR) and water stress factors

(CON and DI).
DW (g) Volume (mL)
0-10cm 10-20cm 20-30cm  0-10cm 10-20cm  20-30cm
Grafting (G)
UGR 21.81 b 5.565 5892 a 2261 b 69.19 99.23 a
GRA 31.70 a 4.820 4.067 b 3738 a 7231 7171 b
Water stress (WS)
DI 2341 b 4615 b 4123 b 2654 b 5768 b 66.18 b
CON 30.09 a 5769 a 5835 a 3345 a 8383 a 104.76 a
G*WS
UGR-DI 21.22 p 5.132 4.609 211.2 55.85 66.95 b
UGR-CON 2239 p 5.997 7.175 240.9 82.53 131.50 3
GRA-DI 25.61 p 4.099 3.637 319.6 59.50 65.40 b
GRA-CON 37.79 a4 5.541 4.496 428.0 85.13 78.03 b
ANOVA (df) % Sum of squares
G (1) 4412 ** 11.80 n.s. 33.10 ** 62.64 ** 0.74 n.s. 20.11 **
WS (1) 20.10 ** 28.28 * 29.14 ** 13,68 * 52.09 ** 39.56 **
G*WS (1) 13.67 * 177 ns 7.24 ns 444 ns 0.02 ns. 1791 **
Residuals (12) 22.11 58.15 30.52 19.24 47.14 22.42
Std. Dev. ) 4.04 0.955 1.012 47.3 14.36 16.77

The mean values followed by the different lowercase letters in each column indicate significant differences
at P £0.05 using the LSD test. ** and * denote significance at P < 0.01 and P < 0.05, respectively. n.s. no
significant difference. (+) Standard deviation, calculated as the square root of the residual mean square.

df degrees of freedom.
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5.5. Discussion

The plants grown under the DI conditions certainly faced a stress situation, as
demonstrated, on one hand, by the follow-up of the substrate’s volumetric water
content to adjust it to target levels, where the water stress applied in this experiment
was maintained for a long enough period of time for plants to display the consequences
of such stress. On the other hand, this was demonstrated by the measured
physiological parameters, the stomatal conductance, the leaf water potential and the
RWC, which are well known to be affected by drought stress [15,16]. The differences in
RWC in leaves were the first evidence toward this conclusion, because higher RWC was
observed in the leaves of the properly irrigated plants than in those under the DI
condition. RWC in leaves is a measurement of plants” water status in relation to their
water content. It partly estimates the degree of water stress [17]. In addition, the
results of this experiment also showed that the plants that faced stress obtained lower
stomatal conductance values for all the taken measurements. Leaf water potential,
both at predawn and midday, were also clearly lower in the plants subjected to the
deficit irrigation treatment.

The agronomic results obtained in this experiment demonstrated that grafting
the traditional cv. Cuerno onto the tolerant NIBER® rootstock increased yield under
both the CON and DI conditions. Under the DI conditions, however, the
NIBER® rootstock was not equal to the ungrafted plants under the CON conditions
because the generated stress was likely important and grossly reduced yield, which was
more marked than that observed in previous experiments using the same rootstock
conducted in soil conditions [13].

It can be stated that the degree of water stress to which the crop was submitted
in order to maintain the 60% volumetric content in FC terms led to soil moisture that
was too low for DI irrigation under these conditions because, when comparing the
obtained yield between the two treatments, the CON plants obtained a 73% higher
yield than the DI plants. Notwithstanding this, the loss in yield was less than that
obtained when grafting the cv. Cuerno onto the NIBER® rootstock, whose marketable
fruit production grew for both the CON and DI situations compared to the ungrafted
plant yield.

Indeed, grafted plants subjected to water stress are capable of generating a 1.8-
fold higher marketable mean yield compared to the production of ungrafted plants in
the same situation. In CON situations, the grafted plants increased production by 23%
compared to the ungrafted plants.

The differential behavior in yield between the two plant combinations could be
associated with a robust root system in plants using NIBER® as rootstock. In fact, the
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whole biomass and root volume were higher in the plants grafted onto NIBER® than in
the ungrafted ones under both optimal and stress irrigation conditions. These results
are a consequence of the higher percentages of NIBER roots in the 0—10 cm layer, which
normally sees a higher accumulation of pepper roots in high-frequency irrigation, as
has been observed by [18] in drip-irrigated pepper and tomato crops; in our
experiment, this accounted for 72%, on average, DW for both DI and CON conditions.
Nevertheless, the total fresh biomass for roots in the grafted plants under stress
conditions was 23% higher than in the ungrafted ones, and this percentage was higher
(26%) for the root volume.

The higher root biomass and volume could be explained by the direct effect of a
greater photosynthesis capacity in rootstocks tolerant to abiotic stresses. This has been
frequently reported elsewhere as associated with a strong root system, which
contributes to a higher water and nutrient uptake [11,12,14,19,20].

In any case, the better marketable yields noted when NIBER® was used as
rootstock can be explained by lower BER incidence and, therefore, a greater
marketable fruit number, and not by heavier mean fruit weight, as this parameter
barely presented any variation between grafted and ungrafted plants. The lower BER
incidence would have given way to better marketable fruit yields, which were similar
in this case. From our experiment, the results showed that the BER percentage in the
grafted plants was 36% lower than in the ungrafted plants.

This disorder has been related by some authors with high oxidative processes
caused by the production of reactive oxygen species (ROS) [21]. Nevertheless, other
authors related this disorder to scarce Ca translocation to organs and tissues with low
or null transpiration, which results in this element being scarcely available locally [22].

In previous experiments, we found a better antioxidant capacity of NIBER®, which
could explain the present and past observations of its BER tolerance [23]. On the other
hand, some authors have stated that the rootstock can enable more water and ions to
be transported to aerial parts, as observed by Roufhael et al. [24] in grafted mini-
watermelon crops and Lee et al. [8] in different horticultural crops. Kyriacou et al. [25]
suggested that lower BER incidence in pepper, observed in distal fruit zones, can be
attributed to the improvement made by the rootstock in nutrient uptake/transport
terms, Ca in this case, to apical fruit cells toward greater cell wall integrity. In our case,
the obtained predawn water potential values would agree with the milder BER effects
when using the NIBER® rootstock, because less-negative potentials denote higher water
content in the grafted plants under both the DI and CON conditions. This demonstrates
that the nighttime root pressure in the plants grafted onto NIBER® is higher and thus
facilitates non-transpiring organs and fruit to acquire Ca [26,27]. This fact could be
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justified by the higher root volume found in the grafted plants, which would permit
higher water uptake and intake through root pressure for the same soil water
potentials [28].
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5.6. Conclusions

To conclude, the DI in which water stress-tolerant rootstocks like NIBER® are
employed can be considered helpful for lowering water use by cushioning effects on
yield. However, more studies should be conducted to better adjust the irrigation
reduction to values better tolerated by pepper plants. Even under extreme conditions
like those herein applied, crop yield increased under both the regular irrigation and
water stress conditions because of reduced BER incidence, and this could be due to the
consequence of obtaining higher root mass and volume in the shallower root layer.
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5.7. Supplementary materials
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Capitulo 6. Effect of Grafting on the Production, Physico-Chemical Characteristics and Nutritional
Quality of Fruit from Pepper

6.1. Abstract

Grafting is a widely utilized agronomical technique to improve yield, disease
resistance, and quality of fruit and vegetables. This work aims to assess the effect of
grafting and fruit ripening on the production, physico-chemical characteristics, and
nutritional quality of fruit from Spanish local pepper landraces. Landraces “Cuerno,”
“Sueca,” and “Valencia” were used as scions, and “NIBER"” as the rootstock. Two
ripening stages of the fruits were sampled: green and red. Grafting improved the yield
and marketable quality and did not negatively influence the physico-chemical and
nutritional characteristics of the fruit. It was noteworthy that the bioactive compound
contents and antioxidant capacity were more related to maturity stage and genotype,
and red fruit had a higher antioxidant capacity than green fruit. However, in all the
scions, grafting significantly enhanced lycopene content in both red and green fruit.
Another important effect of grafting was the volatile compound composition evidenced
by discriminant analyses, which was characterized for the first time in the fruit of these
landraces. The rootstock and scion combination could be a way to improve not only the
production, but also the fruit quality of peppers.

Keywords:

Antioxidant activity; ascorbic acid;
Capsicum annuum; carotenoids;
lycopene; phenolics; scion; VOCs
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6.2. Introduction

Sweet pepper (Capsicum annuum L.) is one of the most important vegetable
crops grown in the world that covers 1.99 million hectares (ha) of crop-growing surface
area [1]. It is of great cultural and economic importance because of its multiples uses
and phenotypic diversity [2,3].

In the past century, modern breeding developed good-performance hybrid
cultivars that are normally more productive, more resistant to disease and pests, and
more uniform in germination, growth, and highest vigor terms [4,5]. This resulted in
genetic erosion, the declining heterogeneity of the organoleptic characteristics of
pepper fruits, and the replacement of using local pepper varieties [6,7]. Spain, similar
to other countries in the Mediterranean Region, is characterized by the considerable
versatility of agro-climatic regions, which promotes a wide range of different
phenotypes [8]. Thus, Spain is considered a secondary center of diversity for peppers,
especially for C. annuum, which was brought mainly from Mexico immediately after the
discovery of America [9].

In addition, the genetic uniformity of cultivated pepper landraces enhances the
incidence of biotic and abiotic stresses [6,8,10], with lower yields that contrast with the
high yield needs to cover increased demand. From this point of view, grafting may
provide an eco-friendly technology to increase yields in landraces and reinforce
tolerance to biotic and abiotic stresses [10]. Based on its vigor, the rootstock has been
utilized in both open field and protected cultivations [10], and grafting is used mainly
with the Cucurbitaceae and Solanaceae families, which encompass the most important
crops such as tomato, eggplant, cucumber, watermelon, melon, and pepper [11].
However, among these vegetables, grafting is a less common practice in peppers,
probably because commercial rootstocks provide modest profits [12,13]. Several
scientific reports have reported the effects of rootstock on pepper fruit quality, such as
morphometric and yield characteristics [14,15], sweetness/acidity [16,17], or levels of
functional compounds [18,19]. Another peculiarity of pepper is its aroma [20], which
has become a quality parameter for consumers [21,22].

Evidently, quality is a set of attributes that determine consumer choice, and can
be divided into the external fruit aspect, and also into nutritional and nutraceutical
characteristics. These last properties have become increasingly important for
consumers given the positive relation between fruits and vegetables and human health
[23,24]. Many studies report how a healthy diet rich in fruit and vegetables (functional
food) can help to delay senescence processes and also reduce the risk of pathologies
including cancer and cardiovascular diseases [23]. The characteristic of functional food
is its richness in antioxidant compounds and that it is capable of scavenging reactive
oxygen species (ROS) that are the basis of cellular oxidative stress [25]. For this reason,
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consumers today demand fruits and vegetables with higher sensory and nutraceutical
values that are sometimes more characteristic in landraces [26].

Sweet pepper fruit falls into the category of functional foods because it is rich
not only in ascorbic acid, carotene, and phenols, but also capsaicinoids, xanthophylls,
and flavonoids. It is thus characterized by its high antioxidant capacity [27,28]. The
amount of those phytochemicals in peppers depends on many factors, including
rootstock. However, opposite results about the influence of grafting on the amount of
phytochemicals in pepper can be found in the literature [10,19,29,30].

To the best of our knowledge, no studies on the role and response of grafting on
pepper landraces in fruit quality and productivity terms have been conducted. In this
context, the present work focuses on the effect of grafting on pepper landraces through
the characterization of the fruit productivity and quality of three typical sweet pepper
landraces from Valencia (Spain) and by considering the effect of the fruit maturity stage
as these landraces are consumed in both green and red fruit, depending on the final
destination of production. To determine fruit quality, not only physico-chemical
characteristics (dry matter, titratable acidity, color, and volatiles), but also
nutraceutical aspects (phenols, vitamin C, pigments, and antioxidant capacity) were
assayed to determine the “whole” fruit quality. The rootstock we utilized was “NIBER®,”
an F1 hybrid that we obtained in a classic breeding program. It has been demonstrated
as being tolerant to abiotic stress [31] with higher yields (range of 32—-80%) compared
to ungrafted plants or other commercial pepper rootstocks [32] tested in
Mediterranean conditions. As scions, we utilized “Cuerno,” “Sueca,” and “Valencia,”
three representative landraces of pepper morphologies in the Mediterranean Region
from the Instituto Valenciano de Investigaciones Agrarias’ (IVIA, Spain) traditional
germplasm collection.
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6.3. Materials and methods

6.3.1. Plant Material

Three pepper landraces from Valencia (Spain), namely “Cuerno,” “Valencia,”
and “Sueca,” were grafted onto rootstock F1 NIBER®, obtained from a collaboration
agreement reached between the Universitat Politecnica de Valencia (UPV, Spain) and
the IVIA. The ungrafted “Cuerno” (CU), “Valencia” (VU), and “Sueca” (SU) plants were
used as the control plants. These landraces were selected based on fruit morphology
representing the three main typologies in landraces pepper shape in Valencia fruits
from “Cuerno” are elongated with very slightly marked shoulders; “Valencia” fruits are
blocky with four shoulders, “Sueca” fruits are triangular shaped with three locules.

Seeds were sown on March 20, 2019, in 104-hole seed trays filled with enriched
substrate for germination. After 2 months of sowing, plants were grafted by the tube-
grafting method [33]. Two weeks after grafting, seedlings were transplanted in the
field. The fruit from the ungrafted “Cuerno” plants (CU), “Valencia” (VU), “Sueca” plants
(SU), and from the plants grafted onto NIBER, “Cuerno” (CG), “Valencia” (VG), and
“Sueca” (SG) were used.

6.3.2. Soil-Field Experiment
The experiment was conducted from June to September in Moncada (Valencia,
Spain; Latitude: 39.58951793357715, Longitude: —0.3955507278442383) in the IVIA’s
experimental field. Soil was sandy clay loam (clay: 21.2%; silt: 11.8%; sand: 67%).
Organic matter was 0.61%, pH 7.8, at 25 °C and EC 1:5 at 25 °C: 0.289 dS m™.

Plants were grown in the open air in single rows placed 150 cm apart with 40
cm between each plant. The experiment was laid out according to a complete
randomized block design with three replicates. Each replicate consisted in 15 plants.
Plant irrigation met 100% crop evapotranspiration (ETc), as described in Penella et al.
[33] by means of a drip system. Nutrients were applied through the irrigation system
at a rate (kg ha™*) of 200 N, 50 P,0s, 250 K,0, 110 Ca0O, and 35 MgO, as recommended
by Maroto [34].

The average range of minimum and maximum temperatures during the
experiment was 15—-28 °C for June, 19-32 °C for July, 19-32 °C for August and 18-29 °C
for September [35].

6.3.3. Fruit Yield and Quality Assessment
Fruits were harvested from 15 plants per replication from the end of July to
mid-September in relation to fruit maturation. Quality commercial production was
evaluated according to commercial practices, as were the measured fruits with

physiological disorders, mainly blossom-end rot (BER).
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Nine randomized fruits (3 per replication of plant material) were selected in
July (green fruits) and mid-September (red fruits) to measure fruit quality, which
included: physico-chemical characteristics (percentage dry weight, pulp thickness,
color index determination, titratable acidity, volatile compounds) and nutraceutical
characteristics (total phenol, lycopene, total chlorophyll, carotenoids and ascorbic acid
content, antioxidant capacity).

6.3.4. Fruit Dry Material and Pulp Thickness
To determine the percentage of dry weight in green and red fruit, the fresh
weight of samples (FW) was recorded. Dry weight (DW) was established after drying
samples at 60 °C for 72 h in a laboratory oven. The percentage of DW (% DW) was
defined as: (DW/FW) x 100. Pulp thickness was measured on three sides of each fruit
in the equatorial area.

6.3.5. Fruit Color Index Determination
For the color index determination, the L (0—100, black to white), a (tred/green)
and b (xyellow/blue) Hunter parameters of the color system were measured by a
chromameter (Konica Minolta CM-700d). The color index was determined after making
three determinations around the equatorial plane of fruit. Color intensity (Chroma) and
hue angle (H) were calculated by the following equations: Chroma = ((a)?+ (b)?)*?and
Hue angle = tg™*(b/a) [36].

6.3.6. Titratable Acidity
Titratable acidity (TA) was determined by potentiometric titration with 0.1 M
NaOH (Merck Co.) up to pH 8.1 using 10 mL of juice. Citric acid (Merck Co.) was used as
areference for the TA (% citric acid) calculations. The pHs of fruit juice were determined
with a pH meter (HANNA HI 2212).

6.3.7. Total Phenolic Analysis and Antioxidant Capacity Measurements

The phenolic content was analyzed according to Dewanto et al. [37]. Briefly, 1
g of each sample was homogenized with a mortar in 4.0 mL 80% (v/v) methanol and
centrifuged at 10,000 g for 15 min at 4 °C. Total phenolic content was determined by
the Folin-Ciocalteau colorimetric method based on the procedure of Singleton and
Rossi [38]. A 10 uL aliquot of the supernatant was mixed with 115 L of distilled water,
125 pl of Folin-Ciocalteau reagent (Merck Co., Kenilworth, NJ, USA), and 1.25 mL of
NaHCOs (7%) (Sigma-Aldrich, Co., St. Louis, MO, USA). The absorption (Abs) of the
solution was measured at 760 nm in a spectrophotometer (Ultrospec 2100 Pro, GE
Healthcare Ltd., Chalfont St Giles, Buckinghamshire, UK). Each measurement was
compared with a standard curve of gallic acid (Sigma-Aldrich, Co., St. Louis, MO, USA)
and total phenols were expressed as mg gallic acid equivalent (GA) g2 FW, on the basis
of a standard calibration curve (Abs7o= 0.01146ug mL™*—0.01515; R?=0.932).
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Antioxidant capacity was measured with the method reported by Brand-
Williams et al. [39]. Briefly, 10 uL of phenolic extract were added to 990 L of a solution
containing 3.12 *10°M of 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich, Co., St.
Louis, MO, USA) in methanol (99.9% purity). The drop in absorbance at 515 nm was
measured against a blank solution (with no extract) after a 30-min reaction time at
room temperature (optimized for the highest antioxidant concentrations in the extract)
in a spectrophotometer (Ultrospec 2100 Pro). Each measurement was compared with
a standard curve of trolox (Sigma-Aldrich, Co., St. Louis, MO, USA) solution and the
results were expressed as mg trolox equivalent (TE) gt FW, on the basis of a standard
calibration curve (Abssis=3.5887 ug mL™+ 0.1412; R*=0.984).

6.3.8. Ascorbic Acid Concentration

Ascorbic acid content was spectrophotometrically determined as described by
Kampfenkel et al. [40]. Briefly, 0.3 g of each sample was homogenized in 1 mL 6%
trichloroacetic acid (TCA, Sigma-Aldrich, Co., St. Louis, MO, USA) and centrifuged at
10,000 g for 10 min. The supernatant was immediately used to analyze ascorbate. The
absorption of the solution was measured at 525 nm in a spectrophotometer (Ultrospec
2100 Pro). Ascorbic acid was expressed as mg g™! FW, on the basis of a standard
calibration curve (Abssys= 0.07889 ug mL™t+ 0.0097; R*= 0.994).

6.3.9. Chlorophyll and Carotenoids Concentration

Chlorophyll (Chl) (a and b) and carotenoid (Car) content were determined
spectrophotometrically as described by Porra et al. [41]. Briefly, 0.3 g of each sample
was added to 1.5 mL acetone 80% (v/v) (Scharlab Co.) and centrifuged at 7000 g for 10
min. The supernatant was used for the analysis. The absorption of the solution was
measured at 663 nm, 648 nm, and 470 nm in a spectrophotometer (Ultrospec 2100
Pro). Chlorophyll (a and b) and carotenoid content of the extracts was calculated by the
following equations:

Chl g = 12.25 x Absgss — 2.55 x Absess (ug mL™), (1)
Chl b =20.31 x Absgas— 4.91 x Absegs ([J.g mL‘l), (2)
Car = [(1000 x Abss70—1.82 x Chl a) - (85.02 x Chl b)]/198 (ug mL™?). (3)

Chlorophylls and carotenoids were expressed as pg g1 FW.

6.3.10. Lycopene Concentration
The lycopene in pepper fruit was extracted using a hexane:ethanol:acetone
(2:1:1; v:v:iv) (Sigma-Aldrich Co., St. Louis, MO, USA) mixture following the method of
Adejo et al. [42]. A powdered sample (0.001 g) was dissolved in 1 mL of distilled water
and vortexed in a water bath at 30 °C for 1 h. Then 8.0 mL of hexane, ethanol, and
acetone were added, capped, and vortexed again, followed by incubation in a dark
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cupboard for 60 min. Next, 1 mL of distilled water was added to each sample and
revortexed before being left to stand and separate into phases. Care was taken to
ensure that any formed bubbles had completely disappeared. The cuvette was rinsed
with the upper layer of one of the blank samples before using more fresh blank samples
to zero the spectrophotometer at 503 nm. The absorbance of the upper layers of the
lycopene samples were read at the same wavelength of 503 nm in a
spectrophotometer (Ultrospec 2100 Pro). The lycopene content of extracts was
expressed as mg g"1 FW. Lycopene levels of the extracts were then calculated using:

Lycopene (mg kg™t fresh wt) = (As3;x 8 x 0.55)/(0.10 x 172)

where 537 g mole™tis the molecular weight of lycopene, 8 mL is the volume of mixed
solvent, 0.55 is the volume ratio of the upper layer to the mixed solvents, 0.10 g is the
weight of pepper fruit added, and 172 mM™ is the extinction coefficient for lycopene
in hexane.

6.3.11.  Volatiles Organic Compound Analysis

The volatile organic compounds (VOCs) were determined by solid-phase
microextration-gas chromatography-mass-spectrometry (SPME-GC/MS) [43]. VOCs
were extracted from 2 g of finely minced fruit samples and put inside a 20-mL glass vial,
closed with an aluminum cap provided with PTFE-septum. Samples were conditioned
at 60 °C for 10 min. VOCs were collected using a
divinylbenzene/carboxen/polydimethylsiloxane (DVB/Carboxen/PDMS) Stable Flex
SPME fiber(50/30 um; 2-cm long)/Supelco, Bellefonte, PA, USA). The SPME fiber was
exposed to headspace for 30 min in a water bath at 60 °C. Before each analysis, the
SPME fiber was conditioned for 30 min at 270 °C in the GC injector. The fiber was
inserted into the injector of a single quadrupole GC/MS (TRAcE GC/MSm Thermo-
Finningan, Waltham, MA, USA) set at 250 °C for 3 min in the splitless mode to keep the
fiber in the injector for 30 min to achieve complete fiber desorption. The GC program
conditions were the same as those reported by Povolo et al. [44]. GC was coupled with
a Varian CP-WAX-52 capillary column (60 m x 0.32 mm; coating thickness 0.5 um). The
transfer-line and ion source were both set at 250 °C. The filament emission current was
70 eV. A mass range from 35 to 270 m/z was scanned at a rate of 1.6 amu/s. Acquisition
was carried out by electron impact in the Full Scan (TIC) mode, and three replicates
were run per fruit sample. VOCs were identified in three different ways: comparing
with the mass spectra of the Wiley library (version 11/2008); injecting the authentic
standard (2-methyl-3-heptanone); calculating LRI and matching with the reported
indices [44,45]. Data were expressed as the relative abundance (%) of total VOCs.
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6.3.12.  Statistical Analysis
The results for all parameters, except VOCs, were subjected to a two-way
ANOVA analysis using Statgraphics Centurion XVII (Statistical Graphics Corporation
2014) with treatment. Landraces were employed as factors of the analyses. Each
ripening (green and red fruit) was separately analyzed. The percentage data were
arcsin-transformed before analyzing. The least significant difference (LSD) at a 0.05-
probability level was used as the mean separation test.

For VOCs, the statistical analysis was performed by the JMP software (SAS
Institute Inc., Cary, NC, USA). The determination of ripening and the landrace effect on
VOC composition was made by the following linear model:

yiik= L + Ri+ Vj+ Ri x Vj eij,

where yj;, = dependent variables; R;= fixed effect of the ith ripening level (green; red);
Vj= fixed effect of the jth pen (2 levels); €jx=random residual.

To comply with ANOVA assumptions, data were tested for normality by the
Anderson—Darling test (p < 0.05).

Multiple comparisons among treatments were performed by Fisher’s least
significant difference (LSD) at p <0.05.

A multivariate statistical analysis was performed to analyze the VOCs profile by
three complementary techniques to discriminate six groups (CG, VG, SG, CU, VU, SU):
stepwise discriminant analysis (SDA); canonical discriminant analysis (CDA);
discriminant analysis (DA) [46]. Analyses were run separately for the green and red fruit
because the significant difference in the VOC profile between both two ripening levels
would have made the grafting effect less evident.

The minimum number of VOCs able to discriminate the six groups was obtained
by the SDA, a statistical technique specifically considered to select the number of
variables that better separate groups. Subsequently, CDA derives a set of new variables,
called canonical functions (CAN), which are linear combinations of the original interval
variables, as reported in the following equation:

CAN =di X3+ do2Xo + ... + dnXp,

where d; are the canonical coefficients (CC) that indicate the contribution of each
variable in composing CAN, and X;are the scores of the n original variables.

CAN summarizes between-groups variation by highlighting their differences. In
general, if k groups are involved in the study, k-1 CAN is extracted. Efficient separation
between groups was calculated by the Mahalanobis distance and the corresponding
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Hotelling’s T-square test [47]. The Hotelling’s T-square test extends the Student’s t-test
to the multivariate domain [48].

The ability of CAN to assign each sample to the six groups was calculated as the
percent of correct assignment using DA [49]. The centroids of the six groups are
calculated and, for each sample, the distances from the six centroids are evaluated.
One sample is assigned to one of the six groups based on the shortest distance from
the six groups’ centroids [49].

157



Capitulo 6. Effect of Grafting on the Production, Physico-Chemical Characteristics and Nutritional
Quality of Fruit from Pepper

6.4. Results

6.4.1. Fruit Yield

Grafting had a significant effect on total and marketable yields compared to the values
recorded in the ungrafted plants for all landraces (Figure 1A). The higher fruit yield was
attributable to a significant increase in the number of fruits per plant, which
significantly increased because of the grafting on all the landraces (Figure 1B). In
addition, grafting decreased the amount of BER fruit (Figure 1C), parameters for which
the grafting and landrace interaction was also significant. Non-marketable yield
decreased in all the grafted landraces compared to the ungrafted landraces (-27% in
“Cuerno,” -61% in “Sueca,” and -46% in “Valencia” —data not shown), as did the yield
of the BER fruit (-28% in “Cuerno,” -71% in both “Sueca” and “Valencia”).
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Figure 1. Marketable fruit yield (A), number of marketable fruits (B), production (C) and percentage (D) of
fruit affected by blossom-end rot (BER) in the three pepper landraces “Cuerno” (C), “Valencia” (V), and
“Sueca” (S) grafted (G) or ungrafted (U) on rootstock F1 NIBER". Values are the mean * SE of 15 plants per
replicate (3 replicates) per landrace. Means were subjected to a two-way ANOVA with grafting and
landrace as sources of variability. Different letters for the factors grafting and landrace, or their interaction,
indicate significant differences at p < 0.05 using the LSD test. No letter indicates the non-significance of
the F ratio.
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6.4.2. Fruit Physico-Chemical Characteristics

The percentage of DW was not affected by either grafted fruits /or landraces
(Table 1). No differences in the grafting technique were found for the parameters H
and C of the green fruit, whereas the H parameter significantly changed in relation to
grafting or landrace in the red fruit, with no interaction between the two variability
factors (Table 1). In particular, the H parameter was higher in the red fruit from the
ungrafted plants and was significantly higher in the fruit from Valencia vs. “Cuerno” and
“Sueca.” Moreover, no significant interaction between grafting and landrace was found
in the red fruit for these parameters.

As a general rule, grafted plants produce green and red fruit with significantly
higher titratable acidity than ungrafted plants (Figure 2A,B). Titratable acidity was
similar in the green fruit produced by the three landraces, while this parameter was
significantly higher in the red fruit produced by “Valencia” and “Sueca” compared to
“Cuerno.” No interaction was found for both the green and red fruit between grafting
and genotype (Figure 2A,B). It was noteworthy that titratable acidity was higher in the
red fruit than in the green fruit, and pH values were lower (p < 0.05; Student’s t-test).
In the green fruit, pH values were lower in those produced by the grafted than the
ungrafted plants (Figure 2C), and significant differences appeared among landraces. In
the green fruit produced by the “Sueca” landrace, pH values were lower than those
from “Cuerno” and “Valencia.” In the red fruit, lower pH values were recorded in the
fruits from “Valencia” (Figure 2C,D). For pH values, a significant grafting and landrace
interaction was found only for the green fruit. The lowest pH value was detected in the
green fruit from the grafted “Valencia” plants, while the higher value went to the fruits
from the same ungrafted landrace and the ungrafted “Cuerno” landrace (Figure 2C).
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Table 1. Dry weight and color indices in the green and red fruits produced by the three pepper landraces
“Cuerno” (C), “Valencia” (V), and “Sueca” (S) grafted (G) or ungrafted (U) on rootstock F1 NIBER®. Values
are the mean of three fruits per replicate (3 replicates) per landrace. Means were subjected to a two-way
ANOVA with grafting and landrace as sources of variability. Different letters for the factors grafting and
landrace, or their interaction, indicate significant differences at p < 0.05 using the LSD test. No letter
indicates the non-significance of the F ratio. ns: p > 0.05; *: p £ 0.05; **: p <0.01.

Dry weight (%) Hue angle (H) Chroma (C)

Green Red Green Red Green Red
Grafting (G)
Grafted (G) 6.45 9.12 a 1109 313 b 21.7 32.0
Ungrafted (U) 6.31 858 b 111.7 339 a 219 30.0
Landrace (L)
“Cuerno” C) 6.46 8.17 b 1121 30,0 b 22.7 32.1
“Sueca” (S) 6.44 9.97 a 1104 304 b 22.0 29.8
“Valencia” (V) 6.24 841 b 1115 374 a 20.8 31.1
G*L
CG 6.66 809 d 1111 30.3 22.7 31.2
SG 6.43 10.4 a 110.0 29.2 21.0 29.0
VG 6.26 889 ¢ 111.7 34.3 214 35.8
Ccu 6.26 826 d 113.2 29.8 22.6 33.0
SuU 6.45 9.55 b 110.7 31.6 23.0 30.6
VU 6.22 792 d 1113 40.5 20.2 26.5
ANOVA (df) % Sum of the squares
G (1) 359 ns. 876 ** 480 ns. 942 * 011 n.s. 5.00 n.s.
L(2) 7.03 ns. 749 ** 16.2 ns. 599 **  6.63 n.s. 4.29 n.s.
G*L(2) 6.60 n.s. 757 * 7.83 n.s. 9.65 ns. 503 ns. 33.0 ns.
Residuals (12) 82.8 8.76 71.2 21.0 88.2 57.8
SD. ) 0.41 0.33 1.87 2.46 3.42 4.21

) Calculated as the square root of the residual sum of squares. df: degrees of freedom; SD: standard
deviation.
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Figure 2. Titratable acidity (A,B) and pH values of pepper juice (C,D) in the green (A,C) and red (B,D) fruit
produced by pepper landraces “Cuerno” (C), “Valencia” (V), and “Sueca” (S) grafted (G) or ungrafted (U)
onto rootstock F1 NIBER®. Values are the mean + SE of three fruits per replicate (3 replicates) per landrace.
Means were subjected to a two-way ANOVA with grafting and landrace as sources of variability. Different
letters for the factors grafting and landrace, or their interaction, indicate significant differences at p < 0.05
using the LSD test. No letter indicates the non-significance of the F ratio.

6.4.3. Nutraceutical Compounds and Antioxidant Capacity

Among the phytochemical compounds found in pepper fruit, phenols are of
particular interest for their ability to scavenge free radicals. Independently of grafting
and landrace, phenols concentration was significantly higher in the red than the green
fruit (p < 0.05; Student’s t-test) and it changed differently in both red and green fruit
(Figure 3A). Indeed, grafting had a negative effect on phenols concentration in both
colored fruit. In the green ones, and among landraces, those produced by “Valencia”
had the highest value of these compounds (Figure 3B). In the red fruit, the landrace
factor was not significant (Figure 3). However, the grafting and landrace interaction was
significant and evidenced some differences: higher phenols concentration values for
the fruit from all the ungrafted landraces and the grafted “Valencia” (Figure 3B).
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Figure 3. Total phenols (A,B), ascorbic acid amount (C,D) and antioxidant capacity (E,F) in the green (A,C,E)
and red (B,D,F) fruit produced by the three pepper landraces “Cuerno” (C), “Valencia” (V), and “Sueca” (S)
grafted (G) or ungrafted (U) on rootstock F1 NIBER®. Values are the mean * SE of three fruits per replicate
(3 replicates) per landrace. Means were subjected to a two-way ANOVA with grafting and landrace as
sources of variability. Different letters for factors grafting and landrace, or their interaction, indicate
significant differences at p < 0.05 using the LSD test. No letter indicates the non-significance of the F ratio.
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and their interaction, were significant. Even for this antioxidant metabolite, it was
evident in the green fruit that grafting enhanced content, which was not observed in
the red fruit (Figure 3C,D). In both green and red fruit, ascorbic acid content was higher
in the fruits of “Sueca” and “Valencia” and lower in those of “Cuerno.” For the green
fruit, the landrace that produced fruit with the highest ascorbic acid content was the
grafted “Valencia,” landrace, in which grafting enhanced ascorbic acid content, and also
in the other landraces (Figure 3C).

Conversely, grafting negatively impacted the ascorbic acid content in the red
fruit. Between landraces “Sueca” and “Valencia,” once again fruits were produced with
higher ascorbic acid content (Figure 3D). No significant interaction between variability
factors was found for ascorbic acid in the red fruit.

Antioxidant capacity was determined by the DPPH assay and was higher in the
red fruit compared to the green ones (p < 0.001, Student’s t-test). Grafting generally
reduced this parameter in both colored fruit (Figure 3E,F). The highest antioxidant
capacity values were found in both the green (3.84 mg TE g™ FW) and red (11.1 mg TE
g FW) fruit produced by the “Valencia” plants, followed by “Sueca,” whereas the
lowest antioxidant capacity was recorded in fruit from “Cuerno.” A significant grafting
and landrace interaction was observed only for the red fruit, which became evident as
the highest antioxidant capacity was reported in the fruits produced by grafted and
ungrafted “Valencia” plants, and by the ungrafted “Sueca” plants (Figure 3F). The
lowest antioxidant capacity values were detected in the fruits from the grafted
“Cuerno” plants.

The most evident result was the lower Chl a and b content in the red vs. the
green fruit (p< 0.001; Student’s t-test) (Figure 4A,B). In the green fruit, this
concentration was not influenced by grafting, but was strongly impacted by landrace,
with the fruit from “Cuerno” presenting the highest content, followed by “Valencia”
and finally by “Sueca.” The interaction between the two variability factors was
evidenced as the highest Chl a and b content was detected in the ungrafted “Cuerno”
fruit, followed by the grafted “Cuerno,” “Valencia,” and ungrafted “Valencia” (Figure
4A). In the red fruit, no variability factor induced significant differences in Chl a and b
content (Figure 4B). Not even did carotenoid content change in the green and red fruit
because of grafting, but marked differences were found among landraces: the green
fruits produced by “Cuerno” and “Valencia” had a higher carotenoid content, with both
“Cuerno” together with “Sueca” in the red fruit (Figure 4C,D).

As expected, the lycopene concentration was higher in the red versus the green
fruit. The mean value, independently of grafting and genotype, was 2.78 mg g™t FW
compared to one of 16.39 mg g* FW in the red fruit (p < 0.001, Student’s t-test; Figure
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4E,F). Although in lycopene content the green fruit was low, significant differences
were found for grafting and landrace, but not for their interaction (Figure 4E). Grafting
generally improved lycopene content (4.3- and 1.4-fold higher in the green and red fruit
from the grafted vs. ungrafted plants, respectively), and the landraces that produced
the fruit with the highest lycopene content in both fruits was grafted “Cuerno” (Figure
4E,F). For the red fruit, the grafting and landrace interaction was significant. The
analysis underlined that grafted “Cuerno” produced the red fruit with the highest
lycopene content, followed by grafted “Sueca” (Figure 4F). both grafted and ungrafted
“Valencia” were the landraces that produced red fruit with the lowest lycopene
content.

To understand the contribution of the different phytochemicals in both colored
peppers, a correlation analysis was carried out between the different compounds and
antioxidant capacity. In the green fruit from the ungrafted or grafted plants, a positive
correlation appeared only between antioxidant capacity and phenols, even when the
grafting technique was not considered (Table 2). The correlation found for the red fruit
between phenols and antioxidant capacity was significant, but only for the grafted
plants. For the red fruit, the correlation was significant when grafting was not
considered. Chlorophyll and carotenoid content did not correlate with antioxidant
capacity in the green and red fruit, whereas lycopene content correlated inversely with
antioxidant capacity in the green fruit when grafting was not contemplated, and in the
red fruit (Table 2). The correlations were also determined for each landrace,
independently of the grafting technique, in both colored peppers (Table 3). In the
“Cuerno” fruit, a significant correlation was found only in the red fruit between phenols
and antioxidant capacity. Once again chlorophyll and carotenoid contents in the green
and red fruit did not correlate with antioxidant capacity in any landraces, whereas
lycopene was negatively related.
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Figure 4. Chlorophyll a and b (A,B), carotenoid (C,D) and lycopene amount (E,F) in the green (A,C,E) and
red (B,D,F) fruit produced by the three pepper landraces “Cuerno” (C), “Valencia” (V), and “Sueca” (S)
grafted (G) or ungrafted (U) onto rootstock F1 NIBER®. Values were the mean + SE of three fruit per
replicate (3 replicates) per landrace. Means were subjected to a two-way ANOVA with grafting and
landrace as sources of variability. Different letters for factors grafting and landrace, or their interaction,
indicate significant differences at p < 0.05 using the LSD test. No letter indicates the non-significance of
the F ratio.
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Table 2. Correlation coefficients and their significance determined between each phytochemical and
antioxidant capacity produced by the green and red fruit produced by the grafted (G) or ungrafted (UG)
landraces on rootstock F1 NIBER®. Correlation coefficient r is reported when the correlation was
significant. ns: p > 0.05; *: p < 0.05; **: p <0.01; ***: p < 0.001.

Phvtochemicals GREEN UG GREEN G GREEN RED UG RED G RED
v PLANTS PLANTS FRUITS PLANTS PLANTS FRUITS
* 3k * 3k * %k %k * *
Phenols r=0.85 r=077  r=0.83 ns r=0.71 r=053
Total ns ns ns ns ns ns
chlorophylls
Carotenoids ns ns ns ns ns ns
* * * % * %k
Lycopene ns ns r=-057 r=068 r=-078 r=081
* * %k
Ascorbic acid ns ns ns ns

r=0.65 r=0.56

Table 3. Correlation coefficients and their significance determined between each phytochemical and
antioxidant capacity produced by the green and red fruit produced by the three landraces. Correlation
coefficient r is reported when the correlation was significant. ns: p > 0.05; *: p <0.05; **: p <0.01; ***: p <
0.001.

Phvtochemicals GREEN GREEN GREEN RED RED RED
v CUERNO VALENCIA SUECA CUERNO VALENCIA SUECA
%k %k %k
Phenols ns ns r=096 r=091 ns ns
Total chlorophylls ns ns ns ns ns ns
) * % * %
Carotenoids ns =085 ns ns ns F=085
* %k %k
Lycopene ns r=-083 ns r=0.97 ns ns
Ascorbic acid ns ns ns ns ns ns

6.4.4. Volatile Compounds

The pepper volatile profile was characterized by 51 compounds, identified in
line with both mass spectra and linear retention index (Table 4). VOCs were classified
according to their corresponding chemical class and relative distributions and were
included in the following nine groups: organic acids, alcohols, aldehydes, alkanes,
ketones, terpenes, esters, aromatic hydrocarbons, and furans. The nine compounds
belonging to the different and fewer representative classes were grouped as
“miscellaneous components.” The largest portion of VOCs present in peppers was
represented by terpenes (42%), followed by aldehydes (16%), esters (11%), and
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alcohols (6%). Ripening level was the factor that most influenced the VOC profile. As
reported in Table 3, most VOCs were significantly higher in the green fruit, except for
hexanoic acid, 2-ethylhexanoic acid, decanoic acid, n-dodecane, 3-methyltridecane, 4-
methyl 2-pentanone, cis-tagetone, beta-trans-ocimene, acetic acid ethyl ester, n octhyl
formate, o-xylene, mesithylene, N-methylpyrrole or 1-methylpyrrole and carbon
disulfide, which showed a non-significant difference. On the contrary, only a few VOCs
showed significant differences in the three landraces: “Cuerno” had a higher level of
ethanol and a lower level of B-linalool and 5-5 methyl 1,3 dithian-2-one, while
“Valencia” had a lower level of nonenal, a-santalene, salycilic acid and ethyl ester, and
higher 2-heptanone, cyclobutene, and furan 2,3-dihydro-4-methyl contents.
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Table 4. Effect of ripening and landrace on the volatile profile of peppers.

Ripening level Landrace
Green Red SEM  Pvalue “Cuerno” “Sueca” “Valencia” SEM  Pvalue
acids
hexanoic acid 0.40 0.23 0.09 ns 0.54 0.15 0.26 0.11 ns
2-ethylhexanoic acid 0.40 0.25 0.10 ns 0.46 0.12 0.37 0.12 ns
n-dodecanoic acid 1.33 0.59 0.18 ** 1.34 0.79 0.74 0.22 ns
octanoic acid 1.17 0.54 0.12 HAk 0.97 0.66 0.95 0.14 ns
nonanoic acid 3.17 1.69 0.37 ** 2.99 1.58 2.71 0.45 ns
decanoic acid 0.23 0.21 0.07 ns 0.22 0.14 0.30 0.09 ns
alcohols
ethanol 2.43 0.31 0.32 *Ek 2.64~ 1.038 0.438 0.39 **
2-octen-1-ol (E) 6.10 0.41 0.48 *Ek 3.02 3.38 3.37 0.59 ns
cis -3 nonel -1- ol 7.42 0.08 1.44 roHk 3.73 6.09 1.43 1.76 ns
aldehydes
acetic aldheyde 0.56 0.04 0.05 *Ek 0.36 0.29 0.25 0.06 ns
pentanal 0.25 0.09 0.04 * 0.09 0.27 0.15 0.05 ns
hexanal 2.39 0.79 0.22 *Ek 1.37 1.78 1.61 0.27 ns
(2)-4-heptenal 2.20 0.28 0.17 *AK 1.06 1.32 1.35 0.21 ns
nonanal 2.15 0.59 0.19 *Ek 1.76 1.15 1.19 0.24 ns
nonenal 24.30 0.72 4.41 Fhk 18.052 17.472 2.01° 5.40 *
nonadien 2-(trans)-6-(CIS)-al 7.84 209 127 ** 6.41 5.14 3.34 1.56 ns
(2E,4E)-2,4-decadienal 1.49 0.07 0.12 *Ak 0.83 0.76 0.75 0.15 ns
alkanes
2-2, dimethyldecane 0.86 0.23 0.11 *Ex 0.41 0.70 0.53 0.13 ns
n-dodecane 0.54 039 0.14 ns 0.28 0.54 0.57 0.17 ns
3-methyltridecane 0.13 0.01 0.06 ns 0.00 0.19 0.02 0.07 ns
1-cyclopropylpentane 1.18 0.27 0.11 *Ak 0.71 0.72 0.76 0.13 ns
ketones
1-penten-3-one 1.23 0.59 0.16 ** 0.89 1.14 0.71 0.20 ns
4-methyl 2-pentanone 0.03 0.01 0.01 ns 0.01 0.00 0.05 0.02 ns
2-heptanone 0.70 0.37 0.10 * 0.31° 0.50° 0.80° 0.12 *
cis-tagetone 3.23 0.23  2.00 ns 5.15 0.04 0.00 2.78 ns
5,5-dimethyl-1,3-dithian-2-one 6.70 2.21 0.68 *x 1.52b 5.66° 6.20° 0.83 el
terpenes
2-propenyldiene-1-cyclobutene 0.04 0.79 0.11 *oHk 0.078 0.458 0.73 0.14 **
3-carene 75.05 0.13 12.61 *Ek 26.45 39.96 46.35 15.45 ns
beta-trans-ocimene 0.11 0.05 0.05 ns 0.05 0.12 0.07 0.06 ns
7-methyl-1-octene 0.60 0.09 0.07 *kk 0.44 0.28 0.31 0.09 ns
Allo-ocimene 1.66 0.03 0.28 Hoxx 0.55 0.92 1.06 0.34 ns
copaene 11.95 269 2.10 * 7.93 10.18 3.86 2.57 ns
cyclosativene 1.46 0.48 0.25 * 1.12 1.22 0.57 0.31 ns
B-linalool 5.70 1.50 0.62 *kk 1.445 3.792 5.552 0.76 **
a-santalene 0.62 0.05 0.11 *kk 0.57° 0.352 0.09° 0.13 *
a-Bergamotene 9.53 0.57 1.69 *Ek 7.74 5.08 2.34 2.06 ns
B-farnesene 2.28 0.39 0.34 *oHk 1.99 1.16 0.86 0.42 ns
esters
0.34 0.16 0.07 ns 0.40 0.20 0.14 0.09 ns
n-octyl formate 0.00 0.04 0.02 ns 0.05 0.00 0.01 0.03 ns
methyl salicylate 24.80 483 4.28 *x 12.50 21.41 10.54 5.24 ns
ethyl salicylate 1.69 0.09 033 ** 1.722 0.932 0.02b 0.41 *
ethyl hexadecanoate 0.50 0.07 0.11 *x 0.49 0.15 0.23 0.13 ns
aromatic hydrocarbons
o-xylene 0.03 0.01 0.01 ns 0.01 0.02 0.03 0.01 ns
mesithylene 0.05 0.11 0.03 ns 0.05 0.13 0.06 0.04 ns
2,4,6-trimethylanisole 1.92 0.09 0.28 Fhk 0.80 1.48 0.74 0.34 ns
furans 0.29 0.12 0.04 ** 0.16 0.22 0.24 0.04 ns
furan,2,3-dihydro-4-methyl 0.70 0.37 0.10 * 0.31° 0.50° 0.802 0.12 *
2-pentylfuran 3.19 0.32 0.39 *Ak 1.24 2.02 2.00 0.48 ns
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Ripening level SEM  Pvalue Landrace SEM  Pvalue
Green Red “Cuerno” “Sueca” “Valencia”
miscelli C p t
nitrogen oxide 1.00 0.34 0.14 ** 0.51 0.69 0.81 0.17 ns
N-methylpyrrole 0.40 0.32 0.07 ns 0.38 0.41 0.29 0.09 ns
2-Isobutyl-3-methoxypyrazine 37.11 3.07 3.5 *oxx 18.84 23.01 18.42 3.86 ns
carbon disulfide 0.41 042 0.12 ns 0.42 0.49 0.35 0.12 ns

ab Means with different letters within the same row are statistically different (P <0.05). #8 Means with different letters within the same
row are statistically different (P <0.01). SEM = Standard error, * = 0.01 < P-value < 0.05; ** = P-value < 0.01; *** = P-value < 0.001.

A multivariate discriminant analysis was performed to further investigate
whether a VOC'’s signature discriminated the grafted from the ungrafted peppers. Of
the 51 VOCs initially detected in peppers, and for both ripening levels, 10 VOCs were
retained at the end of the SDA (p < 0.001): 4-methyl-2,3-dihydrofuran, allo-ocimene,
nonanal, 2,4,6-trimethylanisole-, cyclosativene, methyl salicylate, octanoic acid,
nonanoic acid, ethyl hexadecanoate for the green fruit and carbon disulfide, ethanol,
pentanal, 2-propyldiene-1-cyclobutene, 2-heptanone, 7-methyl-1-octene, 2-Isobutyl-
3-methoxypyrazine, beta-linalool, 5,5-dimethyl-1,3-dithian-2-one, salicylic acid methyl
ester for the red fruit. The selected variables had a high discriminant power, with
R? ranging from 0.57 to 0.30.

The CDA was applied to the selected variables which gave significant (p < 0.01)
new variables called canonical variables (two canonical variables for the green fruit and
one for the red fruit). For the green fruit, the first two variables accounted for 98% of
total variability (Table 5), which thus indicates that the multivariate structure of the
VOC could be well represented by only the first two canonical variables. This was
confirmed by the scatter plot of canonical_1 x canonical_2 (Figure 5), which allowed
the segregation of the six groups. Instead, for the red fruit, only the first canonical
variable represented the multivariate structure by explaining 96% of variance (Table
5). Figure 6 demonstrates the discrimination effect of this canonical variable. For the
green fruit, the canonical_1 variable markedly separated landraces. This separation was
particularly evident for the grafted landraces (“Cuerno” scored higher than “Valencia,”
while “Sueca” was intermediate between both). The ungrafted ones were almost
indistinguishable according to canonical_1, with a short, but significant, distance
between them (Figure 5). The original variables, which accounted mostly for this
discrimination, were allo-ocimene and cyclosativene (Table 5). The first was associated
more with “Valencia”, while the second one was associated with “Cuerno” as they
showed a high negative and positive correlation with canonical_1. On the contrary,
canonical_2 markedly separated the grafted plants from the ungrafted ones (Figure 6).
The original variables that accounted mostly for this discrimination were4-methyl-2,3-
dihydrofuran, N-methylpyrrole, allo-ocimene, 2,4,6-trimethylanisole, cyclosativene,
methyl salicylate, octanoic acid and ethyl hexadecanoate (Table 5). All these VOCs
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correlated positively with canonical_2, which demonstrates a close relation with the
grafted plants.
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Figure 5. Discrimination of the VOCs of the green fruit based on the canonical discriminant analysis. A:
SUECA_ungrafted; A: SUECA grafted; V: “Valencia”_ungrafted; V: “Valencia”_grafted; e:
“Cuerno”_ungrafted; o: “Cuerno”_grafted.
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Figure 6. Discrimination of the VOCs of the red fruit based on the canonical discriminant analysis. A:
SUECA_ungrafted; A: SUECA_grafted; V: “Valencia”_ungrafted; V: “Valencia”_grafted; e:
“Cuerno”_ungrafted; o: Cuerno_grafte
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Table 5. Correlations between the total canonical structure and the original variables.

Canonical_1 Canonical_2

Green Peppers

4-methyl-2,3-dihydrofuran -0.09 0.84
N-methylpyrrole 0.18 0.54
allo-ocimene -0.40 0.47
nonanal 0.27 0.34
2,4,6-trimethylanisole -0.03 0.64
cyclosativene 0.49 0.80
methyl salicylate 0.19 0.54
octanoic acid 0.04 0.57
nonanoic acid 0.23 0.32
ethyl hexadecanoate 0.26 0.45
Variance explained (%) 91.59 6.59
Cumulative variance (%) 91.59 98.18
Red peppers
carbon disulfide -0.083
ethanol -0.739
pentanal -0.155
2-propenyldiene-1-cyclobutene 0.789
2-heptanone 0.429
7-methyl,1-octene 0.270
2-Isobutyl-3-methoxypyrazine 0.392
beta-linalool 0.501
5,5-dimethyl-1,3-dithian-2-one 0.392
salicylic acid methyl ester 0.506
Variance explained (%) 96,14

The correlation of VOCs associated to the canonical variables are shown in bold.

Quality of Fruit from Pepper

For the red fruit, the first canonical could discriminate the six groups, which
demonstrates that it was able to explain the effect of landrace and grafted effect
(Figure 6). Finally, the DA classified each observation (peppers) to the correct group for

both green and red fruit with 100% accuracy.
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6.5. Discussion

Use of grafting is a good tool to improve vegetable production in areas where
biotic-abiotic stresses can seriously determine reductions in not only crop yield, but
also in production quality [50,51,52].

In this way, most research aims to assess the rootstock and scion interaction and
the effect that this interaction has on both agronomic performance and stress
resistance [10,14,53]. However, in recent years, many works report the effect of
grafting on the production of vegetable quality, particularly the physico-chemical,
nutritional and nutraceutical properties of the fruit produced by grafted plants
[10,18,29,30]. Fruit quality is a set of attributes that determine consumer choice, which
can be divided into external fruit aspect, nutritional and nutraceutical characteristics
[54]. These last properties have been assumed to be of particular importance for
consumers given the positive relations between fruit/vegetables and human health
[55,56]. Many studies report that a healthy diet rich in fruit and vegetables, named
functional food, helps to delay senescence processes in humans, but to also reduce the
risk of important pathologies including cancer and cardiovascular diseases [56,57,58].
The important characteristic of functional food is its richness in antioxidant
compounds, capable of scavenging ROS based on cellular oxidative stress [25].

Sweet pepper fruit falls in the category of functional foods because it is rich in
ascorbic acid, carotene, phenols, and also in capsaicinoids, xanthophylls, and flavonoids
and is, for this reason, characterized by high antioxidant capacity [27,28]. However, the
amount of phytochemicals in peppers depends on many factors, including rootstock,
although literature reports opposite results about the influence of grafting on the
amount of phytochemicals in peppers.

Our study evidenced for all three landraces that grafting positively influenced
marketable yield, whereas no differences were found among the three landraces. The
higher yield in the sweet peppers from the grafted plants has already been
demonstrated [14,59] and is attributable to an increase in the average number of fruit
per plant. This increase can be related to the more vigorous root system of rootstock
NIBER® that, in turn, induces an increase in water and nutrient uptake [31,32]. In
addition, non-marketable yields and fruit with BER markedly dropped because grafting
further increased production due to fewer losses. The minor incidence of fruit with BER
symptoms caused by the grafted plants could be attributed to the rootstock better
resisting abiotic stress, as previously reported in this species by Johkan et al. [60],
Sanchez—Rodriguez et al. [61] and Penella et al. [13,33].

In addition to increased fruit production, the physico-chemical characteristics
remained the same, or even improved, for the studied rootstock. Fruit dry matter was
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similar in the green fruit, or increased in the red fruit, of the three different pepper
landraces grafted onto NIBER® compared to the fruit from the ungrafted plants,
whereas no changes were recorded for pulp thickness. Other authors have found
similar results [19], showing that an increment in dry matter could be attributed to the
higher uptake and transport of mineral elements [62,63].

The perception of pepper fruit sourness is related to titratable acidity. Grafting
also increased titratable acidity in both red and green fruit, which is an important factor
for fruit quality if we consider the role played by acids in the flavor of fresh pepper
products.

Much interest in pepper fruit quality has been shown as regards to
phytochemicals, including ascorbic acid, lycopene, and phenols. However, the effect of
grafting on nutraceutical aspects of pepper fruit is related to landraces, but also to the
fruit maturation stage. First of all, phenolic compounds significantly decreased in both
the green and red fruit obtained from the grafted plants, which has already been
reported by other authors in this species and in other vegetables [18,64,65]. Phenol
compounds were higher in the red than green fruits at a mean concentration of about
10.9 and 6.5 mg gt FW, respectively. These values are higher than those reported by
Zhuang et al. [28] in red fruit, but are similar to those found by Blanco—Rios et al. [66]
and Chavez—Mendoza et al. [18]. Finally, the most relevant result for phenol
compounds was the higher content found in fruit in relation to the ripeness state with
red fruit containing significantly more phenols than green fruit, as previously reported
by Lee et al. [67] and Chavez—Mendoza et al. [30].

The other important nutraceutical molecule in peppers is vitamin C, with fresh
peppers being an excellent source of this compound. A different behavior was detected
in both green and red fruit. The green ones produced by the grafted plants had a higher
ascorbic acid content, which significantly lowered in the red ones. The ascorbic acid
results reported in the literature also differ. Sanchez—Torres et al. [19] found in peppers
that the amount of ascorbic acid changed depending on landraces more than on
grafting, or even on both the scion/rootstock combination, as reported by Lopez—Marin
et al. [65], and a significant increase was observed by Chavez—Mendoza et al. [18]. This
increase seems to be connected to the connection between scion and rootstock, which
induces a good flow of water and minerals to thus improve the photosynthetic process,
as reported by San Bautista et al. [68] in melon.

In our study, vitamin C was closely related to the genotype. Indeed “Sueca” and
“Valencia” produced green and red fruit with higher vitamin C contents. Another
interesting result, and one similar to that recorded for phenol compounds, was the
amount of ascorbic acid recorded in the red fruit. Regardless of the grafting technique,
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vitamin C was much higher in red than in the green fruit, evidencing the important of
the maturity stage.

The drop in vitamin C in the red fruit from the grafted plants was, however,
compensated by the marked increase of lycopene observed in fruit from the grafted
plants. It is well-known that ascorbic acid is a sensitive compound to heat treatment,
unlike lycopene. Lycopene is a strong antioxidant [69] and its concentration was higher
in the red than the green fruit and grafting positively impacted its concentration on
both fruit. Another major difference was that related to the genotype with “Cuerno”
being the landrace that, depending on grafting, produced fruit with a high lycopene
content. Previous works have reported that lycopene content depends on genotype
more than on grafting [70]. Obviously, red fruit contained 4- to 5-fold more lycopene
than green ones, with similar values to those found by Chavez—Mendoza et al. [30]. The
results obtained about lycopene were relevant when considering that lycopene is
apparently the most efficient quencher of singlet oxygen and free radicals among
carotenoids [71]. In addition, it does not convert into vitamin A (as B-carotene does)
and is utilized entirely as an antioxidant. It is also well-known that lycopene is not
sensitive to heat treatment as, for example, ascorbic acid is, and it remains in peppers
even after cooking.

In a general way, total chlorophyll content was lower in the red than in the green
fruit and concomitantly increased carotenoid. This obviously took place when
considering the pepper fruit maturity stage. Clearly, in the red fruit, the conversion of
chloroplast into chromoplast is related to both chlorophyll degradation and the
increase in carotenoid biosynthesis, as already in pepper formerly by other authors
[72,73].

Grafting led to no changes in chlorophyll and carotenoid contents, despite the
significant interaction found for the total chlorophyll amount in the green fruit and the
carotenoid levels in the red fruit. The highest total chlorophyll level was recorded in the
green fruit produced by the ungrafted “Cuerno” compared to the other thesis, as with
the fruit produced by the grafted plants of this landrace. Conversely, for “Sueca” and
“Valencia”, no differences were observed in the total chlorophyll between the fruit
produced by the grafted and ungrafted plants.

Antioxidant capacity was negatively influenced by grafting, and was higher in
both colored peppers produced by the ungrafted plants, whereas a strong influence of
genotype was recorded with landrace “Valencia”, which produced fruit with the highest
antioxidant capacity (both green and red). These results evidenced that grafting did not
improve fruit antioxidant capacity as reported by other authors [74] in tomato cultivar
Cecilia F1, grafted onto He-man and Spirit. Our results contrast with those reported by
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Chavez—Mendoza et al. [18] in fruit from grafted bell peppers. What our results
evidence is that red fruit, independently of landrace or grafting, had a higher
antioxidant capacity compared to green ones in accordance with the data reported by
Blanco—Rios et al. [66] in the red fruit of cultivar “Mazurca.”

The correlation analysis revealed that antioxidant capacity was related only to
the phenols compound in the green fruit of all the grafted landraces, but another
picture appeared for the red fruit. In fact, a significant correlation between antioxidant
capacity and phenols was found only for the grafted plants, but a significant
contribution to antioxidant capacity was made in the red fruitby ascorbic acid. In the
red fruits, an inverse correlation between antioxidant capacity and lycopene was noted
as reported by Chavez—Mendoza et al. [30].

The analytical technique to analyze VOCs identified 51 different compounds. The
terpenoid class includes a wide diversity of compounds with significant differences
between fruit stage maturity and landraces. Most terpenoids are mono- and
sesquiterpenes, of which 3-carene and B-linaool are mainly responsible for sweetness
and fresh flowery aroma, and are typical in the fruit of peppers [75] and other fruit,
vegetables and food aromas [76]. These compounds were significantly present in the
green fruit, with no differences among landraces for 3-carene, but a higher
concentration was observed in “Valencia” and “Sueca” compared to “Cuerno.” Among
sesquiterpenes, large amounts of copaene, a-bergamotene, and B-farnesene appear.
B-farnesene is involved in sweet pepper fruit flavor andappeared in large amounts in
the green fruit, but with no differences among landraces.

Even aldehydes, ketone, alcohols, and acids were recorded in pepper fruit and,
once again, with the highest level in the green fruit as compared to the red ones. Within
acids, nonanoic acid is prevalent, nonenal was the prevalent aldehyde and 2-octen-1-
ol (E) and cis -3 nonel -1- ol were the prevalent alcohols. Many of these compounds
derive from lipids such as linolenic and linoleic acid through the action of the
lipoxygenase pathway, as reported by Luning et al. [77]. No differences among
landraces were found for acids, but differences were noted for ethanol (higher in
“Cuerno”) among alcohols, for aldehyde nonenal (higher in “Cuerno” and “Sueca”), and
also for ketones 2-heptanone (higher in “Valencia”) and 5,5-dimethyl-1,3-dithian-2-
one, which was higher in “Cuerno” and “Sueca”. As formerly reported, numerous esters
are found in pepper fruit [78] that typically improve fruity flavor and floral aroma in
different Capsicum species. Methyl-salicylate is the most abundant one in green
pepper fruit, and is a compound with a strong mint odor that abounds in pepper fruit
[78], and is a distinctive flavor-active volatile [79].
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Among furans and aromatic hydrocarbons, 2-pentylfuran, and 2,4,6-
trimethylanisole are found in larger amounts in green fruit. The first furanic compound
is abundant in bell pepper fruits.

Finally, in miscellaneous compounds 2-isobutyl-3-methoxypyrazine, a potent
bell pepper odorant [77], was abundant in the green fruit with no differences among
landraces.

A multivariate statistical analysis was performed to make an in-depth evaluation
of the differences attributable to grafting and/or landraces. For the green fruit, the CDA
can be explained by two canonical variables that explained 98% of the total variability
in the dataset obtained from the analysis. The loading plots from the green fruit were
composed of the axes of canonical_1 with canonical_2. The grafted “Cuerno” was
evidently separate from other samples by canonical_1 on the score plot, and the
compound that accounted for discrimination was cyclosativene, while the
discrimination of the grafted “Valencia” was related to allo-ocimene. Cyclosativene is a
tetracyclic sesquiterpene whose antioxidant capacity mitigates oxidative injuries in the
neurodegenerative disorders field [80]. Allo-ocimene is a monoterpen that occurs in
citrus and many other essential oils, and is characterized by a harsh terpene-like and
somewhat citrusy character that is also typical in bell peppers [81]. The ungrafted
landraces were indistinguishable and spared by the grafted plants according to
canonical_2. As shown in Table 4, the graft involved a higher content of 4-methyl-2,3-
dihydrofuran, N-methylpyrrole, 2,4,6-trimethylanisole, methyl salicylate, octanoic acid,
ethyl hexadecanoate, cyclosativene and allo-ocimene.

For the red fruit, only the first canonical_1 variable explained 96% of variability
(Table 4). According to this discrimination, three groups were observed, characterized
by groups of peppers with a short, but significant, distance among them: “Valencia”
(grafted and ungrafted) and “Sueca” ungrafted obtained the highest canonical scores;
the ungrafted “Cuerno” obtained negative scores; “Cuerno” and “Sueca” had
intermediate score values. Unlike the green fruit, a different response of the three
landraces to grafting was observed as regards the profile of VOCs. As Figure 6 depicts,
“Sueca” and “Valencia” were very close when ungrafted, while the graft, “Sueca”
showed a similar profile to “Cuerno”. The VOCs most associated with "Valencia”
(grafted and ungrafted) and “Sueca” were 2-propyldiene-1-cyclobutene, 2-heptanone,
beta-linalool, and methyl salicylate, while ethanol characterized mainly “Cuerno”
ungrafted.
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6.6. Conclusions

The findings reported herein support our hypothesis that grafting could be an
interesting technique to improve the yield and marketable quality, mainly BER
incidence, of pepper landraces without negatively affecting intrinsic fruit quality. These
results also provide useful information about the pepper grafting effect on bioactive
compounds and antioxidant capacity, with variation being much more related to
maturity stage and genotype. The red fruit displayed higher antioxidant capacity than
the green fruit, but grafting improved only lycopene content in both red and green fruit.

The volatile fraction of peppers was composed of different chemical classes,
which were linked to and influenced by the graft as the discriminant analysis
demonstrated. This study may also represent a useful approach to characterize the
effect of graft on plant metabolism. This effect was more evident in the green fruit than
in the red ones.

177



Capitulo 6. References

6.7.

178

10.

References

Food and Agriculture Organization Faostat. Food and Agriculture Data; Food
and Agriculture Organization: Rome, Italy, 2018. Available online:
http://www.fao.org/faostat/en/#data/QC (accessed on 1 April 2020).

Bosland, P.W.; Votava, E.J. Peppers: Vegetables and Spice Capsicums. Crop
Production Science in Horticulture 12; CAB International Publishing:
Wallingford, England, 2000.

Kumar, R.; Dwivedi, N.; Singh, R.K.; Kumar, S.; Rai, V.P.; Singh, M. A review on
molecular characterization of pepper for capsaicin and oleoresin. Int. J. Plant
Breed. Genet. 2011, 5, 99-110, doi:10.3923/ijpbg.2011.99.110.

Lanteri, S.; Acquadro, A.; Quagliotti, L.; Portis, E. RAPD and AFLP assessment of
genetic variation in a landrace of pepper (Capsicum annuum L.), grown in
North-West Italy. Genet. Resour. Crop Evol. 2003, 50, 723-735,
doi:10.1023/A:1025075118200.

Gonzalez-Cebrino, F.; Lozano, M.; Ayuso, M.C.; Bernalte, M.J.; Vidal-Aragon,
M.C.; Gonzalez-Gomez, D. Characterization of traditional tomato varieties
grown in organic conditions. Span. J. Agric. Res. 2011, 9, 444-452.

Votava, E.J.; Baral, J.B.; Bosland, P.W. Genetic diversity of chile (Capsicum
annuum var. annuum L.) landraces from Northern New Mexico Colorado, and
Mexico. Econ. Bot. 2005, 59, 8-17, doi:10.1663/0013-
0001(2005)059[0008:GDOCCA]2.0.CO;2.

Rivera, A.; Monteagudo, A.B.; Igartua, E.; Taboada, A.; Garcia-Ulloa, A.; Pomar,
F.; Riveiro-Leira, M.; Silvar, C. Assessing genetic and phenotypic diversity in
pepper (Capsicum annuum L.) landraces from North-West Spain. Sci. Hortic.
2016, 203, 1-11, doi:10.1016/j.scienta.2016.03.006.

Gonzdlez-Pérez, S.; Garcés-Claver, A.; Mallor, C.; de Miera, L.E.S.; Fayos, O.;
Pomar, F.; Merino, F.; Silvar, C. New insights into Capsicum spp. relatedness
and the diversification process of Capsicum annuum in Spain. PLoS ONE 2014,
9,e116276, doi:10.1371/journal.pone.0116276.

Crosby, K.M. Pepper. In Vegetables Il. Handbook of Plant Breeding; Prohens, J.,
Nuez, F., Eds.; Springer: New York, NY, USA, 2008; Volume 2, pp. 221-248.

Kyriacou, M.C.; Rouphael, Y.; Colla, G.; Zrenner, R.; Schwarz, D. Vegetable
grafting: The implications of a growing agronomic imperative for vegetable
fruit quality and nutritive value. Front. Plant Sci. 2017, 8, 741,
doi:10.3389/fpls.2017.00741.



11.

12.

13.

14.

15.

16.

17.

18.

19.

Capitulo 6. References

King, S.R.; Davis, A.R.; Zhang, X.; Crosby, K. Genetics, breeding and selection of
rootstocks for Solanaceae and Cucurbitaceae. Sci. Hortic. 2010, 127, 106-111,
doi:10.1016/j.scienta.2010.08.001.

Lee, J.M.; Kubota, C.; Tsao, S.J.; Bie, Z.; Echevarria, P.H.; Morra, L.; Oda, M.
Current status of vegetable grafting: Diffusion, grafting techniques,
automation. Sci. Hortic. 2010, 127, 93-105, doi:10.1016/j.scienta.2010.08.003.

Penella, C.; Nebauer, S.G.; Quinones, A.; San Bautista, A.; Lopez-Galarza, S.;
Calatayud, A. Some rootstocks improve pepper tolerance to mild salinity
through ionic regulation. Plant Sci. 2015, 230, 12-22,
doi:10.1016/j.plantsci.2014.10.007.

Leal-Fernandez, C.; Godoy-Hernandez, H.; Nufiez-Colin, C.A.; Anaya-Lépez, J.L,;
Villalobos-Reyes, S.; Castellanos, J.Z. Morphological response and fruit yield of
sweet pepper (Capsicum annuum L.) grafted onto different commercial
rootstocks. Biol. Agric. Hortic. 2013, 29, 1-11,
doi:10.1080/01448765.2012.746063.

Dofas-Uclés, F.; Jiménez-Luna, M.; Gdéngora-Corral, J.A.; Pérez-Madrid, D.;
Verde-Fernandez, D.; Camacho-Ferre, F. Influence of three rootstocks on yield
and commercial quality of “Italian Sweet” pepper. Ciénc. Agrotec. 2014, 38,
538-545, d0i:10.1590/51413-70542014000600002.

Colla, G.; Rouphael, Y.; Cardarelli, M.; Temperini, O.; Rea, E.; Salerno, A,;
Pierandrei, F. Influence of grafting on yield and fruit quality of pepper
(Capsicum annuum L.) grown under greenhouse conditions. Acta Hortic. 2008,
782, 359-363, doi:10.17660/ActaHortic.2008.782.45.

Lépez-Marin, J.; Galvez, A.; del Amor, F.M.; Albacete, A.; Fernandez, J.A.; Egea-
Gilabert, C.; Pérez-Alfocea, A. Selecting vegetative/generative/dwarfing
rootstocks for improving fruit yield and quality in water stressed sweet
peppers. Sci. Hortic. 2017, 214, 9—-17, doi:10.1016/j.scienta.2016.11.012.

Chavez-Mendoza, C.; Sanchez, E.; Carvajal-Millan, E.; Mundz-Marquez, E.;
Guevara-Aguillar, A. Characterization of the nutraceutical quality and
antioxidant activity in bell pepper in response to grafting. Molecules 2013, 18,
15689-15703, doi:10.3390/molecules181215689.

Sanchez-Torres, P.; Raigdn, M.D.; Gammoudi, N.; Gisbert, C. Effects of grafting
combinations on the nutritional composition of pepper fruit. Fruits 2016, 71,
249-256, doi:10.1051/fruits/2016014.

179



Capitulo 6. References

180

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Whitfield, F.B.; Last, J.H. Vegetables. In Volatile Compunds in Foods and
Beverages; Maarse, H., Ed.; Marcle Dekker: New York, NY, USA, 1991; pp. 203—
281.

Eggink, P.M.; Maliepaard, C.; Tikunov, Y.; Haanstra, J.P.W.; Bovy, A.G.; Visser,
R.G.F. A taste of sweet pepper: Volatile and non-volatile chemical composition
of fresh sweet pepper (Capsicum annuum) in relation to sensory evaluation of
taste. Food Chem. 2012, 132, 301-310, doi:10.1016/j.foodchem.2011.10.081.

Lama, K.; Alkalai-Tuvia, S.; Perzelan, Y.; Fallik, E. Nutritional qualities and aroma
volatiles of harvested red pepper fruits stored at suboptimal temperatures. Sci.
Hortic. 2016, 213, 42-48, doi:10.1016/j.scienta.2016.10.015.

Alissa, E.M.; Ferns, G.A. Dietary fruits and vegetables and cardiovascular
diseases risk. Crit. Rev. Food Sci. Nutr. 2017, 57, 1950-1962,
doi:10.1080/10408398.2015.1040487.

Grosso, G.; Micek, A.; Godos, J.; Pajak, A.; Sciacca, S.; Galvano, F.; Boffetta, P.
Health risk factors associated with meat, fruit and vegetable consumption in
cohort studies: A comprehensive meta-analysis. PLoS ONE 2017, 12, e0183787,
doi:10.1371/journal.pone.0183787.

Diplock, A.; Charuleux, J.; Crozier-Willi, G.; Kok, F.; Rice-Evans, C.; Roberfroid,
M.; Stahl, W.; Vina-Ribes, J. Functional food science and defence against
reactive  oxidative species. Br. J. Nutr. 1998, 80, S77-5112,
do0i:10.1079/bjn19980106.

Casaiias, F.; Simd, J.; Casals, J.; Prohens, J. Toward an evolved concept of
landrace. Front. Plant Sci. 2017, 8, 145, doi:10.3389/fpls.2017.00145.

Howard, L.R.; Talcott, S.T.; Brenes, C.H.; Villalon, B. Changes in phytochemical
and antioxidant activity of selected pepper landraces (Caspicum species) as
influenced by maturity. J. Agric. Food Chem. 2000, 48, 1713-1720,
doi:10.1021/jf990916t.

Zhuang, Y.; Chen, L.; Sun, L.; Cao, J. Bioactive characteristics and antioxidant
activities of nine peppers. J. Funct. Foods 2012, 4, 331-338,
doi:10.1016/j.jff.2012.01.001.

Rouphael, Y.; Schwarz, D.; Krumbein, A.; Colla, G. Impact of grafting on product
quality of fruit vegetables. Sci. Hortic. 2010, 127, 172-179,
doi:10.1016/j.scienta.2010.09.001.



30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Capitulo 6. References

Chavez-Mendoza, C.; Sanchez, E.; Mundz-Marquez, E.; Sida-Arreola, J.P.;
Flores-Cordova, M.A. Bioactive compounds and antioxidant activity in different
grafted varieties of bell pepper. Antioxidants 2015, 4, 427-446,
doi:10.3390/antiox4020427.

Lépez-Serrano, L.; Canet-Sanchis, G.; Vuletin Selak, G.; Penella, C.; San Bautista,
A.; Lopez-Galarza, S.; Calatayud, A. Physiological characterization of a pepper
hybrid rootstock designed to cope with salinity stress. Plant Physiol. Biochem.
2020, 148, 207-219, doi:10.1016/j.plaphy.2020.01.016.

Calatayud, A.; Penella, C.; San Bautista, A.; Lépez-Galarza, S. Comportamiento
agrondmico en condiciones salinas de plantas de pimiento injertadas sobre un
nuevo patrén. Agric. Vergel 2016, 395, 251-254.

Penella, C.; Nebauer, S.G.; San Bautista, A.; Lépez-Galarza, S.; Calatayud, A.
Rootstock alleviates PEG-induced water stress in grafted pepper seedlings:
Physiological responses. J. Plant Physiol. 2014, 171, 842-851,
doi:10.1016/j.jplph.2014.01.013.

Maroto, J.V. Horticultura Herbdcea Especial, 5th ed.; Mundi-Prensa: Madrid,
Spain, 2002.

IVIA (Instituto Valenciano de Investigaciones Agrarias). Calculo de Necesidades
de Riego. Available online: http://riegos.ivia.es/calculo-de-necesidades-de-
riego (accessed on 1 April 2020).

Koncsek, A.; Horvath, Z.H.; Véha, A.; Daood, H.G.; Helyes, L. Colour evolution
of conventionally and organically cultivated Hungarian red spice paprika
varieties. Anal. Tech. Szeged. 2016, 10, 6-15, doi:10.14232/analecta.2016.1.6-
15.

Dewanto, V.; Wu, X.; Adom, K.K.; Liu, R.H. Thermal processing enhances the
nutritional value of tomatoes by increasing total antioxidant activity. J. Agric.
Food Chem. 2002, 50, 3010-3014, doi:10.1021/jf0115589.

Singleton, V.L; Rossi, J.A. Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic. 1965, 16,
144-158.

Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to
evaluate antioxidant activity. LWT-Food Sci. Technol. 1995, 28, 25-30,
doi:10.1016/50023-6438(95)80008-5.

181



Capitulo 6. References

182

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

Kampfenkel, K.; Van Montagu, M.; Inze, D. Extraction and determination of
ascorbate and dehydroascorbate from plant tissue. Anal. Biochem. 1995, 225,
165-167, doi:10.1006/abio.1995.1127.

Porra, R.J.; Thompson, W.A.; Kriedemann, P.E. Determination of accurate
extinction coefficients and simultaneous equations for assaying chlorophylls a
and b extracted with four different solvents: Verification of the concentration
of chlorophyll standards by atomic absorption spectroscopy. Biochim. Biophys.
Acta 1989, 975, 384-394, doi:10.1016/5S0005-2728(89)80347-0.

Adejo, G.0O.; Agbali, F.A.; Otokpa, O.S. Antioxidant, total lycopene, ascorbic acid
and microbial load estimation in powdered tomato varieties sold in Dutsin-Ma
market. OALiB J. 2015, 2, 1-7, d0i:10.4236/0alib.1101768.

Serra, A.; Buccioni, A.; Rodriguez-Estrada, M.T.; Conte, G.; Cappucci, A.; Mele,
M. Fatty acid composition, oxidation status and volatile organic compounds in
“Colonnata” lard from Large White or Cinta Senese pigs as affected by curing
time. Meat Sci. 2014, 97, 504-512, doi:10.1016/j.meatsci.2014.03.002.

Povolo, M.; Contarini, G.; Mele, M.; Secchiari, P.I.E.R. Study on the influence of
pasture on volatile fraction of ewes’ dairy products by solid-phase
microextraction and gas chromatography-mass spectrometry. J. Dairy Sci.
2007, 90, 556-569, d0i:10.3168/jds.50022-0302(07)71539-4.

Lee, S.J.; Umano, K.; Shibamoto, T.; Lee, K.G. Identification of volatile
components in basil (Ocimum basilicum L.) and thyme leaves (Thymus vulgaris
L.) and their antioxidant properties. Food Chem. 2005, 91, 131-137,
doi:10.1016/j.foodchem.2004.05.056.

Conte, G.; Dimauro, C.; Serra, A.; Macciotta, N.P.P.; Mele, M. A canonical
discriminant analysis to study the association between milk fatty acids of
ruminal origin and milk fat depression in dairy cows. J. Dairy Sci. 2018, 101,
6497-6510, doi:10.3168/jds.2017-13941.

De Maesschalck, R.; Jouan-Rimbaud, D.; Massart, D.L. The Mahalanobis
distance. Chemom. Intell. Lab. Syst. 2000, 50, 1-18.

Mardia, K.V. Assessment of multinormality and robustness of Hotelling’s T2
test. J. R. Stat. Soc. C Appl. 1975, 24, 163-171, doi:10.2307/2346563.

Mardia, K.V.; Bookstein, F.L.; Moreton, I.J. Statistical assessment of bilateral
symmetry of shapes. Biometrika 2000, 87, 285-300,
doi:10.1093/biomet/87.2.285.



50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

Capitulo 6. References

Schwarz, D.; Rouphael, Y.; Colla, G.; Venema, J.H. Grafting as a tool to improve
tolerance of vegetables to abiotic stresses: Thermal stress, water stress and
organic pollutants. Sci. Hortic. 2010, 127, 162-171,
doi:10.1016/j.scienta.2010.09.016.

Kumar, P.; Rouphael, Y.; Cardarelli, M.; Colla, G. Vegetable grafting as a tool to
improve drought resistance and water use efficiency. Front. Plant Sci. 2017, 8,
1130, doi:10.3389/fpls.2017.01130.

Gaion, L.A.; Braz, L.T.; Carvalho, R.F. Grafting in vegetable crops: A great
technique for agriculture. Int. J. Veg. Sci. 2018, 24, 85-102,
doi:10.1080/19315260.2017.1357062.

Fullana-Pericas, M.; Conesa, M.A.; Pérez-Alfocea, F.; Galmés, J. The influence
of grafting on crops’ photosynthetic performance. Plant Sci. 2019,
doi:10.1016/j.plantsci.2019.110250.

Labrie, C.W.; Sijtsema, S.J.; Snoek, H.M.; Raaijmakers, I.; Aramyan, L.H. Flavour
and nutrition of fruits and vegetables create added value to consumers. Acta
Hortic. 2020, 1277, 425-432.

Dillard, C.J.; German, J.B. Phytochemicals: Nutraceuticals and human health. J.
Sci. Food  Agric. 2000, 80, 1744-1756, doi:10.1002/1097-
0010(20000915)80:12<1744::AID-JSFA725>3.0.CO;2-W.

Pandey, K.B.; Rizvi, S.I. Plant polyphenols as dietary antioxidants in human
health and disease. Oxid. Med. Cell. Longev. 2009, 2, 270-278,
doi:10.4161/0xim.2.5.9498.

Willcox, J.K.; Ash, S.L.; Catignani, G.L. Antioxidants and prevention of chronic
disease.  Crit. Rev. Food  Sci. Nutr. 2004, 44, 275-295,
doi:10.1080/10408690490468489.

Shlisky, J.; Bloom, D.E.; Beaudreault, A.R.; Tucker, K.L.; Keller, H.H.; Freund-Levi,
Y.; Fielding, R.A.; Cheng, F.W.; Jensen, G.L; Wu, D.; et al. Nutritional
considerations for healthy aging and reduction in age-related chronic disease.
Adv. Nutr. 2017, 8, 17-26, doi:10.3945/an.116.013474.

Aidoo, M.K.; Sherman, T.; Lazarovitch, N.; Fait, A.; Rachmilevitch, S. Physiology
and metabolism of grafted bell pepper in response to low root-zone
temperature. Funct. Plant Biol. 2019, 46, 339-349, doi:10.1071/FP18206.

183



Capitulo 6. References

184

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Johkan, M.; Mitukuri, K.; Yamasaki, S.; Mori, G.; Oda, M. Causes of defoliation
and low survival rate of grafted sweet pepper plants. Sci. Hortic. 2009, 119,
103-107, doi:10.1016/j.scienta.2008.07.015.

Sanchez-Rodriguez, E.; del Mar Rubio-Wilhelmi, M.; Blasco, B.; Leyva, R.;
Romero, L.; Ruiz, J.M. Antioxidant response resides in the shoot in reciprocal
grafts of drought-tolerant and drought-sensitive cultivars in tomato under
water stress. Plant Sci. 2012, 188, 89-96, doi:10.1016/j.plantsci.2011.12.019.

Pulgar, G.; Villora, G.; Moreno, D.A.; Romero, L. Improving the mineral nutrition
in grafted watermelon plants: Nitrogen metabolism. Biol. Plant. 2000, 43, 607—
609, doi:10.1023/A:1002856117053.

Leonardi, C.; Giuffrida, F. Variation of plant growth and macronutrient uptake
in grafted tomatoes and eggplants on three different rootstocks. Eur. J. Hortic.
Sci. 2006, 71, 97-101.

Vrcek, 1.V.; Samobor, V.; Bojic, M.; Saric, M.M.; Vukobratovic, M.; Erhatic, R,;
Horvat, D.; Matotan, Z. The effect of grafting on the antioxidant properties of
tomato (Solanum lycopersicum L.). Span. J. Agric. Res. 2011, 3, 844—851.

Lépez-Marin, J.; Gonzdlez, A.; Pérez-Alfocea, F.; Egea-Gilabert, C.; Fernandez,
J.A. Grafting is an efficient alternative to shading screens to alleviate thermal
stress in greenhouse-grown sweet pepper. Sci. Hortic. 2013, 149, 39-46,
doi:10.1016/j.scienta.2012.02.034.

Blanco-Rios, A.K.; Medina-Juarez, L.A.; Gonzalez-Agular, G.A.; Gdmez-Meza, N.
Antioxidant activity of the phenolic and oil fractions of different sweet bell
pepper. J. Mex. Chem. Soc. 2013, 57, 137-143.

Lee, Y.; Howard, L.R.; Villalén, B. Flavonoids and antioxidant activity of fresh
pepper (Capsicum annuum) cultivars. J. Food Sci. 1995, 60, 473-476,
d0i:10.1111/j.1365-2621.1995.tb09806.x.

San Bautista, A.; Calatayud, A.; Nebauer, S.G.; Pascual, B.; Maroto, J.V.; Lopez-
Galarza, S. Effects of simple and double grafting melon plants on mineral
absorption, photosynthesis, biomass and yield. Sci. Hortic. 2011, 130, 575-580,
doi:10.1016/j.scienta.2011.08.009.

Kelkel, M.; Schumacher, M.; Dicato, M.; Diederich, M. Antioxidant and anti-
proliferative properties of lycopene. Free Radic. Res. 2011, 45, 925-940,
doi:10.3109/10715762.2011.564168.



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Capitulo 6. References

Guil-Guerrero, J.L.; Martinez-Guirado, C.; del Mar Rebolloso-Fuentes, M.;
Carrique-Pérez, A. Nutrient composition and antioxidant activity of 10 pepper
(Capsicum annuum) varieties. Eur. Food Res. Technol. 2006, 224, 1-9.

Edge, R.; McGarvey, D.J.; Truscott, T.G. The carotenoids as anti-oxidants—A
review. J. Photochem. Photobiol. B Biol. 1997, 41, 189-200, d0i:10.1016/s1011-
1344(97)00092-4.

Minguez-Mosquera, M.l.; Hornero-Mendez, D. Separation and quantification
of the carotenoid pigments in red peppers (Caspicum annuum L.), paprika, and
oleoresin by reversed-phase HPLC. J. Agric. Food Chem. 1993, 41, 1616-1620,
doi:10.1021/jf00034a018.

Marin, A.; Ferreres, F.; Tomas-Barberan, F.A.; Gil, M.l. Characterization and
quantification of antioxidant constituents of sweet pepper (Capsicum annuum
L.). J. Agric. Food Chem. 2004, 52, 3861-3869, d0i:10.1021/jf0497915.

Qaryouti, M.M.; Qawasmi, W.; Hamdan, H.; Edwan, M. Tomato fruit and quality
as affected by grafting and growing system. Acta Hortic. 2007, 741, 199-206.

Mazida, M.M.; Salleh, M.M.; Osman, H. Analysis of volatile aroma compounds
of fresh chilli (Capsicum annuum) during stages of maturity using solid phase
microextraction (SPME). J. Food Compos. Anal. 2005, 18, 427-437,
doi:10.1016/j.jfca.2004.02.001.

Holt, R.U. Mechanisms effecting analysis of volatile flavour components by
solid phase microextraction and gas chromatography. J. Chromatogr. A 2001,
937,107-114, doi:10.1016/s0021-9673(01)01302-4.

Luning, P.A.; Carey, A.T.; Roozen, J.P.; Wichers, H.J. Characterization and
occurrence of lipoxygenase in Bell Peppers at different ripening stages in
relation to the formation of volatile flavor compounds. J. Agric. Food Chem.
1995, 43, 1493-1500, doi:10.1021/jf00054a015.

Korkmaz, A.; Hayaloglu, A.A.; Atasoy, A.F. Evaluation of the volatile compounds
of fresh ripened Capsicum annuum and its spice pepper (dried red pepper
flakes and isot). LWT-Food Sci. Technol. 2017, 84, 842-850,
doi:10.1016/j.lwt.2017.06.058.

Moreno, E.; Fita, A.; Gonzalez-Mas, M.C.; Rodriguez-Burruezo, A. HS-SPME
study of the volatile fraction of Capsicum accessions and hybrids in different
parts of the fruit. Sci. Hortic. 2012, 135, 87-97,
doi:10.1016/j.scienta.2011.12.001.

185



Capitulo 6. References

186

80. Turkez, H.; Togar, B.; Di Stefano, A.; Taspinar, N.; Sozio, P. Protective effects of

81.

cyclosativene on H,0;-induced injury in cultured rat primary cerebral cortex
cells. Cytotechnology 2015, 67, 299-309, doi:10.1007/s10616-013-9685-9.

Luning, O.A.; de Rijk, T.; Wichers, H.J.; Roozen, J.P. Gas chromatography, mass
spectrometry, and sniffing port analyses of volatile compounds of fresh bell
peppers (Caspicum annuum) at different ripening stages. J. Agric. Food Chem.
1994, 42, 977-983, doi:10.1021/jf00040a027.



Capitulo 7. Discusion General

Capitulo 7

Discusion General

187
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7.1. Uso de la técnica del injerto para hacer frente al estrés térmico

Los objetivos planteados en este apartado de la tesis doctoral han sido:
investigar si el uso de un portainjerto adecuado puede conferir a la variedad de
pimiento cultivada tolerancia al estrés supra-térmico, y si eso fuera asi estudiar qué
mecanismos subyacen en esta tolerancia. Objetivos basados por una parte en la
necesidad de mejorar el comportamiento productivo y la calidad del pimiento cultivado
en invernadero, en areas templado-calidas como la mediterrdanea y en ciclos
productivos que contemplen los meses de primavera tardia, verano y otofio temprano,
en el escenario de aumento global de temperaturas. Los objetivos se han planteado
avalados por que los equipos de investigacion que desarrollan el proyecto en el que se
enmarca esta tesis doctoral, han validado previamente que ciertos portainjertos son
capaces de conferir tolerancias a la planta frente a otros estreses abidticos,
principalmente hidrico y salino, habiendo sido capaces de desarrollar un hibrido (F1) de
Capsicum anuum, NIBER®, capaz de mejorar los rendimientos de la variedad injertada
en estas condiciones.

Siguiendo con la misma linea de investigacion, teniendo en cuenta toda la
experiencia y conocimiento de la técnica generada en este sentido, y sabiendo que
hasta el momento no existe ningln portainjerto comercial de pimiento que pueda
conferir tolerancia a la variedad para el estrés supra-térmico, los trabajos realizados se
iniciaron con una seleccién previa de un niumero reducido de accesiones dentro del
género Capsicum (Gisbert-Mullor, 2018), a través de la identificacion de los genotipos
con mayores probabilidades de tolerancia debido a sus caracteristicas, principalmente
por su zona origen, la evaluacién agrondmica y fisioldgica del material vegetal, hasta
seleccionar aquellas accesiones que podrian ser consideradas como tolerantes. Y todo
ello bajo la hipdtesis de que los mecanismos de tolerancia de ciertos portainjertos a los
estreses abidticos, percibidos por el sistema radical, podrian ser similares para los
estreses percibidos por la parte aérea de las plantas, como es el caso del estrés térmico
por altas temperaturas.

Como ya apuntaron algunos autores en el cultivo del tomate (Ayenan et al.,
2019), existen parametros fisioldgicos sensibles al estrés térmico que permiten
seleccionar accesiones tolerantes a dicho estrés. Tanto Fv/Fm como EL fueron
utilizados como biomarcadores de seleccion para esta tolerancia. Ademas, se
implementaron otros parametros con respuesta especifica para el estrés supra-
térmico, como el numero de inflorescencias, la viabilidad del polen y el cuajado del
fruto (Xu et al., 2017; Zhou et al., 2015), altamente relacionados con el rendimiento
(Saeed et al., 2007) en estas condiciones.

Como consecuencia de ello y de lo observado en los estudios previos (Gisbert-
Mullor, 2018), se seleccionaron las 6 accesiones con mejor tolerancia al estrés supra-
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térmico, todas ellas de la especie Capsicum annuum L. y se compararon con la variedad
sin injertar e injertada sobre ella misma tanto en condiciones controladas de camara
climdtica como en condiciones de invernadero. De los resultados obtenidos en este
estudio, cabe destacar que A57, fue la Unica accesidn que no mostrd diferencias
significativas entre condiciones para los parametros fisiolégicos descritos como
sensibles en condiciones de estrés supra-térmico, como RGR, EL y Fv/Fm, ademas de
obtener mejores resultados que la variedad sin injertar en condiciones de estrés en el
experimento en invernadero. Se estudié también, en condiciones de camara climatica,
la respuesta de las HSPs por ser bioindicadoras del estrés térmico, en concreto se
analizo la expresion relativa de HSP70 y dos sHSPs, sHSP25.8 y sHSP22.7. A pesar de
saber que la acumulacidn de HSP y sHSP juega un papel clave en la respuesta al estrés
térmico y en la termotolerancia de las plantas (Sun et al., 2002; Wang et al., 2020), no
se pudo observar ninguna correlacion positiva entre la expresion de estas proteinas y
el rendimiento o RGR, y por lo tanto seria necesario realizar mas estudios en este
sentido para tratar de comprender la compleja red de las HSPs.

Como fue discutido en el primero de los articulos que forma parte de la tesis
doctoral, en plantulas de pimiento se observé el mayor RGR en los genotipos cultivados
bajo condiciones de control, y en ambas condiciones el RGR varié dependiendo de la
accesion utilizada como portainjerto. Estos resultados sugieren que los efectos de las
altas temperaturas sobre el RGR podrian ser explicados por la adaptabilidad de las
raices a la temperatura del aire. Rivero et al. (2003) también observaron que el peso
seco de las plantas de tomate cultivadas a 35 °C fue menor en las plantas no injertadas
gue en las plantas injertadas. En la misma linea, Li et al. (2014) constataron un mayor
crecimiento de los brotes de pepino injertado sobre luffa a 36 °C que en pepino sin
injertar.

La reduccidon del RGR por alta temperatura es la consecuencia de cambios
fisiologicos y metabdlicos en las células vegetales. De hecho, la disminucién de la
estabilidad de las membranas bajo estrés por calor podria conducir a una mayor fluidez
de las mismas (Prasad et al., 2008). Por otra parte, la fotosintesis es uno de los procesos
mas sensibles al estrés abidtico a través de alteraciones en el aparato fotosintético
(Zhou et al., 2015), y el fotosistema Il (PSIl) se considera un componente sensible y
termolabil (Cajanek et al., 1998; Mathur et al., 2011). En nuestros experimentos, la
relacién Fv/Fm en condiciones de estrés por calor fue menor y el parametro EL fue
mayor que en las condiciones control, lo que demuestra que el estrés por calor afecta
a estos parametros. Sin embargo, el valor de ambos parametros fue dependiente del
portainjerto utilizado, como han constatado también Xu et al. (2017) y Poudyal et al.
(2018) en tomate.
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En el primer experimento (Capitulo 2), se observé que el mayor rendimiento de
la variedad injertada sobre la accesién A57 era debido a un mayor nimero de frutos y
no a un mayor peso de los mismos. En este sentido, es bien conocido que el estrés por
altas temperaturas afecta principalmente a la formacién y desarrollo de los gametofitos
masculinos (Chaturvedi et al., 2021). El polen es sensible a las altas temperaturas a lo
largo de su desarrollo, ya que afecta a la cantidad y la morfologia de los granos, la
arquitectura de las paredes celulares y al metabolismo del mismo (Hedhly, 2011; Zinn
et al., 2010), aunque en el género Capsicum se ha observado que la sensibilidad del
polen a las altas temperaturas varia entre especies (Reddy y Kakani, 2007).

En este sentido se planted un doble experimento con el objetivo de profundizar
en el efecto que ejerce el uso de portainjertos sobre el cuajado de frutos en condiciones
de estrés supra-térmico.

La primera parte se centrd en estudiar la respuesta del metabolismo de la hoja
analizando diversos parametros fisiolégicos que pudieran verse afectados por el estrés
térmico. Pudimos observar que la variedad injertada sobre A57 en condiciones de
estrés térmico obtuvo una menor EL, una mayor concentracién de Chl y Car y una
menor acumulacién de H,0; en hojas, ademas de un mayor porcentaje de cuajado de
frutos que la variedad sin injertar. A la vista de estos resultados y tras confirmar que las
diferencias de rendimiento eran debidas al porcentaje de cuajado o niumero de frutos,
la segunda parte del experimento se centré en estudiar diferentes parametros
relacionados directamente con el cuajado del fruto. De los resultados obtenidos cabe
destacar que cuando la variedad fue injertada sobre A57 en condiciones de estrés,
aumento el contenido de prolina en las anteras, mejoré la germinacion de los granos
de polen y el nimero de semillas por fruto fue mayor, viéndose finalmente mejorado
el porcentaje de cuajado de frutos respecto a la variedad sin injertar.

A pesar de que el estrés térmico por altas temperaturas afecta directamente a la
parte aérea de la planta, observamos que el sistema radical, y por lo tanto el injerto
sobre accesiones tolerantes, pueden paliar los efectos de dicho estrés. Como ya
comentamos en el segundo articulo correspondiente a este apartado, el pardmetro EL
esta influenciado por el contenido de las especies reactivas de oxigeno (ROS) dado que
el estrés por calor induce la generacién y acumulacién de las mismas, como el H,0,
(Airaki et al.,, 2012; Xu et al., 2018). De esta forma, encontramos una correlacién
positiva entre la concentracion de H,0, y EL (r= 0,785, P< 0,05), lo que indicé que el
aumento de EL se debid en parte a una mayor produccion de H,0,. De hecho, la
concentracion de H,0; en VA/A57 bajo estrés térmico no difirié significativamente de
su control, lo que estuvo en concordancia con sus valores mas bajos de EL. Este efecto
podria deberse en parte a una mejor homeostasis redox en las plantas VA/A57
respaldada por metabolitos primarios, como la acumulacién de carotenoides y
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clorofila, para evitar la fotooxidacion en los fotosistemas (Leverenz et al., 2015) y lograr
valores de Fv/Fm sin diferencias respecto a su control (Gisbert-Mullor et al., 2021). Los
mismos efectos se han observado en pepino injertado en Momordica sometido a alta
temperatura (Wei et al., 2019; Xu et al., 2018).

Un eficiente mecanismo de tolerancia al estrés térmico por altas temperaturas
en las partes vegetativas juega un papel vital en la formaciéon adecuada de érganos
reproductivos, afectando positivamente al rendimiento final (Asseng et al., 2002;
Wollenweber et al., 2003). En este sentido, fuimos capaces de corroborar que la
combinacién VA/A57, que era la mejor predispuesta a tolerar las altas temperaturas de
acuerdo con los resultados de los pardmetros fisiolégicos observados en las hojas,
exhibié también los mas adecuados atributos reproductivos. De hecho, se encontraron
correlaciones significativas (P< 0.05) entre cuajado de frutos y diferentes parametros,
como numero de semillas (r=0.771), germinacion de polen (r=0.787) y concentraciones
de prolina y sacarosa en anteras (r=0.718 y r=0.756, respectivamente), confirmando la
relacion evidente entre el cuajado del fruto y el estado del polen.

El andlisis de los resultados obtenidos de los diferentes experimentos realizados ha
permitido seleccionar la accesién A57 como portainjerto tolerante al estrés por altas
temperaturas. De hecho, de los articulos que conforman los capitulos 2 y 3, a pesar de
corresponder a experimentos distintos, en conjunto se deduce que el portainjerto A57
es capaz de conferir a la variedad mayor tolerancia al estrés supra-térmico a través de
un elevado nimero de parametros fisioldgicos, como EL, RGR, Fv/Fm, contenido de
clorofilas y carotenoides en hojas, acumulacién de H,0, en hojas, contenido de prolina
en las anteras, viabilidad del polen, relacionados directa y positivamente con esta
tolerancia y que conducen a incrementar el rendimiento comercial.

En consecuencia, hemos utilizado esta accesion como parental para generar
nuevos hibridos potencialmente tolerantes al estrés por altas temperaturas, y en un
experimento preliminar, hemos observado que uno de los hibridos ha obtenido un 77%
mas de rendimiento comercial (kg por planta) que la variedad sin injertar (datos no
mostrados) en condiciones de estrés. A la espera de confirmar estos resultados
preliminares, cabe destacar que el uso de portainjertos hibridos resultaria una técnica
eficaz para paliar los efectos de las altas temperaturas en el cultivo del pimiento,
pudiendo mejorar tanto el rendimiento comercial como el econdmico de una manera
sostenible con el medioambiente.
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7.2.  Uso de la técnica del injerto para hacer frente al estrés hidrico

El objetivo planteado en este segundo apartado de la tesis doctoral ha sido
ampliar los conocimientos sobre los mecanismos fisiolégicos que modulan la respuesta
a la tolerancia del portainjerto hibrido NIBER® en condiciones de estrés hidrico.

Fruto de las investigaciones previas realizadas por el equipo de investigacidn en
el cual se integra esta tesis doctoral se obtuvo el hibrido NIBER®, tolerante al estrés
hidrico y salino. En este hibrido se ha estudiado con detalle los mecanismos fisioldgicos
responsables de la tolerancia al estrés salino (Lopez-Serrano et al., 2020), pero no sus
respuestas adaptativas frente al estrés hidrico.

Con esta necesidad de ampliar el conocimiento en este sentido se planteé el
objetivo de evaluar el impacto del riego deficitario, en condiciones muy controladas,
sobre el rendimiento, la calidad del fruto y la eficiencia del uso del agua de riego de una
variedad hibrida de pimiento injertada sobre NIBER® y |la variedad sin injertar.

Durante dos afios consecutivos, nuestros resultados demostraron que al injertar
una variedad de pimiento sobre el portainjerto NIBER® se superan los efectos negativos
del estrés hidrico sostenido en términos de biomasa y rendimiento. Ademas, este
portainjerto tuvo un efecto beneficioso sobre rendimiento comercial «Extra»
—principal componente de los resultados econdmicos del cultivo—, al mantener un
rendimiento mayor que las plantas sin injertar en condiciones de estrés.

Se evaluaron también los procesos fisioldgicos asociados con el injerto y el riego
deficitario, centrandose en el uso eficiente del agua y las relaciones fotosintéticas para
explicar los resultados obtenidos en produccién. En este sentido, en condiciones
control el estado hidrico de la planta evaluados por el potencial hidrico (Wpredawn Y Wiear)
fue similar entre las plantas injertadas y no injertadas. Estos resultados ya fueron
constatados también en mini-sandia, donde el potencial hidrico de la hoja en plantas
injertadas y no injertadas mostré valores similares aplicando un riego 6ptimo
(Rouphael et al., 2008). Sin embargo, el uso de plantas de pimiento injertadas sobre
NIBER® tuvo una influencia significativa en la capacidad de transporte de agua de la
planta en comparacidn con las plantas sin injertar. La conductancia hidraulica de toda
la planta en el tratamiento control en condiciones de alta demanda atmosférica (al
mediodia) fue menor en las plantas injertadas, y estuvo acompafiada de menores
valores de g;, indicando mayor cierre estomatico. Los cambios en las propiedades
hidraulicas y el comportamiento estomdatico permiten que las plantas injertadas
regulen mejor el agua utilizada por la planta al reducir la pérdida por transpiracion.
Finalmente, estos resultados confirman nuestra hipdtesis de partida sobre la tolerancia
esperable de NIBER® al estrés hidrico en condiciones de campo controlando el
contenido de agua del suelo.
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Ademids, se demostrd que el hibrido NIBER® utilizado como portainjerto fue
capaz de mejorar la eficiencia en el uso del agua, produciendo una mayor biomasa y
rendimientos comerciales en comparacién con las plantas sin injertar en condiciones
de riego deficitario. Esto se podria atribuir a las diferencias en la capacidad de absorcién
de agua y nutrientes del sistema radical, como se ha observado en plantas de melén
injertadas (Agele y Cohen, 2009). Sin embargo, en los dos estudios pertenecientes al
Capitulo 4 no se investigd el efecto de la capacidad exploradora del sistema radical
sobre la mayor adaptacion del portainjerto tolerante al estrés hidrico.

Para ello, y en condiciones mds controladas que las utilizadas en los
experimentos anteriores, el objetivo del segundo experimento se centrd en corroborar
hasta qué punto un portainjerto tolerante al estrés hidrico es capaz de mantener su
capacidad productiva en condiciones de estrés por riego deficitario, y al mismo tiempo
estudiar la capacidad de exploracion de raices, en términos de volumen y peso, para
relacionarlo con las diferencias de rendimiento y calidad de frutos que se pudieran
observar. Para ello, el experimento se realizé en contenedores de 25 litros con sustrato
a base de arena de silice para facilitar las labores de evaluacidn de la biomasa radical y
distribucion de las raices.

Los resultados agronédmicos obtenidos en este experimento demostraron que la
variedad tradicional Cuerno cuando se injerto sobre el portainjerto NIBER® aumento el
rendimiento comercial tanto en condiciones control como en condiciones de riego
deficitario, 23% y 45% respectivamente, en comparacioén a las plantas sin injertar. Hay
gue destacar que la pérdida de rendimiento que sufrieron las plantas en condiciones
de riego deficitario fue muy elevada, debido a que el estrés generado fue muy intenso,
incluso mas marcado que el observado anteriormente en los experimentos realizados
en condiciones de suelo, utilizando el mismo portainjerto.

Como ya hemos comentado, estas diferencias en términos de rendimiento
comercial entre plantas injertadas y no injertadas podrian estar asociadas al sistema
radical mds vigoroso del hibrido NIBER®. De hecho, en este experimento fuimos
capaces de demostrar que la biomasa y el volumen de raices fueron mayores en las
plantas injertadas sobre NIBER® que en las no injertadas, tanto en condiciones de riego
Optimas como en condiciones de estrés hidrico. Este aumento de biomasa radical
podria explicarse por un efecto directo sobre una mayor capacidad fotosintética que
normalmente confieren los portainjertos que toleran estreses abiéticos, lo que ha sido
frecuentemente reportado en otros estudios asociado con un sistema radical robusto
gue contribuye a una mayor absorcién de agua y nutrientes (Lépez-Serrano et al., 2019,
2017; Penella et al., 2017, 2016, 2014).
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Por otro lado, los mayores rendimientos obtenidos en las plantas injertadas con
NIBER® fueron debidos a una menor incidencia de BER y no a un mayor nimero de
frutos o peso medio de los frutos comerciales. Aunque la causa de esta fisiopatia no
esta del todo dilucidada, este trastorno ha sido relacionado por algunos autores con el
estrés oxidativo causado por la produccién de ROS bajo condiciones estresantes (Saure,
2014), mientras que otros autores relacionaron la incidencia de BER con la escasa
translocacion de Ca a érganos y tejidos con baja o nula transpiracion, lo que resultaria
en una deficiencia local de este elemento (de Freitas et al., 2011). En experimentos
previos en condiciones de estrés salino (Lépez-Serrano et al., 2020), el hibrido NIBER®
mostré una mayor capacidad antioxidante que la variedad sin injertar, y fruto de los
resultados de este estudio del Capitulo 5 hemos podido corroborar que las plantas
injertadas sobre este portainjerto son capaces de desarrollar un sistema radical mas
potente, con mayor biomasa y volumen radical, lo que facilitaria la absorcion de agua
y nutrientes, entre ellos el Ca, como ya han observado algunos autores en diferentes
cultivos (Lee et al., 2010; Rouphael et al., 2008). En este sentido, Kyriacou et al. (2017)
sugirieron que la menor incidencia de BER en pimiento, observada en las zonas distales
del fruto, se puede atribuir a la mejora realizada por el portainjerto en términos de
absorcion/transporte de nutrientes a las células apicales del fruto mejorando la
integridad de la pared celular.

Por lo tanto, con todos los resultados obtenidos de este apartado, podemos
asegurar que el uso del portainjerto NIBER® puede considerarse como una herramienta
atil para reducir el consumo de agua amortiguando los efectos del estrés hidrico sobre
el rendimiento comercial del cultivo, principalmente reduciendo la incidencia de BER,
atribuido al mayor desarrollo del sistema radical que le facilita la absorcidn de agua y
nutrientes, permitiéndole mejorar la eficiencia en el uso del agua.
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7.3. Efecto del injerto sobre el rendimiento y calidad de variedades

tradicionales

En este ultimo apartado de la tesis doctoral, el objetivo principal ha sido el
estudio agrondmico y de la calidad de los frutos de pimiento de diferentes variedades
tradicionales injertadas sobre el portainjerto hibrido NIBER®. En los capitulos
anteriores hemos sido capaces de corroborar el adecuado comportamiento, en
términos de rendimiento, de variedades hibridas y tradicionales cuando son injertadas
sobre el portainjerto NIBER® en condiciones de riego deficitario. Sin embargo, hasta la
fecha, ningln estudio se habia centrado en estudiar los efectos del injerto sobre el
rendimiento y calidad de los frutos de variedades tradicionales de pimiento.

En este contexto se planted un experimento para evaluar el efecto del
portainjerto NIBER® sobre la produccién y calidad del fruto en tres variedades
tradicionales de la Comunidad Valenciana. Para determinar la calidad de la fruta, se
tuvo en cuenta el estado de madurez (verde y rojo) y se ensayaron no solo las
caracteristicas fisicoquimicas (materia seca, acidez titulable, color y volatiles), sino
también aspectos nutracéuticos (fenoles, vitamina C, pigmentos y capacidad
antioxidante).

De los resultados obtenidos, podemos observar que, para las tres variedades, el
injerto influyd positivamente en el rendimiento comercial, mientras que no se
encontraron diferencias entre las tres variedades locales. Esta mejora del rendimiento
comercial en las plantas injertadas ya fue observada previamente por diferentes
autores (Aidoo et al., 2017; Leal-Fernandez et al., 2013) y es atribuible a un aumento
en el numero promedio de frutos por planta. En nuestro caso, este aumento pudo estar
relacionado con el sistema radical mas vigoroso del patrén NIBER ® que, a su vez, induce
un aumento en la absorcidn de agua y nutrientes, como ya hemos comentado en
apartados anteriores. De hecho, en este estudio, las diferencias de rendimiento
también se deben atribuir a que las plantas injertadas sobre NIBER® presentaron una
menor afeccidon de BER en los frutos. Estos resultados coinciden y son corroborados por
un estudio posterior que ya se ha discutido anteriormente.

Por otro lado, las caracteristicas fisicoquimicas del fruto de las plantas injertadas,
o bien no presentaron diferencias significativas respecto a las no injertadas, o
mejoraron en algunos parametros, como la materia seca y la acidez titulable. Para la
materia seca, cabe destacar que en el caso de los frutos verdes no hubo diferencias
entre injertadas y no injertadas, pero en el caso de los frutos rojos aumento en las tres
variedades injertadas sobre NIBER®. Otros autores han encontrado resultados
similares, mostrando que un incremento en la materia seca podria atribuirse a la mayor
absorcién y transporte de elementos minerales (Leonardi et al., 2006; Pulgar et al.,
2000).
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Las caracteristicas nutracéuticas de la fruta de pimiento estuvieron mas
relacionadas con las variedades locales y el estado de maduracién de la fruta que con
el efecto del propio injerto. El contenido de compuestos fendlicos fue
significativamente mayor en los frutos rojos que en los verdes, como constataron Lee
et al. (1995) y Chavez-Mendoza et al. (2015). Respecto el contenido de vitamina C, los
frutos verdes de las plantas injertadas mostraron un mayor contenido que los frutos de
las plantas sin injertar, pero para el caso de los frutos rojos se observd un
comportamiento diferente, el contenido fue mayor en los frutos de las plantas sin
injertar. Por otro lado, respecto al contenido de pigmentos fotosintéticos, no se
observaron diferencias entre frutos de plantas injertadas y no injertadas, pero
evidentemente los frutos verdes obtuvieron un mayor contenido de clorofilas totales y
un menor contenido de carotenoides que los frutos rojos. En los frutos rojos, la
conversion de cloroplasto en cromoplasto esta relacionada tanto con la degradacion
de la clorofila como con el aumento de la biosintesis de carotenoides, como ya se ha
observado en pimiento anteriormente por otros autores (Marin et al., 2004; Minguez-
Mosquera y Hornero-Méndez, 1993). Por lo que respecta al analisis de licopeno, su
concentracién fue mayor en la fruta roja que en la verde y el injerto tuvo una respuesta
positiva en su concentracion en ambos estados de maduracion. Obviamente, los frutos
rojos contenian de 4 a 5 veces mds licopeno que los verdes, con valores similares a los
encontrados por Chavez-Mendoza et al. (2015). Los resultados obtenidos sobre el
licopeno fueron relevantes si se considera que este compuesto es el inhibidor mas
eficiente de diferentes radicales libres entre los carotenoides, ademas, no se convierte
en vitamina A (como lo hace el B-caroteno) y se utiliza completamente como
antioxidante (Edge et al., 1997). Por ultimo, la capacidad antioxidante se vio
negativamente influenciada por el injerto, y fue mayor en los pimientos en ambos
estados de madurez producidos por las plantas sin injertar. Estos resultados
evidenciaron que el injerto no mejoré la capacidad antioxidante de la fruta tal y como
demostraron Qaryouti et al. (2007) en tomate. Lo que nuestros resultados evidencian
es que los frutos rojos, independientemente de la variedad o del injerto, tenian una
mayor capacidad antioxidante en comparacién con los verdes de acuerdo con los datos
reportados por (Blanco-Rios et al., 2013).

Respecto al contenido en compuestos volatiles (COV), se identificaron 51
compuestos diferentes, entre ellos acidos organicos, alcoholes, aldehidos, alcanos,
cetonas, terpenos, ésteres, hidrocarburos aromaticos y furanos. Cabe destacar que el
nivel de maduracién del fruto fue el factor que mas influyd, la mayoria de los COV
fueron significativamente mds altos en los frutos verdes. Se realizé un andlisis
discriminante multivariado para evaluar las diferencias atribuibles al injerto y/o
variedades tradicionales. Fruto de este andlisis fuimos capaces de separar las distintas
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variedades tanto injertadas como no injertadas en los dos estados de maduracion,
aunque esta separacion fue mas evidente en los frutos verdes que en los rojos.

Por todo ello, los resultados obtenidos de este estudio respaldan nuestra hipdtesis
de que el injerto podria ser una técnica interesante para mejorar el rendimiento y la
calidad comercial de las variedades tradicionales de pimiento, principalmente
reduciendo la incidencia de BER, sin afectar negativamente la calidad intrinseca de la
fruta, ofreciéndoles la oportunidad de competir en un mercado cada vez mas exigente.
Estos resultados también brindan informacion util sobre el efecto del injerto de
pimiento sobre los compuestos bioactivos y la capacidad antioxidante, con una
variaciéon mas relacionada con la etapa de madurez y el genotipo. Este estudio también
puede representar un enfoque Util para caracterizar el efecto del injerto en el
metabolismo de la planta.

197



Capitulo 7. Bibilografia

7.4.

198

Bibliografia
Agele, S., Cohen, S., 2009. Effect of genotype and graft type on the hydraulic
characteristics and water relations of grafted melon. J Plant Interact 4, 59—
66. https://doi.org/10.1080/17429140802311671

Aidoo, M.K., Sherman, T., Ephrath, J.E., Fait, A., Rachmilevitch, S., Lazarovitch, N.,
2017. Grafting as a Method to Increase the Tolerance Response of Bell
Pepper to Extreme Temperatures. Vadose Zone Journal 17, 1-8.
https://doi.org/10.2136/VZJ2017.01.0006

Airaki, M., Leterrier, M., Mateos, R.M., Valderrama, R., Chaki, M., Barroso, J.B.,
del Rio, L.A., Palma, J.M., Corpas, F.J., 2012. Metabolism of reactive oxygen
species and reactive nitrogen species in pepper (Capsicum annuum L.) plants
under low temperature stress. Plant Cell Environ 35, 281-295.
https://doi.org/10.1111/).1365-3040.2011.02310.X

Asseng, S., Turner, N.C,, Ray, J.D., Keating, B.A., 2002. A simulation analysis that
predicts the influence of physiological traits on the potential yield of wheat.
European Journal of Agronomy 17, 123-141.
https://doi.org/10.1016/51161-0301(01)00149-6

Ayenan, M.A.T., Danquah, A., Hanson, P., Ampomah-Dwamena, C., Sodedji, F.A.K.,
Asante, |.K., Danquah, E.Y., 2019. Accelerating Breeding for Heat Tolerance
in Tomato (Solanum lycopersicum L.): An integrated approach. Agronomy 9.
https://doi.org/10.3390/agronomy9110720

Blanco-Rios, A.K., Medina-Judrez, L.A., Gonzélez-Aguilar, G.A., Gdmez-Meza, N.,
2013. Antioxidant activity of the phenolic and oily fractions of different
sweet bell peppers. ] Mex Chem Soc.

Cajanek, M., Stroch, M., Llachetova, 1., Kalina, J., Spunda, V., 1998.
Characterization of the photosystem Il inactivation of heat-stressed barley
leaves as monitored by the various parameters of chlorophyll a fluorescence
and delayed fluorescence. J Photochem Photobiol B 47, 39-45.
https://doi.org/10.1016/5S1011-1344(98)00197-3

Chaturvedi, P., Wiese, A.J., Ghatak, A., Zaveska Drabkova, L., Weckwerth, W.,
Honys, D., 2021. Heat stress response mechanisms in pollen development.
New Phytologist 231, 571-585. https://doi.org/10.1111/NPH.17380



Capitulo 7. Bibliografia

Chavez-Mendoza, C., Sanchez, E., Munoz-Marquez, E., Sida-Arreola, J.P., Flores-
Cordova, M.A., 2015. Bioactive Compounds and Antioxidant Activity in
Different Grafted Varieties of Bell Pepper. Antioxidants 2015, Vol. 4, Pages
427-446 4, 427-446. https://doi.org/10.3390/ANTIOX4020427

de Freitas, S.T., Shackel, K.A., Mitcham, E.J., 2011. Abscisic acid triggers whole-plant
and fruit-specific mechanisms to increase fruit calcium uptake and prevent
blossom end rot development in tomato fruit. J Exp Bot 62, 2645-2656.
https://doi.org/10.1093/JXB/ERQ430

Edge, R., McGarvey, D.J., Truscott, T.G., 1997. The carotenoids as anti-oxidants - A
review. J Photochem Photobiol B 41, 189-200. https://doi.org/10.1016/51011-
1344(97)00092-4

Gisbert-Mullor, R., Lopez-Galarza, S. (2018). Evaluacién de patrones de pimiento frente
a estrés térmico: caracterizacion fisioldgica. Trabajo Fin de Master. Universidad
Politécnica de Valencia. Valencia. Espana.

Gisbert-Mullor, R., Padilla, Y.G., Martinez-Cuenca, M.R., Lopez-Galarza, S., Calatayud,
A., 2021. Suitable rootstocks can alleviate the effects of heat stress on pepper
plants. Sci Hortic 290, 110529. https://doi.org/10.1016/J.SCIENTA.2021.110529

Hedhly, A., 2011. Sensitivity of flowering plant gametophytes to temperature
fluctuations. Environ Exp Bot 74, 9-16.
https://doi.org/10.1016/).ENVEXPBOT.2011.03.016

Kyriacou, M.C., Rouphael, Y., Colla, G., Zrenner, R., Schwarz, D., 2017. Vegetable
grafting: The implications of a growing agronomic imperative for vegetable fruit
quality and nutritive value. Front Plant Sci 8, 741.
https://doi.org/10.3389/FPLS.2017.00741/BIBTEX

Leal-Fernandez, C., Godoy-Hernandez, H., Nufiez-Colin, C.A., Anaya-Lépez, J.L,
Villalobos-Reyes, S., Castellanos, J.Z., 2013. Morphological response and fruit yield
of sweet pepper (Capsicum annuum L.) grafted onto different commercial
rootstocks.  http://dx.doi.org/10.1080/01448765.2012.746063 29, 1-11.
https://doi.org/10.1080/01448765.2012.746063

Lee, J.M., Kubota, C., Tsao, S.J., Bie, Z., Echevarria, P.H., Morra, L., Oda, M., 2010.
Current status of vegetable grafting: Diffusion, grafting techniques, automation.
Sci Hortic 127, 93-105. https://doi.org/10.1016/J.SCIENTA.2010.08.003

Lee, Y., Howard, L., Science, B.V.-J. of F., 1995, undefined, 1995. Flavonoids and
Antioxidant Activity of Fresh Pepper (Capsicum annuum) Cultivars. Wiley Online
Library 60, 473—476. https://doi.org/10.1111/j.1365-2621.1995.tb09806.x

199



Capitulo 7. Bibilografia

Leonardi, Cherubino, Giuffrida, Francesco, Leonardi, C, Giuffrida, F, 2006. Variation of
plant growth and macronutrient uptake in grafted tomatoes and eggplants on
three different rootstocks. Eur J Hortic Sci 71, 1611-4426.

Leverenz, R.L., Sutter, M., Wilson, A., Gupta, S., Thurotte, A., de Carbon, C.B., Petzold,
C.J., Ralston, C., Perreau, F., Kirilovsky, D., Kerfeld, C.A., 2015. A 12 A carotenoid
translocation in a photoswitch associated with cyanobacterial photoprotection.
Science (1979) 348, 1463-1466.
https://doi.org/10.1126/SCIENCE.AAA7234/SUPPL_FILE/LEVERENZ.SM.PDF

Li, H., Wang, F., Chen, X.J., Shi, K., Xia, X.J., Considine, M.J,, Yu, J.Q., Zhou, Y.H., 2014.
The sub/supra-optimal temperature-induced inhibition of photosynthesis and
oxidative damage in cucumber leaves are alleviated by grafting onto figleaf
gourd/luffa rootstocks. Physiol Plant 152, 571-584.
https://doi.org/10.1111/PPL.12200

Lépez-Marin, J., Galvez, A., del Amor, F.M., Albacete, A., Fernandez, J.A., Egea-Gilabert,
C., Pérez-Alfocea, F., 2017. Selecting vegetative/generative/dwarfing rootstocks
for improving fruit yield and quality in water stressed sweet peppers. Sci Hortic
214, 9-17. https://doi.org/10.1016/).SCIENTA.2016.11.012

Lépez-Serrano, L., Canet-Sanchis, G., Selak, G.V., Penella, C., Bautista, A.S., Lépez-
Galarza, S., Calatayud, A., 2019. Pepper rootstock and scion physiological
responses under  drought  stress. Front Plant  Sci 10, 38.
https://doi.org/10.3389/FPLS.2019.00038/BIBTEX

Lépez-Serrano, L., Canet-Sanchis, G., Selak, G.V., Penella, C., San Bautista, A., Lépez-
Galarza, S., Calatayud, A., 2020. Physiological characterization of a pepper hybrid
rootstock designed to cope with salinity stress. Plant Physiology and Biochemistry
148, 207-219. https://doi.org/10.1016/).PLAPHY.2020.01.016

Lépez-Serrano, L., Penella, C., Bautista, A.S., Lépez-Galarza, S., Calatayud, A., 2017.
Physiological changes of pepper accessions in response to salinity and water
stress. Spanish Journal of Agricultural Research 15.
https://doi.org/10.5424/SJAR/2017153-11147

Marin, A., Ferreres, F., Toma A S-Barbera A N, F.A., Gil, M.I., 2004. Characterization and
Quantitation of Antioxidant Constituents of Sweet Pepper (Capsicum annuum L.).
ACS Publications 52, 3861-3869. https://doi.org/10.1021/jf0497915

200



Capitulo 7. Bibliografia

Mathur, S., Jajoo, A., Mehta, P., Bharti, S., 2011. Analysis of elevated temperature-
induced inhibition of photosystem Il using chlorophyll a fluorescence induction
kinetics in wheat leaves (Triticum aestivum). Plant Biol 13, 1-6.
https://doi.org/10.1111/).1438-8677.2009.00319.X

Minguez-Mosquera, M.I., Hornero-Méndez, D., 1993. Separation and Quantification of
the Carotenoid Pigments in Red Peppers (Capsicum annuum L.), Paprika, and
Oleoresin by Reversed-Phase HPLC. J Agric Food Chem 41, 1616-1620.
https://doi.org/10.1021/JFO0034A018

Nadeem, M., Li, J., Wang, M., Shah, L., Lu, S., Wang, X., Ma, C., 2018. Unraveling Field
Crops Sensitivity to Heat Stress: Mechanisms, Approaches, and Future Prospects.
Agronomy 2018, Vol. 8, Page 128 8, 128.
https://doi.org/10.3390/AGRONOMY8070128

Penella, C., Landi, M., Guidi, L., Nebauer, S.G., Pellegrini, E., Bautista, A.S., Remorini, D.,
Nali, C., Lopez-Galarza, S., Calatayud, A., 2016. Salt-tolerant rootstock increases
yield of pepper under salinity through maintenance of photosynthetic
performance and sinks strength. J Plant Physiol 193, 1-11.
https://doi.org/10.1016/J.JPLPH.2016.02.007

Penella, C., Nebauer, S.G., Bautista, A.S., Ldpez-Galarza, S., Calatayud, A., 2014.
Rootstock alleviates PEG-induced water stress in grafted pepper seedlings:
Physiological responses. J Plant Physiol 171, 842-851.
https://doi.org/10.1016/).JPLPH.2014.01.013

Penella, C., Nebauer, S.G., Ldpez-Galarza, S., Quifiones, A., San Bautista, A., Calatayud,
A., 2017. Grafting pepper onto tolerant rootstocks: An environmental-friendly
technique overcome water and salt stress. Sci Hortic 226, 33-41.
https://doi.org/10.1016/J.SCIENTA.2017.08.020

Poudyal, D., Rosenqvist, E., Ottosen, C.-0., Poudyal, D., Rosenqyvist, E., Ottosen, C.-O.,
2018. Phenotyping from lab to field — tomato lines screened for heat stress using
Fv/Fm maintain high fruit yield during thermal stress in the field. Functional Plant
Biology 46, 44-55. https://doi.org/10.1071/FP17317

Prasad, P.V.V., Pisipati, S.R., Mutava, R.N., Tuinstra, M.R., 2008. Sensitivity of Grain
Sorghum to High Temperature Stress during Reproductive Development. Crop Sci
48,1911-1917. https://doi.org/10.2135/CROPSCI2008.01.0036

Pulgar, G., Villora, G., Moreno, D.A., Romero, L., 2000. Improving the mineral nutrition
in grafted watermelon plants: Nitrogen metabolism. Biol Plant 43, 607—609.
https://doi.org/10.1023/A:1002856117053

201



Capitulo 7. Bibilografia

Qaryouti, M., Qawasmi, W., Hamdan, H., Horticulturae, M.E.-A., 2007, undefined, 2007.
Tomato fruit yield and quality as affected by grafting and growing system. Acta
Hortic.

Reddy, K.R., Kakani, V.G., 2007. Screening Capsicum species of different origins for high
temperature tolerance by in vitro pollen germination and pollen tube length. Sci
Hortic 112, 130-135. https://doi.org/10.1016/j.scienta.2006.12.014

Rivero, R.M., Ruiz, J.M., Romero, L., 2003. Can grafting in tomato plants strengthen
resistance to thermal stress? J Sci Food Agric 83, 1315-1319.
https://doi.org/10.1002/JSFA.1541

Rouphael, Y., Cardarelli, M., Colla, G., Rea, E., 2008. Yield, Mineral Composition, Water
Relations, and Water Use Efficiency of Grafted Mini-watermelon Plants Under
Deficit Irrigation. HortScience 43, 730-736.
https://doi.org/10.21273/HORTSCI.43.3.730

Saeed, A., Hayat, K., Ali Khan And, A, Igbal, S., 2007. Heat Tolerance Studies in Tomato
(Lycopersicon esculentum Mill.). Int J Agric Biol 9.

Saure, M.C., 2014. Why calcium deficiency is not the cause of blossom-end rot in
tomato and pepper fruit — a reappraisal. Sci Hortic 174, 151-154.
https://doi.org/10.1016/J.SCIENTA.2014.05.020

Sun, W., van Montagu, M., Verbruggen, N., 2002. Small heat shock proteins and stress
tolerance in plants. Biochim Biophys Acta 1577, 1-9.
https://doi.org/10.1016/S0167-4781(02)00417-7

Wahid, A., Gelani, S., Ashraf, M., Foolad, M.R., 2007. Heat tolerance in plants: An
overview. Environ Exp Bot 61, 199-223.
https://doi.org/10.1016/J.ENVEXPBOT.2007.05.011

Wang, L., Ma, K.B., Lu, Z.G., Ren, S.X., Jiang, H.R., Cui, J.W., Chen, G., Teng, N.J., Lam,
H.M., Jin, B., 2020. Differential physiological, transcriptomic and metabolomic
responses of Arabidopsis leaves under prolonged warming and heat shock. BMC
Plant Biol 20, 1-15. https://doi.org/10.1186/512870-020-2292-Y/FIGURES/7

Wei, Y., Wang, Y., Wu, X., Shu, S., Sun, J., Guo, S., 2019. Redox and thylakoid membrane
proteomic analysis reveals the Momordica (Momordica charantia L.) rootstock-
induced photoprotection of cucumber leaves under short-term heat stress. Plant
Physiology and Biochemistry 136, 98-108.
https://doi.org/10.1016/J.PLAPHY.2019.01.010

202



Capitulo 7. Bibliografia

Wollenweber, B., Porter, J.R., Schellberg, J., 2003. Lack of Interaction between Extreme
High-Temperature Events at Vegetative and Reproductive Growth Stages in
Wheat. J Agron Crop Sci 189, 142-150. https://doi.org/10.1046/).1439-
037X.2003.00025.X

Xu, J., Wolters-Arts, M., Mariani, C., Huber, H., Rieu, I.,, 2017. Heat stress affects
vegetative and reproductive performance and trait correlations in tomato
(Solanum lycopersicum). Euphytica 213, 1-12. https://doi.org/10.1007/510681-
017-1949-6/TABLES/2

Xu, S., Li, J., Zhang, X., Wei, H., Cui, L., 2006. Effects of heat acclimation pretreatment
on changes of membrane lipid peroxidation, antioxidant metabolites, and
ultrastructure of chloroplasts in two cool-season turfgrass species under heat
stress. Environ Exp Bot 56, 274-285.
https://doi.org/10.1016/J.ENVEXPBOT.2005.03.002

Xu, Y., Yuan, Y., Du, N., Wang, Y., Shu, S., Sun, J.,, Guo, S., 2018. Proteomic analysis of
heat stress resistance of cucumber leaves when grafted onto Momordica
rootstock. Hortic Res 5, 53. https://doi.org/10.1038/541438-018-0060-
Z/41997850/41438 2018 ARTICLE_60.PDF

Zhou, R., Yu, X., Kjeer, K.H., Rosenqvist, E., Ottosen, C.0., Wu, Z., 2015. Screening and
validation of tomato genotypes under heat stress using Fv/Fm to reveal the
physiological mechanism of heat tolerance. Environ Exp Bot 118, 1-11.
https://doi.org/10.1016/)J.ENVEXPBOT.2015.05.006

Zinn, K.E., Tunc-Ozdemir, M., Harper, J.F., 2010. Temperature stress and plant sexual
reproduction: uncovering the weakest links. J Exp Bot 61, 1959-1968.
https://doi.org/10.1093/JXB/ERQO53

203



Capitulo 8. Conclusion general

Capitulo 8

Conclusion general

204



Capitulo 8. Conclusion general

Como resultado de todo el trabajo realizado en esta tesis doctoral, las conclusiones
para los diferentes apartados son las siguientes:

Estrés térmico por altas temperaturas:

e Sehan seleccionado accesiones de pimiento, especialmente A57, que utilizadas
como portainjertos confieren a la variedad injertada cierto grado de tolerancia
al estrés térmico por altas temperaturas.

e El uso de un portainjerto tolerante al estrés por altas temperaturas permite a
la variedad generar respuestas a los efectos negativos de este estrés mediante
la modificacién de su comportamiento fisioldgico.

e Esta respuesta fisioldgica al estrés conferida por el portainjerto tolerante
observada en las hojas, resulta en una mejor adaptacién en su fase
reproductiva, incrementando con ello el cuajado de frutos y en consecuencia
el rendimiento comercial.

Estrés hidrico:

e Latolerancia al estrés hidrico de una planta injertada es consecuencia de una
modificacidn fisiolégica conferida por un portainjerto tolerante, que permite
mantener los niveles de fotosintesis con una adecuada eficiencia en el uso del
agua, resultando en un mayor rendimiento comercial.

e El uso de la estrategia de riego deficitario combinada con el uso de
portainjertos tolerantes al estrés hidrico, como es el caso del NIBER®, puede
considerarse Util para reducir el consumo de agua, amortiguando los efectos
sobre el rendimiento. Este hecho puede atribuirse a un mayor desarrollo del
sistema radical.

e Utilizando el portainjerto de pimiento NIBER®, el rendimiento del cultivo se
incrementa tanto en condiciones normales de riego como de estrés hidrico
debido principalmente a la menor incidencia de BER.

Rendimiento y calidad del fruto:

e El uso de portainjertos tolerantes a estreses abidticos en variedades
tradicionales de pimiento, como es NIBER®, podria ser una técnica util para
mejorar el rendimiento y la calidad comercial de este cultivo, principalmente al
disminuir la incidencia de BER, sin afectar negativamente la calidad intrinseca
del fruto.
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