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Resumen/Summary

El aguacate (Persea americana Mill.) es un cultivo de gran relevancia econdmica en
todo el mundo. Existen evidencias que sitian su origen en Mesoamérica hace mas de
10.000 afios. Durante todos estos afos, el cultivo ha ido sufriendo domesticaciones con la
intencién de seleccionar caracteres deseados. Esto ha dado lugar a la aparicion de tres
razas distintas: P. americana var. drymifolia (raza mexicana, M), P. americana var.
americana (raza antillana, A) y P. americana var. guatemalensis (raza guatemalteca, G). A
pesar de las diferencias entre las tres razas, es posible la hibridacidn entre ellas dando
lugar a ventajas como la adaptacién a diferentes climas y la mejora de caracteristicas
agrondmicas. Esto ha permitido que la especie sea capaz de crecer en regiones con climas
tropicales, subtropicales y templados y estar presente en los cinco continentes.

El fruto del aguacate posee altas cantidades de acidos grasos monoinsaturados, fibra,
minerales como potasio, magnesio, fésforo, calcio o vitaminas A, B-6, C y E. Este alto
contenido nutricional ha hecho que aumente el interés de los consumidores de todo el

mundo en las Gltimas décadas.

En la Ultima década (2012-2022), la produccién mundial de aguacate se ha duplicado
alcanzando valores de 8.978.275,2 t y una superficie cultivada de 884.035 ha en 2022.
Entre los paises productores, México ha ocupado el primer lugar durante anos, asi, en 2022
representd el 28% de la produccion mundial con 2.529.581 t. Por su parte, Espaia se
encuentra entre los 20 primeros paises con una produccion de 105.930 t y una superficie
cultivada de 19.520 ha, liderando el cultivo de aguacate en Europa con aproximadamente
el 72% de la produccién y el 77% de la superficie cultivada. El éxito de las exportaciones
de aguacate espafiol en Europa frente a las de paises mas lejanos, se debe a la alta calidad
de la fruta espafiola y a su proximidad a los mercados, lo que permite comercializar los
aguacates en su punto éptimo de maduracién de forma que el consumidor puede comprar
la fruta y consumirla inmediatamente (concepto conocido como ‘ready to eat’). Ademas,
desde el punto de vista medioambiental, la huella de carbono que se produce es menor.
En Espafia, la produccion de aguacate se concentra en la denominada costa subtropical
andaluza, principalmente en Madlaga y Granada. En este sentido, Andalucia representa el

83% de la produccidn espaiola y el 96% de sus exportaciones las recibe Europa.

Los arboles en plantaciones comerciales de aguacate estan compuestos por el
portainjerto, que proporciona el sistema radicular, y la variedad, que proporciona la parte
aérea. Existen variedades y portainjertos comerciales que corresponden a una de las tres
razas descritas anteriormente, pero la mayoria son hibridos entre razas. En cuanto a las
variedades, ‘Hass’, un hibrido entre las razas MxG, se ha convertido en la variedad
predominante en la mayoria de los paises productores y practicamente monopoliza el

comercio mundial.



Resumen/Summary

El portainjerto ejerce una fuerte modulacion sobre el comportamiento agrondmico de
la variedad injertada. Esta interaccion afecta a diferentes aspectos del arbol como el
tamanio, el rendimiento, el grado de alternancia productiva, la floracién, la absorcién y

acumulacién de nutrientes, la postcosecha y la respuesta a estreses bidticos y abidticos.

Los primeros portainjertos utilizados para este cultivo procedian de semillas que,
debido a la polinizacién cruzada, presentan una variabilidad considerable en sus
caracteristicas, sin embargo, en los cultivos comerciales, es deseable minimizar la
variabilidad genética seleccionando plantas que sean genéticamente uniformes,
asegurando asi un rendimiento agrondmico similar entre darboles de una misma
plantacién. En este sentido, el uso de plantas nodriza, procedentes de semillas vigorosas,
sobre las que se injerta el material que se desea enraizar, seguido de la etiolacion y
posterior acodo del brote obtenido, ha facilitado la produccién de portainjertos

genéticamente idénticos, conocidos como portainjertos clonales.

Para el establecimiento de una plantacién de aguacate son varios los factores que se
deben tener en cuenta: la correcta seleccién del portainjerto y la variedad (factor
genético), el conocimiento de las caracteristicas del suelo y la disponibilidad de agua
(factores agroclimaticos o abidticos), requisitos de mantenimiento del cultivo (factores
humanos), y ser consciente de las enfermedades y plagas que podrian potencialmente
afectar al cultivo (factores bioldgicos o bidticos). El impacto que un factor determinado

tendrd sobre un cultivo dependera de la region en la que se encuentre.

A nivel mundial, uno de los factores mas limitantes en el cultivo de aguacate por su
frecuencia, severidad y elevadas pérdidas econdmicas es la podredumbre radicular,
causada por el oomiceto hemibiotréfico Phytophthora cinnamomi Rands (PRR), que puede
afectar a mas de 3.500 especies vegetales y esta presente en mas de 70 paises. En Espafia,
entre los principales factores que afectan a la viabilidad de este cultivo, ademas de la PRR,
encontramos la escasez de agua y la podredumbre blanca radicular (PBR) causada por el

hongo necrotrofo Rosellinia necatrix.

En relacién a la falta de agua, bien por la expansidén del cultivo a regiones con
condiciones climaticas diferentes a las de su habitat nativo, bien por los cambios
ambientales que han contribuido a una baja disponibilidad de agua derivada de intensos
episodios de sequia y del impacto del calentamiento global en estas regiones, el aguacate
se enfrenta a nuevos retos climaticos. Este es el caso de zonas de clima mediterraneo como
California, Israel, Chile y Espafia. En este sentido, un riego adecuado es un factor
determinante para garantizar un éptimo desarrollo del fruto, especialmente durante las
fases de floracién y cuajado asi como para minimizar la caida de frutos. Asi pues, para
hacer frente a la escasez de precipitaciones, las plantaciones comerciales necesitan suplir

la escasez de agua de lluvia con un riego externo que complemente el agua disponible para
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los arboles. Sin embargo, la ausencia de precipitaciones no solo ha afectado a los cultivos
agricolas sino también a la disponibilidad de agua para el abastecimiento urbano. Esto ha
llevado a las autoridades locales a imponer limitaciones o incluso restricciones a la
utilizacion del agua con fines agricolas, como ha ocurrido en zonas de la Axarquia de
Madlaga (Espaifa). Estas restricciones han provocado una reduccion significativa de las
producciones de aguacate y un notable aumento de la mortalidad de los arboles en los

huertos en los que no era posible el riego.

En relacién a las enfermedades de suelo, los arboles afectados por PRR presentan
raices necréticas y una reducciéon de la masa radicular, lo que se traduce en una
disminucion de la capacidad de la planta para absorber agua y nutrientes. Esto provoca
clorosis, caida de hojas y, finalmente, la muerte de la planta. El patédgeno puede sobrevivir
en condiciones adversas durante largos periodos de tiempo, por lo que es muy dificil
erradicar la enfermedad por completo. La gestién de la PRR es una tarea compleja que
requiere un enfoque integrado y para la que se dispone de portainjertos tolerantes, tales
como 'Duke 7' (Universidad de California, Riverside) o 'Dusa’' (Hans Merensky Foundation,

Westfalia, Sudafrica) entre otros, que estan disponibles comercialmente.

Por otra parte, la PBR afecta a mas de 335 plantas hospedadoras, incluidas plantas
lefiosas y herbaceas, muchas de ellas de interés econémico, como el aguacate. A pesar de
su prevalencia en los cinco continentes, el patégeno ha adquirido gran relevancia en la
limitacién del cultivo de aguacate en Israel, Sudafrica y el sur de Espafia. El hongo se
dispersa por el suelo a través del micelio por el contacto de raices sanas con raices
infectadas. Al entrar en contacto con una raiz, el micelio prolifera, cubriendo la superficie
de la raiz y penetrando posteriormente a través de aberturas naturales como lenticelas o
heridas, o directamente formando un agregado micelar. Las plantas infectadas por R.
necatrix suelen manifestar sintomas aéreos y radiculares que surgen como consecuencia
de los dafios causados en las raices y el posterior vertido de compuestos toxicos al sistema
vascular de la planta. Este patégeno produce diferentes metabolitos con efectos
fitotdxicos, como rosellichalasin, diketopiperazines, acido rosélico, rosnecatrone vy
cytochalasin E, que tiene un efecto directo sobre la fotosintesis, aunque sus papeles en la
patogenicidad requieren de un mayor estudio. A nivel radicular, puede observarse la
presencia de micelio algodonoso blanco, ademds de filamentos miceliales blancos o
negros, y a nivel aéreo, los arboles infectados pueden perder vigor, las hojas se marchitan
y secan y, finalmente, los arboles mueren. El control de esta enfermedad es un reto debido
a la capacidad del patégeno para tolerar la desecacion y los suelos acidos, su amplia gama
de hospedadores, su capacidad para sobrevivir en el suelo y su resistencia a numerosos
fungicidas utilizados habitualmente. Los principales métodos para controlar la

enfermedad son las practicas culturales, el control fisico, quimico, biolégico y la resistencia
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genética. Entre las practicas culturales se distinguen el uso de herramientas desinfectadas,
aislamiento de arboles afectados y abono equilibrado. Otra practica cultural es el manejo
del agua de riego. En este sentido, estudios previos del grupo demostraron que en
portainjertos de aguacate susceptibles a R. necatrix, un estrés hidrico moderado puede
inducir un estado de ‘priming’ que aumente la posterior tolerancia de la planta a R.
necatrix. Por otra parte, el control fisico como la solarizaciéon cada dos afios, es una
estrategia que suele ser bastante efectiva, asi como los tratamientos con el fungicida
fluazinam (control quimico), aunque su uso no estd permitido en plantaciones
comerciales. Sin embargo, la solucién mas recomendada es el uso de un control integrado
partiendo de material vegetal tolerante al hongo. Sin embargo, a diferencia de P.
cinnamomi, actualmente no existen portainjertos tolerantes a PBR disponibles para los
productores. Para hacer frente a este reto, el IFAPA-Malaga ha estado llevando a cabo un
programa de mejora genética durante varias décadas para desarrollar portainjertos
tolerantes a la PBR. Un nimero de selecciones estan siendo evaluadas actualmente en
condiciones de campo. Los estudios derivados de este programa, cuyo objetivo era
determinar las bases moleculares y fisioldgicas de la interaccion aguacate/R. necatrix, han
revelado que la resistencia a este patdgeno parece estar relacionada con la capacidad de
soportar el desequilibrio osmético a través de la induccién de genes relacionados con el
estrés salino y osmético, asi como la sobreexpresion de inhibidores de proteasas. Ademas,
se observd que la respuesta de tolerancia a este hongo y al estrés hidrico comparten
mecanismos y vias de defensa similares. En consecuencia, seria razonable plantear la
hipdtesis de que los portainjertos seleccionados que muestran tolerancia a R. necatrix

también mostrarian cierto grado de tolerancia al estrés hidrico.

En el Capitulo 2 de la presente tesis doctoral, se han utilizado dos selecciones
avanzadas de portainjertos tolerantes a R. necatrix del programa de mejora del IFAPA
(BG48 y BG181) injertadas con la variedad 'Hass' para estudiar las relaciones hidricas y la
respuesta bajo dos niveles de estrés hidrico, medio y severo, correspondientes al 50% vy
25% de la capacidad de campo, respectivamente. Los resultados muestran que, en
ausencia de limitaciones hidricas, existe un fuerte efecto del portainjerto sobre la variedad
'Hass'. En este sentido, las plantas injertadas sobre BG48 mostraron un mayor consumo de
agua y valores mas altos de la tasa de transpiracién y de las tasas fotosintéticas, que las
injertadas sobre BG181, que exhibieron una estrategia de ahorro de agua (water-saving)
basada en un compromiso entre la asignacion de biomasa foliar y un estricto control
estomatico de la transpiracién, no ligado a una reduccion del crecimiento. Los resultados
sugieren que las plantas injertadas sobre BG181 requieren menos agua, por lo que estas
serian mas eficientes desde el punto de vista hidrico. Sin embargo, tras la privacion de

agua, tanto las injertadas en BG48 como en BG181 mostraron un aumento de la masa
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foliar y disminuyeron la tasa de transpiracion, la conductancia hidrdulica y el potencial
hidrico foliar, en concordancia con la severidad del estrés hidrico, mostrando ambos
genotipos un comportamiento de evitacién de la sequia (avoidance). Tras ambas
situaciones de estrés hidrico, se repuso el agua en las plantas, que recuperaron las tasas
fotosintéticas por completo, lo que sugiere cierta capacidad de estos portainjertos para
recuperarse del estrés hidrico, lo que podria estar asociado a su tolerancia a la infeccién
por R. necatrix. Los resultados obtenidos han contribuido a una mayor comprension de la
relacidon en el uso del agua entre el portainjerto y la variedad en arboles de aguacate,
ademas de proporcionar informacién acerca de los mecanismos para gestionar la escasez

de agua.

A pesar de los beneficios innegables del uso de portainjertos tolerantes frente a
diversos factores, el desarrollo de programas de seleccidon requiere periodos muy
prolongados de tiempo. Seria de gran interés poder acortar estos margenes para abastecer
el mercado con portainjertos tolerantes a los distintos problemas que enfrenta el aguacate
en cada region. En este sentido, los estudios moleculares de la interaccién
aguacate/patdgeno para identificar marcadores empleando material in vitro en lugar de
plantas adultas, podrian ayudar a acelerar el proceso de seleccidn de genotipos de interés.

En el Capitulo 3 de la presente tesis doctoral se llevé a cabo un estudio con una linea
de callo embriogénico de aguacate de la variedad ‘Anaheim’ de la que posteriormente se
obtuvo una linea celular resistente (L3) mediante exposiciones recurrentes a
concentraciones progresivamente crecientes (del 60% al 80%) de filtrado de R. necatrix
(CF). Posteriormente, se realizd un andlisis de secuenciacién de ARN (ARN-Seq) para
comparar los perfiles transcriptémicos de la linea de callo embriogénico resistente L3
(capaz de sobrevivir en presencia de 80% de CF) y la linea control AN-9 (no expuesta a CF),
tras 24 h de crecimiento en un medio suplementado con un 40% de CF. Esto puso de
manifiesto una menor desregulacion génica de la linea resistente frente a la linea
susceptible. Ademads, mientras que ambas lineas expresaban genes enriquecidos en
categorias tales como actividad catalitica, oxidorreductasa, hidrolasa, peroxidasa,
antioxidante, respuesta al estimulo, actividad transportadora, respuesta de defensa y
fotosintesis, otros genes relacionados con actividad lipasa, quinasa y procesos
metabdlicos, solo se expresaron en la linea susceptible. La linea resistente mostré
enriquecimiento en genes incluidos en la categoria de detoxificacion, de gran interés dados

los mecanismos de accidn del hongo.

Por otra parte, la exposicién de ambas lineas al filtrado del hongo, puso de manifiesto
la induccién de genes previamente relacionados con la defensa del aguacate frente a
enfermedades fungicas tales como genes relacionados con la modificacidon de la pared

celular, proteinas de detoxificacion y resistencia a enfermedades, proteinas relacionadas
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con la patogénesis (PR), proteasas e inhibidores de proteasas, factores de transcripcién,
regulacién hormonal y genes relacionados con la homeostasis redox. Entre los genes
sobreexpresados, cabe destacar el inhibidor de proteinasa (Pag64949) que comparte la
misma secuencia de codificacién con uno previamente identificado en portainjertos de
aguacate tolerantes, tras la inoculacidén con R. necatrix en condiciones de invernadero, lo
gue sugiere laimportancia que podria jugar esta proteina en la defensa de los portainjertos
frente a este hongo y apoyaria el uso de técnicas de cultivo celular para el estudio de la
interaccidn aguacate-R. necatrix, ayudando a la seleccidn de portainjertos tolerantes a este

patdgeno.

Sin embargo, es necesario tener en cuenta que la mayoria de las plantaciones de
aguacate actuales estdn establecidas sobre portainjertos no tolerantes. Por ello, se hace
necesario usar métodos alternativos en la lucha frente a la PBR. El uso de elicitores,
capaces de inducir rutas de defensa relacionadas con la tolerancia de plantas frente a
hongos patdgenos, se plantea como una buena estrategia. Los elicitores presentan ciertas
ventajas sobre otras metodologias alternativas, como es el hecho de que no son téxicos ni
perjudiciales para el medio ambiente, y que incluso pequefias cantidades son suficientes
para proporcionar proteccién a largo plazo contra una amplia gama de patdgenos.

En el Capitulo 4 de esta tesis doctoral se evalud el efecto de la aplicacion exdgena de
dos elicitores, el metil jasmonato (MelJA) y el acido salicilico (SA) en la tolerancia del
aguacate a R. necatrix. Ambos elicitores tienen gran importancia en la mediacién de las
respuestas de las plantas a estreses abidticos y bidticos, siendo capaces de desencadenar
respuestas de defensa de la planta similares a las inducidas por patdgenos e incluso

pueden proporcionar proteccién a largo plazo frente a ellos.

Plantas de aguacate 'Dusa’, susceptibles a R. necatrix, fueron tratadas con uno u otro
elicitor. Ademas, algunas de las plantas elicitadas se inocularon con R. necatrix. Finalmente
se realizaron mediciones fisioldgicas en ambos grupos de plantas, inoculadas y no
inoculadas y se evalud la expresion de genes relacionados con la tolerancia al patégenoy

la progresion de la enfermedad en las inoculadas vs no inoculadas.

La aplicacién de MelJA y SA en las plantas de aguacate aumentd los mecanismos
fotoprotectores y la expresion de la glutatién S-transferasa, lo que sugiere la activacion de
mecanismos estrechamente relacionados con atenuadores del estrés oxidativo y la
eliminacidn de especies reactivas del oxigeno. Se observd que los efectos del MelA fueron
mas pronunciados a nivel morfoanatémico, incluyendo elevada masa foliar, una alta
densidad estomatica y una elevada relacion raiz/brote, estrechamente relacionados con

estrategias para hacer frente a la escasez de agua y a la PBR.
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Ademas, el MeJA incrementé un mayor nimero de genes relacionados con la defensa,
incluyendo un inhibidor de la proteasa, un gen clave en la defensa del aguacate contra R.
necatrix. Los efectos generales del MelA incrementaron la tolerancia del aguacate 'Dusa’
a R. necatrix al inducir un estado de ‘priming’ que retraso la aparicién de los sintomas de
la enfermedad. Estos resultados apuntan al uso de MeJA como una estrategia, respetuosa
con el medio ambiente, para mitigar el impacto de esta enfermedad en plantaciones de

aguacate infectadas por el patégeno.

Como conclusion general, esta tesis ha permitido conocer mds acerca de los
mecanismos fisiolégicos que subyacen en portainjertos tolerantes de aguacate frente a R.
necatrix al ser expuestos a estrés hidrico, uno de los principales problemas de la costa
andaluza. Ademas, ha puesto de manifiesto la posibilidad del uso de técnicas de cultivo in
vitro para ayudar en la busqueda de genes diana que permitan acelerar los procesos de
seleccion de genotipos en el programa de mejora frente a R. necatrix. Por ultimo, ha
mostrado que el uso de elicitores como MelA, puede ser una estrategia de interés en el

manejo de plantaciones infectadas con la PBR.
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The avocado (Persea americana Mill.) is a crop of significant economic relevance
across the world. There is evidence that places the origin of this tree in Mesoamerica more
than 10,000 years ago. During this period, the species has undergone a process of
domestication that involves the selection of desired quality traits. This has resulted in the
emergence of three distinct avocado races: the race P. americana var. drymifolia (Mexican
race, M), the race P. americana var. americana (West Indian or Antillean race, WI) and the
race P. americana var. guatemalensis (Guatemalan race, G). Despite the differences
between these three races, they are able to hybridise with one another, thus giving rise to
advantageous characteristics that include adaptation to diverse climates and improved
agronomic traits. This has allowed the species to grow in regions with tropical, subtropical

and temperate climates and to be present across all five continents.

The avocado fruit is notable for present a high content of monounsaturated fatty
acids, fibre, minerals such as potassium, magnesium, phosphorus, calcium or vitamins A,
B-6, C and E. The high nutritional content of this fruit has increased the interest of

consumers in avocado in recent decades all over the world.

In the last decade (2012-2022), global avocado production has had a two-fold increase
in production, reaching values of 8,978,275.2 t and a harvested area of 884,035 hain 2022.
Among the producing countries, Mexico has been in first place for years, accounting for
28% of world production with 2,529,581 t in 2022. Spain is among the top 20 countries in
terms of production with a production of 105,930 t and a cultivated area of 19,520 ha,
leading avocado production in Europe with approximately 72% of the production and 77%
of the total cultivated areas dedicated to avocado. The success of Spanish avocado exports
in Europe when compared to those from more distant countries can be attributed to the
high quality of the Spanish fruit and its proximity to the European markets, which allows
avocados to be commercialized at their optimum point of ripeness so that the consumer
can buy the fruit and consume it immediately (a concept known as ‘ready to eat’).
Furthermore, from an environmental point of view, the carbon footprint produced is lower
due to the short distance. In Spain, avocado production is concentrated on the so-called
subtropical Andalusian coast, mainly in the provinces of Malaga and Granada. In this sense,
Andalusia represents 83% of Spanish avocado production and 96% of its exports are

received by Europe.

Avocado commercial crops are composed of two main components: the rootstock,
which provides the root system, and the variety, which provides the aerial part. There are
commercial varieties and rootstocks that correspond to one of the three races described
above, but most of them are hybrids between races. Regarding varieties, 'Hass', a hybrid
between the MxG races, has become the predominant variety in most producing countries

and practically monopolises world trade.

10



Resumen/Summary

Rootstock exerts a strong modulation on the agronomic behavior of the grafted
variety. This interaction affects different aspects of the tree such as the tree size, yield and
the degree of alternate bearing, the flowering, the nutrient uptake and accumulation, the

post-harvest and the response of the plant to biotic and abiotic stresses.

The earliest rootstocks used for avocado crops were derived from seeds which, due to
cross-pollination, exhibit considerable variability in characteristics. However, in
commercial avocado crops, it is desirable to minimise genetic variability by selecting plants
that are genetically uniform, thereby ensuring a similar agronomic performance between
trees in the same orchard. In this sense, the use of nurse plants from vigorous seeds, on
which the material to be rooted is grafted, followed by etiolation and subsequent layering
of the shoot obtained, has facilitated the production of genetically identical rootstocks,

known as clonal rootstocks.

The establishment of an avocado orchard is a process that requires the consideration
of numerous factors, among which the following should be taken into account: the
selection of appropriate rootstock and variety (i.e. the genetic factors), an understanding
of soil characteristics and water availability (i.e. the agro-climatic or abiotic factors), the
maintenance requirements of the crop (i.e. the human factors), and awareness of diseases
and pests that could potentially affect the crop (i.e. the biological or biotic factors). The
impact that a given factor will have on a crop is dependent on the region in which the crop

is located.

On a worldwide scale, one of the most limiting factors in avocado crops due to its
frequency, severity and high economic losses is root rot caused by the hemibiotrophic
oomycete Phytophthora cinnamomi Rands (PRR), a fungus that has the capacity to affect
more than 3,500 plant species and is present in more than 70 countries. In Spain, in
addition to PRR, the main factors affecting the viability of avocado crops include water
scarcity and white root rot (WRR), a fungal disease which is caused by the necrotrophic

fungus Rosellinia necatrix.

In the context of water scarcity, avocado trees are facing new climatic challenges,
either due to the expansion of their cultivation to regions with differing climatic conditions
compared to their native habitat or due to environmental changes which has contributed
to low water availability derived from intense drought episodes and the impact of global
warming in these regions. This is indeed the case in zones with a Mediterranean climate-
type, such as California, Israel, Chile and Spain. In this sense, adequate irrigation is a crucial
factor in ensuring optimal fruit development, particularly during the flowering and fruit-
set stages with the purpose of minimizing fruit drop from the tree. Therefore, in order to
cope with the low rainfall, avocado commercial orchards need to supplement the

insufficient rainwater with external irrigation to complement the water available to the
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trees. The absence of rainfall has had repercussions for more than just agricultural crops,
it has also impacted on the availability of water for urban water supply. The present
situation has prompted regional administrations to enforce constraints, and in certain
cases, to prohibit the utilisation of water for agricultural purposes. An example of this
phenomenon is illustrated by the circumstances observed in the Axarquia, a region of the
province of Malaga (Andalusia, Spain), where water restrictions have been instituted,
resulting in substantial reductions in avocado yields and notable increases in tree mortality

within orchards where irrigation has been rendered unfeasible.

In relation to soil borne diseases, trees affected by PRR show signs of necrotic roots
and a reduction of root mass, which results in a reduction of the capacity of the plant to
absorb water and nutrients. This phenomenon leads to chlorosis, leaf drop and eventually,
the death of the plant. The pathogen exhibits a capacity for survival in adverse conditions
for long periods of time, making the eradication of this fungus a highly challenging task.
The management of PRR is a complex issue that requires an integrated approach and for
which different avocado breeding programs have development tolerant rootstocks, such
as ‘Duke 7’ (University of California, Riverside) or ‘Dusa’ (Hans Merensky Foundation,
Westfalia, South Africa) among others. These avocado rootstocks tolerant to P. cinnamomi

are commercially available to growers.

On the other hand, R. necatrix, the fungal pathogen causing the WRR disease, has
been identified as a threat to more than 335 host plants, including woody and herbaceous
plants, among these, numerous economically significant plants such as olive trees,
almond, apple, citrus, strawberry, mango, have been documented, including avocado
trees. Despite its global distribution across five continents, the pathogen has become a
significant limiting factor in avocado crops in regions such as Israel, South Africa and
southern Spain. The fungus spreads through the soil via mycelium by contact of healthy
roots with infected roots. Upon contact with a root, the mycelium proliferates, covering
the root surface and subsequently penetrating avocado roots through natural openings
such as lenticels or wounds, or directly forming a penetration sclerotium. The hyphae of
R. necatrix invade and penetrate the vascular system of the root avoiding water and
nutrient flow to upper parts of the plant. Plants infected by R. necatrix frequently exhibit
symptoms in both, the aerial and root systems. These symptoms are often the result of
root damage which subsequently leads to the release of toxic compounds into the vascular
system of the plant. The pathogen in question produces a variety of metabolites with
phytotoxic effects, including rosellichalasin, diketopiperazines, roselic acid, rosnecatrone
and cytochalasin E, the latter of which exerts a direct effect on photosynthesis. However,
further research is required to elucidate the precise roles of these metabolites in the

pathogenesis process. At the root level, white cottony mycelium may be observed, along
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with white or black mycelial filaments, and at the aerial level, infected trees exhibit
symptoms such as reduced vigour, leaves may wilt and dry out, and trees may eventually
die. Control of this disease is challenging because of the ability of the pathogen to tolerate
desiccation and acidic soils, its wide host range, its ability to survive in soil and its
resistance to many commonly used fungicides. The main methods to control the disease
are cultural practices, physical methods, chemical methods, biological methods and
genetic resistance control. Cultural practices include the use of disinfected tools, the
isolation of affected trees, and the use of balanced fertilisation. One further cultural
practice is the management of irrigation water. In this regard, previous studies of the group
demonstrated that in avocado rootstocks susceptible to R. necatrix, moderate water stress
can induce a 'priming' state that increases the subsequent tolerance of the plant to R.
necatrix. Moreover, the application of physical controls, such as solarisation, at two-year
intervals, has proven to be a strategy of efficacy, along with treatments employing the
fungicide fluazinam (chemical control), although it should be noted that the utilization of
fluazinam is not authorized within the context of commercial orchards. Nevertheless, the
most recommended solution is the adoption of integrated control measures,
encompassing the use of fungus-tolerant plant material. However, in contrast to P.
cinnamomi, there are currently no WRR-tolerant rootstocks commercially available to
growers. To address this challenge, the investigation center IFAPA-Malaga has been
carrying out a breeding programme for several decades with the aim of develop avocado
rootstocks tolerant to WRR disease. A number of selections are currently being evaluated
under field conditions. Studies derived from this programme, which aimed to determine
the molecular and physiological basis of the avocado/R. necatrix interaction, have revealed
that resistance to this pathogen appears to be related to the ability to withstand osmotic
imbalance through the induction of genes related to salt and osmotic stress, as well as the
overexpression of protease inhibitors. Furthermore, it was observed that the tolerance
response to this fungus and to water stress share similar defence mechanisms and
pathways. Consequently, it can be hypothesised that selected rootstocks showing

tolerance to R. necatrix would also show some degree of tolerance to water stress.

In Chapter 2 of the present PhD thesis, two advanced selections of R. necatrix tolerant
rootstocks from the IFAPA-Madlaga breeding programme (BG48 and BG181) grafted with
the commercial avocado variety ‘Hass’, were used with the purpose of studying the water
relations and response under two levels of water stress, medium and severe,
corresponding to 50% and 25% of field capacity, respectively. The results of this
experiment show that, in the absence of water constraints, there is a strong effect of the
rootstock on the ‘Hass’ variety. In this sense, ‘Hass’ variety grafted on BG48 showed higher

water consumption and higher values of transpiration rate and leaf photosynthetic rates
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than when is grafted on BG181, which exhibited a water-saving strategy based on a
compromise between leaf biomass allocation and tight stomatal control of transpiration,
not linked to a reduction in growth. The results suggest that avocado ‘Hass’ plants grafted
on BG181 require less water, so plants are more water efficient. However, following a
period of water deprivation, both BG48 and BG181 grafted plants showed an increase in
leaf mass and a decrease in transpiration rate, hydraulic conductance and leaf water
potential, in accordance with the severity of water stress, with both genotypes showing
drought avoidance behaviour. After both water stress situations, water was replenished in
the plants, which recovered photosynthetic rates completely. This suggests a certain
capacity of these rootstocks to recover from water stress, which may be associated with
their ability to withstand to R. necatrix infection. The results obtained have contributed to
a better understanding of the relationship in water use between rootstock and variety in
avocado trees, as well as providing information about mechanisms to manage water

scarcity.

Despite the undeniable advantages inherent in the utilisation of rootstocks
demonstrating tolerance to a range of factors, it is necessary to consider that the
development of rootstocks selection programmes requires very long periods of time. It
would be of great interest to be able to shorten these margins in order to supply the
market with tolerant rootstocks to the different problems faced by avocado in each region.
In this sense, molecular studies of the avocado/pathogen interaction to identify markers
using in vitro material instead of adult plants could help to accelerate the selection process

of genotypes of interest.

In Chapter 3 of the present PhD thesis, a study was carried out with an ‘Anaheim’
avocado embryogenic callus line from which a resistant cell line (L3) was subsequently
obtained by recurrent exposures to progressively increasing concentrations (from 60% to
80%) of R. necatrix fungal filtrate (CF). Later, a RNA sequencing analysis (RNA-Seq) was
performed to compare the transcriptomic profiles of the resistant embryogenic callus line
L3 (able to survive in the presence of 80% CF) and the control line AN-9 (not exposed to
CF), after 24 h of growth in medium supplemented with 40% CF. RNA sequencing analysis
revealed less gene deregulation of the resistant line compared to the susceptible line.
Furthermore, while both lines expressed genes enriched in categories such as catalytic
activity, oxidoreductase, hydrolase, peroxidase, antioxidant, stimulus response,
transporter activity, defence response and photosynthesis, other genes related to lipase
activity, kinase and metabolic processes were only expressed in the susceptible line. The
resistant callus line showed enrichment in genes included in the detoxification category,

of great interest given the mechanisms of action of the fungus.
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Furthermore, exposure of both lines to fungal filtrate revealed the induction of genes
previously related to avocado defence against fungal diseases such as genes related to cell
wall modification, detoxification and disease resistance proteins, pathogenesis-related
proteins (PR), proteases and protease inhibitors, transcription factors, hormone regulation
and genes related to redox homeostasis. Among the overexpressed genes, it is noteworthy
the proteinase inhibitor (Pag64949) which shares the same coding sequence with one
previously identified in tolerant avocado rootstocks after inoculation with R. necatrix
under greenhouse conditions, suggesting the importance that this protein could play in
the defence of avocado rootstocks against this fungus and would support the use of cell
culture techniques for the study of the avocado-R. necatrix interaction, helping in the

selection of tolerant rootstocks to this pathogen.

However, it is necessary to take into account that most of the current avocado
orchards are established on non-tolerant rootstocks. Therefore, there is a necessity to use
alternative methods in the fight against WRR disease until tolerant rootstocks become
commercially available. The use of elicitors, which are capable of inducing defence
pathways related to plant tolerance against pathogenic fungi, is proposed as a very
promising approach in this situation. Elicitors have certain advantages over the use of
alternative methodologies, such as the fact that they are non-toxic and environmentally
friendly, and that even small amounts of them are enough to provide long-term protection
in plants against a wide range of pathogens.

In Chapter 4 of the present PhD thesis, an experiment was carried out to evaluate the
effect of exogenous application of two elicitors, methyl jasmonate (MelJA) and salicylic acid
(SA) on avocado tolerance to R. necatrix. Both elicitors are of great importance in
mediating plant responses to abiotic and biotic stresses, being able to trigger plant defence
responses similar to those induced by pathogens and may even provide long term

protection against them.

Avocado ‘Dusa’ plants susceptible to R. necatrix were treated with one of both elicitors
(MelJA or SA). In addition, some of the elicited plants were inoculated with R. necatrix.
Finally, physiological measurements were performed on both groups of inoculated and
noninoculated plants and the expression of genes related to pathogen tolerance and

disease progression was evaluated in the inoculated vs. noninoculated plants.

The application of MeJA and SA elicitors to avocado plants resulted in an increase of
photoprotective mechanisms and the glutathione S-transferase gene expression,
suggesting the activation of mechanisms closely related to oxidative stress attenuators and
reactive oxygen species scavenging. The effects of MelJA were observed to be most

pronounced at the morphoanatomical level than SA, including high leaf mass, high
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stomatal density and high root/shoot ratio, closely related to coping strategies for water

scarcity and WRR disease.

In addition, MeJA application increased a greater number of defence-related genes,
including a protease inhibitor, a key gene in avocado defence against R. necatrix. The
overall effects of MelJA increased the tolerance of ‘Dusa’ avocado to R. necatrix by inducing
a priming state that delayed the onset of disease symptoms. These results suggest that
MelA could be used as an environmentally friendly strategy to mitigate the impact of the

WRR disease on avocado orchards infected by the pathogen R. necatrix.

As a general conclusion, this thesis has allowed us to learn more about the
physiological mechanisms underlying avocado rootstocks tolerant to R. necatrix when
exposed to water stress, one of the main problems of the Andalusian coast. In addition, it
has shown the possibility of using in vitro culture techniques to help in the search for target
genes to accelerate the selection processes of genotypes in the breeding programme
against R. necatrix. Finally, it has been shown that the use of elicitors such as MeJA may

be a strategy of interest in the management of plantations infected with WRR.
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Chapter 1: Introduction

1.1. Avocado biology

The avocado tree (Persea americana Mill.) belongs to the Lauraceae family. The
Spanish name ‘aguacate’, comes from the Nahualt word ‘ahuacat!’. Its origin dates to more
than 10,000 years ago in Mesoamerica (Smith, 1966).

The avocado is an evergreen tree which forms a dome canopy that could reach up to
30 m high (Scora et al., 2002) especially in their native rainforest environments. It shows a
monopodial growth type with a trunk that grows rhythmically developing tiers of
branches, morphogenetically identical to the trunk. During the annual crop cycle, there
are two vegetative sprouting flows: the first in the spring season and the second in the

summer. Shoot growth alternates with root flushes.

Roots do not spread much beyond the tree canopy (Bergh, 1992). Avocado anchoring
roots can reach up to 3-4 m in deep soils; however, it has a secondary shallow root system
which is found in the first 0.6 m that provides water and nutrients (Whiley and Schaffer,
1994; Rocha-Arroyo et al., 2011).

The leaves are alternate and variable in shape and size. The leaf blade can be elliptic
to lanceolate, ovate or obovate in shape (Mandemaker, 2008). When they are young, they
are pubescent and reddish and when they mature, leaves become smooth and leathery.
They present a prominent ribbing on both faces of the leaf. The dark green upper waxy
surface and the light green hairy lower surface (Scora et al., 2002) where stomata can be
found (Mickelbart et al., 2000).

Flowers appear as compound inflorescences also known as panicles developed from
lateral buds. A single tree may have hundreds of panicles each with about 100 flowers so
may develop up to a million flowers (Chanderbali et al., 2013). Inflorescences have been
divided into two types, determinate inflorescences in which the main meristem forms a
terminal flower and indeterminate inflorescences in which the apex of the primary axis
ends in a vegetative bud that will give rise to the growth of a shoot. The latter tend to be
more abundant, however, determinate inflorescences tend to be more productive
(Rebolledo and Romero, 2011).

The avocado floral cycle shows a unique behavior described as synchronous
protogynous dichogamy, i.e. the trees have hermaphrodite flowers with female (pistil) and
male (stamens) organs (Figure 1.1) that mature and are functional at different times
(Davenport, 1986). Each flower opens twice, the first time as a female flower, after which
it closes until the following day when it opens again as a male flower and then closes
definitively (Davenport, 1986; Rebollero and Romero, 2011). Avocado cultivars are
classified into two flower groups, A and B, which complement each other. Type A cultivars

open their female flowers in the morning, close and open again the next day in the
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afternoon as male. Type B cultivars open their flowers in the afternoon as female, close

and open the next morning as male (Stout, 1923; Rebollero and Romero, 2011).

Figure 1.1. Female (A) and male (B) avocado flower stages (Modified from Alcaraz et al., 2013).

Despite high flowering, during two months (May/June) there is a massive drop of
flowers and small fruit, resulting in a very low fruit set percentage and usually less than
0.1% of the flowers set fruit (Whiley and Schaffer, 1994; Garner and Lovatt, 2008). Flower
drop and low fruit set have been related to various factors such as extreme temperatures,
nutritional deficiencies and genetic factors (Rebollero and Romero, 2011). Low fruit set has
also been associated with the efficiency of pollination of avocado flowers, which is mostly
entomophilous, mediated mainly by bees and, to a lesser extent, by wasps, flies and
beetles (de la Pefia et al., 2018).

Moreover, even if adequate pollination occurs, temperature and humidity conditions
may affect the germination of pollen grains and thus fertilisation. Furthermore, not all
pollinated and fertilised flowers will eventually develop fruit (Alcaraz and Hormaza, 2021).
Since in avocado, reproductive and vegetative growth occur simultaneously in spring and
summer, both compete for the plant's resources. (Biran, 1979; Scholefield et al., 1985;
Buchholz, 1986; Cutting and Bower, 1990; Wardlaw, 1990). Therefore, any episode or
stress factor that reduces the photosynthetic capacity and nutritional balance of the tree
during this period will result in a loss of crop productivity. During its development, the fruit
has two stages, one of cell division (taking place in the first eight weeks after flowering),
and another of cell elongation (present during the whole life cycle of the fruit) (Hernandez
Valdés, 2020). Therefore, the size of the fruit lies in the number of cells and not in their
size (Cowan et al., 1997). In this sense, any stress event that occurs during the initial stage
of cell division is crucial and this phase will greatly condition the final size of the fruit
(Cowan et al., 2008).
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The avocado tree has a reproductive phenology characterized by the alternation of
harvests, with a production cycle or ‘on’ year with an intense flowering that culminates in
a high percentage of fruit set and a high crop yield; and a production cycle or ‘off’ year
that, on the contrary, presents low flowering, low percentage of fruit set and low yield
(Dixon et al., 2007; Paz-Vega, 1997; Rebollero and Romero, 2011).

Finally, the result is a berry-like fruit with a single large seed surrounded by a buttery
pulp. Avocado fruit varies in size (from few grams to more than two kilograms); shape
(usually pyriform to oval and round); pulp (from pale to rich-yellow when is mature); skin
(with different thickness and texture); and seed (oblate, round, conical or ovoid) (Rebollero
and Romero, 2011; Ayala Silva and Ledesma, 2014). Although avocado fruit composition
depends on diverse factors as the variety, grade of ripening, climate, or soil composition
and fertilizers (Alvarez et al., 2012), avocado fruit is known to be high in nutritional content
(Dreher and Davenport, 2013) due to the presence of high amounts of monounsaturated
fatty acids, fiber, minerals such as potassium (K), magnesium (Mg), phosphorus (P), calcium
(Ca), or vitamins A, B-6, C, E. (Araujo et al., 2018; USDA;
https://www.mapa.gob.es/es/ministerio/servicios/informacion/aguacate_tcm30-
103002.pdf).

The time between flowering and harvesting fruit depends on the race. Furthermore,
avocado fruit does not fully ripen on the tree and must be harvested at physiological
maturity to achieve adequate flavor and firmness characteristics after harvest (Gamble et
al., 2010).

1.2. Avocado crop relevance

Although Mesoamerican origin and archaeological evidence indicate that avocado has
been used in Mexico for a period of 10,000 years, during all this time, a domestication has
taken place, which is linked to a progressive selection for desired qualities of the fruit
(Smith, 1966;1969). Nowadays, avocado fruit has a high nutritional content, which
increased global interest in this crop in the last decades (Araudjo et al., 2018; Figure 1.2).
Avocado is present in five continents growing in regions with tropical, subtropical and
temperate climates (Alcaraz et al., 2013; Figure 1.3). The global avocado harvested area
and production in 2022, 884,035 ha and 8,978,275.2 t, respectively, with the Americas
accounting for the largest share of production (71.9 %) (FAOSTAT, 2022). In the last ten
years, from 2012 to 2022, avocado has had a two-fold increase in production (FAOSTAT;
Figure 1.2).

At the country level, Mexico has been the largest producer of avocados for years, with a

production of 2,529,581 t in 2022, representing 28% of world production, followed by
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Colombia (1,090,664 t), Peru (866,457 t), Dominican Republic (737,201 t) and Kenya
(458,439 t) (FAOSTAT, 2022).

World Avocado Production
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Figure 1.2. World avocado production (t) (FAOSTAT, 2022).

Avocado imports and exports have increased to cover the high market demand
throughout the year. ‘Hass' is the most traded variety. In 2022, the United States was the
main importer of avocados (1,132,799.53 t) and Mexico the main exporter (1,041,787 t).

—

) o

* f

";" i ing

4

Figure 1.3. Map of the main avocado producers worldwide in 2022 (FAOSTAT, 2022).

Spain was the third country in terms of imports (208.57 t) and the fourth in terms of
exports (149,917 t). This is possible because Spain was among the top 20 avocado
producing countries in 2022 with a production of 105,930 t and a cultivated area of 19,520

ha. Spain is the leading producer country in Europe with approximately 72% of the total
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European production and 77% of the total cultivated areas dedicated to avocado in 2022
(FAOSTAT, 2022).

In 2021, Andalusia represented approximately 76% of the cultivated area and 83% of
the Spanish avocado production (Table 1.1) with Mdlaga the main producing province with
59,592 t and an area of 7,449 ha. Europe received 96% of Andalusian exports. These
exports represent an economic value of 355.1 million € for Andalusia (Observatorio de

precios y mercados, Junta de Andalucia).

Table 1.1. Cultivated area, production and yield of avocado in 2021 at the province level

(Source: Ministerio de Agricultura, Pesca y Alimentacién Espaiia)

Provinces and Cultivated area (ha) Production (t) Kilograms/tree
Autonomus (kg/tree)
Communities Total In production
A Corufia 1 1 3 -
Lugo - - - -
Ourense - - - -
Pontevedra 2 2 1,400 3
Galicia 3 3 1,967 6
Barcelona - - - -
Girona - - - -
Lleida - - - -
Tarragona 2 - - -
Cataluiia 2 - - -
Baleares 9 8 49 6,075
Alicante 363 243 2,187 9,000
Castelldn 575 190 2,100 11,050
Valencia 1,155 444 4,706 10,600
C. Valenciana 2,093 877 8,993 10,254
R. de Murcia 10 6 48 8
Almeria 6 5 52 10,382
Cadiz 1,569 781 6,150 12,190
Cérdoba - - - -
Granada 2,793 2,705 28,227 10,435
Huelva 1,400 700 2,590 3,700
Jaén - - - -
Malaga 7,657 7,449 59,592 8,000
Sevilla 235 25 88 3,500
Andalucia 13,651 11,665 96,699 12,311
Las Palmas 314 295 1,972 4,990
S.C. de Tenerife 1,941 1,732 9,002 5,098
Canarias 2,255 2,027 10,974 5,062
Espaiia 18,061 14,586 116,769 11,879

Malaga and Granada are located on the so-called subtropical Andalusian coast, an

area with conditions that allow the cultivation of subtropical species such as avocado and
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mango. The success of the Spanish avocado in the European market is due to the high
quality of the fruit and its proximity, which allows avocado to be traded at their optimum
ripeness, enabling the consumer to buy the fruit and consume it immediately (a concept
known as ‘ready to eat’). Moreover, from an ecological point of view, it has a lower carbon
footprint. These advantages have made the Andalusian subtropical coast the protagonist
of the European avocado market and have generated an associated industry (farmers,
cooperatives, transport...) that grows year after year and has become the socio-economic

engine of this part of Andalusia.

1.3. Main factors affecting avocado crops

The yield of avocado orchards could depend on a number of factors and how these
factors impact growth and vyield of the crop is dependent on the specific region and

conditions under which avocado is cultivated:

- Agro-climatic or abiotic factors: are associated with the region where the orchard
is located. These include factors such as radiation, temperature, rainfall, the

availability of water and nutrients, and the soil type.

- Human factors: are those related to the management of the orchard, including the
use of fertilisers, the level of technical expertise required for the orchard, the
planting framework, and the irrigation system, among other factors.

- Genetic factors: The choice of an appropriate rootstock and variety that is well-
suited to the prevailing growing conditions is of paramount importance in

determining the success of a plantation.

- Biological or biotic factors: may be defined as the presence or absence of
pollinators, such as bees, as well as the presence of pests and diseases caused by
bacteria, viruses, oomycetes and fungi, occurring with varying incidence in the

crop-producing areas of the world.

The most significant pests affecting the growth and yield of avocado crops are thrips
(e.g.: Frankiniella spp., Heliothrips haemorrhoidalis), mealybugs, aphids, mites such as
Tetranychids (e.g. Oligonychus punicae causal agent of avocado brown mite of great
importance in Mexico), stem, fruit and avocado seed borers (e.g. Copturus aguacatae,
Heilipus spp.) and plant-parasitic nematodes (e.g. Meloidogyne spp., Rotylenchulus
reniformis) (Pena et al., 2013; Carrillo-Fasio and Baez-Safiudo, 2020). On the other hand,
economically significant diseases affecting avocado orchards include Phytophthora root
rot (PRR) caused by Phytophthora cinnamomi (Zentmyer, 1978), anthracnose caused by
Colletotrichum gloesporioides, Glomerella cingulata and Colletotrichum acutatum (Lépez-

Herrera, 2020); stem-end rot caused by various fungi (Dann et al., 2013); Cercospora spot
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caused by Pseudocercospora purpurea (Dann et al., 2013); scab caused by Sphaceloma
perseae (Jenkins, 1934); sunblotch caused by Avocado sunblotch viroid (ASBVd); white root
rot (Demathophora or Rosellinia root rot) caused by the fungus Rosellinia necatrix Prill.
(Sztejnberg, 1994); brown root rot caused by Phellinus noxius (Dann et al., 2013); laurel
wilt caused by the ascomycete Harringtonia lauricola (Dann et al., 2013); Armillaria root
rot caused by species of Armillaria fungus (Dann and Gazis, 2024); Verticillium wilt, caused
by the soil-borne fungus, Verticillium dahliae (Dann et al., 2013); branch canker caused by
fungi of the Botryosphaeriaceae family, Neofusicoccum parvum, Neofusicoccum luteum,
Lasiodiplodia theobromae (Lépez-Herrera, 2020); bacterial canker caused by
Pseudomonas syringae in Australia and South Africa and Xanthomonas campestris in
California (Dann et al., 2013); and black streak which causal agent is unknown (Menge and
Ploetz, 2003).

1.4. Main problems affecting avocado orchards in Southern Spain and control methods
1.4.1. Water scarcity

Currently, the avocado tree is facing new climatic challenges, either due to the
expansion of its cultivation to regions with differing climatic conditions compared to its
native habitat or due to environmental changes which has contributed to low water
availability, derived from intense drought episodes and the impact of global warming in
these regions (Lahav et al., 2013; Rondon et al., 2024).

This is indeed the case in zones with a Mediterranean climate, such as California,
Israel, Chile and Spain (IPCC, 2022). Particularly in Spain, where avocados are cultivated in
the so-called subtropical coast of Andalusian, which has been identified as a climate
change hotspot (EEA, 2024).

Adequate irrigation is a crucial factor in ensuring optimal fruit development,
particularly during the flowering and fruit-set stages. This practice not only promotes
optimal fruit conditions but also helps to minimise fruit drop from the tree (Carr, 2013;
Lahav et al.,, 2013). In this regard, field studies were carried out at IFAPA-Malaga in
collaboration with the research team of TROPS SAT 2803, to determine the response of
mature avocados to different water treatments and to what extent it is possible improve
water use without compromising fruit production and quality (Moreno-Ortega et al.,
2019). The results obtained, in addition to shedding light on the irrigation needs of the
crop in the area (¥8000 m? ha! yr?), provided the first insights on the use of sustained

deficit irrigation strategies for saving water and their impact on yield and fruit quality.

At present, absence of precipitation has prompted local authorities to impose

limitations or even restrictions on the utilization of urban water for agricultural purposes
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in certain regions, including the Axarquia (Malaga, Spain) which resulted in a significant
reduction in avocado yields and a notable increase in tree mortality in orchards where
irrigation is not possible. In this scenario, it is suggested that the success of avocado
cultivation in the region is linked to good management of reduced irrigation allocations,
making better use of irrigation water and with proper management of water levels in the

soil and plant.

In addition, the choice and/or use of different rootstock/variety combinations with
low water requirements and high-water productivity, and/or with greater tolerance to
water stress, represents a method to cope with the water scarcity we are facing and
guarantee the long-term sustainability of the crop.

1.4.2. Soil-borne diseases

Main soil-borne diseases affecting avocado crops in Spain, are Phytophthora root rot

(PRR) and white root rot (WRR), caused by P. cinnamomi and R. necatrix, respectively.
- Phytophthora root rot

PRR is considered the most limiting phytopathological problem of the crop worldwide,
due to its frequency, severity and high economic losses (Coffey, 1987; Ramirez et al., 2014).
Although it is now known to affect more than 3,500 plant species from over 70 countries,
the first report on avocado was in Puerto Rico in 1929 (Tucker, 1929). The causal agent is
the hemibiotrophic oomycete P. cinnamomi Rands (Rands, 1922; Zentmyer, 1980; Pegg et
al., 2002). Affected trees exhibit necrotic roots and a reduction in root mass, which results
in a decrease in the ability of the plant to absorb water and nutrients. This leads to

chlorosis, leaf drop and eventually, the death of the tree (Dann et al., 2013; Figure 1.4).

Figure 1.4. Defoliation of an avocado tree infected with P. cinnamomi (Lépez-Herrera, 2020)
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P. cinnamomi produces different spore forms, zoospores, chlamydospores and
oospores, which play a role in disease development and survival (Zentmyer, 1980) allowing
the pathogen to survive in adverse conditions for long periods of time, making it very
difficult to eradicate the disease completely. The management of PRR requires an
integrated approach, encompassing mulching, irrigation management, phosphite
treatments and the utilisation of tolerant rootstocks (Pegg et al., 1985). In this regard, a
number of P. cinnamomi tolerant rootstock are commercially available such as ‘Dusa’ and

‘Duke 7’ and other ones will be available in the near future (Spann, 2020)
- White root rot

This disease is caused by the soil-borne fungus R. necatrix Prilleux (anamorph:
Dematophora necatrix Hartig), a pathogen of increasing importance, which has been

associated with 335 plant hosts (https://fungi.ars.usda.gov/, USDA) including woody and

herbaceous species of economic interest such as grapevines, olives, almonds, apples,
pears, citrus fruits, coffee, potatoes, strawberries, mangoes and avocado. Despite its
distribution across five continents, the pathogen has become a significant constraint on
avocado production in Israel and southern Spain. Its prevalence in these regions has been
increasing steadily, being the predominant cause of endemic avocado root rot (Lépez-
Herrera, 1998; Lopez-Herrera and Zea-Bonilla, 2007).

This fungus is categorized within the phylum Ascomycota, family Xylariaceae (Prillieux
E., 1904). When cultivated on a potato dextrose agar growth medium, the young mycelium
of R. necatrix is initially observed to be white and cottony, before acquiring a dark
appearance. A distinctive feature of this fungus is the formation of pear-shaped swellings
in the hyphae, closed to the septum (Figure 1.5). This has been used as a diagnostic

indicator for the species.

Figure 1.5. Characteristic pear-shaped swellings in R. necatrix hyphae.

The life cycle of R. necatrix has an asexual phase, during which chlamydospores and
conidiospores are produced, and a sexual phase, with ascospores as the reproductive

structure (Pérez-Jiménez et al., 2003). The roles of these three spore types in the
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epidemiology of the fungus remain unclear, with evidence suggesting that their

involvement may vary across different countries.

The fungus is dispersed throughout the soil by the mycelium and mycelial strands or
along the infected roots. Upon contact with a healthy root, the mycelia network
proliferates, covering the root surface and subsequently penetrating avocado roots
through natural openings, such as lenticels, wounds, or directly by forming a penetration
sclerotium. The hyphae of R. necatrix invade and penetrate the vascular system of the root

avoiding water and nutrient flow to upper parts of the plant (Pliego et al., 2009).

Plants infected by R. necatrix typically manifest both aerial and root symptoms. These
arise as a consequence of damage to roots and the subsequent delivery of toxic
compounds into the plant's vascular system (Lépez-Herera and Zea-Bonilla, 2007). This
pathogen produces different metabolites with phytotoxic effects such as rosellichalasin
(Kimura et al., 1989; Edwards et al., 2001) diketopiperazines, rosellic acid and rosnecatrone
(Edwards et al., 2001), as well as cytochalasin E, which has a direct effect on photosynthesis
(Kshirsagar et al., 2001), although their roles in pathogenicity need to be clarified
(Kanematsu et al., 1997).

At the root level, the presence of white cottony mycelium, in addition to white or black
mycelial strands, can be observed (Figure 1.6). The fungus is located between the bark and
the wood in woody plants, where it forms characteristic white mycelial fans which lately
turns to greenish-grey or black. The pathogen invades the entire root system, leading to a

generalized rotting effect, and subsequently, the roots show a dark brown coloration.

Figure 1.6. (A) R. necatrix mycelia growing on avocado root surface. (B) Typical fan-shaped
mycelium of R. necatrix on wood under the bark of an avocado root (Lopez-Herrera, 2020).
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At the aerial level, infected trees may decline in vigor, leaves wilt and trees eventually die
(Figure 1.7).

A
Figure 1.7. Aerial symptoms of an avocado tree infected by R. necatrix.

However, Infected trees do not always show aerial symptoms, making the diagnosis of
this fungus extremely difficult (Pliego et al., 2012). Furthermore, the fungus is capable of
surviving in the soil in a dormant state for extended periods of time and, when
environmental conditions become favorable for its propagation, become active and initiate

an infectious process in new host plants (Lopez-Herrera, 2020).

Control of this disease is challenging due to the pathogen's ability to tolerate
desiccation and acidic soils, its extensive host range, its ability to survive deep within the
soil, and its resistance to numerous fungicides commonly used to manage plant pathogens
(Khan, 1959).

In this regard, to reduce WRR incidence an integrated approach involving cultural
practices, physical, chemical and biological control as well as genetic resistance must be
carried out. Cultural practices may be conducted to avoid the use of infected plants and in
orchards where the pathogen is present, to prevent the dispersion of the fungus to non-
infested soil by removing and burning affected material. In addition, irrigation water
management can induce tolerance in avocado plants, as mild water stress can induce
cross-factor priming that increases the expression of avocado tolerance genes to R.

necatrix from a susceptible rootstock (Martinez-Ferri et al., 2019).

Physical control such as soil solarization every two years keep R. necatrix inoculum in

soil at low levels preventing disease development (Lopez-Herrera et al., 1998). Different
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fungicides have been tested for chemical control of WRR disease with Fluazinam being the
most effective, although it has not been registered to date in Spain for use in avocado.
Biological control represents an alternative to the overuse of pesticides. Isolates of
rhizobacteria species such as Pseudomonas chlororaphis, Bacillus subtilis and
Pseudomonas pseudoalcaligenes (Pliego et al., 2007) and fungi isolates belonging to the
genera Thrichoderma spp. have been successfully employed as a bio-control agent against
R. necatrix in avocado (Cazorla et al., 2006; Cazorla et al., 2007; Pliego et al., 2008; Ruano-
Rosa et al., 2010). Ruano-Rosa et al. (2014) showed that the combination of antagonistic
microorganisms, specifically Trichoderma spp. along with strains of rhizobacteria (such as
B. subtilis and Pseudomonas spp.), reduced the in vitro growth of R. necatrix. Additionally,
the combination resulted in a significant improvement in the management of white root
rot on avocado plants; e.g., utilization of Trichoderma spp. isolates in conjunction with
Fluazinam has reduced the concentration of this fungicide to combat WRR in the field
(Ruano-Rosa et al., 2018). However, none of the previously mentioned approaches has
proven to be fully effective. In this sense, the utilization of tolerant/resistant rootstocks
may represent an effective alternative to lessen the impact of this soil-borne pathogen. To
date, there are no commercial tolerant avocado rootstocks to R. necatrix, and tolerant
selections to P. cinnamomi, such as ‘Dusa’ or ‘Duke 7’, have been shown to be highly
susceptible to this pathogen under artificial inoculation (Pérez-Jimenez, 2006). To
overcome this problem, the biotechnology group at IFAPA-M4dlaga has been involved since

1995 in a breeding program aimed at obtaining material with tolerance/resistance to WRR.

1.5. Facing avocado problems
1.5.1. Avocado rootstock breeding

Avocado rootstock breeding is generally aimed at searching for resistance to specific
traits, depending upon the area in which avocados are cultivated. In general, researchers
look for attributes such as resistance to soil-borne pathogens, salt tolerance and
adaptation to soils with high calcium content; in addition, dwarfing rootstocks are also
desirable (Ben-Ya'acov and Michelson, 1995; Crane et al., 2013; Celis et al., 2018). The
amount of P in the leaf (Salazar-Garcia et al., 2016) and fruit quality are also affected by
the rootstock (Reyes-Herrera et al., 2020; Herndndez et al., 2023). These observations lead
Reyes-Herrera et al. (2020) to recommend the inclusion of fruit quality as a target in

avocado rootstock breeding programs.

Probably, the major objective in rootstock breeding has been finding resistance to the
oomycete P. cinnamomi, a devastating disease of California avocados since 1942 (Crane et
al., 2013). The pioneer work of Dr. Zentmyer at University of California, Riverside (UCR)

resulted in the selection of the ‘Duke 7’ genotype, a rootstock which has been widely used
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in infected areas of California, South Africa and other countries (Menge et al., 2001).
Avocados are very difficult to propagate vegetatively, however, the development of the
Frolich method (Frolich and Platt, 1972), involving the grafting of scion to be rooted in a
nurse seedling followed by incubation under dark conditions, has allowed for the
propagation of selected rootstocks at commercial level. The ‘Dusa’ selection from
Westfalia, South Africa, was released later and it is currently the most resistant rootstock
available for growers; in addition, it is fairly tolerant to cold winters as well as saline
conditions (Kremer-Kéhne and Kéhne, 2007; Crowley and Arpaia, 2002). ‘Bounty’, another
rootstock selected in South Africa, ranks third in popularity, after ‘Dusa’ and ‘Duke 7’, for
nurserymen of this country (Crane et al., 2013). Other selections from the UCR, such as
‘Steddom’, ‘Uzi’ and ‘Zentmyer’, among others, are under evaluation in field trials (Crane
et al., 2013). In South Africa the breeding program also continuous with emphasis on
superior crop yields besides resistance to P. cinnamomi (Kremer-Kéhne et al., 2011; van
Rooyen, 2011). More recently, other selections from UCR harboring resistance to P
cinnamomi and differing in their response to salinity are being evaluated in the field (Celis
et al., 2018; Spann, 2020) while in South Africa, the new selection ‘Leola’, shows high
resistance to P. cinnamomi while ‘Zerala’, besides resistance to the oomycete, is highly
productive and tolerant to salinity (Spann, 2020).

Salinity and high calcium content in the soil drastically affect avocado production in
areas where water is scarce. There is great variability in salinity tolerance within avocado
races, with West Indian genotypes showing a better performance. These genotypes also
perform well in calcareous soils while those of Guatemalan race are highly sensitive (Ben-
Ya'acov and Michelson, 1995). In Israel, the rootstock breeding program has focused on
the search for high productive combinations based on the scion/rootstock interaction as
well as tolerance to abiotic stress in the soil. Numerous selections were released, all with
the VC prefix (Vegetative clones from the Volcani Center Research Programme) and
evaluated in the field to provide recommendations to growers in different areas (Ben-
Ya“acov and Zilberstaine, 1999; Crane et al., 2013).

In Australia, a rootstock breeding program is also underway searching for P.
cinnamomi resistance and improved crop yields (Smith et al., 2011). ‘Velvick’ (West Indian
x Guatemalan hybrid) is a vigorous Australian selection that performs well in P. cinnamomi
infested soils. Moreover, this rootstock significantly reduces the incidence of anthracnose
in the scion (Willingham et al., 2001; 2006). According to Whiley and Whiley (2011),
‘Velvick’ seedlings sometimes outyielded equivalent clonal rootstocks; however, ‘Velvick’
seedlings had to be derived from isolated (self-pollinated) trees. These authors
recommend the use of proven seedlings on new plantings and clonal rootstocks with good

tolerance to P. cinnamomi for replanting.
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In Spain, there is a breeding program focused on finding resistance to the necrotrophic
fungus, R. necatrix, causal agent of the WRR, and several promising selections, (BG48,
BG83, BG181, among others) were obtained (Barceld et al., 2007). Currently, evaluation of
agronomical traits of selected genotypes is being carried out at La Mayora Experimental
Station (Barcel6-Mufioz, A., personal communication, September, 2024). In this thesis,
some of these genotypes have been used in experiments to evaluate their performance

under water shortage.

1.5.2. Biotechnological approaches

- Induced mutations

Induced mutations have been a common strategy in plant breeding for a long time
(Joint FAO/IAEA, 2010). In avocado, Coto et al. (2014) attempted to obtain resistance to
stress (salinity and P. cinnamomi) through irradiation of ‘Duke 7’ zygotic embryos cultured
in vitro. A mutagenic dose of LDso= 28 Gy was used while selective doses for salinity were
(LD2o = 157 mM of NaCl, LDsp = 6% PEG-6000). Several M lines were obtained and are

currently under evaluation.

Resistance to P. cinnamomi appears to operate at cellular level; Phillips et al. (1991)
established callus from different avocado cultivars that differed in their susceptibility to P.
cinnamomi, ‘Topa-Topa’ (susceptible), ‘Duke 7’ (fairly resistant) and ‘Martin Grande’
(moderately resistant). Following inoculation with the oomycete, obtained responses were
similar to that at the plant level with the two resistant cultivars showing a hypersensitive
reaction type. These results led Witjaksono et al. (2009) and Avenido et al. (2009) to
attempt the obtainment of avocado plants resistant to P. cinnamomi by using embryogenic
cultures of Indonesian selections cultured in the presence of culture filtrate of this
oomycete; however, no results regarding plant regeneration and performance following
pathogen inoculation were reported. A similar approach was attempted in this thesis, with
the obtainment of embryogenic cultures resistant to crude culture filtrate of R. necatrix

and evaluation of gene expression response following a new exposure to the fungal filtrate.
- Genetic transformation

Genetic transformation can be used in plant breeding to address specific traits,
generally under the control of single genes. In any case, prior to development of a
transformation protocol for a given species, efficient regeneration systems need to be
established. In the case of avocado, plants can be regenerated through the somatic
embryogenesis pathway; however, initial explants are of juvenile origin (immature zygotic
embryos) and germination rates of somatic embryos are very low (Palomo-Rios et al.,

2013; Pliego-Alfaro et al., 2020). In any case, transformation protocols via Agrobacterium

32



Chapter 1: Introduction

tumefaciens, using embryogenic cultures as explants, have been established (Cruz-
Hernandez et al., 1998; Palomo-Rios et al., 2012; 2017). Targets addressed are disease
resistance and increased shelf life; e.g., Palomo-Rios et al. (2010; 2011) obtained 4
independent transgenic lines with the AtNPR1 gene, known to play a key role in the salicylic
acid mediated plant immune response (Cao et al., 1997). This gene has also been used in
other species to induce resistance to fungal pathogens (Lin et al., 2004; Wally et al., 2009).
In the case of avocado, the obtained transgenic lines showed very different in vitro
behavior, hence they are being propagated by the Frolich method (Frolich and Platt, 1972)
to evaluate their response after inoculation with R. necatrix (Pliego-Alfaro, F., University of
Madlaga, personal communication, October, 2024). Regarding the Avocado Sunblotch
Viroid (ASBVd), Litz et al. (2010) attempted to eliminate it through transformation of
somatic embryos with the pacl ribonuclease gene from Schizosaccharomyces pombe.
Preliminary analysis of resulting plants through RT-PCR indicated that they were viroid-
free. There have also been attempts to increase avocado shelf-life by blocking ethylene
biosynthesis (Litz et al., 2007); however, obtained plants did not flower (Pliego-Alfaro et
al., 2020).

- Genes related to soil-borne-pathogens resistance

In depth knowledge of the avocado/P. cinnamomi interaction is a critical step prior to
developing efficient biotech tools to control this oomycete (van den Berg et al., 2021). In a
transcriptomic study, Mahomed and van den Berg (2011) were able to identify specific
(thaumatin, PR-10) and general defence genes such as metallothionein, following
inoculation of avocado roots with a P. cinnamomi mycelial preparation. Subsequently
(Engelbrecht and van den Berg, 2013) identified higher expression of phenylalanine
ammonia-lyase (PAL) and lipoxygenase (LOX) genes in avocado rootstocks showing

tolerance to P. cinnamomi, in relation to the susceptible controls.

Flooding conditions increase susceptibility of avocado to P. cinnamomi. In a massive
sequencing study, Reeksting et al. (2014) found that flood responsive genes such as
sucrose synthase showed increased expression in infected plants; however, flooding
causes so many metabolic changes that probably mask the response to the oomycete. In
any case, it appears that most genes related to plant defence are down regulated under
flooding and this could explain the higher avocado susceptibility to the oomycete.
Moreover, the observed decrease in water uptake linked to flooding could be explained by
the observed down-regulation of aquaporins (Reeksting et al., 2016). The role played by
salicylic acid (SA) and jasmonic acid (JA) in the avocado/P. cinnamomi interaction has been
addressed by van den Berg et al. (2018); initially the SA response takes place (6 h) while
after 24 h, an increased expression of genes related to the JA pathway took place. At this

time, phenolics accumulation could also be observed. At intermediate times (18 h)
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signaling overlapping of the two pathways was reported. In resistant rootstocks,
suppression of SA pathway takes place earlier allowing a more rapid initiation of JA
signaling (van den Berg et al., 2021). Trying to decipher the role played by the NPR1 gene
and NPR1-like genes family in avocado defence against P. cinnamomi, Backer et al. (2015;
2019) identified five NPR1-like genes in avocado plants treated with SA, JA or infected with
the oomycete; these authors found that three of them were possibly related to plant
defence while another two could be associated to plant development. Moreover, in
resistant rootstocks, PR-1 expression (linked to SA pathway) was induced earlier than in

susceptible material with a drastic downregulation at 24 hours post inoculation (hpi).

Fick et al. (2022) studied the role of the Nucleotide Binding-Leucine rich repeat (NLR)
proteins in the avocado/P. cinnamomi pathosystem. NLR are components of the effector
triggered immune responses (ETI) in plant pathogen interactions. These authors indicated
that 84 PaNLR showed expression at 24 hpi in avocado genotypes showing some resistance
to the pathogen while in susceptible material, expression took place at 6 hpi; according to
these authors, these differences in temporal expression could account for the diverse

behavior against the oomycete.

Regarding the avocado/R. necatrix pathosystem, another soil-borne pathogen causing
the white root rot disease, Zumaquero et al. (2019b), working with genotypes showing
different response to the fungus, reported that protease inhibitors played a key role in
disease tolerance. In addition, upregulation was also associated with genes related to salt
and osmotic stress, which seems to indicate that capacity to withstand osmotic imbalance

could be associated to tolerance to this disease.

1.5.3. Use of elicitors for disease control

Another biological approach to improve avocado health is the use of elicitors
(molecules and compounds such as carbohydrates, proteins, peptides, lipids,
glycoproteins, plant hormones, and others) that can induce physiological changes or
stimulate certain defense mechanisms in plants (Baenas et al., 2014; Jamiotkowska, 2020).
According to Zheng et al. (2020), the use of elicitors in crops is safe, nontoxic, and
environmentally friendly, and small amounts are enough to provide the plants with long-

term protection against a wide range of pathogens.

Plant-elicitor interaction is a rather complex phenomenon, and its success will depend
upon a number of interrelated factors (Vasconsuelo and Boland, 2007; Narayani and
Srivastava, 2017). A plant may exhibit positive responses to different elicitors, while a given
elicitor may induce defence reactions in different plants, in this regard, Jesus et al. (2015)
observed that foliar treatments with SA (0.75-5 mM) enhanced drought tolerance in

Eucalyptus globulus, with the effect being dependent on the dosage applied. The time and
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frequency of application are also crucial factors to be considered when optimising elicitor
effects on plant response. The application frequency is linked to the persistence of the
response, while the culture type and growing conditions determine the most appropriate
application method. For example, in accordance with Rohwer and Erwin, (2008), methyl
jasmonate (MelA) can be applied as a gas (Farmer and Ryan, 1990), mixed with lanolin
paste (Saniewski et al., 1998), in liquid form (Baldwin, 1996) or, most commonly, as a spray

with a surfactant agent (Janoudi and Flore, 2003).

Following the elicitation, physiological changes are induced in such a way that the
plant will exhibit a faster and stronger response when subsequently exposed to additional
stress conditions (priming). Elicitor treatments generally induce modifications in histone
proteins at defence related genes, suggesting an epigenetic base of the priming
mechanism (Molinier et al., 2006; Pastor et al., 2013). Hence, use of elicitors has become
an important tool to gain knowledge on defense responses in plants and at the same time,
they can be used to improve plant response to stress situations in an environmentally

friendly way.

In the avocado, the fruit/fungi pathosystem has been the most widely used for
elicitation studies; e.g., Chitosan, essential oils, silicon, SA and JA, among others, have been
known to induce defence genes and reduce fungi viability, hence, having a positive effect
on increasing fruit shelf life (Munhuweyi et al., 2020; Herrera-Gonzalez et al., 2021). MelA,
a derivative from jasmonic acid and SA, are the most widely used elicitors for disease
control (Awang et al., 2013; Thakur and Sohal, 2013). To date, numerous studies have
shown that exogenous application of MelJA and SA increases tolerance to pathogens by
inducing plant defense-related genes (Awang et al., 2013; Cervantes-Landaverde et al.,
2009; Laredo Alcala et al., 2017), and by triggering several signaling pathways, for example,
ion flux and the synthesis of signal molecules resulting in the reinforcement of cell walls,
accumulation of antimicrobial compounds and synthesis of proteins that inhibit pathogen
growth and proliferation (Thakur and Sohal, 2013; van den Berg et al., 2018; Yu et al.,
2018). SA and JA have been applied as vapours on harvested fruit, giving rise to enhanced
activity of defence related genes such as chitinase, 8-1,3-glucanase resulting in a drastic
reduction of anthracnose incidence (Glowacz et al., 2017). Chitosan, a chitin derived
polymer of N-acetyl-D-glucosamine units, has been associated with defence responses in
plants, triggering phytoalexins production and increasing chitinases, protease inhibitors,
PAL, peroxidase (POD), and polyphenol oxidase (PPO) activities (Terry and Joyce, 2004;
Amborabé et al., 2008; Meng et al., 2010). When applied to the avocado fruit, an increased
activity of genes related with phenylpropanoids pathway as well as higher levels of the
antifungal diene AFD (1-acetoxy-2-hidroxiy-4-oxoheneicosa 12, 16 diene) were found,

leading to decreased damage of the fungus C. gloeosporioides (Xoca-Orozco et al., 2017;
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2019). Positive effects of chitosan and cinnamon essential oil were reported by Herrera-
Gonzalez et al. (2024) to control growth of N. parvum in the avocado fruit; e.g., mycelial
development and sporulation were inhibited and this correlated with increased PAL, POD,
and PPO activities. Interestingly, Chitosan nanoparticles (ChNPs) have also been used as
biodegradable substances to induce accumulation of metabolites in avocado callus.
Encapsulated methionine (ChNPs@Met) gave rise to fresh weight and glutathione
accumulation while encapsulated SA (ChNPs@SA), induced biosynthesis of polyphenolic
compounds and fatty bioactive components; moreover, antioxidant activity was also
higher in treated callus (Abo El-Fad et al., 2022).

High degree polymerized agave fructans (HDPAF) have also been used to extend
avocado fruit shelf life; following application of these compounds, genes related to
phenylpropanoid biosynthesis, calcium ion signal decoding, and pathogenesis-related
proteins, among others, were induced while peak of ethylene biosynthesis was delayed
(Cuellar-Torres et al., 2023). However, the extracellular protein of the fungus Acremonium
strictum (AsES), known to induce the SAR response in strawberry (Chalfoun et al., 2013),
increases ethylene biosynthesis in avocado fruit, accelerating ripening although it also
enhances defence against opportunistic pathogens resulting in improved fruit shelf life
(Perato et al., 2018).

Silicon has been associated with disease resistance in plants, playing a role in cell wall
strengthening (Fawe et al., 2001) and increasing production of defence related proteins
such as chitinases and glucanases (Dann and Muir et al., 2002). Postharvest application of
silicon in soluble form or as potassium silicate to the avocado showed positive effects on
fruit quality and this was linked to accumulation of antioxidants and polyphenols, and a
decreased respiration rate (Tesfay et al., 2011; Herrera-Gonzalez et al., 2021). When
injections were applied to the trunk, a drastic reduction in anthracnose incidence was
found in the harvested fruit (Anderson et al., 2005).

Silicon (potassium silicate solution) has also been applied in the irrigation water to
improve the response of avocado plants to the oomycete P. cinnamomi. Leaf analysis on
silicon treated plants following inoculation with the pathogen (3-12 h) indicated an
increase of enzymatic pathways related to oxidative stress as well as the synthesis of
structural components. These results led the authors to conclude that silicon could be used

as a strategy for managing this disease under field conditions (Alvarez et al., 2023).

Curdlan (Curd), 8-1,3-glucan, is a water insoluble microbial exopolysacharide known
to activate defence responses in tobacco, pepper and potato. Sprays on avocado prior to
infection with P. cinnamomi induced plant defence through increasing POD, PPO,
superoxide dismutase (SOD) and PAL activities. In addition, it increased cholophyll and

carotenoids contents (Guarnizo et al., 2022).
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In this thesis, the role of the two most important elicitors will be evaluated to improve

the avocado response to the necrotrophic pathogen R. necatrix.
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Objectives

The sustainability of avocado cultivation on the Andalusian coast is particularly
important for the Andalusian economy and depends on the resolution of priority problems
for the sector that affect its profitability, such as limited water availability and the root rot
caused by Rosellinia necatrix. The use of tolerant rootstocks has been particularly
successful for the control of the root rot caused by Phytophthora cinnamomi and it is also
the most recommended approach for the control of R. necatrix (Barceld et al., 2007; Pliego
et al., 2012). The avocado breeding program being carried out at IFAPA-Malaga for more
than a decade has selected 8 R. necatrix tolerant rootstocks, which are being evaluated
under field conditions. Information on the water requirements and water stress tolerance
of the selected rootstocks is of great importance for the avocado sector. In addition,
further attempts are needed to elucidate the avocado defence mechanisms against R.
necatrix to help in the selection of new tolerant avocado rootstocks, as well as to improve
performance of susceptible rootstocks currently used in commercial orchards. In this
research, the following objectives have been addressed as a first step to counteract these

problems.

1. Evaluation of tolerance to water stress of avocado rootstocks selected for their
tolerance to the pathogen R. necatrix (Chapter 2).

2. Identification of defence genes in avocado cells tolerant/susceptible to the crude

filtrate of R. necatrix through transcriptomic analysis (Chapter 3).

3. Evaluation of the effect of exogenous application of commercial elicitors on the
induction of tolerance to R. necatrix in the susceptible commercial avocado

rootstock ‘Dusa’ (Chapter 4).
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Water relations and physiological response to
water deficit of ‘Hass’ avocado grafted on two
rootstocks tolerant to Rosellinia necatrix

Moreno-Pérez, A.; Barceld, A.; Pliego, C.; Martinez-Ferri, E. Water Relations and
Physiological Response to Water Deficit of ‘Hass’ Avocado Grafted on Two Rootstocks
Tolerant to R. necatrix. Agronomy 2024, 14, 9, 1959.
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Chapter 2: Water relations avocado ‘Hass’ grafted on two rootstocks

2.1. Abstract

Avocado (Persea americana Mill.) cultivation has spread to many countries from the
tropics to the Mediterranean region, where avocado crops commonly face water shortages
and diseases, such as white root rot (WRR) caused by Rosellinia necatrix. The use of
drought- and WRR-tolerant rootstocks represents a potential solution to these constraints.
In this research, water relations and the morpho-physiological response of avocado ‘Hass’
grafted on two selections of R. necatrix-tolerant rootstocks (BG48 and BG181) were
evaluated under well-watered (WW) and at two soil-water-availability conditions (WS,
~50% and ~25% field capacity). Under WW, scion water use was markedly affected by the
rootstock, with BG48 displaying a water-spender behavior, showing higher water
consumption (~20%), plant transpiration rates (~30%; Epiant) and leaf photosynthetic rates
(~30%; An) than BG181, which exhibited a water-saving strategy based upon a trade-off
between leaf-biomass allocation and tight stomatal control of transpiration. This strategy
did not reduce biomass, with BG181 plants being more water use efficient. Under WS,
BG48 and BG181 exhibited a drought-avoidance behavior based on distinct underlying
mechanisms, but increases in leaf mass area (¥18-12%; LMA), and decreases in Epjant (~50-
65%), plant hydraulic conductance (~44-86%; K.) and leaf water potential (~48-73%; Wy)
were observed in both rootstocks, which aligned with water stress severity. After
rewatering, photosynthetic rates fully recovered, suggesting some ability of these
rootstocks to withstand water stress, enabling the ‘Hass’ variety to adapt to region-specific

constraints.
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Chapter 3

A comparative transcriptome analysis of
avocado embryogenic lines susceptible or
resistant to Rosellinia necatrix exudate

Moreno-Pérez, A.; Zumaquero, A.; Martinez-Ferri, E.; Lopez-Herrera, C.; Pliego-Alfaro,
F.; Palomo-Rios, E.; Pliego, C. A Comparative Transcriptome Analysis of Avocado
Embryogenic Lines Susceptible or Resistant to Rosellinia necatrix Exudate. Agronomy 2023,
13, 1354. https://doi.org/10.3390/agronomy13051354,
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Chapter 3: Transcriptome analysis of avocado embryogenic lines

3.1. Abstract

Avocado embryogenic cultures were selected for resistance to the culture filtrate (CF)
of Rosellinia necatrix, the causal agent of white root rot disease. A resistant callus line was
obtained through recurrent selections in progressively increasing concentrations of fungal
CF (from 60% to 80%). RNA sequencing (RNA-Seq) technology was used to compare the
transcriptomic profiles of the avocado embryogenic-callus-resistant line L3 (capable to
survive in the presence of 80% CF) and control line AN-9 (not exposed to CF), after 24 h of
growth in a medium containing 40% CF. A total of 25,211 transcripts were obtained, of
which 4,918 and 5,716 were differentially expressed in the resistant and control line,
respectively. Interestingly, exposure of embryogenic callus lines to 40% of R. necatrix
exudates induced genes previously reported to be related to avocado defense against
fungal diseases (lignin biosynthesis, Pathogenesis Related (PR) proteins, WRKY (WRKYGQK)
Transcription Factor (TF), NAC (NAM, ATAF1/2, and CUC2) TF, proteinase inhibitors and
Ethylene Response Transcription Factor (ERF), among others), which were accumulated in
greater amounts in the resistant line in comparison to the susceptible one. This research
will contribute to the understanding of avocado defense against this pathogen, thereby

aiding in the selection of resistant avocado rootstocks.

49



YOVIYIN 30
AvaISy3AIND




Chapter 4

Effects of exogenous application of methyl
jasmonate and salicylic acid on the
physiological and molecular response of ‘Dusa’
avocado to Rosellinia necatrix

Moreno-Pérez, A.; Martinez-Ferri, E.; van den Berg, N.; Pliego, C. Effects of Exogenous
Application of Methyl Jasmonate and Salicylic Acid on the Physiological and Molecular
Response of ‘Dusa’ Avocado to Rosellinia necatrix. Plant Dis. 2024.
https://doi.org/10.1094/PDIS-11-23-2316-RE.
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Chapter 4: Effects of MeJA and SA on ‘Dusa’ avocado

4.1. Abstract

Methyl jasmonate (MeJA) and salicylic acid (SA) are important in mediating plant
responses to abiotic and biotic stresses. MeJA and SA can act as elicitors by triggering plant
defense responses similar to those induced by pathogens and may even provide long-term
protection against them. Thus, exogenous application of MelJA and SA could protect
susceptible avocado plants against white root rot (WRR) disease caused by the
necrotrophic fungus Rosellinia necatrix, one of the main diseases affecting avocado
orchards. This work evaluates the effects of MeJA or SA on the physiological and molecular
response of susceptible ‘Dusa’ avocado rootstock and their ability to provide some
protection against WRR. The application of MeJA and SA in avocado increased
photoprotective mechanisms (nonphotochemical chlorophyll fluorescence quenching)
and upregulated the glutathione S-transferase, suggesting the triggering of mechanisms
closely related to oxidative stress relief and reactive oxygen species scavenging. In contrast
to SA, MelA’s effects were more pronounced at the morphoanatomical level, including
functional traits such as high leaf mass area, high stomatal density, and high root/shoot
ratio, closely related to strategies to cope with water scarcity and WRR disease. Moreover,
MelA upregulated a greater number of defense-related genes than SA, including a glu
protease inhibitor, a key gene in avocado defense against R. necatrix. The overall effects of
MelJA increased ‘Dusa’ avocado tolerance to R. necatrix by inducing a primed state that
delayed WRR disease symptoms. These findings point toward the use of MelA application
as an environmentally friendly strategy to mitigate the impact of this disease on

susceptible avocado orchards.
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Summary of results

The main results obtained in this doctoral thesis are presented in accordance with the

objectives proposed:

Regarding the first objective (Chapter 2), avocado plants cv. ‘Hass’, grafted on BG48
and BG181 (two rootstock selections tolerant to R. necatrix), were evaluated under
different conditions of water supply; e.g., well-watered (WW) and two water stress levels,
mild-WS and severe-WS (~50% and ~25% of field capacity, respectively). In the absence of
soil water limitations, a strong effect of rootstock on ‘Hass’ scion was found. Plants grafted
on BG48 showed a water-spender behavior as they exhibited higher water consumption
as well as higher values of plant transpiration rate (Epiant) and leaf photosynthetic rates
than those grafted on BG181, which exhibited a water-saving strategy based on a
compromise between leaf biomass allocation and tight stomatal control of transpiration
not linked to a reduction in growth. These results suggest that ‘Hass’ avocado plants

grafted onto BG181 require less water, so plants are more water efficient.

Following water deprivation, BG48 and BG181 plants increased leaf mass area (LMA)
and decreased Eplant, plant hydraulic conductance (Kn) and leaf water potential (W) in
agreement with the severity of water stress, showing both genotypes, drought avoidance
behavior based on different underlying mechanisms.

After mild- and severe-water stress conditions, photosynthetic rates of rewatered
plants were fully recovered, suggesting some ability of these rootstocks to recover from

water stress which may be associated with their ability to with-stand R. necatrix infection.

These results contribute to our understanding of the relationship between the
rootstock and scion of avocado trees proving that water use of ‘Hass’ avocado is strongly
affected by rootstocks and provides insights into the mechanisms that enable them to
withstand water scarcity. Consequently, the choice of a suitable rootstock can be decisive
for the success or failure of a plantation. Further studies are needed to assess the influence

of rootstocks on yield and water use efficiency under field conditions.

Regarding the second objective (Chapter 3), an avocado embryogenic callus line (AN-
9, derived from an immature zygotic embryo of cv. ‘Anaheim’) was exposed to
progressively increasing concentrations of fungal filtrate (CF; from 60% to 80%). After the
last exposure, line L3, resistant to 80% CF was obtained. The transcriptome analysis of the
resistant (L3) and the susceptible control (AN-9, not exposed to CF) callus lines after 24 h
of growth in medium containing 40% of CF or in medium without CF, revealed that both
lines showed more up-regulated differentially expressed genes (DEGs) than down-

regulated, however, L3 showed a lower gene deregulation than the susceptible one.

Gene ontology enrichment revealed categories common to both callus lines (catalytic

activity, oxidoreductase activity, binding, hydrolase activity, peroxidase activity,
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antioxidant activity, response to stimulus, transporter activity, defense response and
photosynthesis) as well as specific categories for resistant (detoxification) and susceptible
(lipase activity, kinase activity and metabolic processes) callus lines.

The exposure of callus lines to CF, induced the expression of genes previously related
to avocado defense against fungal diseases such as genes related to cell wall modification
(e.g. lignin biosynthesis), detoxification and disease-resistance proteins, pathogenesis
related (PR) proteins, protease and protease inhibitor activity (e.g. proteinase inhibitor,
subtilisin-like protein), transcription factor (e.g. WRKY transcription factor, NAC
transcription factor), hormonal regulation (e.g. ethylene responsive) and redox
homeostasis (e.g. peroxidase).

It is noteworthy the overexpression of the proteinase inhibitor (Pag64949) which
share the same coding sequence with the one previously identified in tolerant avocado
rootstocks after infection with R. necatrix under greenhouse conditions which suggest the
importance that could play this protein in the defense of avocado rootstocks against this
pathogen and could support the use of in vitro cell culture techniques for studying
avocado-R. necatrix interaction. These results could help to understand the defense
mechanisms of avocado against this necrotrophic fungus aiding in the selection of tolerant

avocado rootstocks.

Regarding the third objective (Chapter 4), the exogenous application of MeJA or SA
elicitors in ‘Dusa’ avocado plants susceptible to R. necatrix, caused physiological changes
at leaf level, decreased maximum photochemical efficiency of the open reaction centers
of PSIl (F'/Fn') and activated photoprotective mechanisms by increasing
nonphotochemical chlorophyll fluorescence quenching (NPQ). At molecular level, the
expression of the glutathione S-transferase gene on roots after MelJA application was
upregulated, which suggests the triggering of mechanisms closely related to oxidative
stress relief and reactive oxygen species scavenging. MelJA application produced effects
more pronounced at the morphoanatomical level, including functional traits such as high
leaf mass area (LMA), high stomatal density, high percentage of root dry weight and high
root/shoot ratio, closely related to strategies to cope with water scarcity and white root
rot (WRR) disease. MeJA also upregulated a greater number of defense-related genes than

SA, including a glu protease inhibitor, a key gene in avocado defense against R. necatrix.

After MelA and SA applications, a subset of control and elicited plants were inoculated
with R. necatrix. Inoculated plants showed significantly higher values of NPQ than
noninoculated control plants, which were accompanied by significantly lower F//Fu’
values, indicating the operation of energy-dissipating mechanisms regardless of the

elicitation treatment. A delay in WRR disease symptoms was observed in plants treated
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with MelJA, which could be an indication that MelA increased ‘Dusa’ avocado tolerance to

R. necatrix by inducing a primed state.

These findings could support the use of MelA elicitor as an environmentally friendly

strategy to mitigate the impact of white root rot on susceptible avocado orchards.
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Espafa es el Unico pais europeo con una produccién comercial significativa de frutas
subtropicales, entre los que destaca el aguacate, permitiéndole acceder al mercado
europeo en pocas horas con un producto de alta calidad. La rentabilidad de este cultivo
especialmente importante para la economia andaluza pivota sobre la disponibilidad de
agua para riego y el control de enfermedades como las podredumbres radiculares
causadas por Phytophthora cinnamomi y Rosellinia necatrix. Estos problemas pueden
verse agravados por la mayor incertidumbre climdtica (escasez de precipitaciones y
temperaturas extremas) y por el incremento (~20%) en la demanda hidrica de los cultivos,
como consecuencia del efecto del cambio climatico en Andalucia. Este efecto empieza a
ser especialmente notable en la principal region productora de la costa andaluza, en la que
se vive actualmente una situacidon de sequia extrema que ha conllevado restricciones en
la dotacion de agua para riego en los ultimos afios, y que implica estrés hidrico en los
cultivos (Moreno-Ortega et al., 2019). Este mayor estrés en las plantas podria incrementar
su susceptibilidad a plagas y enfermedades por lo que es necesario aportar soluciones

viables integrales para estos problemas.

En referencia a las enfermedades, es necesario el desarrollo de estrategias de control,
ecolégicamente sostenibles, ante la eliminacién progresiva de algunos fungicidas por su
efecto medioambiental negativo, segin el Real Decreto 1311/2012. Como se ha
mencionado anteriormente, dos de las principales enfermedades que afectan al sector
aguacatero en el litoral andaluz son las podredumbres radiculares, causadas
fundamentalmente por P. cinnamomiy R. necatrix. En relaciéon con P. cinnamomi, California
y Sudafrica desarrollan, desde hace aproximadamente 25 afios, programas de seleccidn de
material tolerante a este oomiceto, existiendo en el mercado una serie de portainjertos
comerciales con diversos grados de tolerancia (‘Duke 7’, “Toro Canyon’ y ‘Dusa’) (Coffey,
1987; Gabor y Coffey, 1990; Kremer-Kéhne et al., 2001). Respecto a R. necatrix, solo Espaia
(IFAPA Malaga) ha iniciado un programa de obtencidn de portainjertos resistentes a este
patégeno, aunque en los Ultimos afios han comenzado a aparecer focos de infeccién en
California, norte de Israel, México, Corea y Sudafrica. El control de esta enfermedad es
dificil porque cuando aparecen los primeros sintomas, el patdgeno ya esta bien establecido
en el sueloy las raices y, pese a haberse desarrollado técnicas de deteccion precoz (Ruano-
Rosa et al., 2007), para un control efectivo de la enfermedad han de utilizarse medidas
preventivas mas que curativas. Hoy dia, el uso de portainjertos de aguacate tolerantes a R.
necatrix se propone, sin duda, como uno de los métodos mas efectivos para el control de
esta enfermedad en las plantaciones del litoral andaluz. En el IFAPA Malaga, en
colaboraciéon con el IAS-CSIC e IHSM-UMA-CSIC, se inici6 hace mas de una década un
programa de seleccién de material tolerante a este patdgeno, en el que se ha evaluado la

respuesta frente a la infeccién de material vegetal de distintas procedencias, en su mayoria
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hibridos de las razas guatemalteca y mexicana. Actualmente, se cuenta con 8 selecciones,

con distinto grado de tolerancia a este hongo necrotrofo.

Es conocido que las razas de aguacate muestran diferencias en
tolerancia/susceptibilidad a estreses ambientales (salinidad, baja temperatura) derivadas
de su origen (raza mexicana,M: templado subtropical; raza guatemalteca, G: subtropical;
raza antillana, A: tropical), por lo que las selecciones avanzadas del programa pueden
presentar diferentes necesidades hidricas, asi como distinto comportamiento frente a
estrés hidrico. En esta linea y dada la actual escasez de agua, se ha incorporado como

objetivo del programa el estudio de la tolerancia a estrés hidrico de estas selecciones.

En la presente tesis doctoral se ha llevado a cabo el primer estudio para determinar el
consumo de agua y tolerancia a estrés hidrico de dos de las selecciones que muestran
tolerancia a R. necatrix con la finalidad de proporcionar a los agricultores portainjertos con
bajo consumo de agua y tolerancia a estrés. Los resultados obtenidos han puesto de
manifiesto que el portainjerto ejerce una modulacién estrecha de las relaciones hidricas
de la variedad injertada ‘Hass’, observandose que el consumo de agua puede diferir
substancialmente dependiendo del patrén en condiciones de no limitacion hidrica, y por
tanto, la eleccidn de portainjerto puede representar una estrategia para ahorrar agua
(~20%). Estos resultados son coherentes con estudios previos, en los que se observé que
las necesidades hidricas del aguacate pueden variar en funcidn de la combinacién patrén-
variedad injertada (Fassio et al., 2009). Las diferentes necesidades hidricas de ambos
portainjertos estuvieron relacionadas con rasgos asociados a dos estrategias de uso del
agua: gastadora de agua (BG48) y conservadora (BG181). En esta ultima, se observé que
el portainjerto ejerce una modulacidn estrecha de la apertura estomatica, controlando la
transpiracion sin repercutir negativamente en el crecimiento de la planta, lo que conlleva
una regulacién de la relacién fuente-sumidero que condiciona la eficiencia del uso del

agua.

Esta estrategia puede representar una ventaja para hacer frente a la escasez de
recursos hidricos, ya que ademas de aumentar la productividad del agua, en este
portainjerto, el efecto del estrés hidrico fue menos acusado. Si bien estos resultados
pueden contribuir a la sostenibilidad del cultivo a largo plazo, seria necesario dar un paso
mas para evaluar la respuesta de estos portainjertos a la salinidad, ya que la utilizacién de
fuentes de agua alternativas, de calidad marginal (regeneradas y desaladas), es inevitable
para garantizar la viabilidad del cultivo del aguacate en el litoral andaluz. En este sentido,
hay que tener en cuenta que las respuestas tempranas a la sequia y la salinidad son muy
similares (Munns, 2002), ya que ambas causan una disminucién en el potencial hidrico del
suelo (generalmente asociado a un aumento del potencial osmético), lo que conduce a

una disminucién del crecimiento de las raices que conlleva una menor absorcién de agua
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y nutrientes, y que tiene un efecto negativo en el crecimiento de las plantas y el
rendimiento de los cultivos (Munns y Tester, 2008; Khan et al., 2015). Por lo tanto, podria
esperarse que los portainjertos con mayor tolerancia a estrés hidrico posean cierta
habilidad para hacer frente al estrés salino, tal y como se ha observado en el portainjerto
‘Dusa’ (Acosta-Rangel et al., 2019; Moreno-Ortega et al., 2021). En este sentido, la
evaluacion en un futuro proximo de la respuesta a estrés hidrico y salino en el resto de las
selecciones avanzadas del programa de mejora de portainjertos del IFAPA, IAS-CSIC, IHSM-
UMA-CSIC, sera de gran interés para obtener patrones con caracteristicas mejoradas ante

los principales retos a los que se enfrenta el cultivo.

Recientemente, se ha establecido una parcela de cruzamientos de polinizacién abierta
en la Estacion Experimental La Mayora, que contiene los 8 portainjertos con tolerancia a
R. necatrix, asi como otros portainjertos, comerciales o de otros programas de mejora, de
gran interés por su tolerancia a estrés hidrico, salino u otros patégenos como P
cinnamomi. Las semillas procedentes de esta parcela se testaran, en primer lugar frente a

R. necatrix y posteriormente, frente a estrés hidrico o salino.

Los programas de mejora genética en aguacate son muy largos en el tiempo debido al
largo periodo intergeneracional de esta especie y a su heterocigosidad, de tal manera que
la obtencidn de un genotipo de interés puede tardar entre 20-30 afios. Es por ello que el
desarrollo de herramientas biotecnolégicas que ayuden a la obtencién de una variedad o
patrén de interés, asi como a acortar los procesos de seleccién de individuos en los
programas de mejora, son de gran relevancia. Se han realizado estudios moleculares,
fisioldgicos e histoldgicos de la interaccion de diferentes portainjertos de aguacate con P,
cinnamomi permitiendo la identificacién de distintos mecanismos de tolerancia al
patégeno (en van den Berg et al.,, 2021). En un sentido amplio, un genotipo de alta
tolerancia, como ‘Dusa’ es capaz de reducir la infeccién por el oomiceto mediante la
limitacidn de la penetracién de este en la raiz y la posterior colonizacidn (en van den Berg
et al., 2021); sin embargo, otros patrones como ‘Duke 7’, también pueden mitigar los
efectos del patdégeno mediante mecanismos alternativos, como el aumento de la
absorcidn de nutrientes o la capacidad de regeneracién radicular sin tener un efecto
directo sobre la presencia del patégeno (en van den Berg et al., 2021). En el caso de 'Dusa’,
el portainjerto mas utilizado en suelos infectados por P. cinnamomi, la cantidad de
patégeno disminuye en las raices tras la activacién de la resistencia sistémica adquirida
(SAR) y la deposicidn de callosa en los sitios de penetracién del patégeno en la raiz (van
den Berg et al., 2018). Van den Berg et al. (2021) hacen hincapié en la importancia de estos
hallazgos para la correcta identificacion de genotipos valiosos en programas de mejora

genética. Ademas, la posibilidad de seleccionar portainjertos con diferentes mecanismos
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de tolerancia, parece ser una herramienta util para una comprensiéon mas profunda de la

interaccién aguacate-patdgeno.

Por otra parte, estos estudios han dado lugar a la identificacion de genes implicados
en la tolerancia a éste patdgeno, que codifican defensinas, proteinas relacionadas con la
patogénesis y ribonucleasas. Estos genes, si en un futuro se desarrollan protocolos de
transformacion de aguacate eficientes y estables, podrian utilizarse para incrementar la
resistencia a la enfermedad mediante transformacidn genética (Pliego-Alfaro et al., 2020;
van den Berg et al., 2021).

En cuanto al patosistema aguacate-R. necatrix, los estudios realizados en una de estas
selecciones (BG83), han revelado que la tolerancia a este patdgeno parece estar
relacionada con la capacidad para soportar el desequilibrio osmoético a través de la
induccion de genes relacionados con el estrés salino y osmotico, asi como la
sobreexpresion de inhibidores de proteasas (Zumaquero et al., 2019b). En la presente tesis
doctoral, el uso del cultivo in vitro se propone como una alternativa en la busqueda de
soluciones frente a la podredumbre blanca radicular (PBR), permitiendo identificar genes
diana que, junto con herramientas biotecnoldgicas, podrian ser usados para acelerar los
programas de mejora de portainjertos. Asi, a partir de callo embriogénico de la variedad
de aguacate ‘Anaheim’, se ha conseguido obtener una linea celular resistente al 80% de
filtrado de R. necatrix mediante exposiciones sucesivas a dosis crecientes de filtrado crudo
(CF). Los filtrados de cultivos fungicos suelen contener toxinas no especificas del huésped
que causan efectos nocivos en las células vegetales (Abbas et al., 1995), por ejemplo, se
sabe que R. necatrix exuda al menos dos toxinas, citocalasina E y rosnecatrona (Edwards
et al., 2001; Edwards et al., 1989), ambas se cree que estan implicadas en la aparicién de
sintomas en plantas infectadas por este patégeno (Whalley, 1996). Varios estudios han
demostrado que los exudados liberados inducen reacciones de defensa en las células
vegetales (Knogge, 1996). La linea resistente podria haber surgido como consecuencia de
un evento de variacién somaclonal, como se ha demostrado en otros sistemas celulares

tras el cultivo en presencia de filtrados fungicos (Svabova y Lebeda, 2005; Rai et al., 2011).

El analisis del transcriptoma reveld un menor nimero de genes, con expresion
significativamente alterada en la linea de callo resistente L3, en comparacion con la
susceptible AN-9, lo que podria atribuirse a un mejor comportamiento de la linea L3
durante la exposicion a CF. Estos resultados concuerdan con estudios moleculares
realizados en condiciones de invernadero, en plantas de aguacate tolerantes y susceptibles
a la infeccidon con R. necatrix, en los que se encontré un menor nimero de DEGs
desregulados en el genotipo tolerante BG83 en comparacién con el portainjerto

susceptible 'Dusa’ (Zumaquero et al., 2019b).
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La exposicion de lineas de callo embriogénico al exudado de R. necatrix indujo genes
gue, segun se ha informado anteriormente, estan relacionados con la defensa de la planta
frente a enfermedades fungicas. Curiosamente, los transcritos de estos genes se
acumularon en mayor cantidad en la linea resistente en comparacién con la susceptible.
La induccion de genes como la cinamoil-CoA reductasa y el gen que codifica la peroxidasa
anidnica formadora de lignina, que son dos enzimas clave en la biosintesis de lignina
(Lagrimini et al., 1993; Kawasaki et al., 2006), destaca la importancia de la produccién de

lignina en la proteccién frente a R. necatrix.

También se han detectado enzimas fungicas degradadoras de la pared celular, como
endoquitinasas y glucanasas, en el portainjerto tolerante de aguacate 'Dusa’ tras la
infeccion con P. cinnamomi (van den Berg et al., 2018). En esta investigacion, se pudieron
identificar proteinas B-1,3- glucosidasas y proteinas similares a las endoquitinasas. Las
actividades de estas proteinas se detectaron previamente en cultivos embriogénicos de
mango expuestos a CF de Colletotrichum gloeosporioides (Jayasankar y Litz, 1998),
mientras que la B-glucanasa aumentd en una linea celular de Cicer arietinum expuesta a

CF de Fusarium oxysporum (Singh et al., 2003).

Se observaron otras proteinas PR en los callos embriogénicos de aguacate expuestos
a R. necatrix CF. En concreto, los transcritos que codifican PR-4 (Pag289080), la proteina
STH-21 relacionada con la patogénesis (Pag168264) y las proteinas similares a la taumatina
(PR-5) (Pag154162, Pagl154170) se indujeron 1,5 veces mads en la linea resistente en
comparaciéon con la linea susceptible. La presencia de proteinas PR-5 en el medio de
células de uva elicitadas con filtrado fungico de Elsinoe ampelina se relacioné con la
inhibicidn del crecimiento fungico en un sistema de cultivo dual (Jayasankar et al., 2000).
En el caso del aguacate, no se ha descrito que las proteinas PR-4 y taumatina estén
relacionadas con la tolerancia a R. necatrix o P. cinnamomi; sin embargo, se cree que su
induccion temprana después de un evento de “preacondicionamiento” podria representar
un beneficio para las plantas de aguacate en la superacion de la infeccidn por R. necatrix
(Martinez-Ferri et al., 2019).

La induccién de inhibidores de proteasas en la defensa de las plantas contra patégenos
fungicos ha sido ampliamente reportada (Jashni et al., 2015). Un hallazgo importante de
este trabajo fue la sobreexpresién de inhibidores de proteinasas en la linea L3 con respecto
a la linea AN-9. El mismo resultado se obtuvo en condiciones de invernadero, donde la
expresion de estos genes fue al menos 2,6 veces mayor en el portainjerto tolerante de
aguacate BG83 frente al susceptible 'Dusa’ tras la infeccion con R. necatrix (Zumaquero et
al., 2019b; Martinez-Ferri et al., 2019). Curiosamente, el inhibidor de proteinasas
(Pag64949), identificado en el estudio de callo expuesto a CF, compartia la misma

secuencia de codificacion con el identificado por Zumaquero et al. (2019b) en
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experimentos de invernadero realizados para estudiar la interaccién del portainjerto
tolerante BG83/R. necatrix (Pa_Contig05213), apoyando el uso de este gen como potencial
marcador para acelerar el programa de mejora genética que actualmente se estd llevando

a cabo.

Esta investigacion contribuird a la comprension de la defensa del aguacate frente a
este patdgeno. Ademas, estos resultados apoyan los obtenidos recientemente en olivo
(IHSM-UMA-CSIC e IFAPA), donde se ha seleccionado una linea, regenerada a partir de
callo embriogénico de una semilla de la variedad Picual, tolerante al 60% del filtrado de R.
necatrix. Las plantas de esta linea muestran un desarrollo de sintomas de la PBR
significativamente menor respecto a plantas control tras la inoculacidon con R. necatrix;
ademas, esta respuesta va ligada a la expresion de genes previamente relacionados, en
aguacate, con la tolerancia a este patégeno (i.e., inhibidores de proteasas) (Santos-
Casanova et al., 2024).

Llegados a este punto, el analisis funcional de la maquinaria de defensa del aguacate
es un importante objetivo de investigacidn, con el fin de seleccionar potenciales dianas

moleculares para su uso en los programas de mejora genética.

Finalmente, y hasta que estos nuevos materiales estén disponibles para los
agricultores, es necesario buscar métodos que mitiguen el efecto negativo de este
patégeno en plantaciones ya establecidas. En este sentido, los elicitores han sido
propuestos como una herramienta inocua para el manejo integrado de plagas en
agricultura, entre los cuales el metil jasmonato (MeJA) y el acido salicilico (SA) son los mas
utilizados. En aguacate, el efecto de la aplicacion exdgena de MeJA y SA en la respuesta
molecular de plantas jovenes de aguacate 'Dusa’, tolerantes al oomiceto hemibiotrofo P.
cinnamomi, reveld que, entre otros, los genes relacionados con la defensa de la planta se
sobreexpresaban antes de las 24 horas siguientes a la aplicacion de ambos elicitores,
sugiriendo la induccion de un “estado preacondicionado” que podria conferir cierta
proteccién frente a nuevos ataques del patégeno (van den Berg et al., 2018). En esta tesis
se ha estudiado el efecto de dichos elicitores sobre la respuesta fisioldgica y molecular de
plantas de aguacate 'Dusa’ antes y después de la inoculacion con el necrétrofo R. necatrix,

asi como su impacto en la progresiéon de la enfermedad.

La aplicacion exégena de MelA y SA en este portainjerto aumenté los mecanismos
fotoprotectores (es decir, los valores de NPQ), en consonancia con la disminucion
observada en la eficiencia fotoquimica intrinseca de los centros de reaccidn abiertos del
PSII (F/'/Fx') (Murchie y Lawson, 2013). Sin embargo, aunque ambos elicitores indujeron
una respuesta similar a nivel fotoquimico, los parametros fotosintéticos de intercambio de
gases solo mejoraron con SA. Esta mejora de la capacidad fotosintética se asocié con un

mayor An/Ci, lo que sugiere que SA estimulé la actividad de rubisco en lugar de un aumento
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en el contenido de pigmentos (Khan et al., 2013; Khodary, 2004). Sin embargo, la mayor
apertura estomatica de las plantas tratadas con SA dio lugar a mayores tasas de
transpiracion, lo que implicé una mayor pérdida de agua consistente con los menores
valores de RWC, asi como una menor eficiencia intrinseca en el uso del agua (An/gs). Estos
resultados implicarian una menor capacidad de las plantas tratadas con SA para soportar
el estrés hidrico (Hayat et al., 2008; Martinez-Ferri et al., 2019); probablemente porque el
modo de accién del SA exdgeno depende en gran medida de varios factores, como la
especie vegetal (Khan et al., 2003), la concentracién aplicada (Lotfi et al., 2020), las
condiciones ambientales (Khan et al., 2013) y el tiempo transcurrido tras la aplicacién del
elicitor (Gongalves et al., 2020; Khan et al., 2003).

A diferencia de SA, el rendimiento fotosintético de las plantas de aguacate 'Dusa' no
se vio afectado por MelJA, probablemente porque el efecto de MelA en la fotosintesis es
dependiente de la dosis y de la especie en cuestidon (Fatma et al., 2021; Hanaka et al., 2015;
Qiu et al., 2020). A nivel de planta, MelJA mostré una tendencia a reducir el peso seco de
la hoja y aumentar significativamente el peso seco de la raiz, lo que resulta en una relacién
raiz/brote significativamente mayor en comparacién con las plantas control y tratadas con
SA. Consistentemente, las plantas tratadas con MeJA mostraron una menor superficie
foliar total que en los otros tratamientos, lo que sugiere que un menor tamafio de la hoja
puede estar asociado con menores pérdidas de agua foliar y, en consecuencia, una menor
transpiracion de la planta (Wang et al., 2019). Estas caracteristicas, se han relacionado con
la adaptabilidad de la planta al estrés hidrico (Anjum et al., 2011; Kou et al., 2022; Poorter
et al., 2012; Vadez et al., 2007) pero también con la tolerancia del aguacate a R. necatrix
(Magagula et al., 2021; Martinez-Ferri et al., 2016) y P. cinnamomi (Coffey, 1987; van den
Berg et al., 2021).

Del mismo modo, se observd una respuesta molecular diferencial de las raices de
aguacate 'Dusa’ tras el tratamiento con MelA o SA; asi, la regulacién al alza del inhibidor
de la proteasa glu solo se observo tras el tratamiento con MeJA. Este gen codifica proteinas
vinculadas a diferentes aspectos de la defensa de la planta, como el estrés oxidativo
(Srinivasan y Kirti, 2012), lo que puede englobar una mayor capacidad de las plantas para
resistir la infeccién por R. necatrix, en consonancia con su importante papel en la
tolerancia del aguacate a este patdgeno (Moreno-Pérez et al., 2023; Zumaquero et al.,
2019b). Del mismo modo, la mayor expresion de endoquitinasas, PR4 y PR5 inducida por
MelA también podria representar un beneficio para superar la enfermedad de la PBR
(Martinez-Ferri et al., 2019) al minimizar la carga del patégeno o la aparicién de la

enfermedad en érganos de la planta no infectados (Ali et al., 2018).

Nuestros resultados muestran que los efectos del tratamiento con MelA en aguacate

se evidencian por la expresion de genes relacionados con la defensa y a través de cambios
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a nivel morfoanatdmico mdas que por modificaciones a nivel fotosintético. Estas
caracteristicas también se han asociado con la resistencia a infecciones por patdgenos del
suelo (Magagula et al., 2021; Martinez-Ferri et al., 2016; van den Berg et al., 2021).

La inoculacién de plantas de aguacate 'Dusa’ con R. necatrix afecté los pardmetros
fisiolégicos de las plantas tratadas y no tratadas antes de la aparicién de cualquier sintoma
visible, en comparacidn con las plantas control no inoculadas. Sin embargo, se observé un
retraso en la progresion de la enfermedad en las plantas tratadas con MelA en
comparacién con los tratamientos control y SA. Esto sugiere que la mejora de la capacidad
de las plantas de aguacate para hacer frente a la infecciéon por R. necatrix después del
tratamiento con MelA podria estar asociada con los cambios morfofisiolégicos inducidos
por MelA y con la activacion de diferentes vias (Ali et al., 2018) que implican la expresion
diferencial de genes especificos relacionados con la defensa mencionados anteriormente.
En conclusidn, los resultados del presente estudio postulan el uso de MeJA como una
estrategia ambientalmente amigable para aumentar la tolerancia del aguacate al hongo
patégeno R. necatrix que podria mitigar el impacto de esta enfermedad en portainjertos

susceptibles utilizados en las plantaciones comerciales.

En su conjunto, la presente tesis doctoral contribuye al conocimiento de la respuesta
del aguacate ante dos de los principales factores que amenazan a la viabilidad de las
plantaciones de este cultivo en el litoral andaluz: la escasez de agua y la PBR. Asimismo,
proporciona algunas herramientas que, junto con otras estrategias para mejorar la
eficiencia en el uso del agua y el control de la enfermedad, contribuyen a minimizar o
erradicar el impacto de ambos en las plantaciones ya establecidas. No obstante, se
necesitan mas estudios para evaluar la tolerancia relativa de las selecciones avanzadas de
los portainjertos frente a distintos tipos de estrés, asi como su comportamiento

agrondmico en distintas condiciones de campo.

70



Conclusions




YOVIYIN 30
AvaISy3AIND




Conclusions

1. A strongly effect of rootstock on ‘Hass’ scion is observed at soil field capacity
conditions. Avocado ‘Hass’ grafted on tolerant BG48 rootstock showed a water-saving
behavior as they presented higher water consumption and higher values of plant
transpiration (Epiant) and leaf photosynthetic rates than those grafted on BG181, which
exhibited a water-saving strategy based on a compromise between leaf biomass allocation
and tight stomatal control of transpiration not linked to a reduction in growth. Avocado
‘Hass’ plants grafted onto tolerant BG181 require less water, so plants are more water

efficient.

2. The imposition of two levels of water stress (mild and severe) by substrate
desiccation induced a physiological response increasing leaf mass area (LMA) and
decreasing plant transpiration rate (Epiant), plant hydraulic conductance (Kn) and leaf water
potential (W) in agreement with the severity of water stress, which correspond with a
drought avoidance behavior of both genotypes based on different underlying mechanisms.
The replenishment of water-stressed plants through irrigation led to a recovery in
photosynthetic rates, suggesting some ability of these rootstocks to recovery from water

stress which may be associated with their ability to withstand R. necatrix infection.

3. A set of general defense-related transcripts, known to be induced in the tolerant
response of avocado rootstocks to R. necatrix, were also induced in embryogenic callus
lines capable to survive in the presence of 80% R. necatrix crude filtrate (CF; 80%), when

embryogenic cells were newly exposed to the fungal filtrate (40%).

4. Gene encoding the avocado proteinase inhibitor (Pag64949), induced in tolerant
callus lines and tolerant rootstocks after exposure to R. necatrix CF and hyphae
respectively, can be used as a potential marker to accelerate selection of tolerant
genotypes in the avocado rootstock breeding program against white root rot (WRR)

disease.

5. The exogenous application of methyl jasmonate (MelA) and salicylic acid (SA) in
susceptible avocado ‘Dusa’ increased photoprotective mechanisms and upregulated the
glutathione S-transferase gene expression, suggesting the triggering of mechanisms

closely related to oxidative stress relief and reactive oxygen species scavenging.

6. The exogenous application of MelJA has a more pronounced effect than SA at
morphoanatomical level in susceptible avocado ‘Dusa’ plants, including functional traits
such as high leaf mass area, high stomatal density, and high root/shoot ratio, closely
related to strategies to cope with water scarcity and WRR disease. Moreover, a greater
number of defense-related genes, including a glu protease inhibitor, a key gene in avocado

defense against R. necatrix were upregulated.
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Conclusions

7. MelA increased ‘Dusa’ avocado tolerance to R. necatrix by inducing a primed state

that delayed WRR disease symptoms.

8. MelA can be used as an environmentally friendly control strategy to increase
avocado tolerance to R. necatrix mitigating the impact of this disease on susceptible

rootstocks in avocado orchards.
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